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Contribution to the publications

1.1 Contribution to Research paper |

Next to providing a critical analysis and revising the manuscript, my primary contribu-
tion as a shared second co-author of the first publication included the implementation
and analysis of immuno-histochemical experiments with paraffin-embedded lungs. Ac-
cording to the advice by one reviewer of the revision process, the first set of paraffin-
embedded lung sections, which had been treated with paraformaldehyde (PFA) for
fixation, had to be reevaluated. Already analyzed and new additional tissue samples
for each time point had to be processed and evaluated again. This preparation included
perfusion and inflation of lungs with 2,5% (m/v) glutaraldehyde in phosphate-buffered
saline (PBS), processing for paraffin embedding, sectioning, mounting on glass slides
and staining with Masson Goldner trichrome dye. Mean chord lengths (MCL) were an-
alyzed in tissue sections by design-based stereology using an Olympus BX51 light
microscope equipped with the new Computer Assisted Stereological Toolbox (new-
CAST, Visiopharm) at the Helmholtz Institute lab of Dr. Ali Onder Yildirim. In this setup,
mice with (wild type, WT) and without (TRPV4-/-, KO) functional TRPV4 channels were
compared in three age groups: young (4-6 weeks of age), middle-aged (28-30 weeks
of age) and old (47-52 weeks of age) mice of both sexes (see figure 6 of this publica-
tion). Elevated mean chord length values in old TRPV4-/- mice compared to same
aged WT mice as well as representative images confirmed the development of emphy-
sema-like changes due to ongoing growth and repair processes in accordance with
previous gathered data of altered lung function in adult TRPV4-/- mice.

1.2 Contribution to Research paper Il

| conducted the experimental setup, data acquisition and analysis as well as contrib-
uted to the first draft of the manuscript and the revision as the first author of the publi-
cation. Specifically, the setup for toxicant induced pulmonary edema formation in the
isolated, perfused and ventilated murine lung (IPVML) system had to be established.
While the development of ischemia-reperfusion (IR)-induced pulmonary edema quan-
tified in the first publication relied upon a stop of perfusion for a certain amount of time
a new experimental protocol and construction for the controlled addition of toxicants or
solvents to the perfusion had to be established for the toxicant-induced edema setup.
A robust positive control for edema formation by short-time pH drops was implemented
and a dose-response relationship was confirmed after analysis of different parameters
of the IPVML setup and wet-to-dry weight ratios.
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(-) Englerin A was chosen as a drug to be tested and dissolved in a Novartis approved
standard solution for all in-life preclinical evaluations. It had to be demonstrated that
both the Novartis standard solution itself did not increase the risk of pulmonary edema
formation in the IPVML setup and that (-) Englerin A, as a substance, was active in the
chosen concentrations in the perfusion solution. To confirm biological activity of the
selected concentrations of (-) Englerin A in the IPVML setup Ca?* imaging experiments
with HEK293T cells transfected with a TRPC431 cDNA in a pIRES2 plasmid containing
an eGFP cDNA under the control of the internal ribosome entry site (IRES) and mock
transfected control cells were performed. Results showed a completely preserved bio-
logical activity of the chosen concentrations of (-) Englerin A in perfusion solutions after
one hour of perfusion in the IPVML.

Moreover, a protocol for the permeation of fluorescein isothiocyanate (FITC)-coupled
dextran particles was established in ex vivo lungs. Perfused lungs were cut into cryo-
sections and analyzed using both a confocal microscope and a fluorescence slide
scanner. With this protocol a dose-response relation between tissue permeation and
short-time pH drop was demonstrated and compared to perfusion with (-) Englerin A,
which did not show a significant increase for incorporation of FITC-dextran particles
similar to the solution-only perfused mouse lungs. In a final step, data analysis was
performed using a self-written script in R and graphs were prepared using GraphPad
Prism 9.
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2. Introduction

2.1 Cells and Functions of the Respiratory System

The respiratory system is one of the few organs in the human body, next to the skin,
that is in permanent contact with the environment. Xenobiotics and pathogens are in
close proximity to the huge volume of the respiratory system, with one of the narrowest
borders found in organisms and most permeable epithelial barrier of the human body
[1]. The whole system can be divided into the upper, conducting airways and the lower,
respiratory airways. The conducting airways consist of the nasal cavity, pharynx, lar-
ynx, trachea and upper bronchi. Following the bifurcation of the trachea into the two
primary bronchi, they continue to branch forming first lobar, then segmental bronchi,
bronchioles, and finally terminal bronchioles [2]. The terminal bronchioles mark the
transition from conducting into respiratory airways, with respiratory bronchioles leading
into the alveolar duct and alveolar sac, where the main gas exchange takes place. In
the conducting airways, the pseudostratified epithelium of mucus producing goblet
cells and ciliated cells is responsible for mucociliary clearance as a first mechanism of
defense. Club cells produce surfactant proteins with antimicrobial properties, whereas
basal cells act as progenitor cells in the process of repair and replacement. In more
distal parts of the bronchi, the pulmonary epithelium flattens and grows thinner with the
amount of ciliated cells decreasing, while numbers of club cells are increasing. Finally,
the epithelial membrane of respiratory bronchioles and alveoli consists predominantly
of pneumocytes [2, 3].

In the respiratory airways, there are two types of pneumocytes: the long, stretched and
squamous Alveolar Type 1 (AT1) cells and the cubical shaped Alveolar Type 2 (AT2)
cells, which build up the delicate pulmonary membrane that facilitates gas exchange
in close proximity to endothelial cells of the alveolar capillaries. Because of their flat
shape, AT1 cells compose up to 95-98% of the alveolar surface, but are far outnum-
bered by AT2 cells, which make up more than 60% of the cell count [4, 5]. The approx-
imated diameter of just 2 - 0,2 um of alveolar-epithelial membranes is the main reason
for the efficient gas exchange, but on the flipside makes it one of, if not the most vul-
nerable, spots in the human organism. AT1 cells are highly water permeable and,
therefore, are central for ion transport and fluid homeostasis with the help of water
conducting aquaporin 5 (AQP-5) channels, which are the only isoform found in alveolar
cells [6, 7]. Next to playing a role in ion transport and fluid homeostasis, AT2 cells act
as progenitor cells in repair and renewal processes in the lung. They not only produce
and secrete surfactant proteins, mainly surfactant protein C (SP-C), but also are re-
sponsible for recycling and storage.

SP-C, as other isoforms (A, B & D), is essential for various processes in the respiratory
system. SP-C from AT2 cells notably reduces surface tension in the alveoli and, there-
fore, the pulmonary compliance, a value for the ability to stretch and expand [3]. Sur-
factants, in general, are essential to prevent alveolar collapse and help to restore al-
ready collapsed alveoli. A defect in surfactant production can lead to a breakdown of
alveolar structure and emphysema-like structures resulting, if not treated properly, in a
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Figure 1: The respiratory system. Cellular composition and organization of conducting & respiratory
airways, summary of the different cell types (right). See text for further details. Modified after [2].

complete loss of breathing capacity [8, 9]. In addition, SP-A and SP-D are secreted by
club cells in the upper airways and have antimicrobial properties as well [10]. In addi-
tion to pneumocytes, the alveolar space is populated by alveolar macrophages as well.
The phagocytic macrophages are essential for the immune response and clearing of
the lung from harmful particles and microorganisms impairing the gas exchange.

Even before the outbreak of the COVID-19, pandemic diseases of the respiratory sys-
tem were among the three major causes of death around the globe in 2019 [11]. The
development of edema is a common comorbidity for most pulmonary diseases like
chronic obstructive pulmonary disease (COPD), infections of the lower respiratory
tract, acute lung injury (ALI) or the acute respiratory distress syndrome (ARDS). In
particular, the mortality in patients suffering from severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) infection is driven by pulmonary edema formation [12].
The development of acute pulmonary edema is a medical emergency and life threat-
ening condition [13], and will be described in more details in the following chapter.

2.2 Lung Damages

Acute pulmonary edema formation is defined as sudden fluid accumulation in the lung,
a life-threatening condition and medical emergency. Edema formation is the result of
a failed mechanism of removal of fluid invading the pulmonary interstitium and alveoli
[14]. In a regular healthy lung, the homeostasis between blood flow and breathing pat-
tern is tightly regulated to provide a sufficient gas exchange. Under normal conditions,
fluids from the capillaries can be transferred to the interstitium through gaps between
the endothelial cells, but are restricted from entering the alveolar space due to very
tight junctions of the epithelial barrier. Even if fluids enter the alveolar space, they can
be removed by simultaneous active transport of ions into the interstitium by
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Na*/K* - ATPases and fluids by aquaporins followed by lymphatic drainage. In a sim-
plified approach, acute pulmonary edema can be classified as either cardiogenic or
non-cardiogenic edema [15].
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Figure 2: Pulmonary edema formation. Physiological differences in the formation of cardiogenic (left) &
non-cardiogenic (right) edema. See text for further details. Modified after [15].

2.2.1 Cardiogenic edema

During classic cardiogenic edema formation, increased hydrostatic pressure leads to
an increased fluid filtration at the endothelial barrier between the vasculature and the
pulmonary interstitium. If this increase can not be compensated by an increase in lym-
phatic drainage, the alveolar space is flooded by a bulk flow. Because proteins are
filtered by the still intact endothelial barrier, the edema fluid stays protein-poor [16].
This type of edema formation usually is a result of left-sided heart failure, a condition
in which the muscle of the left ventricle is weakened and fails to deliver oxygen rich
blood from the lung to the vital organs of the body. Common causes include heart
related diseases such as myocardial infarctions, coronary artery disease and cardio-
myopathy. As a result, a congestion of fluids in the pulmonary circulation occurs [17,
18].
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2.2.2 Non-Cardiogenic Edema

In contrast to cardiogenic edema, non-cardiogenic edema is caused by an increase in
permeability of the endothelial and/or epithelial barrier. In both cases, alveoli are filled
with edema fluid at a normal hydrostatic pressure. Increased permeability at the endo-
thelial barrier causes an increase of fluid transported to the alveolar interstitium. If not
cleared by increased lymphatic drainage, this fluid transport leads to alveolar flooding
by increased permeability of the epithelial barrier. In contrast to cardiogenic edema
formation, the fluid now contains more protein due to missing filtration by the endothe-
lial barrier. The transport of ions and water is impaired, resulting in reduced clearance.
The amount of fluid and severity of the edema formation depends on one or both bar-
riers and the degree of injury. In ALI/ARDS patients, severe inflammatory processes
increase the permeability due to damage in alveolar epithelial cells and reduced vas-
cular endothelial barrier function. Infiltration and activation of neutrophils exacerbates
lung injuries. Initial wound repair processes involve fibrotic and neovascular processes
and often overlap with the acute edema phase. Usually, mechanical ventilation is the
first intervention. However, recent studies, particularly with focus on the treatment of
COVID-19 patients, demonstrated that ventilation itself not only aggravates but initiates
lung injuries (ventilator-induced lung injury (VILI)) [19, 20]. Once edema fluids fill the
alveolar space, the effect of surfactants is impaired and surface tension increases.
Sudden flooding of the interstitium and the resulting increase in pressure on the epi-
thelial membrane can result in lesions and mechanical injuries. The disruption of the
epithelial barrier is associated with pulmonary capillary stress failure and acute lung
injuries, followed up by inflammation.

