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1. Contribution to the publications

1.1 Contribution to paper |

This study aimed to develop a new method for isolating interstitial macrophages (IMs) from murine
lungs and elucidate the role of transient receptor potential (TRP) channels, particularly TRPM2
(melastatin), in regulating inflammatory responses and reactive oxygen species (ROS) production
in lung IMs. As the first author of paper I, | was instrumental in conceptualizing the research
guestion, devising the experimental framework, and pioneering a novel technique for isolating
lung IMs due to their historically challenging isolation process. This involved the innovative ap-
proach of co-culturing IMs with stromal cells followed by immune-magnetic separation targeting
CD11b-positive IMs.

Subsequently, | rigorously validated this methodology by assessing the expression of IM-specific
surface markers, including CD11b and Cx3crl, alongside common macrophage markers like
Mertk and CD64, employing both quantitative real-time polymerase chain reaction (q-RT-PCR)
and flow cytometry utilizing fluorescence-conjugated antibodies with appropriate isotype controls
to ensure specificity. Upon successful establishment of the isolation protocol, | investigated the
expression profiles of TRP channels in IMs, corroborating findings through analysis of publicly
available transcriptomic datasets. Notably, IMs exhibited expression of TRP channels across ca-
nonical, melastatin, and vanilloid families. Subsequent polarization of IMs to a pro-inflammatory
M1 state, induced by lipopolysaccharide and interferon-gamma, led to significant upregulation of
TRPM2, a member of the melastatin family, which became a focal point of investigation. Notably,
TRPM2-deficient IMs demonstrated heightened secretion of pro-inflammatory cytokines TNFa,
IL-6, and IL-1a, as determined by enzyme-linked immunosorbent assay (ELISA). Moreover, ele-
vated reactive oxygen species (ROS) production, as assessed through direct measurement of
H2DCFDA fluorescence and indirect assessment of glutathione levels in oxidized and reduced
states were detected in TRPM2-/- IMs compared to control cells.

Further exploration by coauthors involved recording TRPM2 activity via whole-cell patch clamp
analysis, with intracellular application of adenosine diphosphate ribose (ADPr), and quantifying
membrane voltage in current clamp mode, revealing TRPM2-mediated membrane depolarization
and subsequent inhibition of NADPH oxidase (NOX)-derived ROS release.

Delving deeper into the signaling cascade, my examination of NOX isoforms unveiled significant
upregulation of NOX2 in M1-polarized IMs, with subsequent inhibition using GSK2795039 con-
firming NOX2-mediated ROS generation during M1 polarization.

These collective findings underscore the pivotal role of TRPM2 in modulating cytokine secretion
and ROS release in M1-activated IMs within the pulmonary microenvironment. Finally, compre-
hensive data analysis was conducted utilizing R programming software for flow cytometry and
RNA-seq datasets, with statistical analyses performed using GraphPad Prism.

1.2 Contribution to paper Il

This study aimed to elucidate the role of TRPV4 (vanilloid) channels in alveolar epithelial cells,
particularly in regulating edema formation, epithelial barrier integrity, and repair processes in the
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lung. As a second co-author of the paper, my primary contributions involved isolating ATII cells
for the electrophysiological recording of TRPV4 channel activity, and performing and analyzing
immunohistochemical experiments with paraffin-embedded lungs. During the first revision, a re-
viewer requested a quantification of TRPV4 channel activity by its activator GSK using the patch
clamp technique. | isolated the cells for patch experiments by a collaborator. Another reviewer
advised reevaluation of the first set of paraffin-embedded lung sections, which had been treated
with paraformaldehyde (PFA) for fixation. This necessitated analyzing both the previously ana-
lyzed sections and new additional tissue samples for each time point. The preparation process
involved perfusing and inflating lungs with 2.5% (m/v) glutaraldehyde in PBS, followed by paraffin
embedding, sectioning, mounting on glass slides, and staining with Masson Goldner trichrome
dye.

Mean chord lengths (MCL) were then analyzed by another coauthor in tissue sections using de-
sign-based stereology, utilizing an Olympus BX51 light microscope equipped with the new Com-
puter Assisted Stereological Toolbox (newCAST, Visiopharm) at the Helmholtz Institute. This
setup allowed for comparison between mice with functional TRPV4 channels (wildtype, WT) and
those without (TRPV4-/-, KO) across three age groups: Young (4-6 weeks of age), middle-aged
(28-30 weeks of age), and old (47-52 weeks of age), in both sexes. The results revealed elevated
mean chord length values in old TRPV4-/- mice compared to same-aged WT mice, supported by
representative images, confirming the development of emphysema-like changes due to ongoing
growth and repair processes. These findings were consistent with previously gathered data indi-
cating altered lung function in adult TRPV4-/- mice.

1.3 Contribution to paper Il

The process of fibroblast to myofibroblast differentiation is widely acknowledged as a significant
contributor to the pathogenesis of pulmonary fibrosis. Building upon previous findings showing
TGF-Bl-induced myofibroblast differentiation and upregulation of TRPC6 expression in murine
lung fibroblasts [4], we investigated the role of TRPAL (ankyrin) in TGF-B1-induced myofibroblast
differentiation in primary human lung fibroblasts (HLF) from healthy donors.

To comprehensively understand the impact of TGF-B1 treatment on primary HLF, samples from
three healthy donors were subjected to RNA sequencing (RNAseq). My contribution was an in-
depth analysis of the acquired transcriptome data using DESeq2 and the R software. The analysis
revealed a distinct pattern indicating TGF-B1-mediated downregulation of the transient receptor
potential A1 (TRPA1) gene in HLFs. The results containing differentially expressed genes were
depicted in a volcano plot with upregulated genes including fibrotic marker genes such as ACTA2,
COL1A1, FN1, and SERPINEL. Additionally, gene ontology (GO) analysis identified significantly
upregulated biological processes such as extracellular matrix organization, collagen metabolic
process, and connective tissue development following TGF-B1 treatment. The normalized counts
of TRPC, TRPM, TRPV, and TRPA1 genes in HLF post-treatment showed distinct patterns be-
tween TGF-B1 and solvent conditions.
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2. Introductory summary

The three manuscripts collectively shed light on the critical roles of transient receptor potential
(TRP) channels in lung physiology and pathology. Paper | focuses on interstitial macrophages
(IMs) critical for innate immunity, which harbors in the lungs along with alveolar macrophages
(AMSs) IMs are less understood due to low counts and remote location. They exhibit varied tran-
scriptional profiles distinct from AMs and contribute to lung homeostasis. We have developed a
novel method for isolating lung interstitial macrophages (IMs) after co-culture with stromal cells,
yielding significantly higher cell counts compared to fluorescence-activated cell sorting (FACS)
and allowing a more comprehensive characterization of IMs. The isolation technique was vali-
dated by testing specific surface markers such as CD11b and Cx3crl distinguishing them from
alveolar macrophages (AMs). Transient receptor potential (TRP) channels, known regulators of
intracellular Ca?* concentrations, are expressed in various tissue-resident macrophages and are
involved in the immune response. We investigated TRP mRNA levels in isolated IMs to reveal
that TRP channels of vanilloid, canonical, and melastatin families were expressed and our find-
ings were further corroborated with transcriptomic analysis of the publicly available RNA sequenc-
ing dataset (GSE94135). Of all the TRP channels, upregulation of TRPM2 mRNA was observed
in IMs polarized to M1 state with lipopolysaccharide (LPS) and interferon-gamma (IFNy). We
showed that TRPM2 activation modulates cytokine production in IMs, as TRPM2-deficient IMs
exhibit elevated levels of inflammatory cytokines TNFa, IL-1a, and IL-6, alongside increased ROS
production, indicating a regulatory role for TRPM2 in cytokine secretion and oxidative stress mod-
ulation. In addition, TRPM2 activation induced membrane depolarization and attenuated NOX2-
mediated ROS production, suggesting a mechanism for modulating cytokine release and main-
taining redox balance in IMs. These findings highlight TRPM2 as a potential therapeutic target for
immune modulation in lung inflammation and infection. Paper Il shows an ex vivo model mimick-
ing ischemia/reperfusion-induced edema (IRE) in mouse lungs. TRPV4-deficient lungs exhibited
exacerbated IRE compared to wild-type controls, suggesting a protective role of TRPV4 in main-
taining the alveolar epithelial barrier. Imnmunohistochemistry and mRNA profiling revealed TRPV4
expression in bronchial and alveolar epithelial cells, with TRPV4 deficiency leading to reduced
expression of aquaporin-5 (AQP-5) in alveolar type | (ATI) cells. Additionally, impaired cell migra-
tion and barrier function were observed in TRPV4-deficient ATI cells, along with reduced surfac-
tant protein C expression in alveolar type Il (ATIl) cells, indicating the critical involvement of
TRPV4 in alveolar epithelial function and prevention of edema formation. Finally, Paper Il ex-
plores the potential of TRPA1 activation in mitigating TGF-B-induced fibroblast-to-myofibroblast
transition, suggesting a protective role against pulmonary fibrosis. TRPA1, a Ca*-permeable cat-
ion channel found in human lung fibroblasts (HLFs), exhibits reduced expression after TGF-
exposure. Its downregulation correlates with increased markers of fibrosis, while TRPA1 activa-
tion with AITC attenuates TGF-B-induced fibroblast-to-myofibroblast transition, suggesting a po-
tential protective role against pulmonary fibrosis. Together, these papers underscore the diverse
functions of TRP channels in lung health and disease, offering insights into potential therapeutic
strategies for respiratory diseases.
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2.1 TRP channels

The research on transient receptor potential (TRP) channels has gained significant recognition in
the scientific community, notably with David Julius receiving the Nobel Prize in 2021 for their
contributions. Although TRP channels were first discovered in Drosophila melanogaster [5], it was
only 20 years later that they were categorized as ion channels majorly associated with photo-
transduction [2, 3] and thereafter extensive research has been conducted in mammalian TRP
channels, where they serve diverse biological function (reviewed in 4). Since its inception, the
classification of TRP channels has evolved in many ways. The recent classification consists of 28
mammalian TRP channels divided into six subfamilies as shown in Figure 1 (left): TRPC (canon-
ical), TRPM (melastatin), TRPV (vanilloid), TRPA (ankyrin), TRPML (mucolipin), and TRPP (pol-
ycystin) (reviewed in [8]).

Structurally, TRP channels consist of six transmembrane domains (TMD), with the pore-forming
domain, which is cation permeable, in between the fifth and the sixth segments. Key structural
features include ankyrin repeat domains (ARD) in the intracellular N-terminus and a conserved
TRP box domain in the C-terminus, which is essential for channel gating. TRP channels can form
homo- or heterotetrameric complexes and are found either in the plasma membrane or intracel-
lularly in lysosomal, endosomal membranes [9]. TRP channels are molecular sensors that can be
activated by various stimuli such as temperature, reactive oxygen species (ROS), diacylglycerol
(DAG), to name a few (reviewed in [8]). Majority of TRP channels are present in sensory neurons
mediating thermal sensation [10]. Prime function of most TRP channels is facilitating influx of
calcium ions (Ca?*), that are crucial second messengers [11]. Intracellular calcium [Ca?*]; serves
as a regulator of numerous cellular functions, spanning from cell proliferation and growth to apop-
tosis and muscle contraction [6, 7].

TRP channels are expressed in all major organs of the body (Figure 1, right) and have been linked
to various conditions like inflammatory bowel disease, chronic obstructive pulmonary disease,
and recently in COVID-19 (reviewed in [14]). While TRP channels are found in all major organs,
this thesis predominantly focuses on their role in lung-specific cell types, highlighting their signif-
icance in lung immunity (e.g., TRPM2, TRPV2), ischemia-reperfusion injury (TRPV4), and pulmo-
nary fibrosis (TRPAL).

Trigeminal
nerve

TRPV1/4/5

v /’I /1 N \ ™~ TRPV1/2/4
/| \ \ ¥ i £ Gastrointestinal
G /,/ // ‘," \\ \ "’*' e TRPVA/4 tract TRPM4/5/6/8
TRPM &g \ i TRPC SHin tissbes

/ 3
- / f \ B \ o TRPM3/8
7, / \ '~.-%~:,

AL Spinal nerves

DRG TP

Figure 1. TRP channel superfamily (left). Protein structure of the transient receptor potential (TRP)
channels in the phylogenetic tree in mammals including six sub-families of TRPC (canonical), TRPM (me-
lastatin), TRPV (vanilloid), TRPA (ankyrin), TRPML (mucolipin), and TRPP (polycystin) (modified from [15],
[16], master thesis of Annaya Kadekar). TRP channel expression in the body (right). Expression of
various TRP channels in different organs of the body, namely lungs, kidney, gastrointestinal tract, heart,
liver, skin, and the nervous system [14].
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2.1.1 TRPM channels and TRPM2

Members of the TRPM (Transient receptor potential melastatin) family stand out due to their ex-
tensive cytosolic domain, with each subunit consisting of 732 to 1611 amino acids, making them
the most sizable in the TRP superfamily. These channels possess a unique N-terminal TRPM
homology region (MHR) domain, the usual TMD that includes six transmembrane helices, along-
side a TRP helix, and a C-terminal coiled-coil domain. The C-terminal domain (CTD) varies
among the different members [17]. The TRPM sub-family consists of eight members (TRPM1-8),
of which TRPM?7 is ubiquitously expressed in the human body. While they share certain structural
characteristics, the TRPM subfamily members display less homogeneity than those in other sub-
families. Based on the spectrum of ion permeability TRPMs can be further categorized into (1)
channels of increased permeability to Ca?*, Zn?* and Mg?* like M1, M3, M6, and M7, (2) channels
that conduct non-selective cations like M2, and M8, (3) channels that are permeable to monova-
lent cations like M4 and M5 [18].

Transmembrane Domaine No ADPR and no Ca®* ADPR binding triggers Ca? binding on S3/TRP H1
TMD S6 closes the channel gate MHR1/2’s rotation tilts TRP H1 which pulls S6,
opening the channel

TRPM2 pore is closed TRPM2 pore is closed TRPM2 pore is open

Closed Closed Opened
Channel Channel Channel

Figure 2: TRPM2 (melastatin) channel structure (left). Structure of TRPM2 channel with six trans-
membrane domains (TMD) and a pore between segments S5 and S6. The N-terminus has TRPM homology
regions (MHR1-4), while the C-terminus harbors a NUDT9-H (Nudix hydrolase 9) domain. Gating dy-
namics of TRPM2 channel opening (right). The conformational changes of TRPM2 channel in its
closed to open states in the absence or presence of adenosine diphosphate ribose (ADPR) and CaZ?*.
Binding of ADPR causes rotation of MHR and concomitant Ca2* binding opens the channel resulting in
cation influx (modified from [19]).
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Figure 3: Expression of TRPM2 in various organs of the body (left). The distribution of
TRPM2 expression, both RNA and protein, in various organs of the entire body is created on
https://www.proteinatlas.org. Effects of TRPM2 activation (right). The picture shows the detri-
mental effects of oxidative stress-induced TRPM2 activation in the brain, heart, pancreas, and
immune cell response [20].

TRPM2, the second member of the melastatin sub-family, exhibits a similar channel architecture
to the rest of the TRP superfamily. Unlike other TRP channels, TRPM2 is equipped with a unique
NUDT9-H domain at the C-terminal end. Adenosine diphosphate ribose (ADPR) is a well-known
activator of TRPM2 inducing cation influx. ADPR has a high binding affinity to the NUDT9-H do-
main (Figure 2, right) and induces channel opening in the presence of Ca?* (Figure 2, left) [19].
Along with TRPM6 and M7, TRPM2 was previously named a “chanzyme” owing to its enzymatic
function of cleavage of ADPR [21]. But recent studies on the influence of enzymatic activity on
channel gating proved otherwise changing the status of TRPM2 from a “chanzyme” to a mere
ligand-gated channel [13, 14].TRPM2 is expressed in almost all major organs of the body (Figure
3, left). A major physiological function of TRPM2 is the regulation of insulin secretion from the
pancreatic B-cells [24]. On the other hand, when the B-cells are subjected to oxidative stress,
TRPM2-mediated Ca?* release from lysosome causes apoptosis [25]. TRPM2 mRNA is the most
abundantly expressed TRP channel in the brain tissue [26]. Genetic studies have linked TRPM2
mutations to bipolar disorder and other neurological disorders [27]. Activation of the oxidative
sensor TRPM2 leads to various pathologies in the body (Figure 3, right, reviewed in [20]). Labo-
rious and elaborate research on TRPM2 suggests that channel inhibitors could be effective in
treating CNS disorders by moderating aberrant TRPM2 activation.

2.1.2 TRPV channels —= TRPV4 and TRPV2

The TRPV (Transient Receptor Potential Vanilloid) subfamily, initially identified in 1997 as capsa-
icin receptors, displays unique characteristics, including multiple ankyrin-repeat domains (ARD)
at the N-terminus, a phosphoinositide binding domain (PBD), a C-terminal calmodulin-binding
domain (CaM), and a PDZ-like motif [16, 17]. Expanding from the discovery of TRPV1, currently,
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the TRPV subfamily comprises six members, with TRPV1-4, which are non-selective cation chan-
nels, and TRPV5 and 6, which exhibit high selectivity for Ca?* ions [28]. It exhibits polymodal
activation to stimuli such as hypo-osmolarity, fluctuations in temperature, and mechanical stress
[29]. TRPV4 demonstrates ubiquitous expression throughout the body, including various cells
within the respiratory system like fibroblasts and epithelial cells [8]. In the vascular tissue, smooth
muscle cells and endothelial cells express TRPV4 [30], where its activation is detrimental to the
maintenance of the alveolar and endothelial barrier functions inducing heightened endothelial
permeability in the lungs [31]. In addition, TRPV4 regulates the muscular tone of pulmonary arte-
rial smooth muscle cells, which is mediated by a-adrenoceptor activation [32]. While the endothe-
lial role of TRPV4 is well-established, its functions within lung epithelial cells remain less under-
stood. Cumulative research on TRPV4 in the lungs deems this ion channel as a potential drug
target for various respiratory illnesses [33]. Recent studies on the activation of TRPV4 have re-
vealed the binding sites of a popular agonist - GSK1016790A, at the cytosolic cavity in the TMD
1-4 [34], thereby shedding more light on the potential application of TRPV4 as a drug target.

' Pore region
© Proline domain
® Ankyrin

@ calmodulin binding
POCOOOOOO B TRP box

COOH

Figure 4: Structure of TRPV4 channel. Like all representatives of the TRPV family, TRPV4 also has
6 transmembrane domains with a pore region between the 5th and 6th domains. Channels of this family
harbor between 3 and 6 ankyrin domains in the N-terminus. The proline domain causes this region to bind
to PIP2 in the cell membrane. The calmodulin binding site causes a conformational change of the channel
by binding Ca?* (Modified from [29]).

TRPV2 is the second member of the vanilloid family, which is found in fibroblasts, smooth muscle
cells, T-cells, and at the highest levels in macrophages of the lungs [35]. TRPV2 plays a pivotal
role in immune cell response discussed in 2.3.3.

