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Abstract (English):

Chronic obstructive pulmonary disease (COPD) is a prevalent disease that affects million
people worldwide. Classified as the third most common cause of death globally, it ac-
counts for more than 3 million deaths per year. Smoking constitutes the main risk factor
for developing COPD, while other factors include inhalation of environmental pollutants
such as exhaust fumes from the industry or vehicles, occupational dusts and fumes, or
genetic predispositions. Characteristic for COPD is a chronically inflamed lung and per-
manent pathological changes of the airways and lung tissue. Consequently, this leads to
common symptoms like chronic cough, sputum, and shortness of breath, all of which
significantly affect the quality of life. Two common forms of COPD can be described:
chronic bronchitis associated with mucus hyper-production, and emphysema resulting
from destruction of alveolar tissue, e.g. due to an excess of the macrophage elastase
MMP-12. However, treatment options are poor, as no drugs are currently available that
can slow down COPD progression or reduce the disease mortality. Thus, it is important
and necessary to uncover novel treatment strategies and drug targets.

In this dissertation, the endolysosomal cation channel TRPML3 was investigated in the
context of COPD and emphysema development with the aim to evaluate its potential as
therapeutic target. Being located on membranes of intracellular organelles such as early
endosomes and lysosomes, TRPML3 is involved in membrane fusion and fission events
including endocytosis, trafficking, exocytosis, and autophagy. Here, by the use of the
following novel reporter mouse line, TrpomI3-IRES-Cre/eR26-1GFP, TRPML3 was found
to be mainly expressed in alveolar macrophages (AM®) in the lungs. Further studies on
lung function, and examination of lung tissues revealed that TrpmI3 deficient (Trom/3™")
mice show a pulmonary emphysema phenotype. This was demonstrated under both ba-
sal conditions and toxic conditions, meaning the exposure to cigarette smoke to induce
COPD, and the application of a porcine pancreatic elastase to induce emphysema in the
lungs. Analysis of bronchoalveolar lavage fluid (BAL-F) obtained from Trpm/3" mice un-
veiled increased levels of the AM®-specific protease MMP-12, whereas other inflamma-
tory cytokines, proteases and antiproteases, i.e. tissue inhibitor of metalloproteinases
(TIMPs), were unchanged. Furthermore, loss of TRPML3 in AM® did not affect lysoso-
mal exocytosis, but resulted in impairments in endolysosomal trafficking and endocyto-
sis, being causative for the increased levels of MMP-12 also found in AM® cell culture
supernatants and likely in BAL-F.

Overall, this work discovered a significant role of TRPML3 in COPD and emphysema
development. Mice lacking TRPML3 were unveiled to be particularly susceptible for de-
veloping pulmonary emphysema, attributed to the reduced capacity of TromI3"- AM® to

balance the MMP-12 concentration in the lungs properly (Figure 1). Functioning as such
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a key regulator for MMP-12, TRPML3 may be considered as novel therapeutic target

structure for the treatment of COPD.
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Figure 1. Mechanisms governing emphysema formation in Trom/3”- lungs. Loss of TRPML3
leads to an imbalance in favor of MMP-12 over TIMPs due to trafficking and endocytosis defects
in Tromi3"- AM® compared to wildtype (WT) AM®. This results in the remodeling of extracellular
matrix (ECM) of the lung tissue and emphysema formation. From: Spix et al., Nat Commun 13,
318 (2022) (1).
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1. Introduction

1.1 Endolysosomal System

The endolysosomal system represents a highly dynamic transportation network within
eukaryotic cells consisting of several interacting compartments such as early endosomes
(EEs), recycling endosomes (REs), late endosomes (LEs) and lysosomes (LYs) (2).
These organelles are crucial for the intracellular transport, breakdown and secretion of
lipids, proteins and other macromolecules (3). For instance, receptors or other cargo
molecules are taken up from the cell surface into EEs via a process called endocytosis,
which can be further subclassified into clathrin-mediated endocytosis e.g. uptake of the
transferrin receptor or clathrin-independent endocytosis e.g. uptake of lactosylceramide
(4). In any case, internalized cargo can be either degraded via delivery to LEs and LY's
or returned to the plasma membrane (PM). This recycling process may happen indirectly
via REs, i.e. slow recycling, or directly from EEs, i.e. fast recycling (4,5). For the degra-
dation pathway EEs undergo several modification processes such as formation of in-
traluminal vesicles, acidification, and adjustment of ion concentrations, all contributing to
the maturation into LEs (5). After receiving lysosomal hydrolases from trans-Golgi net-
work (6) and movement to the perinuclear region LEs are ready to fuse with LYs to con-
duct the degradation of the transported cargo (5). Apart from that, the fusion of lyso-
somes with the PM results in the release of its content into the extracellular space. This
process called lysosomal exocytosis is crucial for cellular clearance, PM repair and re-
modeling of extracellular matrix (ECM) mediated through the released lysosomal content
(7,8). The described processes, meaning endocytosis, endosome maturation, intracellu-
lar trafficking, fusion and lysosomal exocytosis are partially regulated by certain mediator
proteins, for instance Rab proteins regulating trafficking and maturation (9) or soluble
NSF attachment protein receptors (SNAREs), and synaptosomal-associated proteins
(SNAPs) being relevant for fusion events (10). Other important factors are the endoso-
mal pH and the maintenance of certain ion concentrations within the different compart-
ments (5). For instance, it is known that endosomes and lysosomes contain high luminal
concentrations of Ca?*, the release of which is necessary for fusion and fission events
(11). These ion concentrations are regulated and maintained by endolysosomal cation
channels that are conducting ion fluxes across the membranes of EEs/LEs/LYs. Exam-
ples are the transient receptor potential channel mucolipins (TRPMLs) and two-pore-
channels (TPCs). TRPMLs are being described in more detail in the following sections

as they constitute one focus of this dissertation.