2.2.3 Risk factors

Certain comorbidities such as hypertension, diabetes and smoking favor edema for-
mation [17]. Smoking is a major cause in the development of COPD and pulmonary
emphysema, a common morbidity characterized by the destruction of alveolar struc-
ture and resulting in enlarged air-filled spaces in the lower lung. The amount of de-
struction correlates with the expansion of alveoli and is measured in mean alveolar
width or mean chord length (MCL). The outcome of an excessive expansion of emphy-
sema is a reduced alveolar surface and impaired gas exchange, as well as an in-
creased risk for alveolar collapse. Additionally, patients suffering from COPD and em-
physema are prone to an increased edema formation. A potential amplifying effect be-
tween pulmonary emphysema and idiopathic fibrosis (IPF) for diseases like combined
pulmonary fibrosis and emphysema (CPFE) is in discussion [21, 22].

2.3 TRP Channels

For the development of pulmonary edema, ion channels in the plasma membranes,
like the non-selective transient receptor potential (TRP) channels, are also of outmost
importance. These channels may act as sensors for different physical and chemical
stimuli and are also involved in the progression of pulmonary disease like COPD,
asthma, pulmonary fibrosis and edema [23-26]. If triggered by toxicants, these chan-
nels could increase microvascular permeability in the lung and increase the risk for
edema formation [27]. Recently, TRP channels were even proposed as potential target
for the treatment of COVID-19 associated diseases and the prevention of side effects
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of other drugs [12, 28, 29]. The superfamily of transient receptor potential (TRP) chan-
nels in mammals consists of 28 mostly nonselective cation channels with major per-
meability for Na*, Ca?* and Mg?* ions. These TRP channels, which can be divided into
6 families, are located in the plasma membrane of almost every tissue and play a major
role in signaling cascades for Ca?* homeostasis [30, 31]. TRP channels share a com-
mon segment of six transmembrane domains with a pore-forming region between the
fifth and sixth domain as well as intracellular amino- (N) and carboxy (C)-terminal do-
mains, which vary between the subgroups in both length and structure. The so-called
TRP-box, found only in the C-terminal region of TRPC , TRPV and TRPM channels, is
one of the highest conserved regions in the TRP channel superfamily [32] and may
play a role in membrane localization and opening of the channel [33, 34]. Another com-
mon structure for TRP channels are ankyrin-repeat-domains (ANKSs) at the N-terminus
found in members of the TRPC, TRPV and TRPA channel families, with the highest
number of 14 ANKs in the TRPAL channel. These repeats are involved in protein-
protein interaction, may help in the formation of functional tetrameric channels at the
plasma membrane and could potentially bind small molecules [35, 36].

2.3.1 Vanilloid TRP (TRPV) Channels and TRPV4

The vanilloid subfamily of TRP channels (TRPV) was first discovered in 1997 as target
receptor for capsaicin, an irritant alkaloid metabolite found in chili peppers that provides
the sensation of heat and pain when ingested, inhaled or just in case of skin contact
[37]. Unique characteristics of TRPV channels are up to six N-terminal ankyrin-repeat
domains followed by a phosphoinositide binding domain (PBD) important for plasma
membrane localization, a C-terminal calmodulin-binding domain (CaM), and a PDZ-
binding-like motif [38]. Since the first discovery of TRPV1 described in 2020, the sub-
group of TRPV channels has grown to six members in total, subdivided into two groups.
TRPV1-4 are non-selective cation channels whereas TRPV5 & 6 are selective for Ca?*
with important functions in the Ca?* homeostasis of the intestine and kidneys [39].

TRPV4 is expressed almost ubiquitously in the body including in many cells of the
respiratory system. Expression has been confirmed in tracheal [40] and bronchial cells
[41] of the upper respiratory tract and in epithelial and endothelial cells of the alveolar
tract [42, 43], as well as in various immune cells [44, 45]. The functional TRPV4 chan-
nels consist of four channels forming a homotetrameric complex, with increased per-
meability for Ca?* and Mg ?* ions compared to Na* ions [46]. TRPV4 is thermosensitive
and can be activated by shear stress, changes in osmolality and pressure [38]. Be-
cause of their extensive expression in the respiratory system and versatile mecha-
nisms of activation, TRPV4 channels are involved simultaneously in both defensive
and harmful mechanisms. In tracheal epithelial cells, TRPV4 is suggested to be ex-
pressed predominantly in cilia regulating ciliary beat frequencies (CBF). As a translator
of physiological stimuli into cellular signals, TRPV4 plays a key role in mucociliary
clearance and host defense [47]. Recently, Scheraga et al. demonstrated a protecting
effect of TRPV4 in macrophages against bacterial pneumonia [48].

The expression of TRPV4 in pulmonary endothelial cells makes it particularly interest-
ing as a potential target in the development of pulmonary edema. TRPV4 channels are
involved in endothelial transcytosis, the active transport of cellular compounds across
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a membrane, through the interior of cells [49]. In combination with its role as a mech-
anosensor, TRPV4 plays a central role in endothelial permeability and barrier structure.
Activation of TRPV4 has been linked to increased pulmonary vascular permeability
and Ca?* influx-mediated barrier failure [50].

However, it is still elusive whether only TRPV4 mediated Ca?* influx or a resulting ac-
tivation of voltage gated Ca?* channels triggers these effects [51]. Experiments with
TRPV4 deficient mice suggest a direct effect of TRPV4 in endothelial cells on barrier
function, as these mice were protected from ALI after acid installation [52]. The inhibi-
tion of TRPV4 channels was proven to be an effective treatment for chemically induced
acute lung injuries. Mice after inhalation or intratracheal administration of toxic gasses,
like chlorine and acidic compounds, suffer from hyperreactive airways as well as pul-
monary and systemic inflammation usually followed by acute lung injury and edema
formation. These symptoms are reduced for both mice with a TRPV4 deficiency and
mice treated with TRPV4 antagonist following the exposure [53, 54]. In the treatment
of lung injuries after inhalation of phosgene, a highly reactive and toxic gas used as
chemical warfare agent in world war I, TRPV4 inhibition is suggested to reduce edema
formation and improve survival rates [55].Other possible roles of TRPV4 channels in
lung epithelial cells, however, are still elusive.

2.3.2 Classical TRP (TRPC) Channels and TRPC4

The family of canonical transient receptor potential channels (TRPC) consists of
seven members which can be further divided into three structural homologous sub-
groups TRPC1/TRPC4/TRPC5, TRPC3/TRPC5/TRPC7 and TRPC2. All these chan-
nels are non-selective cation channels with 3-4 N-terminal ankyrin-repeats, coiled-coll
domains as well as a calmodulin and IP3-receptor binding (CIRB) domain. All members
of the TRPC family may form functional tetrameric channels except for TRPC1, which
may act more as a channel regulator than an ion channel itself [56, 57]. All TRPC
channels are activated by ligand-bound receptors, which stimulate phospholipase C
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(PLC) to produce diacylglycerol (DAG). TRPC channels are expressed in many differ-
ent organs in the body, primarily in cells of the central nervous system, and act as
sensors for temperature, pain and other stimuli [58]. Activation of heteromeric
TRPC4/TRPC1 channels was demonstrated to have cytotoxic effects in synovial sar-
coma cells and inhibit tumor growth, which makes the channels interesting as targets
for potential anti-cancer drugs [59]. For (-) Englerin A, an anticancer drug candidate
with a high potential against kidney cancer, its activation of TRPC4/5 would not only
induce a cytotoxic effect in cancer cells but also an increase in vascular permeability
and a potential risk for pulmonary edema formation [27, 60]. The investigation of this
effect is complicated, however, by the inadequacies of existing in vivo toxicology mod-
els [61].

2.4 Experimental Models in Lung Disease and Toxicity

As outlined above, the role of TRP channels in the (patho-) physiology of the lung is of
particular interest. Suitable in vivo and in vitro models are needed to dissect their roles
in lung disease and toxicity and to identify them as potential therapeutic targets. As
every in vivo, ex vivo and in vitro lung model has its own advantages and disad-
vantages, there is not a single experimental system suitable for answering all ques-
tions. This chapter contains an overview and description of the available models.

Since the invention of animal testing in the 19th century, the advantages and disad-
vantages for animal experimentation in the evaluation of new drugs have been dis-
cussed extensively. As animal experiments are still essential in the evaluation of phys-
iological processes, therapeutic monitoring, drug delivery and safety, research on ad-
verse health effects on animals has significantly improved their welfare. Russel and
Burch published “The Principle of Human Experimental Technique” in 1959 and estab-
lished the 3R principles (replacement, reduction, refinement) for animal testing. They
propose, in brief, if animal testing can not be replaced by state-of-the-art in vitro cellular
experiments, remaining animal numbers must be reduced and conditions for animal
testing need to be refined. Two dimensional (2D) in vitro (primary) cell culture models
and ex vivo 3D cell culture models are continuously becoming more developed and
refined, and may partly replace animal experiments in the near future. With a focus on
the pharmacology and toxicology of the lung, different novel approaches will be dis-
cussed in the following paragraphs.

2.4.1 In Vivo Models

One possible approach in mimicking the human pulmonary system is using closely
related in vivo animal models as substitutes. In a report by the German Federal Ministry
of Food and Agriculture (BMEL), the amount of animals used in Germany for scientific
purposes is estimated at about 2,8 million, of which about 2,1 million have been used
in animal experiments in 2019. Since the use of human and non-human primates in
drug testing is banned for ethical reasons, small animals with high reproductive rates
are the first choice. Murine animals make up the largest portion of experimental organ-
isms, followed by fish [62].