2.1.3 TRPA1l

TRPAL1, the solitary member of the ankyrin family of TRP channels, derives its name from its
numerous ARD at the N-terminus. TRPA1 is a non-selective cation channel highly permeable to
calcium ions and is widely expressed throughout the body, with its cDNA initially cloned from
human lung fibroblasts [36]. A distinctive feature of TRPAL is the absence of its murine counter-
part in the pulmonary fibroblasts (Unpublished RNA-seq data from primary lung murine fibroblasts
from our group). TRPAL1 is extensively researched for its role in sensory neurons, responding to
various sensations including pain, itch, and inflammatory stimuli Mechanistically, TRPA1 exhibits
complex gating mechanisms influenced by extracellular calcium levels and temperature [37].
TRPAL1 is associated with the nociceptor system of the lungs, where it activates bronchopulmo-
nary c-fibers [38].
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2.2 The respiratory system

The respiratory system consists of the upper respiratory tract which includes the nasal and oral
cavities, and the pharynx. The lower respiratory tract encompasses the larynx, trachea, bronchi,
bronchioles, and alveoli, facilitating oxygen (O2) supply to the body. The lungs mediate the ex-
change of oxygen (0O2) and carbon dioxide (CO2) between the air and the bloodstream. Inhaled
air, carrying foreign particles, initially traverses the upper airways, comprising the trachea and
primary and secondary bronchi. The cellular composition of larger bronchi and alveoli is depicted
in Figure 4. Mucus, secreted by goblet cells, traps airborne particles. The coordinated action of
cilia on ciliated cells, along with the cough reflex, facilitates the expulsion of most particles from
the lungs [39]. The basal cells in the trachea act as progenitor cells. They transition into a highly
proliferative state during ongoing turnover and following epithelial injury and can differentiate into
ciliated, goblet, and club cells [40]. Club cells produce surfactant proteins A and D, which possess
antimicrobial properties and regulate immune responses. Following epithelial injury, they also
serve as precursors for alveolar epithelial cells type 2 (ATIl), which further differentiate into alve-
olar epithelial cells type 1 (ATI) [33, 34].

Large airway

Larynx
Trach ((‘ & 7
rachea g e P
Bronchi )
Alveoli
A ) )
L] .
’ L)
.
. L]
\\® . 7/
e ,
e o
;—'\\ Large airway Alveoli
Ciliated cells @~ Alveolar type | cell
Basal (stem) cell & Alveolar type Il (stem) cell
o‘ Secretory (stem) cell ®  Alveolar macrophage

‘ Neuroendocrine cell - Fibroblast
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Figure 5: Schema of cellular composition of large airways and alveoli of the lungs. The lower
respiratory consists of larynx that continues as trachea and branches into bronchi and bronchioles until the
terminal alveoli. The heterogeneity of cellular composition of larger airways and alveoli is shown (Modified
from https://www.eurostemcell.org/lung-stem-cells-health-repair-and-disease).

2.2.1 Alveolar epithelial cells

The alveolar epithelium functions in different ways in the lungs. As the epithelial layer forms a
natural barrier to the external environment, protecting the body from invading microorganisms
and toxins, concomitantly, alveolar epithelial cells also facilitate efficient gas exchange. In the
adult lung, the alveolar air space contains alveolar macrophages (AM). The lining epithelium is
composed of two epithelial cell types (ATl and ATII cells) and the adjunct interstitium contains
fibroblasts and interstitial macrophages (IM) (Figure 4), which are crucial for maintaining lung
homeostasis and tissue repair (reviewed in [43]). Around 95 — 98 % of the epithelial lining is filled
with flat and elongated ATI cells [33, 36]. ATI cells covering a large cell surface are pivotal cells
involved in gas exchange, as they are in close proximity to the interstitium and the endothelial
cells of the alveolar capillaries [37, 38]. ATI cells are highly permeable to water, which enables
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ion transport and the maintenance of fluid balance in the lung [47]. Specific marker proteins for
ATI cells are caveolin, podoplanin, and aquaporin-5 (AQP-5) [48]. AQP-5 belongs to the protein
family of aquaporins and is the only member that is found in ATI cells [49]. ATII dysfunction, as a
result of repetitive microinjury, leads to the initiation of fibrotic changes by epithelial to mesenchy-
mal transition (EMT) in idiopathic lung fibrosis (reviewed in [50], [51]). While TRPA1 is expressed
in both epithelial cell types, its dispensability is already proven in the development of hyperoxia-
induced hyperplasia of the epithelium [52]. In chronic obstructive pulmonary disease (COPD),
targeting TRPAL and TRPV1 channels to inhibit cigarette smoke-induced damage in bronchial
and alveolar epithelial cells reduced oxidative stress, inflammation, and mitochondrial dysfunc-
tion, making them promising therapeutic targets [53]. TRPV4 is essentially required for its function
in these epithelial cells and protects the lungs from edema formation in ischemia/reperfusion [2].

2.2.2 Fibroblasts

The lungs are primarily composed of connective tissue housing fibroblasts responsible for the
secretion of extracellular matrix (ECM) and maintenance of organ integrity. These mesenchymal
cells play central roles in development, wound healing, and immune modulation by secreting ECM
proteins, supporting cell functions, and aiding in tissue elasticity (reviewed in [54]). The ECM,
comprising various proteins like collagens and fibronectin, provides structural support and signal-
ing cues [55]. Factors like TGF-B1 regulate fibroblast behavior and myofibroblast differentiation
crucial for wound closure [56]. Pulmonary fibrosis (PF) can arise from various factors, leading to
ECM overproduction and myofibroblast accumulation, impairing lung function [57]. Although med-
ications like pirfenidone and nintedanib improve patient life quality, there is no definite cure for PF
[58] . Understanding TRP channels, fibroblasts, and the role of Ca?* in fibrosis offers potential
therapies. TGF-B signaling and calcium influx via TRPV4, TRPC6, and TRPM7 contribute to fi-
brosis progression [35], while TRPA1 activation shows promise in mitigating fibrotic changes [35].
These insights into fibrosis mechanisms provide avenues for therapeutic interventions.

2.3 Lung immunity

As with any healthy organ in the body, our lungs are equipped with a robust immune system,
which, in addition to maintaining homeostasis, is also responsible for protection against external
or internal danger signals by defenses of varying levels of sensitivity and specificity. The upper
respiratory tract efficiently filters out larger particles, while the alveolar and bronchial spaces rely
heavily on resident alveolar macrophages for the phagocytosis of finer particulates [59]. The pul-
monary immune system, composed of innate and adaptive components, defends against patho-
gens through various mechanisms such as mucociliary clearance, antimicrobial molecule secre-
tion, and immune cell responses [59]. This defense is extensively provided by monocytes, mac-
rophages, and dendritic cells (DCs) that collectively belong to the mononuclear phagocyte (MNP).
The MNP was described in the literature for the very first time in 1968 by Van Furth and Cohn
[60]. This heterogeneous system is responsible for functions ranging from immediate immune
response to foreign stimuli to antigen presentation and phagocytosis [61]. The tissue-resident
monocytes, apart from serving as precursor cells, differ from the circulating monocytes and are
important for constant vigilance of the lung parenchyma [62]. DCs specialize in ingesting antigens
and activating naive T cells by migrating to the nearby lymph node [63].
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2.3.1 Resident macrophages and their functions

Resident macrophages are the innate immune cells present in every organ of the body mainly
responsible for maintaining homeostasis in the local microenvironment. This is achieved by the
clearance of dead tissue and excess metabolites from cell functions [64]. The main function of
these macrophages is the initiation of the acute response to any signals in the local microenvi-
ronment both of exogenous and endogenous nature [65]. The macrophages respond to a wide
range of signals that include dead cells, proteins, invading micro-organisms like bacteria and vi-
ruses along with toxins secreted by the micro-organisms. In the process of polarization, the mac-
rophages differentiate to a pro-inflammatory M1 state by canonical/classical activation during in-
flammation or to an anti-inflammatory M2 state by alternative activation post-inflammation as
shown in Figure 7 [66]. Here, it is worth mentioning the plasticity of macrophage phenotypes as
they can transition between pro- and anti-inflammatory phenotypes based on their microenviron-
ment [67]. Major anti-inflammatory cytokines released by macrophages are I1L-10, 11, and 13 [68].
As an immediate response to the signals, the macrophages release pro-inflammatory cytokines
like tumor necrosis factor-alpha (TNFa), interleukins (IL)-1, 6, 8 and 12 [69].
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Figure 6: Macrophage heterogeneity of lungs. Schema showing phenotypical characteristics and
diverse population of lungs — alveolar macrophage (AMs) and interstitial macrophage (IMs) (modified from
[70]).

Unlike other organs in the body, the lungs are equipped with two populations of resident macro-
phages namely the alveolar macrophages (AMs) and the interstitial macrophages (IMs) (Figure
5,6). These macrophages differ in localization, the cytokines that regulate their growth, and their
phenotypes based on the tissue environment that they develop in since birth. Both mouse and
human AMs originate from embryonic precursors and occupy the alveolar niche before birth, un-
dergoing minimal proliferation in adulthood [65, 66]. On the other hand, IMs are believed to origi-
nate from the yolk sac and are replaced by fetal liver monocytes, with varying rates and extents
of replenishment depending on the subtype [73]. Tissue homeostasis relies on a diverse array of
functional macrophages, with evidence suggesting that many tissue-resident macrophages are
established during embryonic development and persist into adulthood through localized prolifer-
ation [71]. Mononuclear phagocytes generated during adult hematopoiesis are recruited to vari-
ous sites in the body, contributing to tissue repair, inflammation resolution, and disease progres-
sion [74].
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2.3.2 Alveolar macrophages

Alveolar macrophages (AMs) serve as the primary defense mechanism within the alveolar air
space, constantly exposed to inhaled foreign particles. These cells maintain immune equilibrium
through efferocytosis and secretion of anti-inflammatory mediators [75]. They also support the
generation of T-regulatory cells and respond to epithelial signaling, demonstrating immunosup-
pressive functions [76]. However, under inflammatory conditions, AMs transition to a pro-inflam-
matory [77], enhancing phagocytic activity and cytokine production, thereby exacerbating lung
inflammation and injury [78]. This dual functionality underscores AMs' pivotal role in modulating
pulmonary immune responses. The presence of distinctive surface markers shown in Figure 6,
such as CD11c (integrin alpha X) and Siglec F(sialic acid binding Ig like lectin F) and the absence
of CD11b (integrin alpha M), differentiate them from other immune cells [79]. Granulocyte-mac-
rophage colony-stimulating factor (GM-CSF/CSF-2) regulates AM growth [80], and its aberrant
secretion can lead to AM dysfunction [75, 76]. While, in COPD patients, TRPC6 mRNA expression
in AMs was heightened [83], in pulmonary cystic fibrosis (CF), TRPC6 was found to be associated
with phagocytic and bactericidal functions of AMs [84]. TRPV2 plays a critical role in phagocytosis
by AMs, where defective expression leads to impairment in phagocytotic properties in cystic fi-
brosis [85]. Along the same lines, TRPV4 facilitates bacterial clearance when studied in an in-
vivo model of bacterial pneumonia [86]. All these studies highlight the significance of selective
TRP channels in maintaining pulmonary homeostasis and defending against pathogens.
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Figure 7: Immune response of AM and IM in inflammation. Macrophages of the lungs polarize to
pro-inflammatory M1 by releasing cytokines like interleukins-1, 6, 12, and tumor necrosis factor-alpha
(TNFa) and anti-inflammatory M2 state by releasing cytokines like tumor growth factor beta (TGFf), , gran-
ulocyte-macrophage colony stimulating factor (GM-CSF), and interleukin-10 (modified from [87]).

2.3.3 Interstitial macrophages

Lung interstitial macrophages (IMs), initially observed as phagocytic "septal cells" in 1950, were
overshadowed by alveolar macrophages until the early 1970s. It was proposed that AMs origi-
nated from bone marrow precursors, with an intermediate maturation state in the pulmonary in-
terstitium. Studies comparing AMs and IMs revealed differences in phagocytic potential, receptor
expression, and cytokine secretion, suggesting IM as a distinct and fully competent macrophage
population, a concept now widely accepted (reviewed in [88]). IMs in both humans and mice ex-
hibit phagocytic activity, serving as the lungs' second line of defense [83, 84, 85]. They possess
immunoregulatory functions, including increased secretion of the immunosuppressive cytokine
IL-10 upon exposure to bacterial products such as lipopolysaccharide (LPS) and DNA [92], [93].
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Research by Moore et al. demonstrated that IM numbers expand in the lung interstitium following
in vivo exposure to LPS, suggesting their involvement in inflammation [94]. Recent advancements
in single-cell transcriptomics and flow cytometry have revealed the heterogeneity of IM in the
lungs, based on distinct surface marker expressions [67, 82, 83]. Common markers across all
phenotypes, as depicted in Figure 6, include CD11b, Cx3crl (CX3C motif chemokine receptor 1)
and Mertk, a tyrosine kinase and differential markers include CD11c and MHCII (major histocom-
patibility complex II) [90]. Despite their heterogeneity, the functional division of labor among the
three different subtypes of IMs remains to be fully elucidated.

Studies on interstitial macrophages (IMs) face significant challenges in isolation and culture
maintenance due to marker heterogeneity, low cell counts, and their location deep within the lung
parenchyma. However, in 2019, Ogawa et al. introduced a novel approach for IM isolation involv-
ing co-culture with stromal cells, offering promise for improved methodologies [95], [96]. Notably,
despite increasing research interest, transient receptor potential (TRP) channels in IMs remain
largely unexplored, representing a significant gap in our understanding of these cells and their
functional regulation. Further investigation into TRP channels could provide valuable insights into
IM biology and potential therapeutic targets. Although studies on IMs are on the rise, a major
hindrance lies in isolating these macrophages for in-vitro studies and their maintenance in culture.
Owing to marker heterogeneity, low counts and remote parenchymal location make the isolation
difficult. Most importantly, TRP channels remain completely unexplored in IMs.

2.4 Aim of the thesis

In the first part, the thesis aims to address the gap in understanding TRP channel expression and
function in IMs. Specifically, it seeks to:

o Develop methods to isolate murine lung IMs for subsequent in vitro studies.
e Investigate the expression and functional roles of TRP channels in IMs, including their
potential contribution to IM polarization.

As TRP channels are highly expressed in the lungs, especially ATIl, and fibroblasts, the second
part of the thesis aims to study.

e The activity of TRPV4 in isolated ATII cells and changes in morphological changes in WT
and TRPV4-/- mice lungs.

e TRP channel expression in primary human lung fibroblasts (HLF) differentiated to myofi-
broblasts by TGF-31.
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Abstract

Interstitial macrophages (IMs) are essential for organ homeostasis, inflammation, and
autonomous  immune response in lung tissues, which are achieved through
polarization to a pro-inflammatory M1 and an M2 state for tissue repair. Their
remote parenchymal lecalizton and low counts, howewver, ane limiting factors for their
isolation and molecular characterdzation of their specific role during tissue inflamma-
tion We isolated viable murne IMs in suffident guantities by coculturing them with
stromal cells and analyzed mRMNA expression patterns of transient receptor potental
{TRP) channels in naive and M1 polarized |Ms after application of lipopolysaccharide
{LPS} and interferon y. M-RNAs for the second member of the melastatin family of
TRP channels, TRPMZ2, were upregulated in the M1 state and functional channels
were identified by their characterisic currents induced by ADP-ribose, its specific
activator. Most interestingly, cytokine production and secretion of interleukin-la
{IL-1a}, IL-& and tumor necrosis factor-a in M1 pdarized but TRPM2-deficient |Ms
was significantly erhanced compared o WT cells. Adivation of TRPM2 charnels by
ADP-ribose (ADPR) released from mitochondria by ROS-produced H.O. significantly
increases plasma membrane depolarization, which inhibits production of readive
oxygen species by NADPH oxidases and reduces cytokine production and secretion in
a negative feedback loop. Therefore, TRPM2 channels are essential for the regulation
of eytokine production in M1-polarized murine |Ms. Specific adivation of these
chamnels may promote an anti-inflammatory phenotype and prevent a harmful
cytokine storm often observed in COVID-19 patients.
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1 | INTRODUCTION

Owr lungs are persistently exposed to pathogens from both sites: the
airways and the vasculature. Mext to dendritic cells and monocytes,
resident macrophages are the most important for innate immune
response in lung tissues and were initially differentiated from fetal
monocytes or embryonic progenitor cells (Hoeffel et al., 2015; Sheng
et al, 2015) reviewed in Gu et al (2022] While in the airways
aveolar macrop hages |AMs) serve as a first line of defense, interstitial
macrophages (IMs] act as gatekeepers of the vasculature and lung
interstiium (see Aegerter et al, 2022; Cheng et a., 2021 for recent
reviews). IMs were originally identified in preventing airway allergies
like asthma in mice by producing intedeuldn-10 (IL-10), which has a
dampening effect on dendritic cellsin the lung (Bedoret et al., 20091
‘While AMs are easy to isolate from the broncho-alveolar lavage (BAL)
fluid and are therefore already extensively studied, the exact roles
and fundions of IMs are currently unknown due to their remote
parenchymal location and low cell counts. Up to three separable and
subs tantidly self-renewing populations of IMs were identified in the
unchallenged “normal” lung (Gbbings et a., 2017). Although the
exact roles of these IMs remain elusive, they eshibit different
transoriptional profiles and were shown to be located in the
interstiium of the bronchovascular bundles, but not in the alveolar
walls |Gibbings et al., 2017). Murine IMs can be distinguished from
AMzs by the characteristic surface markers like CD11b and CX3CR1,
their smaller size, and their imegular-shaped nudei (reviewed in Gu
et a., 2022). Mext to their ability of self-renewal, which they share
with AMe, IMs can be replenished by drculating monocoytes (Gu
et al, 2022). Like AMs, IMs form a pro-inflammatory M1 state,
expressing tumor neorosis factor-a (TMF-a) and an M2 state for
tissue repair, expressing arginase 1 (Amgl), after bacteral infection or
an dlemgic dhallenge like ovalbumin (Dumigan et a., 2022; B
etal., 2014; Nie etal., 2017; Peng et ., 2024; Strickland et al, 2023).
Most interestingly, after introduding a more effident way to isolate
IMs {Ogawa et a., 2019), it was also possible to polarize isolated IMs
in vitro to M1 or M2 states by adding lipopolysaccharide (LP5] and
interferon -y (IFM-y] or IL-4, respectively (Tsurutani et al., 2021).
Transient receptor potential (TRP) channels are regulators of the
intracellular Ca** concentration [Ca®*], in many cells, induding
vascular smooth musde, endothelial and immune cells (reviewed in
Milius & Szallasi, 2014). The second member of the TRF melastatin
family (Chubanov et al, 2024] (TRPM2) forms tetrameric non-
selective cation channels activated directly by ADP-ribose (ADFR)
(Fliegert et al, 2017), but also by warm temperatures {Kamm
et d., 2021; Song et al, 2014 among others genemated during
inflammation {Syed Mortadza et al, 2015). TRFM2 controls reactive
oxygen spedes (ROS){induced chemokine production in monocytes,
which is responsible for the recruitment of inflammatory cells to the
site of injury (Yamamoto et al, 2008). This channel dlso regulates
inflammatory functions of neutrophils durng infections with Listeria
manocytegenss (Robledo-Avila et al., 2020) and, most interestingly, is
dlso responsible for macrophage polarization and gastric inflamma-
tion during Helicobacter pWari infections (Beceirm et al, 2017)

Mext to rather detrimental effects inthese tissues, TRFM2 activation
can also be beneficial and protects against tissue damage following
oxdative stress (reviewed in (Maliougina & B Hiani, 2023; Miller &
Cheung, 2014). As TRPM2 channels are also expressed in dl three
types of IM populations |(see supplementary data in Gibbings
et al, 2017], we set out to study their role in IM function. After
establishing a protocol for the isolation of viable IMs, we identified
characteristic currents induced by the TRPM2 activator ADPR
Importanthy, TRPM2 -deficient IMs polarized after application of LPS
and |IFM-y produce and searete a higher amount of IL-&, IL-1a and
THF-a. TRPM2 activation induces membrane depolarization and less
production of ROS resulting in a diminished cytokine secretion.
Therefore, TRFM2 regulates cytokine production wia a negative
feedback loop to prevent massive cytolkine secretion similar to a
cytokine storm, often observed in COVID-19 patients.