As far as comparability with clinical trials on human subjects is concerned, in vivo ani-
mal models are heavily favored over existing cellular models. With a focus on lung
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toxicology, so far no cellular setup manages to imitate the structure and complex inter-
actions of the heart and lung, endothelial and epithelial barrier, breathing and blood
flow. Breeding patterns and gene silencing techniques enable the comparison of dif-
ferent genotypes in development, phenotypic expression and response to toxicants in
both acute and chronic interactions.

On the downside, the use of animals always brings a high variability of different species
into account. Next to intra- and interspecies variability, the conditions in which the an-
imals are kept, differences in the experimental procedure as well as the type of appli-
cation of drugs is of utmost importance. If injected intraperitoneally (ip) or intravenously
(iv), uneven distribution of an experimental compound can be problematic, especially
if the alveolar space is targeted. Injection into the nasal cavities might overcome this
problem, but induces even more stress in the animal, which can alter behavior and
might affect metabolism [63]. Stress in animals causes a difference in heart rate and
breathing pattern that can alter the exposure of the animal and therefore the final con-
centration that reaches the lung. One way to overcome these issues is to employ a
special breathing chamber that allows ventilated exposure of animals to modified mix-
tures of air, toxic gasses or dusts.

2.4.2 In Vitro Models

In vitro model systems rely on primary cells, dissected from treated or modified indi-
viduals, or immortalized cell lines cultured outside their usual biological environment
on standardized cell culture dishes. These models are essential for initial drug evalua-
tion, dose-response relationships and the molecular mechanism and physiological ef-
fects of exposure to target substances. They stand out with a straightforward approach
and reduction of interactions compared to organs or multicellular organisms. In vitro
models can be used for in depth studies of biochemical functions and for obtaining
initial data about the pharmacology and toxicology of a drug. Despite this reduction,
data obtained in in vitro models are versatile; data acquisition is highly standardized
and provides the opportunity for high-throughput screenings [64]. In lung toxicology,
regular 2D cell culture monolayers of respiratory epithelial cells are used for first hand
cytotoxicity testing, growth, viability and differentiation assays. Especially the differen-
tiation of pulmonary pneumocytes under different conditions, their viability and molec-
ular signaling after exposure to toxicants can be studied in these setups. The co-culti-
vation of different cell types reduces some restrictions of conventional monolayer mod-
els. Epithelial cells grown in air liquid interface (ALI) cultures differentiate into functional
epithelial tissue. Progenitor cells grown in 3D cell culture models can differentiate and
organize into organoids.

In a next step, these miniaturized organs can be grown on microchips equipped with
microfluidic systems for more precise and lifelike supply of water and nutrients [65].
Microfluidic systems are devices containing small (10-100 pum in diameter) channels to
manipulate and process small (ul-nl) amounts of liquids [66, 67]. In a first attempt com-
bining in vitro cell culture with microfluidic system, Huh et al. in 2010 grew endothelial
and epithelial cells on both sides of a porous and flexible poly(dimethylsiloxane)
(PDMS) membrane [48]. Air-liquid interface cell culture, which can easily manipulated
by mechanical forces on the air side, can be combined with nutrient exchange, by a



2 Introduction 18

dynamic flow through the microfluidic system on the other side, to create the first alve-
olar-capillary surrogate. Nowadays, lung-on-a-chip models are utilized in lung toxicol-
ogy [68, 69], asthma [70] and to investigate a better strategy and dosage for chemo-
therapy [71]. Co-culturing of cell types in combination with a microfluidic system may
be able to mimic different types of human organs.

Yet, one main disadvantage of cell culture systems is a questionable extrapolation from
cultured cells to the complete organism. Lung-on-a-chip models have to be designed
specifically for the experimental setup, and current materials are still far from replacing
the natural endothelial-epithelial barrier in both morphology and toxicological potential
[72].

2.4.3 The Isolated, Perfused and Ventilated Murine Lung (IPVML) Model

The concept of studying the physiology and biochemistry of the lung ex vivo was de-
veloped in the 1970s. Initial, less sophisticated approaches were limited to the use of
rat lungs for perfusion and drug metabolism studies. Conversion of compounds after
perfusion through the lung, arterial pressure and weight could be monitored as well as
alterations in tissue histology and the formation of edema. Until the early 1990s, these
systems usually relied on a positive pressure ventilation and did not include the evalu-
ation of gas exchange and lung breathing mechanics [73].

Uhlig and Wollin in cooperation with Hugo Sachs Electronics where the first to describe
a setup for ventilating rat lungs with negative pressure and simultaneous monitoring of
the lung weight [74]. Ventilating lungs with a negative pressure is not only less harmful
and less prone to unintended edema formation, but is also closer to the in vivo situation
with the possibility to add deep inhalations as hyperinflations to preserve elasticity and
extensibility in the ex vivo setup. Nowadays, advances in the setup allow the use of
much smaller mouse lungs from genetically modified animals [75, 76]. Modern soft-
ware and components pave the way for more precise and robust data acquisition and
processing.

Figure 4: The Isolated Perfused and Ventilated Murine Lung (IPVML) model. Total view of the IPVML
model used in this thesis (left). Example picture of a successful preparation with cannulas installed in
the trachea, the pulmonary artery and the left ventricle (upper right). Dissected heart & lung in the
artificial thorax, perfused with electrolyte solution.
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Compared to the animal models described above, the isolated perfused and ventilated
murine lung (IPVML) system has its unique advantages. As in common in vivo rodent
models, lung and heart are utilized as a physiological unit. The intact perfusion and
ventilation ex vivo inside an artificial thorax mimics the complex mechanism of breath-
ing in a living organism with the advantage of a constant setup for all experiments.
Breathing pattern, depth of inhalation and volume as well as the arterial pressure can
be manipulated. Another great advantage of the IPVML is the complete control of the
perfusion solution. Temperature, pH and flow rate can be adjusted according to the
experimental setup. As the remaining blood is flushed out of the system, the risk of
blood clots and unintended edema formation is reduced drastically. Moreover, acute
effects of drugs or toxicants can be measured in the lung without the first pass effect
of the liver and degradation by enzymes in the blood. Unlike in living animals, hyper-
ventilation and stress reactions after in vivo application of drugs or animal handling are
not observed in this system.

The sensitive but robust setup also produces no stress and pain due to multiple drug
applications, and is therefore an important refinement according to the 3R ethical
guidelines of animal experimentation. Moreover, its use in analyzing pulmonary func-
tions of TRP channels has already been demonstrated [77, 78].

2.5 Goals of this Thesis

lon channels and, in particular, TRP channels play a central role in many different pro-
cesses in the lung. The impact of different TRP channels (TRPV4 and TRPC4) in pul-
monary disease and lung toxicology needs to be elucidated. Furthermore, the IPVML
model as a suitable system for detecting acute lung toxicology of drugs should be eval-
uated in the present thesis.

The following questions ought to be answered:

(1) Do TRPV4-deficient mice develop morphological changes in lung structure with
age and how are they quantified?

(2) Does activation of TRPC4 channels by the potential cytostatic drug candidate
(-) Englerin A induce changes in the lung endothelium and is the IPVML the right
system to detect any acute damages?

Along these lines, both questions were answered in the following two publications with
myself as co-author and first author.



3 Research paper |

20

3.

Research paper |

Amthorship note: SR and [5
comtributed equally to this work

Comflict of imberest: The asthos fave
derlared that noconfict of iterest
i

Copyright: © 2020, Weber =t al This
5 2n open zoress artice published
underthe terms of the (reative
Commors Attribution 4.0 Imtemational
Licznze.

Submitted: Drtober 12, 209
Amepted: September 9, 2020
Published: September 15, 2020,
Reference infarmation: | \7sigit.
MA03(20}-=134464.

https:{ f dot ong 104172 i

insight 134464,

insight. jci.org

RESEARCH ARTICLE

TRPV4 channels are essential for alveolar
epithelial barrier function as protection
from lung edema
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Martina Kannler," Ali Onder Yildirim,* Monika Brosien,* Johann Schredelseker,’
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“Walther Straub Institute of Pharmacology and Taxicology, 2 member of the Garman Center for Lung Research (07 L),
Ludwig Maximilian University of Munich, Munich Germamy. ‘Institute of Anatormy and Cell Biology, School of Medicine,
Saarand University, Homburg, Garmany. *Comprehansive Pneumalogy Center. Institute of Lung Biology and Diseasa, a
member of the 0ZL, Helmholtz Center Munich, German Research Center for Environmentzl Health, Munich, Germanry.
“|ustus Lishig University Liessen, Cardio-Pulmonary Institute, University of Giessen and Marburg Lung Canter, 2 member
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Ischemia/reperfusion-induced edema (IRE), one of the most significant causes of mortality after
lung transplantation. can be mimicked ex vivo in isolated perfused mouse lungs (IPL). Transient
receptor potentizl 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 TRV 4-
deficient (TRPVa-) IPL compared with that of WT controls, indicating a protective role of TRPV 4
in maintenance of the alveolar epithelial barrier. By immunchistochemistry. mRAMNA profiling.

and electrophy siclogical charactesization, we detected TRPV 4 in bronchial epithelium, ahveatar
epithelial type | (AT}, and ahveolar epithelial type Il (ATII) cells. Genetic ablztion of TRPVA resulted
in reduced expression of the water-conducting aquaporin-5 (AQP-5) channel in ATI cells. Migration
of TRPVA'- ATI calls was reduced, and cell barrier function was impaired. Analysis of isolated
primary TRV a-F ATl cells revealed a reduced expression of surfactant protein C, and the TRPV4
activator GSK1METI0A induced increases in current densities only in WT ATII cells. Moreover,
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.

Introduction
The alveolar epitheliom has multiple functions in the lung. On the one hand, the epithelial layer forms a natural
‘barrer to the external environment, profecting the body from invading microorganisms and tocicants, 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 main@in ung homeostasis and tissue repair (1), Alveolar
cpithelial type 1 {ATT) cells are clongated with a large surface area and high barrier function, which facilitates
gas exchange in close proximity to endothelial cells of the alveolar capillaries (1). ATI cells are also highly
water permeable, allowing for ion transport and maintenance of lung fluid balance (2). Although the latter cells
cover the largest surface area of the lung (3), abveolar epithelial type 1T (ATI) cells, which exhibit a cubic mor-
phaology, by far oumumber ATT cells (4). ATIT cells are also involved in ion transport and Bquid homeostasis (5)
and are — most importantly — responsible for the produciion, storage, secretion, and recycling of pulmonary
surfactant. Surfactant lowers the surface tension at the tissse-air barner to allow proper inflation and deflation
of the alveoli during breathing (). Moreover, ATII cells also serve as progenitors for ATT cells and are capable
of long-term self-renewal (7). Although alveolar epithelial cells express a wide varety of ion tansporters and
channels (8), the exact roles of these proteins for specialized alveolar cell functions have remained elusive.
Transient receptor potental vanilloid 4 (TRPV4) is the fourth cloned member of the vanilloid family
of TRF channels (%). Like most TRP channels, TRPV4 harbors an invariant sequence, the TRP box {(con-
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 6 membrane-spanning helices (S1-56) and a
presumed pore-forming loop between 55 and 56 (9, 10). Four of these monomers of the same type prefer-
entially assemble in a functional homotetrameric complex {1 1), although TRPV4/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 respimtory system (17-19). TRPV4 channels are thermosensitive in the range of
MPC-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 target, with numerous moduo-
lators already identified (reviewed in ref. 24). Moreover, TRPY4-- 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 smdied, direct or indirect activation of TRPV4
by mechanical siress (26), high peak inspiratory pressure (27, 23), and high pulmonary venous pressure
due to heart fatlure {29) resulted in the disruption of the endothelial barrier and edema formation. In other
tissues, however, the channel maintains physiological cell barrier, for example, in skin (30), the urogenital
tract (31}, and the comeal epithelium (32). In tracheal epithelial cells, TRPY4 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 TRFPY4 by bacteri-
al LP3 mounted a protective response (34), whereas TRPV4 inhibition reduced lung edema and inflamma-
tion afier chlomine exposure (35). Therefore, TRPV4 channels may function as chemosensors of toxicants
in the lung epithelium {reviewed in ref. 36), but their exact role in the alveolar epithelium is still elusive.

We have shown that TRPCS, a member of the classical TRP channel family in the endothelium,
increases endothelial permeability during ischemia/reperfusion-induced (I/R-induced) edema formation
{37}, one of the most significant causes of mortality after lung tansplantation. However, as outlined
above, endothelial permeability s also increased by TRPV4 activation (summarized in ref. 38). Along
these lines, we analyzed 1/R-induced edema formation in a TRPV4-deficient (TRPV4--) mouse model.
Surprisingly, edema development was increased in TRPV4" lungs, but edema development in TRPCA/
TRFV4 double-deficient lungs was similar to that of WT lungs. These data indicate a protective role for
TRFV4 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 epithelium, capitalizing on the TRPV4™"~ mouse model.
Emnhanced lung edema formation triggered by IR probably may be due to downregulation of agquaporin-5
{AQP-5) channels in ATT cells, reduced surfactant protein-C (5P-C) production in ATII cells, and/or
emphysema-like changes in the overall lung architecture. Our data suggest an essential role of TRPV4
channels in the alveolar epithelium.

Results

Ablation of TRFVS increases [R-induced edensa formation i isolafed perflused mouse lumgs. To investigate the role
of TRPV4 in TR-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 vasopressin secretion in the brain (40). Loss of TRPV4 protein was
confirmed in lung lysates. While in WT controls a protein of appropriately 100 kDa in size was detected
by Western blotting with TRPV4-specific antibodies, TRPV4~" lungs did not express any TRPV4 protein
{Figure 1A). Murine embryonic fibroblasts (41), such as pulmonary fibroblasts, express TRPV4 protein
{25) and served as an additional positive control. After initial perfosion 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-
ly (37). These results cleardy contrast with observations on TRPC6-deficient lungs, which are protected
from IR-induced edema due to reduced endothelial permeability (37). Therefore, we generated a TRPV4S
TRPCE double-deficient mouse model (TRPV4/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 TREV4~- lungs was clearly visible by the naked eye (Figure 1C), and, consistently,
the wet-to-dry weight ratio increase doubled in TRPV4-"- lungs but only slightly increassd in TRFV4/
TRPCH lungs (Figure 1. In conclusion, TRPV4 ablation induces increased IR-induced edema, which
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can be reduced by additional ablation of TRPC6 channels. To identify a possible role for endothelial
TRPV4 channels, which might be activated by shear stress due to hydrostatic pressure (42), we decreased
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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Figure 1. Ablation of TRPVA increases ischemia-induced
edema formation in mouse lungs. (A) TRPV4 protein
expression in mouse lungs was evaluatad by immunoblotting
inwhole-lung lysates of WT and TRPV4-defident (TRAV4+)
mice using a TRPV4-specific antiserum. Murine embey onic
fibroblasts (MEFs) served as an additional positive control.
B-Actin was usad as loading control. (B) Constant weight
measurement of ischemic and nonischemic WT and TRV &/
and TRPV4/TRPC6 double-deficient (TRPV4/ TRPCE7) iso-
Iated perfused lungs. (C) Representative imageas of WT and
TRPV4 lungs after ischemia. (D) Wet- to-dry weight ratio
gains of TRPV4 and TRPV4/TRPC67" lungs compared with
those of WT controls. Data represent mean + SEM of at least
5 lungs for each genotype. Significance betwean meanswas
analyzed using ANOVA (B and D); ***P< 0.001.
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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. 1 34464DS1).

TRPVY is expressed im ATT and ATIT cells. As TRPV4 is highly expressed in lung endothelium, and
its activation results in an increase of endothelial permeability (reviewed in ref. 38), we fooused on
its possible functions in the epithelium. Epithelial cells represent the second natural barrier regulating
edema formation. Analysis of mice camrying an EGFP reporter protein under the control of the TRPV4
promoteryenhancer region revealed expression of TRFV4 protein in endothelium as well as bronchial
and alveolar epithelium (Figure 24). In the bronchial epithelium we detected TRPV4 in ciliated cells by
costaining with a f-tubulin IV antibody (Supplemental Figure 2, A—C). Neither club nor neurcendocrine
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 mRENA revealed similar expression levels in ATII
cells as in lung endothelial cells, but lower mEMNA expression in pulmonary murine lung fibroblasts and
precapillary arterial smooth muscle cells (Figure 2C). Therefore, TRPY4 channels are expressed in ATI
and ATII cells of the alveolar epithelium.

Loss of TRPFS resilted in decreased AQP-5 expression in ATT wells. Staining of lung slices with fluores-
cence-ooupled antibodies specific for the water-conducting channel AQP-5 revealed lower total expression
levels in AT 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 bysates probed with
an AQP-5specific 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 alveolar epithelium, but not AQF-1 expression in the endothelium is redwced by ablation of TRPV4.

Identification of currents induced by the TRPVS activator GSEI0I6790A only in primary ATIF cells from
WT mice. To investigate the role of TRPV4 on at a cellular level, we first isolated ATII epithelial cells
(Figure £A) 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. ATIT 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. 3). Paich clamp analysis of prima-
1y ATII cells revealed significantly larger currents, which were induced by the selective TRPY4 activator
GSE1016790A (GSK, 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 bysates from ATII cells revealed lower pSP-C levels in TRPY4--
ATII cells compared with WT cells (Figure 4, E and F). We then differentiated ATIT cells to ATT cells
by growing them to confleence in plastic cell culture dishes for at least & days as described previously
{1} {Figure 43). After & days, WT cells expressed AQP-5 protein as an ATI cell marker (Figure 4H). In
conclusion, TRPV4 channels are functionally active in ATTI cells and are involved in the expression of
PSP-C of these alveolar epithelial cells, which can be differentiated to ATT cells in vitro.

TRFPV4 " AT ceils express less AQP-5, show rafuced muclear loonlization of NFAT, and derreasad cell migration
and adhesion. As already shown in lung sections of TRPY4™"~ mice, translocation of AQP-5 to the plasma
membrane was reduced in TRPV4-- cells (Figure 5, A and B). To test if TRFV4-- ATII cells are able to
differentiate to ATT cells, we analyzed the expression of podoplanin (Tla), another ATT cell marker protein.
MWatably, podoplanin expression was not significantly different in TRPV4™ ATII cells differentiated to ATI
cells (Figure 5, C and [).To further analyze ATT cell function, we quantified nuclear WFATe] levels. The
translocation of NFATc] protein to the nucleus was significantly reduced in TRFV4- cells (Figure 5, E
and F). Moreover, cell migration analyzed by gap closure in in viro experiments was clearly slowed down
in TREV4" ATI cells compared with WT cells (Figure 5, G and H). As an additional line of evidence, we
transfected ATII cells with TRFV4-specific or control siRNAs, differentiated them o ATI cells, and quanti-
fied cell migration in the same way (Supplemental Figure 4). Most interestingly, we obtained similar results
in cells transfected with TRFV4 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 TRFV4-~ ATI cells showed reduced ccll barrier function (Figure 5T).
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Figure 2. TRPV4 and aqua-
porin-§ expression in mouse
lungs. (A) CFP staining (green)
by fluorescence-coupled
CFP-specific antibodies in lung
cryosections of TRPVAEC-

FP reporter mice revezls
expression of TRPV4 in cells
of the lung endothelium (EN)
aswell as in the bronchial (BE)
and alvealar epithelium (AE)
Nuclei staining was performed
with Hoechst dye (blue). Scale
bar: 10 pm (right); 20 um
({middle); 50 um (left
cryosections from TR
FP reporter mice were stained
with fluorescence-coupled
antisera directed against GFP
and aguaporin-5 (AQP-5). Con-
focal images were obtained
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 performad
with Hoechst dye (blue)

A, alveolus; B, bronchus; V.
vasculature. The inset shows
the bottom boxed region in at
higher magnification. Scale
bar: 10 um (inset); 20 um. (O
TRPV4 mRNA quantification
in lung cells using NanoString
technology. ATII, alveolar type
Il cells: EC, endothelial cells;
PASMC. precapillary arterial
smooth muscle cells; pmLF,
primary murine lung fibro-
blasts. Data represant mean +
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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 ATI cell function, we quantified mean chord lengths (MCLs)
in histological lung sections (Figure 6A). TRPV4 ablation significantly increased MCL of the alveolar
lumen in adult (47-52 week old, Figure 6D) mice compared with WT lungs, while young mice (4-6 weeks

old) showed no differences (Figure 6B). Lungs from 28- to 30-weck-old mice were also prone to larger