2 | METHODS

21 | Animals

TRPM2 -deficient (TRPFM2-/-] [Yamamoto et al, 2008) and wild-type
mice from the same colony were used for all the experiments. All
animal experiments were performed in accordance with the guide-

lines of the European Union for the use of animals.

2.2 | lsolation and propagation of interstitial
macrophages and stromal cells

Briefly, the mice were killed by cervical dislocation. Bronchoalveolar
lavage with cold phosphate buffer solution (PBS) was performed to
remove alveolar macrophages. The thorax was exposed, and the
lungs were flushed with wam HBS5 by cardiac perfusion. Lungs were
harvested, minced, and further subjected to enzymatic digestion with
collagenase (4 mg/mL, C1-28; Sigma-Aldrich] in Dulbecco’'s modified
Eagle’s medium (DM EM) with no supplements for 50-40 min at 37°C
stimed at 100 rppm. The digested lung tissue was homogenized with
Pasteur pipette and cell suspension was filtered with 70pM nylon
fitter (BD Falcon), followed by centrifuging at 4%C for 5 min at
300mpm. The cell pellet was resuspended in DMEM (Lonzal
supplemented with 10% fetal calf serum (FCS: Inwitrogen), 1%
penicilin/streptomydn (Lonza) and S50mg/mL normodn {InvivoGen)
and finaly seeded in 10cm cell culture dishes. The IMs were
cocultured and propagated with stromal cells according to the
method desaribed by Ogawa et al. (2017) and Tsurutani et al. (2021)
with some modifications. After 2 days, the supernatant was removed
and the cells were washed with warmm PBS to remove unattached
cells like monooytes, erythrocytes. Treatment with 10 mh ethylens
diamine tetra acetic add ([EDTA] in 10 mL DMEM for 20-30 min
aided in detaching the cells. Cell suspension was centrifuged and the
cells were split at 1:2 and plated with the medium being changed
every 3-4 days. Cellk were split again following the same method
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after & days when over-confluent AMs were isolated by centrifuging TABLE 1 Primer pairs used for gRT-PCR.
the broncho-alveclar lavage at 300 ppm at 4°C for 10min and plating MName Sequence
with Rosewell Fark Memoria Institute (RPMI 1640 medium with

o TRPAL forvwand S -TCTGCATATTGCCCTGCACA-3'
10% FC5. The medium is removed after a day to remove unattached
cells and the AMs were used for further analyses. il LD UED D DD E e
TRPC1 forwand S -GOCOCCACCTT TCAACATTA-3
TRPCL reverse B -GTOGCAT GGAOGTCAGGTAG-3'
23 | Separation of stromal cells and interstitial S P ———
macrophages
TRPCZ reverse S -CCAGCAACT CGAAGOCATAG-3'
Cells in the second passage of coculture were detached with 10 mM TRPLCS forward B -AGGOGCAGCGTATGTGGA-S
EDTA after & days and centrifuged. The cell pellet suspended in the TRPCS reverse A CAAAGETETERT TIOR3
EazySep™ buffer (Stemcell Technologies; #20144) was subjected to TRECA forwand R —
immuno -magnetic separation wsing EaySep™ mouse CO11b positive
selection kit 11 {Stemeell Technologies; #18970). Separated IMs were TRPCA reverse SARACGOGITGITCTGITTCT-3"
gither directly used for flow cytometry, RMA isolation or seeded for TRPCS forwand S-ATGAGGGGCTAACAGAMGA-3
in-vitro studies. TRPCS reverse TGCAGCCTACAT TGAAAGA-3'
TRPCS forvwand S -CAAGCCTGTCTATTGAGG AT
24 | RMA isolation and quantitative reverse TRPCS reverse SCOCAACTCGAGACAAGTTT-3'
transcription (gRT)-PCR analysis TRPCT forward 5 CCTACGOCAGGGATAAGTG-3'
TRPCY reverse B-AAGGOCACAAATACCATGA-S
Total RMA was isolated from |Ms using RMeasy plus kit|Qiagen], from RPM2 formard E TACOCACE .3
which first-strand cDMNA was synthesized using RevertAid (Themo
Fischer Scientificl. Real-time polymerase chain reaction (PCR] was TRPMZ reverse SGGAGACCOGGACATACTT-3
performed using 2 = ABsolute™ QPCR SYBR Green Mix (Thermo TRPM? forvwand S GCAAAGCAGAGTGACCTGETA-S
Fischer Sdentific]. The reaction midure contains 2 pl of cDMA from TRPMT reverse & G CCAGTT CECCAAAAT CAT-3"
the first strand synthesis and 10 pmol of each primer pair (Table 1) S — o CACCATAGTTCCCTACCACCAS'
PCR was camied out in a light-<cyder (Roche) by adhering to the
following steps: 15min of initial activation followed by 45 cycles of TRIVZ reverse SGTOGCTTTGAT GAGGGAAT-3'
12 sat 947C, 305 at 50°C, and 305 at 72°C. Fluorescence intensities TRPW3 forwand S -OCACCACCATCTGGAALC-3'
were recorded after the extension step at 72°C after each cyle TREVS reverse B ATCTCCTTEEACT CaCEATT-3"
Crossing poirts wers deter_rlined by the mftmre pmg’arlj _prnv'u:_lad TRPY forvwand S -GATGGCCTTTCGCCTCTC-3'
by the manufacturer. Relative gene expression was quantified using
the fommula: (2e/Croing peint Buotin - Croseg pobt X 0 900 = % of TRV reverse B-TOGGATGATGTGCT GAAAGA-3'
reference gene (-actin] expression. Mertk forward 5 -ACGTTGGTGGAT ACG TGCAT-3'
Mertk reverse S -CTCT TOCCACTTCTOGGCAG-3"
25 | Flow cytometry Csf1 forward S TACAAGTGGAAGTGGAGGAGICAT-3'
Cafl reverse B -AGTCCTGTGTGOOCAGCATAGAAT-3"
The expression of surface markers for IMs and AMs was detected in a Csfir forward B A EGCCATATACAGE TACACAT-3'
flow cytometer (Guava easyCyte; Merck Millipore] using a cell i reverse B ACAC CCATCCATCTARCAL 3
density of 2 «10%/mL in PBS containing 2% FCS and 0.5 mM EDTA
The cells were blocked with 0.5 ug of anti-mouse FeR (CD16/CD3z, o2 forward 5 GLEGLAGGAACACAGGALT TCAGGACY
553141; BD Biosciences) for 10min RT to prevent nonspecific CafZrh reverse 5 -DCAGGOCTCTAGC TACCTTGACAGG-3"
binding of the fluorochrome coupled antibody. The antibodies of CO11b forward 5 ATGGACGCTGATGECAATACE-3'
interest (Table 2] were inoubated for 20 min on ice and later washed Db reverse g T -
twice with PBS to remove unbound antibodies. IMs were tested for
macrophage-spedific markers fike CD1ib—integin aM, Mertk— Ca3erl forward S -GAGTATGACGATTCTGCTGAGG- 5
myeloid epithelial reproductive tyrosine kinase, and Cx3cri-a Ca3er reverse S -CAGACOGAACGT GAAGACGAG-3
3C motif chemokine receptor 1 Another marker like MHCI- COM1e forwand B TGGAT AGCCTTTCTTETGETG-3
major histocompatibility complex Il present in antigen-presenting
{Continues)

cells was also tested. The M1 polarized IMs were examined for M1
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TABLE 1 (Caontinued)

Hame Sequence

D11c reverse 5 -GCACACTGTGT CCGAACTCA-5

Socs3 forward 5 -CGAAGCAOGCAGCCAGTT-3'

Socsl reverse 5-TCC GTG GGT GGC Add GAA-3'

D386 forwand E-TCTCTAGGAAAGCOCAGATOG-5
D36 reverse 5'-GTCCACACCAGGAGTGAGC-3'
D86 farwand L -CATGGGCTTGGLAATCCTTA-3'
DES reverse S - AAATGG GCACGGCAGATATG-3"
i forveand E-GACATTACGACCCCTCOCAC-S
koS reverse - GLACATGCAAGGAMGLGAAC-3'
MNox 1 forwarnd 5 -GGTTGGGGCTGAACATTTTTC-3'

Mol reverse B TOGACACACAGGAATCAGGAT-3"

Mox2 forward S -TETGETTGGEGITGAATGT C-3
Mox? reverse - CTGAGAAAGGAGAGCAGATTTOG-3"
Mo 3 forwand - CAAGTG TG TG TG TAGAGGALC-S'
Mox 3 revwerse 5"-CTATCCCGT AGGCAACGAGTT-3"
Mo forwand - AGATT TGCCTGGAAG AACCCA-S'
Noxd reverse 5'-GCTGCCATOGT TTCTGACAG-3'

B-Actin forward B AAGGCAGTGGAGCAGGTGAA -3

B-Actin reverse 5'-CCAGCAGACT CAATACACAC-3"

TABLE 2 Fluorochrome coupled antibodies for flow cytometry.
Conjugated

Aatibody Company Clone Tlsorophore

Db Biolegend M0 FITC

her th Thenmo Fisher DSSMMER PE

Sdientific

[wak] Biolegend 20 FITC

rMHAI Biolegend M5f114.152  APC/oyanine 7

Cx3erl Biolegend SAD11F11 PE

ad Biolegend 518017D PE

206 Biolegend CO68C2 FITC

(MME)

marker CD38 a nicotinamide adenine dinuclectide (NADw+)
hydrolase, which is spedficaly uprepulated during inflammation in
monocytes and maoophages (U et al, 2022). Comesponding
antibody isotypes were used for all antibodies as negative controls.
Flow cytometry data were analyzed, and plots were oreated using R
statistical software | paclages—flowcore, groyto)l. Fluorescen ce inten-
sities were guantified and represented as MFIl—median fluorescence
intensities.

2.6 | Polarization of IMs

IMs separated fromWT and TRFM2-/- stromal cells co-cultures were
seeded at a density of 2.5 x10° in 2mL of DMEM with supplements
in tissue culture treated sbc-well plates for RMA isolation and non-
coated sic-well plates for flow coytometry. Cells were alowed to
attach for 16 h and subsequently stimulated to M1 polarization state
by replacing medium with fresh medium containing 50 ng/mL
lipopolysaccharide (LPS; Invitrogen) and 50ng/mL IFM-y (PeproTedch)
(Tsurutani et al, 2021). As a solvent control, 0.1% bovine serum
albumin was added to the medium For M2 polarization, IMs were
treated with 20 ng/mL IL-4 {RnD systems). After 24 h of stimulation,
cells were harvested for flow oytometry and RMNA isolation.

2.7 | Quantification of cytokines by enzyme-linked
immunosorbent assay (ELISA)

Supematants were collected from WT and TRPM2-/- |Ms seeded for
M1 and M2 polarization, desaibed abowe, at 1, 3, 6, and 24 h and
briefly centrifuged to remove dead cells The supernatants were
stored at -B0FC. The concentrations of pro-inflammatory cytokines—
tumor necrosis factor-a (TMF-a), IL-1a, and IL-4 were detected using
a murine Hisa max deluxe set (Biolepend, #430904, #433404,
#431304, and #4314 14, respectively] according to the manufactur-
er's instructions. The assay diluent without cell supematant was used
as a blank. Finally, absorbance, which was read at 570nm, was
subtracted from the absorbance value at 450mnm. Four-parameter
logistic curve-fitting for standards was performed and concentrations
of cytokines in unknown samples were interpolated wsing GraphFad
prism (version 10.1).

2.8 | Quantification of reactive oxygen
species (ROS)

ROS were indirectly quantified in IMs treated with LPS and IFM-y
using 3 luminescence-based assay, GSH/GS5G-Glo assay (VHé11;
Promegal, by measuring the levels of glutathione (GSH) and its
oxdized form (G55G) at 0, 10, 20, 30and 40 min following treatment.
The experiment was conducted according to the manufacturer's
instructions. In addition, we quantified levels of ROS directly with the
use of a fluorogenic probe 2°,7 ' -dichlorodihydrofluorescein diacetate
({H:DCFDA, 10pM, D3?F, Thermo Fischer Scientific), which emits
fluorescence only when exposed to ROS. Briefly, 15000 cells were
seeded per well in a #6-well plate in DMEM jwithout phenol red) for
14h before the procedure. Cells were treated with 10 pM H2DCFDA
for 40 min, followed by 15 min treatment with a selective inhibitor of
HCX2 for (GSH2795039, 100 pM, SML2770; Merdck). Finally, LPS
and IFM-y were added to cells at certain time points. Phorbol-12-
myristat- 13-acetate (FMA) (20 pM)] was used as a positive control. In
both experiments, the treatment was performed in HBSS without
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serum Luminescence for GSH/AGSSG-Glo assay and fluorescence
emitted by H,DCFDA were detected wsing a microplate reader
\Fluostar Omega; BMG Labtech).

29 | Electrophysiology

Fatch-damp esperiments in the whole-cell configuation wsing
voltage clamp or current damp were performed with an EPC10
HEKA patch-damp amplifier {Harvard Bioscience) and the Patch-
Master software (Version V2«92, Harvard Bioscience] a5 reported
previously (Mederos et al, 2008) with a few modifications. Patch
pipettes were made of borosilicate glass (Science Products) and had a
resistance of 20-3.7 MO when filled with the intracellular pipette
solution. The extracellular solution contained in mM: 140 Mall, 2.8
KQ, 1 Cadl, 2 Mgy, 10 HEPES-N20H, and 11 glucose (all from
Merck], pH 7.2 For whaole-cell recordings of currents voltage mmps
from =100 to +100mV over 50ms were applied every 2s (holding
potential between ramps was 0 mv). Voltages were cormected for a
liquid junction potential of 10 mY. The current amplitudes at <B0 and
+B0 mV were nomalized to the cell size and presented as pA/pF. The
capacitance was measured using the automated capacitance com-
pensation function of the EFC10 software. Intracellular solution in
mht 140 Csglutamate, 8 MaCl, 1 MgQl,, 10 HEPES-CsOH, pH 7.2,
and in some experiments 0.2 ADPR {Merck] was applied. Cumrent
damp experiments were performed with an intracellular solution,
mbt 140K glutamate, 8 MaCl, 1 Mgl 10 Hepes-Ma0H, pH 7.2, and
0.2 ADPR.

210 | Data mining and analysis

Transaiptome profile of murne M by RMA sequendng was
downloaded from the Gene Expression Omnibus RMA-seq database
(GSE®4135) and nomalized counts of TRP channels were obtained
using DE5Seq.2 paclage in R statistical software. Statistical testing and
data visuaization were performed using GraphPad Prism version
10.1.2 {Graph Pad Softwarel. T-tests and one-way analysis of variance
AMNOWA) were performed for flow cytometry experiments. Two way
AMOVA was performed for the detection of oytokines and oxidative
stress. Wilcoon matched pairs signed rank test was performed for
data in Figure 5c. Paired T-test was usedin Figure 7a. Dataare shown
2= mean+5EM, with significance denoted as asterisks indicating
p < 05 (7). 0.01 ™), 0,001 ("] and Q0001 (™).

3 | RESULTS

31 | Isolation of lung interstitial macrophages by
propagation and magnetic separation

Usually, IMs are isolated by fluores cence-activated cell sorting (FACS)
with a range of antibodies specific for IMs. A major dizadvantage of

5
V1 ey ——

this method, however, is the very low cell count of IMs in steady
state estimated to be = 9% of extravascular myeloid cells, while it is =
T&% for AM: (Gibbings et &l 2017). In 2019, Opawa et . proposed
an isolation method for resident macrophages not only from the
lungs, but also from brain, spleen, and lver {Ogawa et al., 2019). Here,
we present an improved version resulting in a higher number of
isolated IMs (=12 million cells per mouse compared to = 30,000 cells
per mouse after FACS isolation). After growth in a coculture with
stromal cells, unstimulated |Ms, which express the IM-spedfic CD11b
protein {Gibbings et al, 2017), were isolated by immuno-magnetic
separation wsing CD11b antibodies coupled to magnetic particles
|Figure 1a). To validate this method, we characterized |Ms for spedfic
cell suface markers that differentiate them from AM by flow
cytometry and gRT-PCR. Fow cytometric profiling revealed that IMs
were positive for CD11b, Mertk, Cx3orl, and CDu (Figure 1h). IMs
were mildly positive for MHCIL commonly espressed in antigen
presenting cellk and negative for CD206 (mannose membrane
receptor], which is upregulated during anti-inflammatory conditions
(Figure 1b). As a comparison, AMs were positive for Mertk and showed
a low expression of COG4 and CO206, but were negative for CD11b,
Cx3corl, and MHCI (Figure 1c). By gRT- PCR experiments, high mRMA
levels of CD11b, Cx3crl, and colony stimulating factor 1 receptor
(Csfin) (Figure 1d) were detected in IMs. Csflr, a surface proten
majorly expressed in microglia (Lei et al, 2020), was recently found to
be present in higher levels in IMs when compared to AMs (Meziani
et al, 2018). MRNA levels of Mertk were clearty lower and mRMNA for
AM-spedfic colony-stimulating factor 2 receptor beta W0sf2rb)
| Guilliams et al, 2013] was not detected in IMs (Fgure 1d). The IMs
imlated using our method, which were propagated with stromal cells
and later separated, were therefore CD116" Cxder1” Mertk” MHCI™
CDé4" CD2046 as already described before (Gu et al, 20232).