MCLs (Figure 6C), which, however, were not significantly different compared with those of WT lungs

https:/ /doi.org/1011772/jd.insight 134464 s
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Figure 3. Aquaporin-5 expression and translocation to the plasma membrane in WT and TRPV4 - alveolar epithelial type | cells. (A) Cryosections of WT
and TRPVA 7" lungs stained with an aquaporin-5-spedfic (A QP-5-specific) fluorescence-coupled antibody. Nuclei staining was performed with Hoechst
dye (blue). Scale bar: 20 um. Representative histograms for the gquantification of AQP-5 protein in the plasma membrane of WT (B) and TRV 4-defidient
alveolar epithelial type | (ATI) calis (C). (D and E) Summaries of AQP-5 protein expression in plasma membranes (D, percentage of aquaporin-5 membrane/
cytosol; E, percentage AQP-5 in membranes). Representative Westem blot analysis of AQP-5 expression in WT and TRV 47~ whole-lung lysates (F) and
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< 0.001
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(scale bar: 50 um) (B). Nuclei stainingwas performed with Hoechst dye (blue). Electrophysiological whole- cell measurements of basal and GSK-induced
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ture dishas by Western blotting (H). 8-Actinwas used as ioading control in each blot. Data represent mean = SEM from at least 3 independent cell prepara-
tions of 5 mice each. Significance between means was analyzed using +way ANOVA (C) or 2-tailed unpaired Student’s t test (F); *P< 0.05, **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
‘Westemn blot analysis of AQP-5 expression in WT and TRPVa7- AT cells differentizted to ATl cells (&) and summary of AQP-5 expression in these cells
(B). Representative Western blot analysis of podoplanin expression - another ATI cell marker - in'WT and TRPY47- AT cells differentiated to AT cells

(C} and summary of podoplanin expression in these cells (0). Representative Westem blot analysis of nudear NFATC localization in WT and TRV ATI
cells (Bl and summary of nudlear factor of activated T cells (NFAT) localization in these cells (F). Lamin B1 served as loading control. Represantative images
of & migration assay after removing inserts (scale bar- 200 pm) (G). Summary of remaining gap values nommalized to initial values guantified in migration
aszays of TRPVA " and WT ATl cells after releasing insarts at @, 1, 2. 5. 8, 12, and 24 hours (H). Electrical cell resistance was quantified with an ECIS davice
for WT and TRPVA+ AT cells for 160 howrs. {1). Data represent mean + SEM from at least 3 indapendent cell preparations of 5 mice each. Significance
betwesn meanswas analyzed using 2-tailed unpaired Student’s ¢ test; * P« 0.05, ***P < 0001,

Moreover, lung function was altered (Figure 6, E-H): TRPV4-" lungs showed increased inspiratory capac-
ity and compliance (Figure &, E, G, and H) as well as decreased elastance (Figure 6F), which was signifi-
cantly different from that of WT mice of the same age. In conclusion, adult TRFV4-"- 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). Acti-
vation of TRPV4 in endothelial cells by mechanical stress, for example, stretching (27, 28, 43), as well
as oxidative stress by exposure to HyO, (44) resulted in an increased Ca™ influx mediated by the channel
and am increase in endothelial permeability conducive to lung edema (reviewed in ref. 38). Along these
lines, pharmacological blockade of TRFVY, for example, by the specific blodker HC-067047, decreased
intracellular Ca® levels in endothelial cells and protected mice from vascular leakage and lung injury (28).
Expression and function of TEPV4 channels in the alveolar epitheliom, however, has not been studied yet.

Here, we quantified 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 1D} when compared with that of control WT mice. Barrier
function was rescued by consecutive breeding of TRPV4-- mice with TRPCE- mice, because lung edema
formation in double-deficient mice was simdlar to that in WT animals (Figure 1B).

As TRPV4 activation in endothelial cells has been shown to result in higher edema formation, we
focused on the lung epithelium, another physiclogical 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 (30), 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 anabysis corroborated a func-
tional link between TEFV4 and AQP-5, a water<onducting channel expressed in ATT 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-3 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 TRFV4 function on a cellular level, we
isolated ATII 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 . 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 a matter of debate (49) but might also explain exagrerated edema formation in
TRPV4" mice. Therefore, functional TRPV4 and TRPCH 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 5PC 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 TRPV4 channels in the endothelium are activated
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Figure 6. Chord lengths and lung function of WT and TRPV4~- mice. Rep: ive images of M. 's trichrome- stained lung sections from 52-week-

old WT (left, scale bar: 500 um) and TRPV4 - mice (right, scale bar: 200 um) (A). Quantification of mean chord lengths of 4- to 6- (B), 28- to 30- (), and
47- to 52-week-old (0) WT and TRPV4 " mice. Inspiratory capacity (E). elastance of the respiratory systam (F), static compliance (C_, G) and compliance of
the respiratory system (C . H) of 6-month-old WT and TRPV47- mica. Data represent 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 effect on
[R-induced cdema formation (Supplemental Figure 1).

Next, we differentiated ATII cells to ATI cells (1), monitored by the expression of 2 ATT cell markers:
AQP-5 and podoplanin. As AQP-5 protein expression was reduced in TRPV4"- 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 ATIT cell to ATT cell differentiation
in general. Plasma membrane tanslocation of AQP-5 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 (50). Therefore, we quantified nuclear NFAT levels and detected significantly lower levels
in TRPV4™ cells in comparison with that in WT control cells (Figure 3, E and F). A major breakthrough
in our understanding of ACQP-5 function for water transport across apical membranes of ATI cells was the
analysis of AQP-5-defident 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 isoosmolar fluid transport from the alveolar space (51,
52). Cognizant of this scenano, a role for AQP-5 in the cleaanoe of fluid from the alveolar space after
TR-induced lung edema cannot entirely be ruled out, but it appears to be unlikely, and we med to dissect
other additional mechanisms for the vulnerability of TRPV4-" lungs to edema formation.

As 1 reports demonstrated decreased migration of human epithelial ovarian cancer (53) 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. TRPV4-"- 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 siRNAs com-
pared with nontransfected cells as well as cells transfected with control siRMAs (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 TREV4~~ ATT cells in contrast to that in WT cells (Figure 5T). 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 AT cells after lung injury during repair processes in adult mice
{7) to reestablish barrier function of the long 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-1). 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 interestinghy,
the emphysema-like changes in lung morphology were also detected in SP-C—deficient mice (33), mising
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 inspiratory capacity and
compliance as well as decreased elastance (Figure 6, E-H) compared with WT mice of the same ages.
Loss of scpta 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 TREV4™ lungs.

In summary, loss of TRPY4 channels in alveolar epithelial cells results in decreased pSP-C production
in ATTI 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 channcls
against lung edema formation, in clear contrast to their acute detrimental role in endothelial cells.

Methods

Animaks. TRPOG6--(36)and TRPV4- (B6. 199X 1 -Trpw4™%= from Riken BioResource Center, RERCD1939)
{39, 40) mice were backcrossed 10 times to the C57/BL6] strain. TRPC6/ TRPV4™" mice were obtained by
cmossing both gene-deficient mouse models. TRPV4EGFP reporter mice (Tg{TRFV4-EGFP)MT43Gsats/
Mmucd from MMRC) were bred as previously described (57). Sex- and age-matched mice older than 3
months were used in the experiments, if not mentioned otherwise in the figure legends.

Isolated, perfused monse fumg. 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 IU/kg BW). Animals
were intubated via a small incision in the trachea, ligated, and ventilated with room air using the VOM rype
6E1 (positive end—expiratory pressure, 3 cmH 0 positive end-inspiratory pressure 3 cmH, O respiratory
rate was W breaths‘min}. The sternum was opened, the dbs 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 sodium chloride, (L33 g potassium chlonide, 0.27 g magnesium
hexahydrate, 0.36 g calcium chloride dihydrate, 0.15 g potassium dihydrogen orthophosphate, 2.67 g glu-
cose monohydrate, 51.28 g hydroxyethyl starch [type 2000000/05] ad 1000 mL with aqua ad iniectabilia,
and 0.1848 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 | piece and transferred to a 37°C temperature-equilibrated
‘housing chamber for the perfused mouse lung model (TPL-2, Hugo Sachs Elekironik/Harvard Apparatus).
The perfusion was slowly raised stepwise to 2 ml/min, and perfusion pressure was monitored with the
PLUGSYS TAM-ASPT5 type 17111 (Harvard Apparatus). Weight changes were constantly measured with
the edema Balance Module/EBM type 713 (Harvard Appamtus). 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.

Aralysiz of functional parameters of the respiratory tract. Mice were anesthetized with ketamine (270 mg/
kg BW) and xylazin (11 mg/kg BW), intratracheally intubated through a small incision of the trachea, and
oonnected to the flexiVent system (Scireq).

Imrmumofiistocherristry. Mouse lungs were inflated with 2.5% (m/v) glutaraldehyde in PBES and pro-
cessed for paraffin or O.C.T. compound (Tissue-Tek, Sakura Finetek) embedding. Paraffin-embedded
tissue sections {3 pm) were cut using a microtome {Zeiss), mounted on glass slides, deparaffinized in
xylene, and rehydrated in graded alcohol. Masson Goldner trichrome staining (Masson Goldner Tri-
chrome Staining Kit, Carl Roth 3459) was done according to the manufacturer's instruction with iron
hematoxylin solution for & minutes, Goldner’s stain 1 for 6 minutes, Goldner's stain 2 for 1 minute, and
Goldner's stain 3 for 5 minutes. After dehydration in 100% EtOH and clearing in xylod twice for | min-
ute, the sections were mounted in Rot-Histokit 1T {Carl Roth T160.2). Sections were analyzed by design-
based stereology using an Olympus BX51 light microscope equipped with the new Computer Assisted
Stereological Toolbox (newCAST, Visiopharm) as described previously (58). For MCL measurements,
10-20 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 (Fair) were counted and calculated as follows: MCL (FPair * L{p)/Ylscpta = 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 Laboratories). After
washing with PBS, the sections were blocked for 30 minutes in PBS containing 0.2% Triton X-100 and
5% NGS5, Incubation with primary antibody was done at 4°C overnight and secondary antibody at room
temperature for 1 hour Antibodies were diluted in blocking solution. After nuclei staining with Hoechst
dye (Thermao Fisher Scientific) (2 pg/mL) for 5 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, A 10262, 1:200), anti-f-mubulin TV {mbbit monoclonal, Abcam,
179509, 1:1600), anti-AQP-1 (rabbit, Alomone Labs, AQP-001, 1:100), anti-AQP-5 (rabbit, Alomone
Labs, AQP-005, 1:100), anti-=CC10 {mouse, Santa Cruz Biotechnology, E-11, 1:200), anti-chicken (goat,
Thermo Fisher Scientific, A11039, 1:400), anti-CORP (goat, 1:400, Acrs, BPO22), anti-rabbit IgG (goat,
coupled to Alexa Fluoor 488, 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-CC 10 antibody, the Zenon Alexa Fluor 546 mouse 1gG) 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 880, Carl
Zeiss). For membrane localization analysis, staining intensity was analyzed along a line from the nucleus
into the cytosol and the plasma membrane.

Frimary murine alveolar epithelial cells. Isolation of ATII cells was done as described previously (1,
59, 60). In bricf, lungs were flushed via a catheter through the pulmonary artery with 0.9% NaCl solu-
tion (B. Braun Melsungen AG), inflated with 1| mL dispase (BD Biosciences), followed by 500 pl 1%
low-melting-point agarose (MilliporeSigma), and incubated for 1 hour at room temperature. Subse-
quently, lung lobes were separated and dissected using 2 forceps; filtered through 100 pm, 20 pm, and
10 ym nylon filters {Sefar); and centrifuged for 10 minutes at 200g. Cell pellets were resuspended in
DMEM (MilliporeSigma) and plated on CD45- and CDN6/32-coated (BD Biosciences) culture dishes
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Table 1. List of siRNAs used for downregulation of TRPVS mRNA

Name Target sequence
Accell mouse TRPVA siRNA- SMARTpool
Accell SMARTpool siRMNA A-04074213 CCAUUCGACCUCUUGCACGUC
Accell SMARTpool siRMNA A-0a0742-14 GLAACAUGCLUCAALUCAL
Accell SMARTpool siRMNA A-04074215 LA CCA CUALCA AALACUL
Accell SMARTpool siRNA A-Da0742-16 CUCUUCUGUALUAUU ALY
Accell Nontargeting Pool
UCCUUUACAUCUCCACUAA
) UCCUUUACAUGUUUUCUGA
Accell Nontargeting Poal 0-001910-10-20 UCCUUUACAUCUUULECLA
UCCUUUACAUGUUCUGLGA

for a negative selection of macrophages and lymphocytes and incubated for 30 minotes at 37°C. Non-
adherent cells were collected and seeded on uncoated dishes to negatively select ibroblasts 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 é&-well plate were seeded in DMEM containing
10% FCS (Invitrogen), 1% HEPES (Carl Roth), and 1% penicillin/streptomycin (Lonza), and used for
analysis or grown for at least 6 days for ATI cell differentiation. ATII cells were transfected with 1 pb
Accell SMARTpool siRNA 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 siRNA in
starving medium served as control (see Table 1 for siRMNA sequences).

Fatcfi-damp recordings of ATIT cells. Conventional whole-cell recordings were carried out at room tem-
perature 24 hours after isolation of ATII cells from WT and TRPV4"~ mice. The following bath solution,
containing 140 mM MNaCl, 1.3 mM MgCl, 2.4 mM CaCl, 10 mM glucose, 10 mM HEFPES (pH 7.4 with
NaOH) and resulting in an osmolality of 310 mOsm/ kg, was used for patch-clamp recordings. The pipette
solution contained 135 mM CsCl, 2 mM Na-ATF, | mM MgCL, 5 mM EGTA, and 10 mM HEFPES (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 MQ for whole-cell measurements. Data were collected with an
EPCI10 patch clamp amplifier (HEEA) using the Patchmaster sofreare. 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 — 100 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 2100 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—f-actin antibody (MilliporeSigma, A3S54HRE, 1:10000), anti-TRPV4 (rabbit,
Abcam, ab 39260, 1:1000), anti-AQP-5 (rabbit, Alomone AQP-005, 1:1000), anti-Podoplanin (goat,
R&D Systems, AF3244, 1:500), secondary anti-goat IgG (whole molecule) peroxidase (MilliporeSig-
ma, AF420- 1ML, 12100007, and secondary anti-rabbit IgC peroxidaze (POX) antibody (MilliporeSig-
ma, AGl54, 1:10000). One representative of three Western blots is shown in the figures.

NanoString nCounter expression analysis. Direct quantification of TRPV4 mENA in murine long cells
was done as described previously (62). In brief, total RMNA from pulmonary murine cells was isolated using
the Qia RNeasy Mini Kit (QLAGEN). Quantity, purity, and integrity of the RMA samples were controlled
by spectrophotometry (ManoQuant). Two probes (the reporter and the captune probe) were hybridized to
their specific target mEMAs. Then, the target-probe complexes were immobilized in the imaging surface
of the nCounter Cartridge by binding of the capture probe. Finally, the sample cartridges were scanmed by
an automated fluorescence microscope, and molecular barcodes (flucrophores contained in the reporter
probe) for each specific target were counted. For expression analysis by nCounter ManoSiring technology,
200 ng total RNA was hybridized with a NanoString Gene Expression CodeSet and analyzed using the
nCounter Digital Analyzer. Background correction was performed and normalization was applied using 4
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Table 2. List of oli used for ing nCounter ex pression analysis
Primer pool &
MName Primer sequence Gene Id.
f-Actin AAAACACCCTCAGGOCATCCCAACCCOTCCTTROCAATACT HM_D073530:815
CATCACCTLCCTCAAGACCTAA CCCACAGCCTCACCTTLTTTCA
f2-Microglobulin ATTICCATTTCAATCTCAGCCGOCTCCAACTLTOTTACGTAGCA NM_005735.3:177
CTTCAGCATCOCTCTTCTTTICT TGO TGTTGAGA ACATCLTC
SdHa CLCATCCACTATTAAACCCTGOCTCAGAA AGCCCAAATD NM_023281.0:250
CAGCTOLCAA CCACAATTCTGOCCLTTAGCACCAAGGTTAGCCAAL
GAPDH ATCCAACCTOGAACACTOCGACTTCCTLT TRAAGTOGCA HN_0DDM303.:-890
CLAGACAACCTCTCTTGACGATTATTCAGCTTCATCATRACCAGAAD
TRPVa CCCCTOGGTACTAGATCTCTCTRAAGCLCCAGTTRAT WM_022017.3:776
CAATTCACCCATLCATARAATTLLT T TTLCCT TTCACCAAT TCAALCTT
Primer paal B
f-Actin CLAAACCCATRACCTCCCATCACTCATOTAGTTT HM_D0735932:815
CATGCATCCCACAGGATTCCATACCCAA CAACCAACGLTOG
[fi2-Microglobulin CLAAAGCCATCACCTCCCATCACTCACGACATA MNM_005735.3:177
TCTCACATCTCTACTTTAGGAATTTTTTTOCCLTTCTTCAGE
SdHa CoAAACOCATCACCTOOGATC ACTCCTCCCTGTLOTRCA MM_023281.2:250
ACAGTATCTCATCLLLTALGGAAALAGCTTTLTAA
GAPDH CCAAAGCCATCACCTCCGATCACTCCAGDA AATRAGT NN_0DDM3032:890
TTCACAAACTTCTCATTCAGACCAATLOCAGLCCOLLE
TRFVA CLa AALCCATLACCTCCCATCACTCCACLTAGTLOTTL WM_022017.3-776

CACCCOCCTTCCATCGCAATOTCCACCCATLTCT

SdHa, sucinate dehydrogenase subunit &

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

Migrefion assay. Around 4.4 = 10 ATI cells/well were seeded on a 2-well silicone insert with a 300 pm
cell-free gap (ibidi GmbH) and grown in DMEM (10% FCS, 1% HEPES, and 1% penicilling/ streptomycin)
for 5 days to obtain ATT-like cells. Subsequently, cells were starved in serum-reduced medium {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
Image] software (WIH) in 3 images per time point and replicate.

Isolation of muclear fractions. Isolation of nuclear protein extracts from ATI-like cells after & days of cul-
ture was performed with a Wuclear Extract Kit acoording to the manufacturer’s instructions (Active Motif,
40010) as described previously (61). 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. NFAT proteins were analyzed by Western blotting as described below wsing an WEATc -specific
{mouse, Santa Cruz Biotechnology, sc-7294, 1:600) antiserum and lamin Bl (rabbit, Thermo Fisher Scen-
tific, PAS-19468, 1:5000) antibndies as loading controls. Protein bands were normalized to loading controls
and quantified by an Odyssey Fo unit (Licor).

Cruantifiortion of cell resistance by ECIS. Resistance changes of AT cells differentiated to ATT cells were
analyzed using an ECIS device (Applied Biophysics). Freshly isolated epithelial cells were seeded on ECIS
culiure ware (EW 10E+; Applied Biophysics), which was preincubated with FCS for 3 hours and connected
to the ECIS device. A total of 1 = 107 cells was seeded per chamber and grown at 37°C and 5% CO, inan
incubator. Resistance (C1) was analyzed at 2000 Hz over 160 hours.

Statistics. All statistical test were performed using GraphPad Prism 7. Mumbers of mice and cells as
well az statistical tests used are indicated in the figure legends and include |-way AMOVA and 2-tailed
unpaired Student’s { test. A Fvalue of less than 0.05 was considered significant.

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

{—}-Englerin A (EA), a poential novel anti-cancer drug, is a polent selective activator of classical fransient receptor potential
4 and 5 (TRPC4, TRPCS) channels. As TRPC4 channels are expressed and functional in the lung endothelium, possible
side effects such as lung edema formation may arise during its administration. Well-established in vivo rodent models for
toxicological testing, however, rapidly degrade this compound to its inactive derivative, englerin B. Therefore, we chose
an ex vivo isolated perfused and ventilated murine lung (IPV ML) model to detect edema formation due to toxicants, which
also reduces the number of incriminating animal experiments required. To evaluate the sensitivity of the IPV ML model,
short-time (10 min) drops of the pH from 7.4 down to 4.0 were applied. which resulted in linear changes of tidal volumes,
wet-to-dry weight ratios and incorporation of FITC-coupled dextran particles from the perfusaie. As expected, biological
activity of EA was preserved after perfusion in the IPYML model. Concentrations of 30- 100 nM EA continuously perfused
through the IPVML model did not change tidal volumes and lung weights significantly. Wet-to-dry weight ratios were
increased after perfusion of 100 nM EA but permeation of FITC-coupled dextran particles from the perfusate to the lung
tissues was not significantly different. Therefore, EA shows littke or no significant acute pulmonary toxicity after application
of doses expected to activale target ion channels and the IPVML is a sensitive powerful ex vivo mode] for evaluating acute
lung toxicity in accordance with the 3R rules for animal experimentation.