3.2 | Polarization of IMs

Most of the IMs isolated from unchalenged mice are in the
unstimulated or nafve state and can be polarized after application
of LPS and IFM-y to the pro-inflammatory M1 state, whil e incubation
with IL-4 results in dif ferentiation to the anti-inflammatory M2 state
(Tsurutani et al, 2021) (Figure 2a). We validated the polarization by
quantification of mRMA levels for marker proteins spedfically
upregulated in M1 and M2 states. Along this line, mRMAs for
inducible nitric codde synthase [Mos/Mos2), suppressor of cytokine
signaling 3 (Socs3), CDBS were highly expressed in the M1 states
(Figure 2b-d), while arginase-1 {Ang-1) and resistindike alpha (Retnlal
werne upregulated in the M2 states (Figure 2fg) (Gbbings et al., 2017],
when compared to the unstimulated IMs. Recently, CD38 a surface
eglycoprotein, has gained more importance as a distindd M1 marker
{Jablonski et al, 2015 Li et al, 2022). In bone-marmow-derived
madarophages (BMDM], CD38 was expressed in higher quantities in
M1 polarized macrophages. Like BMDM, M1 polarized IMs expressed
higher levels of CO38 mRMAs (Figure 28 and were also positive for
CD38 protein compared to nafve and M2 polarized IMs (Supporting
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FIGURE 1 |olation and dharacterization of |Ms from murine ungs. {a) Timeline for isolation of IMs utilizing a coculture with stromal cdls and
magnetic separation of CD11b postive cells. (b, c) Representative histograms (n=23-54 cell isolationg obtained by application of specific antibodies (in
bluel orits comesponding isotype controls fin pink] from flow oytometric analyses of isolated IMs (b) and AMe as contral cells (). (b) Histograms of isolated
IM= obtained after application of antibodies directed against typical marker proteins (C011b, Mertk, CD64, Cx3orl, MHCI and C206). MHCII is lowty and
CD204 is not expressed at the plasma membrane of murine IMs. {c) Histograms of isolated AMs obtained after application of antibodies directed against
typical marker proteins (CO11b, Mertk, COu, Celorl, MHCI, and C204). COA 1b, Cx3orl, and MHCI are not expreszed in AM= (dl mRMA levels of
IM -zpecific mader proteins C01 1b, Cx3orl, and colomy-stimulating factor 1 receptor (Csfir), a general macrophage marker, Mertk, and the AM- spedific
marker protein (Csf2rb) detected by quantitative BT-PCR in the isolated IMs and AMs. n=3-5 samples per group.
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Information: Figure 51) denoting a high polarization ate in IMs
detected with flow ocytometry.

33 | TRP channels in IMs

TRF channels play a crucial mle in functioning of immune cells in the
body | Santoni etal., 2018; Froghi et al., 2021). TRPM2 is essential for
manocytes (Yamamoto et al, 2008) as well a5 neutrophil function
(Robledo-Avila et al., 2020), while TRFM7T is ubiquito usly expressed in
dAmost dl cells of the body (Fow et al, 2019). TRFAL is predominanthy
expressed in neuronal cells but was aso detected in alveolar type 11
cells (Kannler et al, 2018). Therefore, we set out to identify TRP
channel expression in IMs by quantifying mRMA levels of these TRP
proteins (Figure 3a). As expected, no TRPAL mRMA was detected,
whille TRPM7 mRMA was highly expressed. TRPC1and TRPC 6 as well
= TRPM2 mRNA were identified in similar amounts (Figure 3al We
next analyzed TRFM mRMA expression levels in a publicly available
bulk RMA-sequencing data set (MCBI data repository—GSE®4135) of

the three identified IM spedes |Gibbings et al, 2017). TRFMZ mRMA
showed a similar high expression pattern like TRFM1 and TRFM4 in
all three IM spedes (Figure 3b). As TRPM2 controls polarization of
gastric maorophages (Beceiro et al, 2017), we anayzed the mRMA
expression of this channel in polarized IMs and identified a highly
significant upregulation in the polarized M1 state compared to the
unstimulated cells (Figure 3c). Moreowver, polariz ation to the M2 state
by IL-4 resulted in a significant downregulation of TRPM2 mRMA
compared to unstimulated IM and polarized M1 cells. Therefore,
polarization of IMs to the M1 state after application of LPS and |FM-y
induces TRPM2 mRMA expression.

3.4 | CD38 upregulation in TRPM2-/- IM

Mext, we gquantified mRMAs of IM Ml-spedfic surface marker
proteins in TRPM2-defident cells in comparison to WT cells. While
S0OCS3 (Figure 4a), CDBS (Figure 4b), and iMos (Figure 4c) were al
upregulated in both cell types during M1 polarization in similar
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amounts, CD38 mRMA levels were already high in unstimulated
TRPM2-defident IMs and further increased during M1 polarization
(Figure 4d]. Most interestingly, CD3B is an ectoenzyme, which
converts MAD® or cyclic ADP-ribose into ADPR, a specific activator
of TRPFM2 channels freviewed in Lund et al, 1998; Mumata
et al., 2012) and is predominantly expressed in IMs polarized to the
M1 state (Supporting Information: Figure 51) with higher levels of
TRPM2Z mRNA {Figure 3c) In contrast to the gRT-PCR data, CD38
protein levels on the cell surface analyzed by flow oytometry
with spedfic fluorescence-coupled CD3B antibodies in TRPM2-
defident IMs were not significantly different compared to TRPM2-
defident and WT IMs polarized to the M1 state (Figure 42f) for yet
unknown reasons.

35 | Electrophysiology of TRPM2 channels in 1M
and M1 polarized IMs

To verify TRPM2 activity in these cells, we guantified ADPR-induced
cuments in unstimulated and M1-polarized WT as well s TRPM2-
defident IMs in voltage clamp experiments. ADPR added from the
patch pipette, in general did not increase cumrent densities (pAJ/pF) in
WT IMs in between B0 s after whole-cell break-in jn =9 of 10 cells],
similar to TRPM2-/- IMs polarized to the M1 state (n=6 celk)
(Figure 5arc) After polarization of WT IMs to the M1 pro-
inflammatory phenotype, ADPR-induced cument densities signifi-
cantly inoreased (n= 10 cells of 22) in contrast to WT IMs and
TRPM2-/- IMs polarized to the M1 state, confimming our previous
result showing upregulation of TRPM2 in M1 polarized WT IMs
(Figure 3c). These results were alko evident in the IV
lourrent -vol tage] curve depicted in Figure S5h. A fraction (12 of 22
cells] of M1 polarized WT IMs, however, did not develop increased
cument densities after adding ADPR for unknown reasons.

36 | Inflammatory cytokine release in
TRPM2-/- IMs

An important function of IMs of the pro-inflammatory M1 state is the
production of cytokines to attract other immune cells to the site
imvaded by pathogens [Aegerter et al, 2022) To test if TRPMZ is
imvolved in the regulation of cytokine release by IMs, we polarized
IM= isolated from WT and TRPM2-/- mice to the M1 state after
application of PS5 and IFM-y and gquantified mRMA lewels of
inflammatory cytokines like TMF-a, IL-1a and L6 using gRT-FCR.
As expected, mRMA of levels of all three cytokines were upregulated
in the M1 state of WT IMs, but most interestingly, a significanthy
higher expression was observed in TRPM2-/- IMs (Figure a-c). To
confirm these results om a protein level, we also guantified the
release of cytokines in cell supernatants at @, 1, 3, 4, and 24 h after
polarization using spedfic ELISAs for all three cytolines. Again, all
three cytokines were upregulated in the M1 stated and were
seareted in higher levels in TRPM2-/- IMs (Figure &d-f)l. While

THF-a secretion was already significantly increased after 3h in
TRPM2-/- IM= after application of LPS and IFM-y, IL-5 followed after
& hand IL-1a after 24 h (Figure 4d-f). Therefore, deletion of TRPM2
im IMs, resulted in a higher upregulation of oytokine production and
secretion compared to TRPM2 -expressing WT cells.

3.7 |
in IMs

ROS production and membrane potentials

As oytokine production depends on ROS generation by nicotinamide
adenine dinucleotide phosphate |MADPH)-ovidase (MOX] lles &
Forman, 20032), which are dosely regulated by the cell's membrane
potential. Owr voltage damp experiments (Figure 5] showed
inreases in cument densities by TRPM2 channels only in M1-
polarized WT IMs (Figure 5). Therefore, we analyzed changes in the
membrane potential in cument-damp experments in WT IMs of
the M1 state. We were able to identify significanthy higher membrane
potentials by cation influx through TRPM2 channels after the
application of ADPR in M1-polarized WT IMs (Figure 7a). Moreowver,
mBMA levels of MADPH oxidase 2 (MOX2] as the most predominanthy
expressed MO, isof orm were significantly inoeased in IMs polanzed
to M1 from TRPM2-/- mice compared to non-polanzed IMs and |Ms
from WT mice (Fgure 7b and Supporting information: Figure 52).
Indeed, ROS production detected by a spedfic fluorescent dye
({H;DCFDA) was significantly higher in TRFM2-/- IMs after 30 and
40min of treatment with LPS and IFM -y when compared to WT IMs
{Figure 7cl. As a consequence of higher ROS production, the ratio of
reduced to oxdired glutathione (GSHAGSSG), a well-known marker
for oxddative stress, is reduced (Yamadaet al, 2004; Stkaet al, 2012).
We obzerved a simultaneous ROS5-dependent reduction of GSHY
GS5G in both WT and TRPM2-/- IMs. However, the decrease was
significantly more pronounced in TRPM2-/ - IMs (Figure 7d). Addition
of a MOX2 inhibitor, GSK279503% (Hirano et al, 2015), diminishes
the production of ROS in both WT and TRPM2-/- IMs (Fgure Te).
Hence, ablation of TRPFMZ in IMs leads to higher ROS production,
possibly orchestrated by MOX2, accompanied with a decline in G5H/
GSSH matios.

4 | DISCUSSION

Studying IMs was complicated, as viable isolated cell numbers were
low, due to their remote location in lung tissues (Aegerteret al, 20232).
Therefore, most of the studies characterized |M populations in the
lung by fluorescence activated cell sorting followed by single-cell
RMA-sequencing technigues (Chakarov et al, 201%; Gibbings
et al, 2017; Schyns et al, 2018). However, for a more functional
approach, inoreased numbers of viable cells are essential, which was
achieved by coculturing IMs with stromal cells {Ogawa et al., 2019).
We improved this published method by reducing the dumation of
coculture and by a magnetic separation with particles coupled to
CD11b antibodies, which is less time-consuming {Figure 1a). § utilizes
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a murine |M-specific marker jreviewed in Gu et al, 20232), which is
not present in closely related alveolar macrophages (AMs] removed
by an initia bronchoawveolar lavage (Figure 1bd). Moreover, mRMA
for Csflras another IM-spedfic marker was expressed in our isolated
IMs, while mRMA for the AM-specific Csf2rb was not detected
(Figure 1) and closely related dendritic cells do not express CDé4
(Figure 1b) {Misharin et a., 2013). Thus, we hope that this isolation
procedure, will stimulate research on IM function in the future. Like

AMe, IMs can be polarized to a pro-inflammatory M1 state and an
antiinflammatory M2 state fortissue repair (Tsurutani et ., 2021} in
vitro to serve the needs of a dosely regulated immune response.
Successful polarization to both states was verified by an upregulation
of mRMA expression of specific marker proteins (Figure 2b-f).
Severa reports showed evidence that these polarized states of IMs
exist in vivo in challenged mice (Dumigan et al., 2022; Ji et al, 2014;
Nie et a_, 2017; Peng et d., 2024; Strickland et al, 2023), but the
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exact mechanism of polarizaton of IMs in lung tissues remains
elusive.

TRF channels are expressed in a variety of different cell types
and serve multiple functions in the human body (Milius &
Szallasi, 2014). We detected mRMAs of two members of the TRFC
family TRPC1 and TRPCS together with TRPM2 and TRPM7 in the
isolated M=, Using bulk RMA-sequendng data from a publication
characterizing three different populations of IMs (Gibbings
et al, 2017), we were able to analyze the transoriptome profile of
M=, including members of the TRPM gene family (Chubanow
et al, 2024) TRPFMZ mext to TRPM4 mRMA was highly expressed
iin adlthree IM populations (Figure 3b). AsTRPM2 serves animportant
role in monocytes and other immune cells (reviewed in Faouzi &
Penner, 2014), we started to study this channel utilizing a TRPM2-
defident mouse model (Yamamoto et al, 2008). TRPM2Z-/- IM
cells were successfully polarized to the M1 state as demonstrated by
an upregulation of mRMAs for Mil-spedfic marker proteins
(Figure 4a-c). Howewver, CD38 as an additiona marker protein was
dready upregulated in unstimulated IMs [Figure 4d-f). CD38 is an
ectoenz yme converting MAD+ in ADPR jreviewed in Chini et al_, 2020,
Guemeiro et al, 2020), a specific activator of TRPM2 channeks
(Mumata et d. 2012 reviewed in Faouzi & Penner, 2014). ADPR
production by CO38, next to generation in mitochondria & well =
polylADPR] polymerase (PARF] and poh{ADPR] ghycohydrolase
(FARG] in the nucleus, is indeed able to activate TRPMZ channels
iin living cells {reviewed in Faouzi & Penner, 2014). Although TRPM2 -
defident IMs express higher levels of CD38, changes in other
markers like iMos, Socs3, and CDBS remain comparable to WT
(Figure 4a-d). Moreover, the basal level of cytokine secretion is stil
lower than in the stimulated states (Figure &d-fl. Together, these
findings denote that TRFM2-/- IMs remain unpolarized in steady-
state. Medhanistically, TRFM2 channels might downregulate CD38 in
unstimulated IMs by a yet unknown mechanism to avoid ower-
production of ADPR and overactivation of the channels by a
negative feedback loop, which needs to be dissected further
Importantly, TRFM2 mRMA was not only expressed in unstimulated
IMs, but significantly upregulated after polarization to the M1, but
not to the M2 state (Figure 3c).

As identification of endogenous TRPM2 channels with antibodies
remains challenging and can be misleading we relayed on a
functional approach by guantifying TRPM2 currents induced by the
well studied activator ADPR (Pemraud et a., 2001). Application of
ADPR induced strong cuments in IMs polarized to the M1 state,
which was significantly lower in unstimulated IMs and absent in
TRPFM2-/- cells (Figure 5ab). To the best of our knowledge, we
present here the first successful patch-clamp recordings of specific
TRPM2 currents in IMs in the whole-cell mode confirming an
upregulation of TRFM2 proteins in the M1 state.

The innate immune response of macrophages against invading
miro-organizsms is the immediate release of pro-inflammatory
oytokines. When infected with H pydod, the resident maorophages
isolated from the gastric mucosa of TRPM2-/- mice showed

augmented levels of pro-inflammatory oytokines (Beceimo et al, 2017).
Maoreover, on a functional basis, IMs are rather important for
cytokine production than for phagocytosis, which is the main task
of AMs in the alveolus (Aegerter et al., 2022). Therefore, we
quantified cytokine mRMA expression and secretion in unstimulated
and M1-polarized IMs. Surprisingly, cytokine production and secre-
tion to the extracellular medium were significantly higher in TRFM2-
deficient IMs polarized to the M1 state in comparison to WT cells
|Figure &a-fl. When the phagocytes are subjected to oxddative stress,
there is an increase in ROS generation which consequently activates
the transcription of nuclear factor-kappadight-chain-enhancer of
activated B-cells (MF«B] as one of its downstream effects. This
activation initiates a positive feedback loop of continuows ROS
generation by MADPH oxidase (Anrather et al, 2004 Morgan &
Liv, 2011) uwitimately leading to increased ewxpression of pro-
inflammatory cytokines (Lawrence, 2009). Cytokine production is
strictly correlated to ROS production via coupling an unbalanced
glutathione redox status to activation of MF-«B signaling (reviewedin
Filippin &t al, 200E). In the initial stages of host defense against
infection, drculating neutrophils migrate to the site and eventually,
imduce respiratory burst to release ROS for bactericidal functions.
TRPM2 has already been linked with this process of respiratory burst
in meutrophils (Yamamoto et al, 2008). Concomitantly, low-grade
respiratory bursts have also been reported in macrophages and rather
for intracellular signaling than for killing of bacteria (lles &
Forman, 2002). As TRPM2 is a key player in ROS-mediated signaling
im various cell types and pathologies like cancer and ischemic stroke
(reviewed in Maliougina & H Hiani, 2023), the next step was to
measure the levels of ROS in IMs. LPS and IFM-y-induced ROS
production in M1 polafzed IMs was higher (Figure 7c) and GSHY
GSSG levels were suppressed in TRPM2-/- cells (Figure 7d). Our
study demonstrates that TRPM2 plays an essential role in the
regulation of ROS production in IMs and confirme previous data in
camdiomyocytes, where C3** influx via TRPM2 is essentidly required
for the reduction of oxidative stress (Hoffman et al, 2015).

As ROS production by MADPH oxidases isinhibited by inoreases
in the cell membrane potential (DeCouwrsey, 2003; Petheo &
Demaurex, 2005], we guantified membrane potentials in IMs before
and after application of ADPR. Indeed, membrane potentials were
significantly higher in cells after TRPM2 activation by ADPR
|Figure 7a), most probably by an enhanced cation influ through
the channels. Most interestingly, a similar observation was reported
in bone mamow-derived macrophages (BMDMs] after stimulation
with LPS (Di et al, 2011). ADPR can be released from mitochondria
by ROS, especially by ROSproduced HxO: and activate TRFM2
channels (Ayub & Hallett, 2004; Pemauwd et al, 2005) to inhibit
MADPH oxidase by membrane depolarization. Importanty, mRMA
levels of MADPH oxidase 2 (MOX2) as the most predominanthy
expressed MOX isoform were significantly increased in TRPM2-/-
IMs polarized to M1 (Figure 7b), pointing to an inhibitory role of
TRPM2 channels also on the transcriptional level. Reduction of MOX
expression and activity will reduce the genemtion of ROS and
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cytokine production as well as its secretion (see Figure 7). Our data
are therefore another example of a rather beneficial than detrimental
effect of TRFM2 channels following oxdative stress (as reviewed in
Maliougina & B Hiani, 2023; Miller & Cheung, 2014).

5 | CONCLUSIONS

In summary, we intreduced an efficient method to isolate IMs from
mouse models, polarized them to the pro-inflammatory M1 state and
were able to identify ADPR-induced TRPM2 currents, but mot in
TRPM2-defident IMs. Surprisingly, oytokine production and secre-
tion were exacerbated in TRPM2-/- IMs, pointing to an important
regulatory function of the redox-sensitive TRPM2 channels for
cytokine release from [IMs. Overproduction and secretion  of
cytokines by immune cells were recently described as a "coytokine
stom”™ in COVID-19 patients, resulting in increased mortality.
Therefore, previous data in BMDMs (Di et a_, 2011) and our findings
in IMs might be the basis for an efficient therapeutic option with
TRPM2 channel activators to mitigate oytokine -induced pathol ogies
in these patients in the future.
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TRPV4 channels are essential for alveolar
epithelial barrier function as protection
from lung edema
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Ischemia/reperfusion-induced ederna (IRE), one of the mest significant tauses of mortality after
lung transplantation. can be mimicked e vivo in isolated perfused mouse lungs (IPL). Transient
receptor potential vanilloid 4 (TRPY4) is a nonselective cation channel studied in endothelium;
however, its role in the lung epithelium remains elusive. Here, we show enhanced IRE in TRPVA-
deficient (TRPVA+) IPL compared with that of W T controls, indicating a protective role of TRPV 4
in maintenance of the alveolar epithelial barrier. By immunohistochemistry. mRMA profiling.

and electrophysiological characterization, we detected TRPV4 in bronchial epithelium, alvealar
epithelial type | (ATI), and alveolar epithelial type |1 {ATII) cells. Genetic ablation of TRPV4 resulted
in reduced expression of the water-conducting aguaporin-5 (AQP-5) channel in ATI cells. Migration
of TRPV&'~ ATI cellswas reduced. and cell barrier function was impaired. Analysis of isolated
primary TRV a-- AT cells revealed a reduced expression of surfactant protein C. and the TRPVS.
activator GSKIMETI0A induced increases in current densities only in WT ATII cells. Moreowver,
TRPVa ™ lungs of adult mice developed significantly larger mean chord lengths and altered lung
function compared with WT lungs. Therefore, our data illustrate essential functions of TRPVA
channels in alveolar epithelial cells and in protection from edema formation.

Intreduction
The alveolar epithelivm has multiple functions in the lung. On the one hand, the epithelial layer forms a namral
barrier to the external environment, prodecting the body from invading microorganisms and toxicants, while,
on the other hand, alveolar epithelial cells facilitate gas exchange. In the adult lung, the alveolar epithelium
consists of 2 epithelial cell types that are crucial to maintain lung homeostasis and tissue repair (1) Alveolar
epithelial type T {ATT) cells are elongated with a large surface area and high barrier function, which facilitates
gas exchange in close proximity to endothelial cells of the atveolar capillanies (1), ATI cells are also highly
water permeable, allowing for ion transport and maintenance of lung fiuid balance (2). Although the latter cells
cower the largest surface area of the lung (3), alveolar epithelial type 1T {ATI) cells, which exhibit a cubic mor-
phology, by far oumumber ATT cells (4). ATTI cells are also involved in ion transport and Bquid homeostasis (3)
and are — maost importantly — responsible for the producdon, storage, secretion, and recycling of pulmonary
surfactant. Surfactant lowers the surface tension at the tissue-air barmer to allow proper inflaton and deflation
of the alveoli during breathing (6). Moreover, AT cells also serve as progenitors for AT cells and are capable
of long-term self-renewal (7). Although alveolar epithelial cells express a wide varety of ion tansporters and
channels (#), the exact roles of these proteins for specialized alveolar cell functions have remained elusive.
Transient receptor potential vanilloid 4 (TEPVE) is the fourth cloned member of the vanilloid family
of TRFP channels (%). Like most TRP channels, TRFPV4 harbors an invariant sequence, the TRP box {oon-
taining the amino acid sequence EWEFAR), in its intracellular C-terminal tail as well as ankyrin repeats
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in the intracellular M-terminus. The protein is composed of & membrane-spanning helices (51-56) and a
presumed pore-forming loop bebween 55 and 56 (9, 10). Four of these monomers of the same type prefer-
entially assemble in a functional homotetrameric complex (1 1), although TRFV4/TRPP2 complexes were
also identified in cilia of renal epithelial cells (12). Homotetrameric TRPY4 was originally characterized as
a sensor of extracellular osmolarity (13, 14). The channel is functionally expressed in endothelial (15, 16)
and epithelial cells of the respimatory system (17-19). TRPY4 channels are thermosensitive in the range of
24°C-38°C and may additionally serve as mechanosensors, because they are activated by membrane and
shear stretch as well as by viscous loading (20). As TRPV4 is also involved in pulmonary hypertension (21,
22) and bladder function (23), the channel is an interesting pharmacological @meet, with numerous modo-
lators already identified (reviewed in ref. 24}, Moreover, TRPYV4-- mice were protected from bleomycin-in-
duced pulmonary fibrosis, due to the channel's constitutive expression and function in lung fibroblasts (25).
In lung endothelium, where its role was most extensively stadied, direct or indirect activation of TRPV4
by mechanical stress (26), high peak inspiratory pressure (27, 28), and high pulmonary venous pressure
due to heart failure (29) resulted in the disroption of the endothelial barrier and edema formation. In other
tissuwes, however, the channel maintains physiological cell barrier, for example, in skin (30), the urogenital
tract (31}, and the corneal epithelium (32). In tracheal epithelial cells, TRFY4 channels regulate ciliary beat
frequency (17), and in alveolar epithelial cells, TRPV4 activation by 4a-phorbol esters produced blebs and
breaks in lung septa (33) by unknown molecular mechanisms. Moreover, stimulation of TRFV4 by bacteri-
al LPS mounted a protective response (34), whereas TRPV4 inhibition reduced lung edema and inflamma-
tion after chlorine exposure (35). Therefore, TRPFV4 channels may function as chemosensors of toxicants
in the lung epitheliom (reviewed in ref. 36), but their exact role in the alveolar epithelium is stll clusive.

We have shown that TRPC6S, a member of the classical TRF channel family in the endothelium,
increases endothelial permeability during ischemia/reperfusion-induced (I/R-induced) edema formation
{37), one of the most significant cawses of mortality after lung transplantation. However, as outlined
above, endothelial permeability is also increased by TRPV4 activation (summarized in ref. 38). Along
these lines, we analyzed I/R-induced edema formation in a TRPV4-deficient (TRPV4--) mouse model.
Surprisingly, edema development was increased in TRPV4" lungs, but edema development in TRPCG/
TRPV4 double-deficient lungs was similar to that of WT lungs. These data indicate a protective role for
TRPV4 channels in the other natural cell barrier of the lung, the epithelium. Therefore, we set out to study
functions of TRPV4 channels in the alveolar epithelivm, capitalizing on the TRPV4" mouse model
Enhanced lung edema formation triggered by 1/R probably may be due to downregulation of aquaporin-3
{AQP-5) channels in ATI cells, reduced surfactant protein-C (SP-C) production in ATII cells, and/or
emphysema-like changes in the owverall lung architecture. Cur data suggest an essential role of TRPV4
channels in the alveolar epithelium.

Results

Ablation of TRPVA increases IR-induced edema formation in isolnted perfised mouse lungs. To imvestigate the role
of TRFV4 in IR-induced edema formation, we isolated lungs from WT and TRPV4" mice. Initial char-
acterization of these mice revealed impaired pressure sensation in dorsal root ganglia (39) and osmotic
sensation by exaggerated arginine vazopressin secretion in the brain (40). Loss of TRPV4 protein was
confirmed in lung lysates. While in WT controls a protein of approprately 100 kDa in size was detected
by Western blotting with TRFV4-specific antibodies, TRPV4~ lungs did not express any TRPV4 protein
(Figure 1A). Murine embryonic fibroblasts (41}, such as pulmonary fibroblasts, express TRFPYV4 protein
(25) and served as an additional positive control. After initial perfusion of isolated lungs for 15 min-
utes, ischemia was induced for 90 minutes followed by 120 minutes reperfusion. TRPV4™ lungs showed
enhanced lung edema formation, as evidenced by a considerable gain in lung weight, as opposed to WT
lungs (Figure 1B}, which increased in weight to a similar extent as already described by us previous-
Iy (37). These results clearly contrast with observations on TRPC6-deficient lungs, which are protected
from IR-induced edema due to reduced endothelial permeability (37). Therefore, we generated a TRPV4/
TRPCE double-deficient mouse model (TRPYV4/TRPCE), which has lungs that lack the increase in
IR-induced edema formation but that developed edema, similar to WT mice (Figure 1B). Moreover, lung
edema formation in TRPV4™- lungs was clearly visible by the naked eye (Figure 1), and, consistently,
the wet-to-dry weight ratio increase doubled in TRPV4-~ lungs but only slightly increased in TRPV4/
TRPC6" lungs (Figure 1 D). In conclusion, TRPV4 ablation induces increased IR-induced edema, which

https-f [doi.org/ 1017 2/jri_insight 134464 2




40

TRPV4

P-Actin

insight. jri.org

Lung weight gain (mg)

o

Wet-te-dry weight ratio gain

i
=

TRPY--
TRPYA--

T e — — —

15009 —m= TRPW -
== WT
=4~ TRPVA/TRPCE -I-
scoa ] = mon-ischemic TREVA .-
== npan-ischemic WT
son 5 E i
™ ‘:}—‘i-_.i——;"
Rl ey = . . )
o 0 &0 a3 120
Pra

Tima after raperfusion (min}

*kx * &k
10 ?:I'E
8- _AE °
6 Slo
ad o
2_
U_

J L
WT TRPYA . TRPWAICH -\

can be reduced by additional ablation of TRPC6H channels. To identify a possible role for endothelial
TRFV4 channels, which might be activated by shear stress due to hydrostatic pressure (42), we decreased

— 10003

- 55 kOa
-40 kDa

RESEARCH ARTICLE

Figure 1. Ablation of TRPV 4 increases ischemiz- induced
edema formation in mouse lungs. (&) TRPVA protein
expression in mouse lungs was evaluated by immunoblotting
inwhole-lung lysates of WT and TRPV4-defident (TRPV4')
mice using 3 TRPVA-specific antiserum. Murine ambryonic
fibroblzsts (MEFs) served 2 an additional positive control.
B-Actin was used as loading control. (B) Constant weight
measurement of ischemic and nonischemic WT and TRPV a7~
and TRPV4/TRPLE double-deficient (TRPV4/ TRPCE) iso-
lated perfused lungs. (C) Representative images of WT and
TRPVa* lungs afterischemiza. (0) Wet- to-dry weight ratio
gains of TRPY4 and TRPYA/TRPCE - lungs compared with
those of WT controls. Data represent mean + SEM of at least
5 lungs for each genotype. Significance betwean means was
analyzed using ANOVE (B and D) ***F< 0.000.

initial flow rates (preflow) from 2 ml to 0.5 ml/min. We did not observe any major changes in edema for-
mation in ischemic and nonischemic WT lungs. TRPV4-- lungs showed a significantly decreased edema
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formation only after %0 and 120 minutes of reperfusion for unknown reasons (see Supplemental Figure 1;
supplemental material available online with this article; hitps:/ /doi.org/ 10.1172/jci.insight. 134464051},

TRPVA is expressed in ATT and ATII cells. As TRPV4 is highly expressed in lung endothelium, and
its activation results in an increase of endothelial permeability (reviewed in ref. 3E), we focused on
its possible functions in the epithelivm. Epithelial cells represent the second natural barrier regulating
edema formation. Analysis of mice carrying an EGFP reporter protein under the control of the TRPV4
promotery/enhancer region revealed expression of TRFV4 protein in endothelium as well as bronchial
and alveolar epithelium (Figure 2A4). In the bronchial epithelium we detected TRFV4 in ciliated cells by
costaining with a f-tubulin I'V antibody (Supplemental Figure 2, A—C). Neither club nor neuroendocrine
cells showed TRPV4 expression (Supplemental Figure 2, D-T). In the alveoli, costaining experiments
with an antibody directed against AQP-5 (Figure 2B), a marker protein of ATI cells, which are involved
in lung septa formation {2), revealed a red staining indicative of AQP-5 expression in the plasma mem-
brane and an additional green staining of the cytosol, reflecting TRPV4 expression in these cells {Figure
2B, inset). Moreover, direct quantification of TRPV4 mRMNA revealed similar expression levels in ATII
cells as in lung endothelial cells, but lower mREMA expression in pulmonary murine lung fibroblasts and
precapillary arterial smooth muscle cells (Figure 2C). Therefore, TRPV4 channels are expressed in ATI
and ATII cells of the alveolar epithe lium.

Loss of TRPVY resilted in decreased AQP-3 expression in ATT cefls. Staining of lung slices with fluores-
cence-coupled antibodies specific for the water-conducting channel AQP-5 revealed lower total expression
levels in ATT cells and reduced plasma membrane localization in TRPV4™- lungs compared with that in
WT lungs (Figure 3, A-E). These results were confirmed by Western blotting of lung lysates probed with
an AQP-5-specific antibody (Figure 3, F and G). In clear contrast to these results, protein levels of AQP-1,
a major aguaporin channel in the microvascular endothelium, were not significantly different in TRPV4--
cells compared with WT endothelial cells (Supplemental Figure 3, A-E). Therefore, AQP-5 protein levels
in the alveclar epithelium, but not AQP-1 expression in the endothelium is reduced by ablation of TRPV4.

Identification of currents induced by the TRPVS aaivator GIE 067904 only in primary ATIT cells from
WT mice. To investigate the role of TRPV4 on at a cellular level, we first isolated ATII epithelial cells
(Figure 4A) from WT and TRPV4-- mice. We were not able to detect any morphological differences
in ATII cells of the different genotypes by phase-contrast microscopy. ATID cells were identified by
staining with fluorophore-coupled antibodies directed against directed against prosurfactant protein C
{pSP-C) (Figure 4B), which is secreted by ATII cells (reviewed in ref. 5). Patch clamp analysis of prima-
1y ATII cells revealed significantly larger currents, which were induced by the selective TRPV4 activator
GSE1016T90A {GSKE, reviewed in ref. 24) only in WT cells, while currents after the application of GSE
in TRPV4~- cells were not significantly different compared with basal currents in WT cells (Figure 4,
C and D). Western blotting of protein lysates from ATIT cells revealed lower pSP-C levels in TRPV4--
ATII cells compared with WT cells (Figure 4, E and F). We then differentiated ATIT cells to ATT cells
by growing them to confluence in plastic cell culture dishes for at least & days as described previously
{1} (Figure 403). After 6 days, WT cells expressed AQP-5 protein as an ATI cell marker (Figure 4H). In
conclusion, TRPV4 channels are functionally active in ATIT cells and are involved in the expression of
PSP-C of these alveolar epithelial cells, which can be differentiated to ATI cells in vitro.

TRPVE ' AT cells express less AQP-5, show reduced muclear localization of NFAT, and decreased cell migration
and adhesion. As already shown in lung sections of TRPV4™"~ mice, translocation of AQP-5 to the plasma
membrane was reduced in TRPV4 cells (Figure 5, A and B} To test if TRPV4" ATII cells are able to
differentiate to ATT cells, we analyzed the expression of podoplanin (T1a), another ATT cell marker protein.
Notably, podoplanin expression was not significantly different in TRPV4 ATII cells differentiated to ATI
cells (Figure 5, C and D). To further analyze ATI cell function, we quantified nuclear NFATzI levels. The
translocation of NFATc| protein to the nucleus was significantly reduced in TRPV4-- cells (Figure 5, E
and F). Moreover, cell migration analyzed by gap closure in in vimo experiments was cleary slowed down
in TRPV4™" ATI cells compared with WT cells (Figure 5, G and H). As an additional line of evidence, we
transfected ATII cells with TRPV4-specific or control siRNAs, differentiated them o ATI oclls, and quanti-
fied cell migration in the same way (Supplemental Figure 4). Most interestingly, we obtained similar results
in cells transfected with TRFY4 siRMA | which showed a significantly slower migration compared with non-
transfected cells as well as cells transfected with the control siRMAs. As determined by electrical cell imped-
ance sensing (ECIS), subconfluent TRPV4-- ATI cells showed reduced ccll barrier function (Figure 5T
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Figure 2. TRPV4 and aqua-
porin-5 expression in mouse
lungs. (A) GFP staining (green)
by fluorescence-coupled

GFP- spacific antibodies in lung
cryosections of TRPVAEC-

FP reporter mice reveals
expression of TRPVA4 in cells
of the lung endothelium (EN)
aswell as in the bronchial (BE)
and alveolar epithelium (AE)
Nuclei staining was performed
with Hoachst dye (blue). Scale
bar: 10 pm (right): 20 um
(middie); 50 um (left). (B) Lung
cryosections from TRPVAEG-
FP reportar mice were stained
with fluorescence-coupled
antisera directed against GFP
and aguaporin-5 (AQP-5). Con-
focal images were cbtained
after excitation at 488 nm

{for EGFP, left top. green) or
after excitation at 561 nm (for
AQP-5, left bottom, red). Both
images were merged (right)
Nuclei staining was performed
with Hoachst dye (blue)

A, alveolus; B, bronchus; V.
vasculature. The inset shows
the bottom boxed region in at
higher magnification. Scale
bar: 10 pm (inset); 20 um. (C)
TRPV4 mANA guantification
in lung cells using NanoString
technology. ATII, alvealar type
Il cells; EC. endothelial cells;
PASMC, precapiliary arterial
smooth muscle cells; pmLF,
primary murine lung fibro-
blasts. Data represent mean +

500~y SEM from at least 3 indepen-
dent cell isolations
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Therefore, ablation of TRPV4 induced less AQP-5 expression, reduced nuclear localization of nuclear factor
of activated T cells (NFAT

), and reduced cell migration and cell barrier function.

TRPV4" mice showed emphysema-like lung sructure and altered lung function. To analyze differences in
lung anatomy as a consequence of altered ATT cell function, we quantified mean chord lengths (MCLs)
re 6A). TRPV4 ablation significantly increased MCL of the alveolar

in histological lung sections (Fj,

lumen in adult (47-
old) showed no differences (Fi;
MCLs (Figure 6C), which, hos

week old, Figure 6D) mice compared with WT lungs, while young mice (46 woeks

re 6B). Lungs from 28- to 30-weck-old mice were also prone to larger
er, were not significantly different compared with those of WT lungs.
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summary of AQP-5 expression in lung lysates of TRPV47- and WT mice (G). Data represent mean = SEM from at least 6 lungs for each genotype. Signifi-
cance between means was analyzed using 2-tailed unpaired Student's ¢ test; *P< 0.05, **P< 0.01,***P< 0.0
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Figure &. Nuclear localization of nuclear factor of activated T cells in and migration and adhesion of TRPV 3-deficient and WT ATI cells. Represantative
‘Westem blot analysis of AQP-5 exprassion in WT and TRPVa7- ATl cells differentiated to AT cells (&) and summary of AQP-5 expression in these calls
(B). Representative Western blot analysis of pedoplanin expression - another ATI cell marker - in'WT and TRPV 47~ AT cells differentizted to ATI cells

(C) and summary of podoplanin expression in these cells (0). Representative Westem blot analysis of nudear NFATC localizztion in WT and TRPVS+ ATI
cells (Bl and summary of nudear factor of activated T cells (NFAT) localization in these cells (F). Lamin B1 served as loading control. Representative images
of @ migration assay after removing inserts (scale bar: 200 pm) (G). Summary of remaining gap values nommalized to initial values guantified in migration
assays of TRPVA and WT ATI cells after releasing insarts at 0, 1, 3. 5. 8. 12. and 24 hours (H). Electrical cell resistance was quantified with an ECIS device
for WT and TRPVA ATI cells for 160 howrs. {l). Data represent mean + SEM from at least 3 independent cell preparations of 5 mice each. Significance
betwean meanswas analyred using 2 tailed unpaired Student’s ¢ test; * P < 0.05, ***P < D00

Moreover, lung function was altered (Figure 6, E-H): TRPV4-- lungs showed increased inspiratory capac-
ity and compliance (Figure 6, E, G, and H) as well as decreased elastance (Figure 8F), which was signifi-
cantly different from that of WT mice of the same age. In conclusion, adult TRPV4-- mice showed emphy-
sema-like changes in their lungs, which may be responsible for altered lung function.