Keywords Anti-cancer drug - Lung edema - Classical transient receptor potential 4 and 5 (TRPC4, TRPCS) - Tidal
volume - Wet-to-dry weight ratio - FITC-dextran permeation assay

Abbraviations Introduction
[Ca™*],  Intracellular Ca’* concentration
EA (—}Englenn A (—+Englzrin A (EA) 15 a guaiang sesquiterpzne originally
FITC Fluorescein isothiocy anate isolated from the bark of the plant phyllanthus engleri from
h Hour(s) southern Africa (Wu et al. 2017 ). This natural product effec-
IPYML  Isolated perfused and ventilated murine lung tively inhibits growth of several kidney and breast cancer cell
min Minute(s) lines with an 1T of 35-50 nM. while their non-tumorige nic
TRPC4/5 Classical transient rece ptor potential 45 counterparts were only affected at higher concentrations
(> 10 pM) (Sourbier et al. 2013). Further analysis of cell
7 Alexander Dietrich lines revealed that EA is a potent activator of TRPC4 and
alexander. diefrich & Irz.uni-muenchen.de TRPCS channels and TRPC4 expression correlates with EA

sensitivity of cancer cell lines (Akbulut et al. 2015: Carson

. ) )
Walther Straub Institule of Pharmacology amd Taxicology., et al. 2015). Both channels are members of the seven clas-
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Medical Faculty, LMU-Munich, Nussbaum Str. 26, sical transient receptor potential family, which form homo-
20336 Munich, Germany and heteroletrameric unselective cation channel. Death of
! Bumdeswehr Institute of Pharmacology and Toxicology, synovial sarcoma (SW982) !I]]S in vitro after application of
Meuherbergstrafie 11, 80937 Munich. Germany EA (10 nM) occurs by Na® influx through TRPC I/4 hetero-
¥ School of Medicine, University of Laeds, LIGHT Building, meric channels and is further increased by inhibition of Na®/
Clarendon Way, Leeds L52 9IT, England, UK K*-ATPase mmoving excess intracellular Na® ions (Ludlow
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etal. 2017; Muraki et al. 2017). Application of EA (2 mg/kg
body weight) resulted in a significant reduction in locomotor
activity for about | h as a potential side effect (Cheung et al.
2018). TRPC4 and TRPCS-deficient mice were partially
and TRPC4/5 double knock-out mice were fully protected
from this adverse EA effect (Cheung et al. 2018). In con-
trast to TRPC /5. TRPC 1/4 channels were also deected in
muring lung endothe lium (Sundivakkam et al. 2012) and
are responsible for thrombin-induced lung edema, which is
reduced in TRPC4-deficient lungs (Tiruppathi et al. 2002).
Analysis of pulmonary toxicity of EA. however, turned out
to be complicated for two reasons. First, intravenous (I1V)
injection of EA doses of > | my/kg body weight were lethal
in rats and second EA was rapidly degraded with an esti-
mated half time of ~ 13 min into the inactive compound
englerin B in mice and rats by serum esterases, but not in
human serum (Carson et al. 2015). The authors observed
labomed breathing in mice after subcutaneous injection of
EA (5 mg/kg body weight) (Carson et al. 2015). It was,
however, unclear, if this side effect was due to EA, which
never exceeded levels of 12 nM in blood. or its metabolite
englerin B, which was rapidly detected afier application in
rodents but not in humans. Therefore, we employed 2 new
ex vivo model for evaluating acute EA toxicity using the iso-
lated, perfused and ventilated murine lung (IPVML) offering
numercus advantages compared to an in vivo system. We
hypothesized that due to the absence of esterase in the per-
fusate EA is not degraded and defined doses can be applied.
Lung parameters are analyzed in real time during the experi-
ment without high stress levels in a living mouse. Momaover,
wet to dry weight ratios and invasion of perfused fluorescein
isothiocyanate (FITC)-dextran particle in the lung tissue can
be guantified after the experiment. The applicability of the
mode]l was evaluated after applying short-time graduated pH
changes from pH 7.4 to pH 4.0, which resulted in significant
lingar changes of values for wet-to-dry ratios and tidal vol-
umes. Most interestingly, EA showed no significant changes
in lung parameters and edema formation upon application
of 50 or 100 nM EA [fivefold or tenfold of the EC., values
obtained in vitro experiments with SW982 cells (Muraki
etal. 2017)] in comparison to control mice receiving elec-
trolyte solution only.

Materials and methods

Chemicals

Electrolyte solution was prepared by the Apotheke Klinikum
der Universitit Minchen: 7.19 g sodium chloride, 0.33 g
potassium chloride, 0.27 ¢ magnesium hexahydrate, 0.36 ¢

calcium chloride dihydrate, (.15 g potassium dihydrogen
orthophosphate, 2.67 g glucose monohydrate, 51.28 g

€1 springer

hydroxyethyl starch 200000/05 ad 1000 ml with agua ad
injectabilia, use 0.1848 mg'ml sodium hydrogen carbonate
to adjust pH to 7.4. (—)-Englerin A (EA) was purchased
from Roth (6492.1, Karlsruhe, Germany), Fluorescein iso-
thiocyanate was provided from Sigma (907 18, average Mw
70 kD, Taufkirchen, Germany) and GeneJuice® Transfec-
tion Reagent was ordered from Sigma (70967, Taufkirchen,
Germany). EA stock solution was prepared at 100 mM in
the Novartis approved standard solution for all in-life pre-
clinical evaluations containing 5% ethanol, 10% polyethyl-
eng glycol 300 (Sigma Aldrich), 3% cremophor EL (Merck
Chemicals Ltd), and B0% PBS as described before (Carson
et al. 2015; Cheung et al. 2018). The final concentration of
this solution was 0.0041% in the electrolyte buffer.

Isolated perfused and ventilated murine lung
(IPVML)

IPVML were prepared from C57BL/6 mice as described
previously (Weissmann et al. 2006, 20012). Mice wer2 anes-
thetized and anticoagulated by i.p. injection of ketamine
{100 mg'kg body weight (bw), Covetrus, Hamburg, Ger-
many ). xylazine (7 mg/kg bw, Covetrus, Hamburg, Ger-
many) and with heparin (500 U/kg bw, Meditech Vertriebs
GmbH, Parchim, Germany ). Lungs were transfemed from the
body into an artificial glass thorax, ventilated with room air
{positive pressure ventilation, 90 breath/min) and perfused
with the blood-free electrolyte solution heated to 37 °C.
Upaon rezching a final flow rate of 2 mimin ventilation was
switched to negative pressure (90 breath/min, 50% inspira-
tion time) and a deep inspiration was initiated every 5 min.
After 15 min of perfusion, an external reservoir (20 ml) con-
taining electrolyte solution and indicated compounds (pH
drop or EA) was connected and after an additional 4 min the
perfusion circuit, which then contained only perfusion solu-
tion of the exiernal reservoir, was closed. The pH was con-
tinuously measured in the external reservoir and adjusted. if
necessary, in the first 10 min by a pH meter (WTW inoLah®
pH 7110, Weilheim, Germany). All data were transmitted
to a computer and constantly monitored with the Pulmodyn
software (Hugo Sachs Elektronik. March-Hugstetten, Ger-
many ). During perfusion with FIT C-dextran particles. the
solution was protected from light to avoid bleaching.

Wet-to-dry welght ratios
For wet-to-dry weight ratios lung weight was quantified

directly after the experiment {wet weight) and afier drying
at 50 °C for 48 h {dry weight).

Content courtesy of Springer Nature, terms of use apply. Rights reserved.
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Fig. 1 Experimental setup of

the isolated perfused ventilsied A External reservair Ventiallon g Lung weight,
murine lung (1PYML) model with pH meter # Tidal volume

(A ). A freshly isolated lung
heart preparation was perfusad
through the pulmonary artery
and ventilated through the
trachea. Twenty ml of solu-
tioms with Englerin & (EA, 50,
1060 nM) or equilibrated o pH
60, pH 5.0 and pH 410 were
melzsed from a eservoir in the
perfusion solution. Lung weight
and tidal volumes were con-
timously guantified by in built
weighing scales or the software,
mespectively. Time line of the
experiment (B). Afier 15 min
perfusion EA in solution or
solutions of decreased pH were
mleased from the mservoir. The
PH was continously measured
in the reservoir and adjusied for

Perfusion (2ml / min.)
+ FITC-dextran

8 mi

10 &0 min.
Il
T

10 min. if necessary. The oatlet B
was closed after 4 min and the
perfusion solutions circulzied
E?Tapchrﬂ]mmmnctoaed -15 15 min pref [} 1 oH
circuit | i Jf

MESE MVoir
Ca* Imaging

HEK293T cells werz grown on @ 25 mm coverslips for
24 h and transfected with a TRPC4p1 cDNA in a pIRES2
plasmid containing an eGFP cDNA under the control of the
intzrnal ribosome entry site (IRES) using Geneluice® solu-
tion as described by the manufacturer for 24 h. Cells were
washed and loaded with FURA-2-AM (2 pM, FOBEE, Sigma,
Taufkirchen, Germany) in 0,1% BSA in HEPES buffered
HESS at 37 °C for 30 min. Coverslips were washed with
HEPES buffered HESS and placed under a microscope in
a recording chamber with a 500 pl volume. An increase in
intracellular Ca* was recorded using a Leica DFC 000 GT
camera coupled to an inverted microscope (DMi8, Leica,
Wetzlar, Germany) with an 40x/0.85 oil immersions ohjec-
tive at 340 and 380 nm for quantification of [Ca™]; as
described (Bendiks et al. 2020).

Lung histology

Following perfusion with FITC—dextran particles mouse
lungs were incubated in 4% (w/v ) paraformaldehyde in PBS
and processed for embedding in O .C.T™ Compound (Tis-
sue-Tek®, Sakura Finetek, Umkirch, Germany ) as described
before (Weber et al. 2020). Cryo-embeddad lungs were
cut in 10 pm s2ctions using a cryotome (CMI1900, Leica,

Wetzlar, Germany)} and mountzd on glass slides in Dako
Omnis Fluorescence mounting medium (GM30411-2, Agi-
lent Technologies, Santa Clara, USA). Lung sections were
analyzed using both a confocal microscope (LSM 880, Carl
Zeiss Jena, Germany) and a fluorescence scanner (Typhoon
Trio, GE Healthcare, Solingen, Germany ).