Discussion

Although TRPV4 is highly expressed in lungs, its exact function is still elusive {reviewed in ref. 24). Ach-
vation of TRPV4 in endothelial cells by mechanical stress, for example, stretching (27, 28, 43), as well
as oxidative stress by exposure to HO, (44) resulted in an increased Ca®™ influx mediated by the channel
and an increase in endothelial permeability conducive to lung edema (reviewed in ref. 38). Along these
lines, pharmacological blockade of TRFV4, for example, by the specific blocker HC-D6T047, decreased
intracellular Ca™ levels in endothelial cells and protected mice from vascular leakage and lung injury (28).
Expression and function of TRPV4 channels in the alveolar epithelium, however, has not been studied yet.

Here, we guantified IR-induced edema as one of the most common and significant causes of morbidity
and mortality after lung transplantation (45), using the isolated perfused lung model (37). Much to our
surprise, TRPV4-"- lungs were not protected from IR-induced lung edema, as observed in TRPCG- mice
{37). On the contrary, genetic TRPV4 ablation resulted in a robust increase in lung edema (Figure 1B) and a
higher wet-to-dry weight ratio increase (Figure 1) when compared with that of control WT mice. Barrier
function was rescued by consecutive breeding of TRPV4-- mice with TRPC6- mice, because lung edema
formation in double-deficient mice was similar to that in WT animals (Figure 1B).

Az TRPV4 activation in endothelial cells has been shown to result in higher edema formation, we
focused on the lung epithelium, another physiological cell barrier in the lung. Recent publications indicate
an cpithelial function of the channel opposed to that in endothelium, ie., stabilization of the epithelial
barrier in the skin (300, the urogenital tract (31), and the corneal epithelium {32). We demonstrated TRPV4
expression in ATT and ATII cells (Figure 2, B and C). Our further molecular analysis corroborated a func-
tional link between TRPY4 and AQP-5, a water<onducting channel expressed in ATI cells (46). Hypo-
tonic solutions increased the association and surface localization of TRPV4 and AQP-5 in salivary gland
cells (47), and AQP-5 expression is regulated by TRPV4 in lung epithelial cells (48). Most interestingly,
the expression and plasma membrane translocation of AQP-5 channels in ATI cells were significantly
reduced (Figure 3). Therefore, TRPV4 channels increase AQP-5 expression and translocation in ATT cells
in clear contrast to human bronchial epithelial cells, where it has been reported that activation of TRPV4
channels by shear stress decreased AQP-5 levels (47). To analyze TRPV4 function on a cellular kevel, we
isolated ATTI cells identified by their expression of pSP-C (Figure 4, A and B). We detected significantly
larger currents induced by the TRPV4 activator GSE in WT but not in TRPY4-"~ ATII cells (Figure 4, C
and D). To our knowledge, these data show for the first time that TRPV4 channels are not only expressed,
also functional in ATII cells. Quantifying pSP-C levels by Western blotting revealed a reduced expression
in TRPV4~- cells compared with that in WT cells (Figure 4, E and F). The role of surfactant proteins in
the prevention of alveolar edema by reducing surface tension as a drving force for fluid flow across the
air-blond barrier is still a2 matter of debate (49) but might also explain exagrerated edema formation in
TRPV4" mice. Therefore, functional TRPV4 and TRPC6 channels are not only located in different cell
types, such as alveolar epithelial and lung endothelial cells, respectively, but may have different roles by
decreasing or increasing IR-induced edema. TRPV4 channels aid in epithelial barrier function by support-
ing SPC production and reducing edema formation in a chronic manner, while TRPC6 channels acutely
increase endothelial permeability during IR-induced edema formation (37). Although we cannot exclude a
role for endothelial TRPV4 channels, it is unlikely that TRFV4 channels in the endothelium are activated
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Figure 6. Chord lengths and lung function of WT and TRPV4-- mice. Rap ive images of M s trichrome- stained lung sections from 52-week-
old WT (left, scale bar: 500 um) and TRPVA* mice (right, scale bar: 200 pm) (A). Quantification of mean chord lengths of 4- to - (B), 28- to 30- (D), and
47- to 52-week-old (D) WT and TRPV4 ' mice. Inspi y capacity (E), el e of the respiratory system (F), static compliance (C_, G) and compliance of

the respiratory system (C_. H) of 6-month-old WT and TRPV47- mice. Data represant mean + SEM from at least 3 mice. Significance between means was
analyzed using 2-tailed unpaired Student's ¢ test; *P< 0.05, **P< 0.01.

by shear stress duc to hydrostatic pressure, as reducing the preflow in the experiments had no cffect on
IR-induced edema formation (Supplemental Figure 1).

Next, we differentiated ATII cells to ATT cells (1), monitored by the expression of 2 ATT cell markers:
AQP-5 and podoplanin. As AQP-5 protein expression was reduced in TRPV4Y ATI cells (Figure 5, A
and B), while podoplanin levels were not altered (Figure 5, C and D), it seems rather unlikely that TRPV4
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deficiency and/or a reduction of pSP-C expression results in reduced ATID oell to ATT cell differentiation
in general. Plasma membrane manslocation of AQP-3 as well as AQP-5 expression may depend on nuclear
localization of the transcription factor MFAT by an increase of intracellular Ca® via TRPV4 similar to
TRPC channels {30). Therefore, we quantified noclear NFAT levels and detected significantly lower levels
in TRPV4™ cells in companson with that in WT control cells (Figure 5, E and F). A major breakthrough
in our understanding of ACQP-5 function for water transport across apical membranes of AT cells was the
analysis of AQP-5—deficient mice (51). Although lack of AQP-5 entailed a 10-fold decrease in alveolar
permeability in response to an osmotic gradient, AQP-5"" mice are indistinguishable from WT mice with
regard to hydrostatic pulmonary edema as well as isposmolar fluid transport from the alveolar space (51,
52). Cognizant of this scenanio, a role for AQP-5 in the clearance of fluid from the alveolar space after
IR-induced long edema cannot entirely be ruled out, but it appears to be unlikely, and we tmed to dissect
other additional mechanisms for the vulnerability of TRPV4-- lungs to edema formation.

As 2 reports demonstrated decreased migration of human epithelial ovarian cancer (33) or endo-
metrial adenocarcinoma cells (54) after downregulation of AQP-5, we set out to quantify cell migra-
tion of ATII cells differentiated to ATI cells. TRPW4-- ATI cells showed a clear deficit in closing gaps
by cell migration after releasing inserts compared with WT cells (Figure 5, G and H). In additional
experiments, we were able to reproduce these results in cells transfected with TRPV4 siRMAs com-
pared with nontransfected cells as well as cells transfected with control siRMNAs (Supplemental Figure
4). These data suggest an important role of TRPV4 channels in cell migration, which needs to be fur-
ther analyzed in the future. Moreover, cell resistance, as analyzed by ECIS, was significantly reduced
in growing TRPV4" ATI cells in contrast to that in WT cells {Figure 5I). Both cell types, however,
reached confluence after 160 hours, excluding gross changes in their proliferation rates. Changes in
cell morphology were also not detected by microscopy.

ATII cells are able to differentiate to ATI cells after lung injury during repair processes in adult mice
{7) to reestablish barrier function of the lung alveolus. Therefore, we analyzed lung alveolar histology in
WT and TRPV4~ lungs in young and adult mice. MCL as a measure of alveolar size was increased in
adult {47-52 weeks old) but not in young (3 weeks old) TRPV4™" mice compared with WT mice of the
same ages (Figure 6, A-DI). We concluded that differences were not caused by defects in embryonic lung
development but were due to ongoing growth and repair processes in adult animals. Most interestingly,
the emphysema-like changes in lung morphology were also detected in SP-C—deficient mice (55), raising
the possibility that reduced SP-C levels in TRPV4-- ATII cells may also contribute to the phenotype. In
the same vein, adult TRPV4~- mice showed altered lung function, with increased inspimtory capacity and
compliance as well as decreased elastance (Figure &, E-H) compared with WT mice of the same ages.
Loss of septa formation because of reduced SP-C levels in adult TRPV4~- mice may be responsible for
decreased clearance of fluid from the alveolar space and may therefore explain higher levels of edema
formation in TRPV4™" lungs.

In summary, loss of TRPY4 channels in alveolar epithelial oells results in decreased pSP-C production
in ATII cells and lower AQP-5 expression and membrane localization in ATT cells. The latter proteins are
likely to be involved in continuously ongoing repair processes in adult mice, resulting in emphysema-like
changes in TRPV4"- mice. These chronic events may define a protective function of TRPV4 channels
against lung edema formation, in clear contrast to their acute detrimental role in endothelial cells.

Methods

Animal. TRPCH- (56) and TRPV4-"- (B6. 199X 1 -Trpw4™*5 from Riken BioResource Center, RBRCD939)
(39, 40) mice were backcrossed 10 times to the C57/BL6J strain. TRPC6/ TRFV4" mice were obtained by
crossing both gene-deficient mouse models. TRPV4EGFP reporter mice (Tg{TRPV4-EGFP)MT43Gsats
Mmucd from MMRC) were bred as previously described (37). Sex- and age-matched mice older than 3
months were used in the experiments, if not mentioned otherwise in the figure legends.

Isolgied, perfused mouse faong. Quantification of edema formation in isolated perfused mouse lungs was
done as described previously (37). In brief, mice were anesthetized by intraperitoneal injection of ketamine
{100 mg kg BW), xylazine (0.7 mg/kg BW), and anticoagulated with heparin (500 TU/kg BW). Animals
were intubated via a small incision in the trachea, ligated, and ventilated with room air using the VOM type
681 (positive end—expiratory pressure, 3 emH O; positive end—inspiratory pressure 3 emH_(); respiratory
rate was 9 breaths min). The sternum was opened, the ribs were spread, and the right ventricle was incised
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to place the air-free perfusion catheter into the pulmonary artery. After ligation, the perfusion was started
with (0.5 ml/min perfusion solution (7.19 g sodivm chloride, .33 g potassium chloride, 0.27 g magnesium
hexahydrate, 0.36 g calcium chloride dibydrate, 0.15 g potassium dihydrogen orthophosphate, 267 g glo-
cose monohydrate, 51.28 g hydroxyethyl starch [type 2000000/05] ad 1000 mL with agua ad iniectabilia,
and 0.1843 mg/mL sodium hydrogen carbonate to adjust pH to 7.3) using an ISMATEC Tubing Pump. A
second perfusion catheter was introduced in the left ventricle and secured by ligation. The lung, the trachea,
and the heart were excised from the thomx in 1 piece and transferred to a 37°C temperature-equilibrated
housing chamber for the perfused mowse lung model (TPL-2, Hugo Sachs Elektronik/Harvard Apparatus).
The perfusion was slowly raised stepaise to 2 ml‘min, and perfusion pressure was monitored with the
PLUGSYS TAM-A/PTS type 17111 (Harvard Apparatus). Weight changes were constantly measured with
the edema Balance Module/EBM type 713 (Harvard Appamius). Data were monitored with Pulmodyn
software (Harvard Apparatus). The perfusion pressure during the measurements was not significantly dif-
ferent between genotypes as well as before and after ischemia.

Analy=sis of functional peremeters of the respiratory tract. Mice were anesthetized with ketamine (270 mgs
kg BW) and xylazin (11 mg/kg BW), intratracheally intubated through a small incision of the trachea, and
connected to the flexiVent system (Scireq).

Immemohistochemisry. Mouse lungs were inflated with 2.5% (m/v) glotaraldehyde in PES and pro-
cessed for paraffin or O.C.T. compound (Tissue-Tek, Sakura Finetek) embedding. Parafin-embedded
tissue sections (3 pm) were cut using a microtome (Zeiss), mounted on glass slides, deparaffinized in
xvlene, and rehydrated in graded alcohol. Masson Goldner trichrome staining (Masson Goldner Tri-
chrome Staining Kit, Carl Roth 345%) was done according to the manufacturer's instruction with iron
hematoxylin solution for 8 minutes, Goldner's stain 1 for & minotes, Goldner’s stain 2 for | minute, and
Goldner's stain 3 for 5 minates. After dehydration in 100% EtOH and clearing in xylol twice for 1 min-
ute, the sections were mounted in Roti-Histokit IT{Carl Roth T160.2). Sections were analyzed by design-
based stereology using an Olympus BX51 light microscope equipped with the new Computer Assisted
Sterenlogical Toolbox (newCAST, Visiopharm) as described previously (38). For MCL measurements,
102 frames were selected randomly across multiple sections by the software, using the <20 objective,
and superimposed by a line grid and points. The intercepts of lines on alveolar wall (Lsepta) and points
localized on air space (Pair) were counted and calculated as follows: MCL (EPair = Lip)/Elsepta = 0.5,
where L{p) is the line length per point). Cryo-embedded lungs were cut in 10 pm sections on a cryostat
{Leica), mounted on glass slides, and surrounded with a hydrophobic pen (Vector Laboratonies). After
washing with PES, the sections were blocked for 30 minutes in PBS containing 0.2% Triton X-100 and
5% MGS. Incubation with primary antibody was done at 4°C overnight and secondary antibody at room
temperature for | hour Antibodies were diloted in blocking solution. After nuclei staining with Hoechst
dve (Thermo Fisher Scientific) (2 pg/mlL) for 3 minutes at room temperature followed by sufficient wash-
ing the sections were mounted in Roti-Histokit I1. The following antibodies and dilutions were used: anti-
GFP (chicken, Thermo Fisher Scientific, A10262, 1:200), anti{ff-tubulin I'V (mbbit monoclonal, Abcam,
179509, 1:1600), anti-AQP-1 (rabbit, Alomone Labs, AQP-001, 1:10d), anti-ACQP-5 (rabbit, Alomone
Labs, AQP-005, 1:100), anti-CC10 {mouse, Santa Cruz Biotechnology, E-11, 1:200), anti-chicken {goat,
Thermo Fisher Scientific, A 11039, 1:400), anti-CORP (goat, 1:400, Acns, BP022), anti-rabbit IgG (goat,
coupled to Alexa Fluor 438, Thermo Fisher Sdentific, A32731, 1:500 and donkey, coupled to Cy3,
Merck Millipore, AP182C, 1:1000), and anti-goat IgG (donkey, Life Technologies, A11058, 1:400). For
direct labeling of the anti-CC10 antibody, the Zenon Alexa Fluor 546 mouse 1g0, kit was used according
to the manufacturer's recommendations (Invitrogen, 25004). Stained cryosections were analyzed on an
epifluorescence microscope (Zeiss Imager M2, Carl Zeiss) and on a confocal microscope (LSM EB0, Carl
Zriss). For membrane localization analysis, staining intensity was analyzed along a line from the nucleus
into the cytosol and the plasma membrane.

FPrimary murine alveolar epithelial cells. Isolation of ATII cells was done as described previously (1,
59, 60). In brief, lungs were flushed via a catheter through the pulmonary artery with 0.9% MaCl solu-
tion (B. Braun Melsungen AG), inflated with 1 mL dispase (BD Biosciences), followed by 500 ul 1%
low-melting-point agarose (MilliporeSigma), and incubated for | hour at room temperature. Subse-
quently, lung lobes were separated and dissected using 2 forceps; filtered through 100 pm, 20 pm, and
10 pm nylon filters {Sefar); and centrifuged for 10 minutes at 200y, Cell pellets were resuspended in
DMEM (MilliporeSigma) and plated on CD45- and CDV6/32-coated (BD Biosciences) culture dishes
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Table 1. List of siRNAs used for downregulation of TRPVA mRNA

Name Target sequence
Accell mouse TRPVA siRNA- SMARTpool
Accell SMARTpool siRNA A-040742-13 CCAUUGACCUCGUUCCAGUC
Accell SMARTpool siRNA A-040742-14 CrAACADCCCUCAADUCAL
Acrell SMARTpool siRNA A-040742-15 UUACCAGUALCA AAGACUL
Accell SMARTpool siRNA A-040742-16 CUCUUCUGUAL WAL ALY
Accell Nontargeting Pool
UCCUULACAUCUCCACUAA
. UGCUUUACAUGUUUUCUCA
Accell Nontargeting Pool O-001910-10-20 UCCUUUACAUCUUULCCLA
UGGUUUACAUGUUGUGUGA

for a negative selection of macrophages and lymphocytes and incubated for 30 minutes at 37°C. Non-
adherent cells were collected and seeded on uncoated dishes to negatively select fibroblasts at 37°C
for 25 minutes. Cells were collected and identified by staining with a fluorescent coupled anti pSP-C
antibody (Chemicon International, AB3786, 1:20000). Live cells were counted by trypan blue staining
in a Meubauer counting chamber. 2 = 10% cells/well of a &-well plate were seeded in DMEM containing
10% FCS (Invitrogen), 1% HEPES (Carl Roth), and 1% penicillin/streptomycin (Lonza), and used for
analysis or growm for at least & days for ATI cell differentiation. ATII cells were transfected with 1 pbd
Accell SMARTpool siEMA for TRPV4 (in starving medium, 0.1% FCS) 2 days after isolation. On day
6, the cells were washed once and kept in starving medium. A noncoding pool of the Accell siIRMNA in
starving medium served as control {see Table | for siRMA sequences).

Patch-clamp recordings of ATIT cells. Conventional whole-cell recordings were carried out at room tem-
perature 24 hours after isolation of ATIT cells from WT and TRFV4"~ mice. The following bath solution,
containing 140 mM MaCl, 1.3 mM MgCl,, 2.4 mM CaCL, 10 mM glucose, 10 mM HEPES (pH 7.4 with
MNa(H) and resulting in an osmolality of 310 mOsm/kg, was used for patch-clamp recordings. The pipette
solution contained 135 mM CsCl, 2 mM Ma-ATF, 1 mM MgCL, 5 mM EGTA, and 10 mM HEPES {pH
7.2 with CsOH), resulting in an csmolality of 296 mOsm/kg. Patch pipettes made of borosilicate glass (Sci-
ence Products) had resistances of 2.2-3.5 M for wholecell measurements. Data were collected with an
EPC10 patch clamp amplifier (HEE A) using the Patchmaster software. Current density-voltage relations
were obtained before and after application of the TRPV4 activator GSE (1 mM) to the bath solution using
voltage ramps from —1 00 to + 100 mV, each lasting 5 seconds. Data were acquired at a frequency of 40 kHz
after filtering at 2.8 kHz. The current density-voltage curves and the current density amplitudes at £ 100 mV
were extracted at minimal or maximal currents, respectively.

Western blot analysis. Western blotting was done as previously described (61). Chemilumines-
cence was detected in an Odyssey Fo unit (Licor). The following antibodies and dilutions were used:
HRP-conjugated anti—fi-actin antibody (MilliporeSigma, A3B54HRFE, 1:10000), anti-TRPV4 (rabbit,
Abcam, ab 39260, 1:1000), anti-AQP-5 {rabbit, Alomone AQP-005, 1:1000), anti-Fodoplanin (goat,
R&D Systemns, AF3244 1:500), secondary anti-goat IgG (whole molecule) peroxidase (MilliporeSig-
ma, A5420-1ML, 1:1000d), and secondary anti-rabbit Ig0 peroxidase (POX) antibody (MilliporeSig-
ma, A6l5F4, 1:10000). One representative of three Western blots is shown in the figures.

NanoSiring nCounter expression analysis. Direct quantification of TRPV4 mEMNA in murine lung cells
was done as described previously (62). In brief, total RMA from pulmonary murine cells was isolated using
the (ia R MNeasy Mini Eit (QTAGEN). Quantity, punity, and integrity of the RMA samples were controlled
by spectrophotometry (Mano{uant). Two probes (the reporter and the capture probe) were hybridized to
their specific target mEMNAs. Then, the target-probe complexes were immobilized in the imaging surface
of the nCounter Cartridge by binding of the capture probe. Finally, the sample cariridges were scanned by
an automated fluorescenoe microscope, and molecular barcodes (fluorophores contained in the reporter
probe) for each specific target were counted. For expression analysis by nCounter ManoSiring technology,
200 ng total RMA was hybridized with a NanoString Gene Expression CodeSet and analyzed using the
nCounter Digital Analyzer. Background comection was performed and normalization was applied using 4
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Table 2. List of cligonucleotides used for nanostring nCounter ex pression analysis

Primer pool &
HName Primer sequence Gene Id.
f-Actin AARAGACCCTCAGCLCATOCCAACCLOTCGTTCOCAATAGT NM_D0735931-815
CATCACCTCOCTCAACACCTAAGCCACACCCTCACCTTCTTTCN
F2-Microglobulin ATTTGGATTTCAATLTGACGLCOLTLGAACTGTL TTACG TAGCA NM_D053735.3:477
GTTCACCATCCTCTTCTTTTCTTCLTCTTCAGA AGATLLTC
SdHa CLOATGCACTATTAAACCCTLOCTCAGAA AGGOCAAATD NM_DZ3281.10:250
CACCTCCCAACCACAATTCTCOGCCTTAGCACCAACCTTACCCAAL
GAPDH ATCCAACCTCCAACACTCCCACTTCCTCTTCAACTCCCA NM_DMOM302:890
GLACACAACCTCTCTTCACATTATTCACCTTCATCATCACCACAAD
TRPVA CCCCTCCCTACTACATCTCTCTCAACCLCCACTTCAT NM_0220n7.3:776
CAATTCACCCATCCATAAAATTCCTTTTCOCTTTCAGCAATTCAACTT
Primer pool B
B-Actin CCAMACCCATCACCTCOCATCACTCATOTALTTT NM_D0735931:815
CATCCATCCCACACCATTCCATACCCAACAACCA ACCCTLE
F2-Microglobulin CCAMACCCATCACCTCCCATCACTCACCACATA NM_D09735.3:477
TCTCACATCTCTACTTTAGCAATTTTTT TCCCCTTCTTCAGE
SdHa CCAAAGICATCACCTCCCATCACTOCTCCCTCTCOTCCA MNM_023281.0:250
ACACTATCTCATCCCCTACCAAACACCTTICTAA
GAPDH CCAAACCCATCACCTCCCATCACTCCACCA AATCAGE NM_DM0M302:890
TTCACAAACTTCTCATTCAGAGCAATCOCAGICCCOGE
TRPVA CCAAACCCATCACCTCCCATOACTOCACCTACTCOTTE NM_0220n7.3:776

CAGCGCCCTTOCATOGCAATLTLCAGLLATCTCT
5dHz, succinate dehydrogenase subunit A

different housekeeping genes (succinate dehydrogenase subunit A [Sdha], f2-microglobulin, GAPDH, and
[Bactin). The DMNA sequences used for mBEMNA expression analysis are summarized in Table 2.

Migration assay. Around 4.4 = 10° ATII cells/well were seeded on a 2-well silicone insert with a 500 pm
cell-free gap (ibidi GmbH) and grown in DMEM (10%, FCS5, 1% HEPES, and 1% penicillin/streptomycin)
for 5 days to obtain ATI-like cells. Subsequently, cells were starved in serum-reduced mediom (0.1% FCS)
for 24 hours before insert detachment to create a defined cell-free gap. Images were taken 0, 1, 3, 5, 8,
12, and 24 hours after gap creation. Migration was analyzed by measuring the remaining gap width with
Imagel software (MTH) in 3 images per time point and replicate.

Isolaiton of nuclear freciions. Isolation of nuclear protein extracts from ATI-like cells after & days of oul-
ture was performed with a Muclear Extract Kit according to the manufacturer’s instructions (Active Motif,
40010) as described previously (&1 ). In brief, cells were first washed with PBS containing phosphatase inhib-
itors. Cytoplasmic protein fractions were collected by adding hypotonic lysis buffer and detergent, causing
leakage of cytoplasmic proteins into the supernatant. After centrifugation (14,000g for 30 seconds), nuclear
protein fractions were obtained by resuspending pellets in detergent-free lysis buffer containing protease
inhibitors. MFAT proteins were analyzed by Western blotting as described below using an NFATcl -specific
{mouse, Santa Cruz Biotechnology, sc-7294, 1:600) antiserum and lamin Bl {rabbit, Thermo Fisher Scen-
tific, PAS-19468, 1:5000) antibodies as loading controls. Protein bands were normalized to loading controls
and quantified by an Odyssey Fc unit (Licor).

Chaenrifforfion of cell resistance by ECTS. Resistance changes of ATII cells differentiated to ATT cells were
analyzed using an ECIS device (Applied Biophysics). Freshly isolated epithelial cells were seeded on ECIS
culmre ware (EW 10E+; Applied Biophysics), which was preincubated with FCS for 3 hours and connected
to the ECTS device. A total of 1 = 10* cells was seeded per chamber and grown at 37°C and 5% CO, in an
incubator. Resistance (£1) was analyzed at 2000 Hz over 160 hours.

Statistics. All statistical test were performed using GraphPad Prism 7. Numbers of mice and cells as
well as statistical tests used are indicated in the figure legends and include 1-way ANOVA and Z-tailed
unpaired Student's £ test. A Pvalue of less than 0.05 was considered significant.

Study approval. All animal experiments were approved by the local authority (Regierung Oberbayern,
Munich, Germany).
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Abstract

TRPAI (transient receptor potential ankyrin 1) is a nonselective
(Ca**-permeable cation channel, which was originally coned
from human lung fibroblasts (HLFs). TRPAl-mediated Ca™ ™
entry is evoked by exposure to several chemicals, including

allyl isothiocyanate (AIT'C), and a protective effect of TRPAL
activation in the development of cardiac fibrosis has been
proposed. Yet the function of TRPAL in TGF-B1 (transforming
growth factor-pl)-driven fibroblast-to- myofibroblast
differentiation and the development of pulmonary fibrosis
remains elusive. TRPA1 expression and function were analyzed
in cultured primary HLFs, and mRNA concentrations were
significantly reduced after adding TGF-B1. Expression of genes
encoding fibrosis markers (e.g., ACTA2, SERPINE] [plasminogen
activator inhibitor 1], FNI [fibronectin], COLIAI [type [ collagen])
was increased after siRNA-mediated downregulation of TRPA1
mRNA in HLFs. Moreover, AITC-induced Ca®™ entry in HLFs
was decreased after TGF-B1 treatment and by application of TRPA1
siRN As, while AITC treatment alone did not reduce cell viability
or enhance apoptosis. Most interestingly, AITC-induced TRPAL

Lung fibrosis is a chronic progressive disease
with limited medical treatment options,
leading to respiratory failure and death, with
a median overall survival time of 3-5 years

University Munich, Munich, Germany, and “Comprehensive Pneumol
ember of the German Center for Lung Research, Munich, Gemany

after diagnosis (1). The most progressive
form of the disease is idiopathic pulmonary
fibrosis (IPF) (2), a chronic fibrotic
interstitial lung disease of unknown cause,

An Inhibitory Function of TRPA1 Channels in TGF-B1-driven
Fibroblast-to-Myofibroblast Differentiation
Fabienne Geiger', Sarah Zeitlmayr', Claudia A. Staab-Weijnitz®, Suhasini Rajan’, Andreas Breit’,
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activation augmented ERK1/2 (extracellular signal-regulated
kinase 1/2) and SMAD2 linker phosphorylation, which might
inhibit TGF-B-receptor signaling. Our results suggest an
inhibitory function of TRPA1 channels in TGF-Bl-driven
fibroblast-to-myofibroblast differentiaion. Therefore, activation
of TRPA1 channels might be protective during the development
of pulmonary fibrosis in patients.

Keywords: pulmonary fibrosis; extracellular signal-regulated
kinase 1/2; mitogen-activated protein kinase p38; PAL-1

Clinical Relevance

Our data in primary human lung fibroblasts point to an
important inhibitory function of TRPA] (transient receptor
potential ankyrin 1) channel activity in fibroblast to
myofibroblast differentiation, a hallmark of pulmonary
fibrosis. Therefore, activation of TRPA1 channels may blaze
the trail for new therapeutic options in lung fibrosis.

which occurs primarily in older adults (3).
The incidence of IPF appears o be higher in
North America and Europe (three to nine
cases per 100,000 person-years) than in
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South America and East Asia (fewer than
four cases per 100,000 person-years) (4).

The role of inflammation of lung tissues
in IPF has been discussed extensively (5).
However, multiple and potent
antiinflimmatory therapies, in particular
corticosteroids, have failed to show benefits
in patients with IPF (5). Pirfenidone, recently
approved in the United States, downregulates
the production of growth factors such as
TGE-R1 (transforming growth factor- B1)
and procollagens, whereas the already
established nintedanib is a multi-tyrosine
kinase inhibitor. Both compounds slow the
decrease of forced vital capacity and also
improve patients’ quality of life, but they do
not increase survival rates (6, 7). Therefore,
the need for more causative-acting drugs
directed against novel identified
pharmacological targets is obvious.

Although the detailed molecular steps
of fibrosis development are still elusive, it is
now generally believed that after chronic
microinjuries, epithelial cells release
mediators such as TGF-B 1, which induce
fibroblast-to -myofibroblast differentiation
(1,2). Myofibroblasts express more a-SMA
and secrete extracellular matrix (ECM)
proteins (e.g., COL [collagen], FN1
[fibronectin 1], PAL- 1) for the recovery of
lung barrier function (1, 2). Indeed, IPF is
dharacterized by scattered accumulation of
miyofibroblasts in fibroproliferative foci with
ECM, which results in irreversible destruction
of lung architecture and serously inhibits
alveolar gas exchange in patients (1,7). In
addition to fibroblasts, alveolar epithelial cells
(8,9), fibrocytes (10), pericytes (11), and
plewral mesothelial cells (12) may also, at least
in part, transdifferentiate to myofibroblasts,

The superfamily of TRP (transient
receptor potential) channels in vertebrates
consists of 28 members in six families
fulfilling multiple roles in the living organism
(13). While TRPC6 (TRP cation channel
subfamily C member 6), the sixth member
of the TRPC (classical or canonical TRP)
family, is activated by ligand binding (14),
TRPV4(TRP cation channel subfamily V
member 4), a channel of the vanilloid family,
is thermosensitive in the range from 24°C
to 358°C and may serve as mechanosensor
because it is activated by membrane and
shear stretch (15). Both proteins form
tetrameric unselective cation channels, which
are expressed in human and mouse
fibroblasts (16— 18) and increase intracellular
Ca™" and Na™ concentrations, initiating
multiple signal transduction pathways and

Geiger, Zeitlmayr, Staab-Weijnitz, et al: TRPA1 Activity Inhibits Myofibroblast Differentiation

cellular responses (13). Most interestingly,
TRPV4 has already been identified as an
important player in pulmonary fibrosis in
mice, and its expression was upregulated in
lung fibroblasts derived from patients with
IFF (18). Moreover, we were able to show
that mice lacking TRPCE were partly
protected from bleomycin-induced lung
fibrosis (17). TRPCE channel expression was
increased in primary murine lung fibroblasts
after application of TGF-B 1, and ablation of
TRPC6 resulted in reduced «-SMA
production, less migration of myofibroblasts,
and decreased secretion of ECM (17).
Therefore, TRPV4 and TRPCh are important
determinants of TGF-B 1-induced
myofibroblast di fferentiation during fibrosis
in mice.

Here, we set out toanalyze TRP mRENA
expression patterns in primary human lung
fibroblasts (HLFs) with and without
incubation with TGF-B1 in amore
translational approach. Although TRPCR
and TRPV4 mRNA expression was not
changed, we identified a TGF-B 1 -mediated
downregulation of TRPAL (TRP ankyrin 1),
another member of the TRP superfamily.
TRPAL which is the only member of the
TRPA (TRP ankyrin) family, harbors marny
ankyrin repeat domains in its amino-
terminus and opens its pore after exposure to
several chemicals, including allyl
isothiocyanate (AITC) (19). Most
interestingly, steroids and pirfenidone, a
drug used as a therapeutic option in patients
with lung fibrosis, also activated TRPAL
channels, which resulted in inhibition of
trinitrobe nzenesulfonic acid-induced colitis
(20). Moreover, calcitonin gene-related
peptide production after activation of
TRPA] channels in cardiac fibroblasts
worked as an endogenous suppressor of
cardiac fibrosis (21).

SIRNA-mediated downregulation of
TRPAL mRNA resulted in upregulation of
mBNA and protein expression of profibrotic
marker proteins. AITC-induced increases in
intracellular Ca®* concentration ([Ca™ ]
were reduced. Moreover, TGF-B1 signaling
was decreased by AITC-induced TRPAL
activation, probably by ERK (extracellular
signal-regulated kinase) and/or MAPK
(mitogen-activated protein kinase) p38
phosphorylation and SMAD2 (SMAD
family member 2) linker phosphorylation.
Therefore, in contrast to TRPC6 and
TRPV4, TRPAI channels are able to inhibit
fibroblast-to-myofibroblast differentiation
and may serve as pharmacological targets in

the development of new therapeutic options
for pulmonary fibrosis,

Some of the results of these studies have
been previowsly reported in preprint form
(https:biomiv.org/cgl/fco ntent/short/2022,
04, 12.4853008v1).

Methods

Cells

HLFs from healthy donors were obtained
from Lonza (#CC-2512), PromoCel
(#C-12360), or the CPC-M BioArchive

for lung diseases at the Comprehensive
Pneumology Center. HLFs were used until
passage B Ethics statermnents were provided

by the suppliers.

Transcriptomic Analysis by

RNA Sequencing

HLFs were incubated with TGF-B1 or
solvent as described in the data sup plement,
and RNA sequencing was performed by
IMGM Laboratories on the Ilumina
Movabeq 6000 next-generation sequencing
system as previously described (22). Data

for normalized counts and differential

gene expression were obtained using the
Bioconductor package DESeq2 (http:/fwww.
bioconductor.org/ package s/release/hioc/
htmlDESeq2 html.) (23) and gene
enrichment analysis using cluster Profiler (24)
in R (hitps://cran r-project.org/bin/windows/
base() version 4.1.2. The data set has been
deposited in the ArrayExpress database at the
European Molecular Biology Laboratory's
European Bioinformatics Institute (www.ebi.
ac.uk/farrayexpress) under accession number
E-MTAB-11629.

Plasmin Assay

To indirectly quantify the secretion of PAI-1
from HLFs, 10 pl of the supernatant of HLFs,
10 pl of 10 mM D-Val-Leu-Lys 7-amido-4-
methylcoumarin (D-VLE-AMC) (in 10%
DMSO in HoO) (#V3138; Sigma-Aldrich) as
a plasmin substrate (25), and 80 pl Tris/HCl
(20 mM, pH 7.4) were incubated for 4 howrs
at 37°C in 5% CO; in ablack 96-well plate
with a clear bottom. Fluoresce nce intensity
of 7-amido-4-methyleoumarin (AMC) was
excited at a wavelength of 380 nm and
measured an emission wavelength of 460 nm
using a plate reader ( Infinite M200 PROy
Tecan). Higher fluorescence values indicate
increased concentrations of plasmin
processed using tissue plasminogen activator,

s
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as D-VLE-AMC is hydrolyzed by plasmin to
AMC (26).

Electroporation and Luciferase
Reporter Assay
HLFs were electroporated with the Neon
Transfection System (Invitrogen) to achieve
plasmid transfection as previously described
(27). A total of 250,000 HLFs were
resuspended in 100 pl buffer R (Neon
Transfection System 100 pl Kit, catalog
number MPK100%6), and 4 pl of the
luciferase reporter plasmid (1 pg/pl pGL3-
CAGA[9]-luc) containing the SMAD-
sensitive part of the human PAL-1 promotor
controlling the luciferase gene (28) was
added. Electroporation was performed with
two 1,400-V, 20-ms pulses. HLFs were
seeded in 4 wells of a 24-well plate in
antibiotic- free medium containing 2%
(Lonza or PromoCell jor 10% (Deutsches
Zentrum fiir Lungenforschung CPC-M
BioArchive) serum. After 24 hours, the cells
were treated with TGF-B1 (2 ng/ml) or
solvent; medium contained 1%
penicillin/streptomycin and 0.1% serum.
On the second day, the cells were pretreated
with A-967079 (500 nM) or solvent for
30 minutes and stimulated with AITC
(10 pM) or DMSO for 120 minutes.
The fibroblasts were lysed in 100 i lysis
buffer per well (25 mM Tris/HCI [pH 7.4],
4mM BEGTA, 8 mM MgCls, 1 mM DTT, and
1% Triton X-100 [ Carl Roth, catalog number
3051.2]) for 10 minutes at room temperatire,
Luminesce nce was measured upon injection
of 20 pl luciferase reporter assay substrate
(#E1501; Promega) to each well using an
OMEGA (BMG kabtech) plate reader.

All other methods are described in the
data supplement.

Results

Transcriptional and Functional
Downregulation of TRPA1 Channels in
HLFs after Application of TGF-p1

To investigate the role of TRP channels in
TGF-Bl-driven fibroblast-to-myofibroblast
differentiation, we cultured primary HLFs
from three human donors, applied TGE-B1
(2 ng/ml for 48 h) or solvent, and extracted
BENA for a thorough transcriptomic analysis.
Although mBN As coding typical marker
proteins for lung fibrosis and signaling
pathways for ECM and structure
organization were significantly upregulated
(see Figures E1A and E1B in the data

36

Table 1. Log: Fold Changes and P Values for Transient Receptor Potential Channel
mRMNA Expression Obtained by Transcriptomic Analysis of Human Lung Fibroblasts
Treated with Transforming Growth Factor-B1 or Solvent

TRP Channel Log. Fold Change
THRPA1 —1.648
TRPCH —0.437
TRPCZ2 /A
TRPC3 0173
TRPC4 —-0.788
TRPCS 0.528
TRPCE —0.205
TRPCY NAA
TRPM1 —-1.531
TRPM2 1239
THPMZ —0.B6E
TRPM4 0.037
TRPMS N/A
THPME —-0.793
TRPMT 0.001
TRPME —-0.525
TRFWM —0.048
TRPVZ —0618
TRPV3 1693
TRPV4 0.259
TRPVS N/A
THRFVE 1238

P Value Adjusted P Value
0.003 0.047
0.262 0.675

N/ M/A
0.B42 0.969
0.523 0.860
0.807 M/A
0.728 0.939

N/A M/
0.705 /A
0.761 MN/A
0.455 M/A
0832 0.992

MN/A MN/A
0.700 M/A
0.597 1.000
0.755 MN/A
0.931 0.991
0.433 0.809
0.214 M/A
0.821 0.964

MN/A M/A
0.761 M/A

Definition of abbreviations: NJA =not avallable; TRP =transient receptor potential;
TRPA =transient receplor potential ankyrin 1; TRPC = canonical transient recepior palential;
TRPM = transient receptor potential melastating TRPY =transient receptor potential vanilicid.