Data analysls

Data analysis was performed using R and data were plotied
using GraphPad Prism 9. Used statistical tests and p values
are indicated in the figure legends.

Results

Experimental setup for detection of acute lung
toxicity by ex vivo Isolated perfused ventllated
murine lungs (IPYML)

The experimental setup and the timeline for the detection
of acute lung toxicity in the IPYML by edema formation
are depicted in Fig. 1A, B, respectively. After mounting,
a freshly isolated murine lung was ventilated and per-
fused with an open outlet for 15 min. A 20 ml reservoir
containing the substance to be tested [EA (30, 100 nM)) or
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perfusion solution of decreased pH valoes (pH 6.0, 3.0 and
4.0)] replaced the perfusion solution and pH values were
adjusted for 10 min in the external reservoirs. The outlet
was closed and lungs were continuously perfused with or
without FITC—dextran particles and monitored for an addi-
tional 30 min. Lung weight and tidal volume wenz constantly
quantified during the experiment. while wet-to-dry weight
ratios and invasion of FITC-dextran particles in the lissues
were analyzed after the experiment.

Validation of the IPVML for detection of acute lung
toxidty induced by short drops of the pH

Toevaluate the sensitivity of the IPVML model, we applied
solutions with a decreased pH (pH 6.0, pH 5.0 and pH 4.0).
Significant increases in lung weight due to an acute forma-
tion of lung edema during the experiment were only detected
for a short-time drop to pH 4.0, but not for pH 5.0 or pH
6.0 (Fig. 2A). A linear decrease in tidal volumes with drop-
ping pH values was, however, obvious during the experiment
(Fig. 1B). Wet-to-dry weight ratios after the experiment
were linearly increased for transient drops to pH 6.0, pH 5.0
and pH 4.0 (Fag. 2C). Therefore, short-time changes in pH
correlate with a linear increase in wet-to-dry weight ratios
and a linear decrease in tidal volumes in the IVPML model.
The experimental setup is, therefore, suitable and sensitive
enough to detect acuie lung edema in a linear fashion.

Blological activity of (—)-englerin A (EA)
before and after perfusion In the IPYML

The biological activity of EA (Fig. 3A) was quantified by
Ca™* imaging of HEK 2037 cells heterologously expressing
TRPC4 channels afler transfection with a pIRES plasmid
carrying cDMAs for TRPC4 and an enhanced green fluomes-
cent protein (e GFP). EA (50 and 100 nM) before and after
the experiment (1 h perfusion) was able to increase intracel-
lular Ca** ([Ca**];) levels by opening TRPC4 channels and
Ca**-influx through the channel pore, while non-transfected
cells show only minor changes in [C&™*]; (Fig. 3B-E). Our
results indicate a preszrved biological activity of EA after
1 h perfusion in the IPV ML mode].

Evaluation of acute lung toxicity induced by EA
In the IPVML

Changes in lung weight during 1 h perfusion of EA (50 and
100 nM} in comparison to electrolyte solution are depicted
in Fig. 4A. Mo significant differences were observed. The
same was true for the analysis of tidal volumes during the
experiment (Fig. 4B). Wet-to-dry weight ratios showed, in
comparison to short drops in pH. a small but significant
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are used in cell biology and in vivo animal experiments
(Thorball 1981). To test if our model is also able w detect
increases in tissue permeabilty in a linear fashion, we added
FITC-dextran particles in the perfusion solution during the
preflow and analysed whole lungs by confocal laser scan-
ning microscopy and by a laser scanning platform. Tissues
after a short drop to pH 4.0 incorporated a significant higher
amount of FITC—dextran particle than tissues perfused with
control solution of a pH 7.4 as shown in overlay images
in Fig. 3A. To guantify fluorescence in tissues without a
selection bias, we scanned whole lungs on a laser scanning
platform as shown in Fig. 5B. Integrated fluorescent val-
ues normalized to values of non-perfused lungs are shown
in Fig. 5C. Short-time pH drops caused a significant linear
increase in incorporation of FITC—dextran particels com-
pared to EA and electrolyte solution-only perfused mouse
lungs. Therefore, this ex vivo lung model is also suitable to
detect higher tissue permeability after application of toxi-
cants by permeation of FITC—dextran particles.

Discussion

EA is a promising anti-cancer compound inhibiting tumor
growth of several kidney (Ratnayake et al. 2000) (Akbulut
etal. 2015), breast cancer (Grant et al. 2019) and synovial
carcinoma cell lines (Muraki et al. 2017). Its toxicological
evaluation in rodents, however, is complicated for two rea-
sons. Intravenous injections of EA (2 mg'kg body weight)
were lethal to rats and after subcutaneous application EA
was rapidly degraded into the inactive englerin B in mice
and rats, while it remains stable in humans (Carson et al.
2015). Themefore, we choose the IPYML model as anex vivo
approach to evaluate acute pulmonary toxicity of EA inde-
pendently from the mode of application and de gradation.
We first tested its sensitivity by short drops of the pH of the
perfusion medium from pH 7.4 to pH 4.0. These pH changes
can be ohserved in asthma patients after accumulation of
CO, in their blood due to their inability to exhale or by infu-
sion of acids (Richardson et al. 1961). Moreover, metabolic
acidosis and septic shock also decrease pH values in the
blood (Mizock and Falk 1992). Significant linear increases
were observed for wet-to-dry weight ratios (Fig. 2C), while
tidal volumes decreased (Fig. 2B} after a stepwise drop in
pH to 4.0. Lung edema formation quantified by an increase
in lung weight during perfusion and ventilation were only
detected after a drop to pH 4.0, while decreases to pH 5.0
and 6.0 did not induce immediate changes in lung weight
(Fig. 24). While small drops in pH to 6.5 did not change
intracellular pH values significantly in endothelial cells
of the rat aorta but increase intracellular NO concentra-
tions (Capellini et al. 2013), large decreases in pH values
may damage endothelial cells and increases endothelial

Content courtesy of Springer Nature, terms of use apply. Rights reserved.



4 Research paper Il

42

Archives of Toxicology

Fig.5 Tissue permeation of
fluorescein isothiocy anate
(FITC) dextrane partick after
perfusion of lungs at pH7.4

and after a short (10 min) drop
of the pH to 4.0. Two repre-
sentative overlays of FITC
fluorescence and corespond-
ing difierential interference
contrast (DIC) images showing
lung tissues after perfusion of
electrolyte solution (pH 7.4) and
after a short (10 min) drop in
pH (pH 4.0) am depicted (A).
Two representative scans from
total lungs at pH 7.4 and after a
short (10 min) drop of the pH to
40 (B). Normalzed integrated
densities of lungs after a short
(10 min) drop of the pH to 6.0,
5.0 and 4.0 or perfused with EA
(50 and 100 nM) were normal-
ized to lungs perfused with B
electrolyte solution at pH 7.4

and ploted as columns. Data

are means + SEM. p values were

calculated by two way ANOVA

and are indicated by asterisks

(*.p<005)

pH 7.4

pH 4.0

permeability. As a consequence flooding of alevoli by pro-
tein rich fluid, increases lung weight and reduces tidal vol-
umes. Therefore, the ex vivo IPVML model realistically
maps the in vivo situation of acute lung toxicity by quan-
tifying edema formation due to a transient decreased pH.
The biological activity of EA was tested before and after
1 h perfusion in the IPVML model by application to HEK
203T cells heterologously expressing TRPC4 channels or
control cells. EA induced significant increases in lCaz"]i as
already described (Akbulut et al. 2015) even after | h of per-
fusion in the IPVML model in comparison to control cells
(Fig. 3A-D). As expected EA is still active and supposedly
not degraded to the inactive englerin B in our perfusion solu-
tion as enzy mes, such as esterases. which might degrade EA

- N
@ o
1 J

-
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L

(mean grey values / area)
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Normalized integrated densities

in rodents in vivo (Carson et al. 2015). may not be present
in the IPVML model.

Tidal volumes and lung weights correlating with lung
edema formation were not changed during the experiment
(Fig. 4A, B) using EA for perfusion in concentrations of
50 and 100 nM. while wet-to-dry weight ratios after the
experiments were significantly increased after application
of 100 nM EA (Fig. 4C).

However, histological analysis of lung sections after per-
fusion with FITC—dex tran particle revealed a similar linear
increase in the incorporation of these particles in the lung
tisues by transient drops of the pH. while both concentra-
tions of EA were not able to change fluorescence intensi-
ties significantly (Fig. 5C). Therefore, a significant change
in edema formation as detected in wet-to-dry weight ratios
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after perfusion with 100 nM EA was not confirmed in these
experiments.

An overall comparison of the parameters collecied in the
IPV ML model places tidal volumes, wet-to-dry weight ratios
and FITC-dextran tissue distribution as the most sensitive
values for detection of acute lung toxicity afier a short pH
drop, while lung weight changes during perfusion wer only
able to detzct a major change in pH from 7.4 to 4.0.

In light of an expression of TRPC4 channels in the lung
endothelium and their identified ability to increase endothe-
lial permeabilty after activation of prolease-activated recep-
tors (PAR) by thrombin (Tiruppathi et al. 2002), our results
with the highly specific TRPC4 activator EA are somew hat
surprising. Except for changes in the wet-to-dry weight
ratios after perfusion with 100 nM EA, we detected no
differences in edema formation after application of EA in
CcOmparison to electrolyte solution as control. This discrep-
ancy may be due to aclose clustering of PAR together with
TRPC4 channels in calveolar, such as compartments, which
are mot easily accessible for EA from the perfusate. This
hypothesis needs to be further studied in the future.

In summary, the IPVML model is suitable to evaluate
acute pulmonary toxicity of drug candidates by quantifica-
tion of lung edema formation independently of drug appli-
cation and metabolism. In the future numerous already
established gene-deficient mouse models may also be used
to identify toxicant sensors in the lung by this method.
Moreover, this ex vivo model eliminates stress in mice after
in vivo application of drugs and is, therefore, an important
refinement according to the 3R ethical guidelines of animal
experimentation.
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