Pyalues <0.05 ame indicated in boldface type.

supplement), none of the channels of the
TRPC, TRPV (TRP vanilloid), and TRPM
(TRP melastatin} families showed significant
changes in mRNA expression after the
application of TGF-P1 (see Figures
EIC-E1E). For TRPAI mBNA, however,
there was a clear trend toward TGF-
p1-induced downregulation (see Figure
E1F}, which tumed out too be significant in

a comparison oflog, fold changes (Table 1).
Moreover, this significant reduction of
TRPA1 mRNA after application of TGF-1
was reproducible by repetitive gRT-PCR
experiments (Figure 1A). To successfully
manipulate TRPA 1 expression in lung
fibroblasts, we tested an siRNA pool directed
against TRPAL mBNA and identified an
B4.4% downregulation of TRPAL mRNA,
whereas a scrambled control siRNA showed
no significant changes (Figure 1A). We
tested four TRPAIL antisera, including two
monoclonal antibodies reported to be
selective for TRPA L channels (29). However,
in our hands these batches of antibodies
showed no selectivity for the TRPAL protein
in human embryonic kidney 293 (HEK) cells
stably expressing the channel (see Figure E2).
Therefore, TRPAL function was analyzed
using Ca”™ imaging of fibroblasts.

Application of the specific TRPA1 activator
AITC resulted in a transient increase in
[Ca**],, which was reduced in cells
transfected with TRPAL siRNAs (Figures 1B
and 1C). Most interestingly, fibroblasts
treated with TGF-B1 showed significanty
reduced AITC-induced increases in [Ca® ™),
in comparison with control cells incubated
with solvent only ( Figures 1D and 1E).

We obtained similar results with another
specific activator of TRPA 1 channels,

JTO10 (30} (see Figures E3A and E3B).
Therefore, TRPA expression and function
are reduced after application of TGF-B1 to
primary human fibroblasts. This AITC-
induced increase in [Ca®" |, was blocked by
a specific TRPAL inhibitor, A-967079, in
the absence and presence of TGF-B1

(see Figures E3C and E3D).

Downregulation of TRPA1 mRNA
Increases Expression of Fibrosis
Markers in HLFs

TGF-B1-induced fibroblast-to-
myofibroblast differentiation is a key event

in the development of lung fibrosis and
results in upregulation of gene expression of
ACTA2, COLIAI (type | collagen), FNI, and
SERPINEI (plasminogen activator inhibitor 1),
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encoding the fibrotic marker proteins
a-SMA, the w(1) chain of type I collagen
(COLLAL), FN-1, and PAL-1, respectively.
As expected, application of TGF-PB1 resulted
in upregulation of mRN A expression from
these penes (see Figure E1A). Most
interestingly, transfection of cells by the
specific TRPAT siRN A but not a control
siRNA was also able to increase mRNA
expression of fibrotic marker proteins in the
absence of TGF-B1 (Figures 2A-2D). To
evaluate these small but significant increases
in mRNA concentrations on a protein level,
we performed quantitative western blotting
of protein lysates from fibroblasts transfected
with TRPA1-specific or control SiRNA.
Expression of both proteins a-SMA and
COL1AI increased after downregulation
of TRPAI channels (Figures 2E-2H).
However, TRPA1-specific siRNA was not
effective if cells were simultaneously
incubated with TGF-p1 (see Figures E4A
and E4B). Thus, in turn, TRPAL expression
and function seem to suppress expression
of profibrotic genes.

Downregulation of TRPA1 mRNA
Increases and Application of TRPA1
Activators Decreases Function of
Profibrotic Proteins in HLFs

To further evaluate the effects of TRPA1
channels on protein expression and function,
we performed several assays. Detection of
a-SMA by binding of an «-SMA-specific
antibody followed by a fluorophore-coupled
secondary antibody revealed increased
protein concentrations after TGF-p1
induction in HLFs, which were also
identified after ap plication of the TRPA1
sIRNA (Figures 3A and 3B). Phalloidin
staining to detect F-actin was also enhanced
after incubation of cells with TGF-p1 or
TRPA1 siBNA (Figures 3C and 3D). TGF-
Bl-induced upregulation of o -SMA and
COLIAT was detected using western blotting
in HLFs and was significantly downregulated
by the TRPA activator AITC (Figures
3E-3H). We obtained similar results in the
presence of the other specific TRPAL
activator, JT010, and cotreatment with

TGF-R1 (see Figures E4C-F4F). PAL-L is
able to inhibit tissue plisminogen activator
or urokinase-induced production of plasmin,
which results in degradation of fibrin clots
(Figure 4A). This process is quantified by
cleaving of D-VLE-AMC by plasmin and
increased emission of fluorescence from free
AMC (Figure 4B) (26). As expected,
plasmin-induced fluorescence of the HLF
medium was decreased after incubation of
cells with TGF-B 1. Transfection of cells with
TRPA] siBRNA was also able to decrease
fluorescence, although to a lesser extent
(Figure 4C). Application of the TRPAI1
activator ATTC (Figure 413 or [TO10

(see Figure E4(7) also resulted in a lesser or
no decrease in plasmin activity, respectively.
In conclusion, downregulation of TRPAL
results in higher expression and activity of
profibrotic marker proteins, whereas
treatment of HLFs with TRPA1 activators
rescued plasmin activity compared to
TGF-B1 treatment alone, most probably

by reduced expression of PAL-1.

TRPA1-induced MAPK
Phosphorylation Inhibits TGF-
p1-mediated Transcription of Fibrotic
Marker Proteins

To understand TRPA 1 channel and TGF-B1
function on cellular transcription, we
established a luciferase assay. A construct
containing luciferase cDNA under the
control of SERPINE] (encoding PAL-1) core
promoter region (pGL3-CAGA[9]-luc) (28)
was transfected in HLFs. Cells were treated
with TGF-B1, AITC, the TRPAI inhibitor
A-967079, or a combination of all three
compounds (Figure 5A), and luciferase
activity was quantified. As expected,
application of TGF-B1 resulted in increased
PAl-1 promoter-induced luciferase activity
compared with treatment with solvent only.
Incubation of cells with AITC for 2 hours,
however, reduced TGF-B1-induced
luciferase activity, which returned to initial
degrees if A-967079 was applied (Figure 5B).
This inhibition of gene transcription was not
due to cell apoptosis or reduced cell viability,
as caspase and water-soluble tetrazolium salt

assays showed no increased apoptosis or
reduced cell viability by AITC treatment,
respectively (see Figure E8). TGF-B1
signaling via SMAD isoforms and inhibition
of SMAD-dependent transcription by the
MAPK signaling pathway have been
reported in a fetal lung epithelial cell line
(31, 32). Moreover, increased expression of
profibrotic markers by ERK inhibition was
recently shown in dermal fibroblasts (33).
Therefore, we quantified ERK 1/2 and MAPK
p38 phosphorylation in response to
application of TGF-B 1, AITC, and TRPA1
siIRNA by western blot analysis using a
phospho-specific ERK 1/2 antibody.

AITC was able to increase ERK1/2
phosphorylation, as re ported before (34), as
well as MAPK p38, which was reduced to
basal concentrations after preincubation
with TRPAL siRNA (Figures 5C and 5D see
Figures ESA and ESB). Preincubation with
TGE-B resulted in ERK1/2 and MAPK p38
phosphorylation after application of TRPAL
siRNA or AITC, which, however, were

not significantly different (see Figures
ESC-ESF). Removal of extracellular Ca®™
reduced AITC-induced ERK1/2 and MAPK
p38 phosphorylation to basal degrees (see
Figure E6A -E6D). TGF-B1-regulated
transcription is mediated by carboxyterminal
phosphorylation of SMA D23 proteins,
which are subsequently translbcated to the
nucleus. Additional phosphorylation of
serine residues (245, 250, and 255) in the
linker region of SMAD2 proteins, however,
results in inhibition of nuclear translocation
(31, 32; reviewed in Ref. 35). Todissect the
signaling pathway mediating TRPA1-
induced inhibition of TGF-P1 signaling in
human fibroblasts, we analyzed linker
phosphorylation of SMAD2 proteins in
HLFs after stimulation by AITC by
Ser245/250/255-specific phospho-SMAD2
antibodies. Most interestingly, application of
AITC (3 pM) for 10 minutes resulted in an
increase in SMAD2 linker phosphoryhtion,
which was found tobe reduced after a longer
incubation time of 30 minutes and by
simultanecus application of the TRPAL
inhibitor AS67079 ( Figures 5E and 5F).

Flgure 2. { Contihued). sITRPA1 or siCtrl as a control. {8 Quantification of mBNA concentrations of FNT (fibronecting in HLFs cultured with
TGF-R1 or Sov and transfected with siTRPA1 or iCirl ag a control. () Quantification of mRNA concentrations of SERFINET (plasminogen
activator inhibitor) in HLFs cultured with TGF-p1 or Salv and transfected with sITRPA1 or scrambled siCtdl as a control. (E and F) Quantification
of a-SMA protein concentrations in HLFs transfected with siTRPAY (siRMNA TRPA1) or siCtrl (siRMA Ctrl) as control by guantitative westem
blotting. (G and M) Quantification of COL1A1 pralein concenfrations in HLFs ransfected with siRMA TRPA1 or scrambled siRMA Cirl. as a
control by quantitative westem blotting. Data wene analyzed using a Kruskal-Wallis test (A-O) or a Mann-Whitney test (F and H) and are
prezented as mean = SEM. Cells are from at least three independent denors (n= 4). For all graphs, P < 0.05 "P=001, ™ FP=0.001, and
P 00001 versus the value in cells treated with Soblv or siCtd alone.
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TGF-B1 and/or treated with the TRPA1 activator AITC. o«-Tubulin served as a locading contrdl. (F) Summary of a-SMA pratein expression
normalized to B-actin in HLFs cultured with or without TGF-B1 and/or treated with the TRPA1 activator AITC in the indicated concentrations.
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uPA = urokinaze.

Preincubation with TGF-B1 also resulted in stimulation of HLFs (see Figures E7D and Discussion

changes in SMA D2 linker phosphorylation E7E). Interestingly, ap plication of AITC

after application of AITC, which, however, significantly increased basal SMAD3 Pulmonary fibrosis is a devastating disease
were not significantly different ( see concentrations (see Figures E7T) and ETE), with only a few treatment options. Although
Figure E7A). Removal of extracellular Ca™™ confirming an important function of TRPAL  detailed molecular aspects of the development
reduced AITC-induced SMAD?2 linker activation also on SMAD3, of lung fibrosis are still elusive, it is commonly
phos phorylation to basal degrees (see Figures In conclusion, our data favor a believed that fibroblast-to-myofibroblast

E7B and E7C). Previous studies revealed that  mechanistic model in which TRPAIL- differentiation is a decisive step.

sustained stimulition of MRC-5 cells or mediated ERK phosphorylation inhibits The identification of new target proteins
HLFs with TGE-B1 reduced total protein TGF-Bl-induced transcription and mediating this process is therefore an

concentrations of SMA D3 (36, 37). We also fibroblast-to-myofibroblast differentiation by important step toward establishing new
observed a profound reduction of cytosolic linker phosphorylation of SMAD2 proteins biomarkers and future therapeutic options.
SMAD3 concenteations after TGF-B1 (Figure 6). TRP channels are expressed and essential for

Flgure 3. { Contihued). (G) COL1A1 protein expression was guantified by westem blotting using a specific antiserum in HLFs cultured with

o without TGF-B1 and/or reated with the TRPA1 activator AITC in the indicated concentrations. B-actin served as a loading control.

(H) Summary of COL1A1 protein expression normalized to B-actin in HLUFs cultured with or without TGF-B1 andior treated with the TRPA1
activator AITC in the indicated concentrations. Data were analyzed using a Kruskal-Wallis test (B and O or two-way ANOVA (Fand H) and
are presented as mean = SEM. Cells in A-F are from at least three independent donors, and the number of experiments is =4. For all graphs,
*P=0.05 and "P<0.01 versus the value in cells treated with Solv or siCtd alone.
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Data were analyzed using two-way ANOVA (B and O or a Krugkal-Wallis test (F) and are presented as mean +SEM. Cells in A-F ame from at
least three independent donors (n= 3). For all graphs, *P <2005, ™P< 001, and =™ P< 0.0001 versus the value in cells treated with Solv alone.
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Figure 6. Proposed signaling pathway for TRPA1-mediated inhibition of TGF-g1-induced SMAD-mediated transcription. Ca" influx through
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inhibitory effect of TRPA+*-induced Ca®t influx. Moreover, TRPA1 gene expression is inhibited by TGFp1 activation of HLFs by a still urknown

e hanism.

Ca™" homeostasis in many cells, induding
fibroblasts (17, 38). We were able to
demonstrate an essential role of TRPCE

in murine fibroblast-to-myofibroblast
differentiation (17). On a molecular level,
TRPC6 mRNA and protein concentrations
were upregulated in myofibroblasts compared
with fibroblasts, and TRPC6-deficient mice
were partially protected from bleomycin-
induced pulmonary fibrosis (17). Moreover,
expression of TRPV4, a member of the
vaniloid family of TRP channels, was
upregulated in lung fibroblasts derived from
patients with IPF (18). However, after a
thorough transcriptomic comparison of
primary human fibroblasts with TGE-
Bl-differentiated myofibroblasts, we were
not able to identify significantly different
degrees of TRPCE or TRPV4 mBNA
expression. Most interestingly and unlike
mRNAs of all other TRP proteins, TRPAL
mRNA was found to be significanty

Geiger, Zeitlmayr, Staab-Weijnitz, ef al: TRPAT Activity Inhibits Myofibroblast Differentiation

downregulated (Table 1). TRPAI channels
were originally identified in human
fibroblasts (19). In addition, they are
important sensor molecules for toxicants
(39, 40). Although the exact triggers for the
development of lung fibrosis are still not
known, it is believed that microinjuries of
epithelial cells by chronic exposure tolung
toxicants are an important predisposition for
the disease (1, 7).

For the first time, we present evidence
for an inhibitory role of TRPAL channels in
primary HLF to myofibroblast differentiation
by TGE-B1. Preincubation of cells with
TGF-B1 decreased AITC-induced increases
in [Ca® 7], (Figures 1D and 1E). A specific
knockdown of TRPA 1 expression increased
mBNA (Figures 2A-2D) and protein
expression (Figures 2E-2H) of important
profibrotic marker proteins, reduced AITC-
induced increases in [Ca™™ |, (Figures 1B
and 1C). Most interestingly, we were able

to monitor basal TRPAL activity in HLFs,
probably protecting these cells from
myofibroblast differentiation. Of note,
preapplication of TGF-B1 and TRPA1
siRNA had no additive effect on the
expression of fibrotic genes (eg, w-SMA,
COLLAD) (see Figures E4A and E4B),

as TRPAT mBNA might be already
downregulated in cells treated with TGF-B1.
However, coapplication of TGF-B1 and
AITC or JTO10 activated TRPAI channels in
the cel membrane with high efficacy and
reduced TGF-Bl-mediated gene
transcription and PAI-1 activity (Figures 4D,
5B, and E4(z}, as well as expression of fib rotic
proteins (e.g, COL1AL and a-SMA in
Figures 3E-3H and E4C-E4F). Ona
molecular level, TRPAT channel activation
by AITC induced ERK12 phosphorylation
(Figures 5C and 5D} and SMAD2 linker
phosphorylation (Figures SE and 5F), which
reduces nuclear translocation and activation
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of ranscription (32 reviewed in Ref. 35).
Downregulation by specific TRPA1 siRNAs
ora TRPA1 inhibitor reversed these effects
(Figures 5C-5F). Moreover, depletion of
extracellular Ca*™ reduced AITC-induced
phosphorylation of ERK1/2, MAPK p38, and
the SMAD?2 linker region, supporting the
notion that phosphorylation of these proteins
depends on AITC-mediated increase in
[Ca** ;. These findings highlight an
inhibitory role of TRPAL in the
development of human myofibroblasts
triggered by TGF-B1. In a recent study, a
similar effect was shown in MRC-5and
HF19 cell lines, which are both isolated
from lungs of human fetuses and resemble
some of the characteristics of human
fibroblasts (41). TGF-B1 significantly
downregulated TRPA expression and
AITC enhanced a-SMA gene and protein
expression in these cell lines (41).
HC-030031 as a TRPAL antagonist,
however, failed to suppress the AITC-
induced downregulation of a-5MA and
seemed to work synergistically with

AITC (41}. Only combined inhibition

of ERK 1/2 M APEK and NERF (nuclear
factor of erythroid 2-related factor)
reversed the AITC-induced «- SMA
suppression (41).

While this work was in progress,
another research group investigated TRPA1
channels in human lung myofibroblasts
(HLMFs) and TGF-B1-mediated profibrotic
responses (42). The researchers reported that
the expression and function of TRPAL

channels in both healthy subjects and
patients with IPF were reduced by
application of TGF-B1 (42). TRPAL
overexpression or activation induced
HLMF apoptosis, and TRPAIL activation by
H,0, induced necrosis. TREAT inhibition
resulting from TGEF- Bl downregulation or
pharmacological inhibition protected
HIMFs from both apoptosis and necrosis
(42). They conchuded that TGF-B1 induces
resistance of HLMFs to TRPAL
agonist-mediated and HyO, -mediated cell
death via downregulation of TRPAL (42).
These data in human myofibroblasts confirm
our results, underscoring an inhibitory role
of TRPAL in profibrotic events governing
fibroblast-to-myofibroblast differentiation at
an early stage of lung fibrosis. However, there
are also clear differences in the role of
TRPA] channels in HLFs versus HMLFs.
We did not observe any reduction in cell
viability or increases in apoptosis in HLFs
after activation of TRPA1 by the specific
activator ATTC (see Figure E8), while
overexpression of TRPAL in HIMFs
increased apoptosis (42). However, we did
not use Ha (), as this compound also
activates TRPM2 channels and can induce
cell death per se (43).

Thereis also evidence that TRP
channels chuster with other signaling
molecules in compartments formed by
proteins such as caveolins (44). In these
caveole as microdomains of calcium
signaling (45), Ca®™ influx through
TRPAI channels might indeed inhibit

fibroblast-to-myofibroblast differentiation,
whereas in others Ca™ influx through TRPV4
channels might promote lung fibrosis (18),

Conclusions

As it is generally accepted that fibroblasts
contribute mainly to the progression of
pulmonary fibrosis by differentiating to
myofibroblasts and secreting excessive
amountsof ECM (46), our datain HLFs
and the results of others in HLMFs point
to an important inhibitory function of
TRP AL channels in fibroblast-to-
myofibroblast differentiation and HLMF
survival. Therefore, activation of TRPAL
channels may blaze the trail for new
therapeutic options in lung fibrosis.
Future studies will show if TRPA1
activators are successful in fibrosis
models, despite their effects on other cells
(eg.,neurons) in which TRPAL channels
are also expressed. B
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