1 Introduction 18

1.2 TRPML channels

TRPML channels constitute one of seven subfamilies within the superfamily of transient
receptor potential ion channels and include three members in mammalian genomes,
TRPML1, 2 and 3. All are composed of six transmembrane domains, from which domains
5 and 6 build up the pore region permeable for cations. TRPMLs were found to be ex-
pressed intracellularly in vesicles of the endolysosomal system, i.e., in EEs, REs, LEs
and LYs to various degrees (12,13). The channel activity is regulated by phosphatidylin-
ositol 3,5-bisphosphate (PI(3,5)P2), as demonstrated before using endolysosomal patch-
clamp (14), as well as by luminal pH. For TRPML1, the highest activity was reported at
highly acidic pH as found in LYs (15), whereas it decreases with milder acidic conditions
and is lowest at neutral pH (16). Vice versa, TRPML2 and TRPML3 are more active at
higher pH, meaning less acidic luminal conditions, as presentin EEs and REs (15,17,18).
Being localized within the endocytic pathway, they are involved in several processes
such as endocytosis (19), endosomal acidification (19), endolysosomal trafficking
(17,20), lysosomal exocytosis (21,22), secretion (17), phagocytosis (21-23) and autoph-
agy (21,24), as described in depths in the following paragraphs.

1.2.1 TRPML3

1.2.1.1 Structure of TRPML3

The human and murine TRPML3 protein, both composed of 553 amino acids, share 91%
sequence identity (25). The predicted molecular weight is about 64kDa (25). Like the
other TRPML channels, TRPML3 comprises six transmembrane domains (TMDs) form-
ing a channel pore between TMD5 and TMD6 (25) (Figure 2). Of note, a prominent
extracellular loop is present between TMD1 and TMD2 (25). Various mutations of distinct
amino acids have been described for TRPML3 and were found to be associated with
functional alterations of the channel. In this regard, the varitint-waddler phenotype was
discovered in mice that is characterized by deafness, vestibular impairments, coat color
dilution and circling behavior (26). Two semi-dominant alleles were found to be respon-
sible: Va, carrying a substitution of alanine to proline at the position 419 (A*'°P), and Va’,
carrying an additional substitution of isoleucine to threonine at position 362 (I3%2T) (26—
28). The mutation A*'°P results in a helix-break within transmembrane domain 5 and
thus, in a constitutively active TRPML3 channel that leads to the accumulation of intra-
cellular Ca?* with subsequent cell death (28-31). This affects TRPML3 expressing cells
like marginal cells of the stria vascularis, melanocytes, and hair cells of the inner ear

(29,31,32), which explains the phenotypic abnormalities. The Va’ mutant isoform shows
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a milder phenotype compared to the Va mutant, because the 13T mutation reduces the
excessive channel activity (27,30). A mutation of the negatively charged asparagine to
the positively charged lysine at position 458 (D*°®K) within the putative pore loop inacti-

vates the channel (33).

TRPML3

extracellular

intracellular

553 amino acids

D458K
ALHQP \

Figure 2. Predicted structure of TRPML3. lllustration showing TRPML3'’s six putative trans-
membrane domains (TMD1-TMD®6), its pore region between TMD5 and TMD6 and its large ex-
tracellular loop between TMD1 and TMD2. Highlighted are various distinct amino acids or muta-
tions that are assigned certain roles or phenotypes, as reported in the literature (18,29,33).

NH,

1.2.1.2 Expression of TRPML3

Various studies were performed to reveal TRPML3 expression in several tissues or tis-
sue-specific cell types. Based on qRT-PCR of murine tissues, TRPML3 was detected in
testis, muscle, bladder, colon, small intestine, stomach, pancreas, kidney, spleen, liver,
lung, heart, thymus, tongue, eye, brain, and cerebellum (28,34). However, the expres-
sion levels for brain, thymus, lung, kidney, spleen and colon were clearly higher than the
other analyzed tissues (28,34). Deriving from the varitint-waddler phenotype TRPML3
expression was investigated particularly in the inner ear and skin. Thus, TRPML3 was
found in marginal cells of the stria vascularis, in melanocytes, and in vestibular and coch-
lea hair cells (26,29,32). Furthermore, the analysis of several other sensory organs re-
vealed TRPML3 expression in vomeronasal and olfactory receptor neurons, more pre-
cisely in vesicles of their soma and dendrites, whereas no TRPML3 mRNA was found in
retinal neurons, somatosensory neurons and taste receptor cells (32). Another patholog-

ical phenotype has been described for neonatal mice lacking both TRPML1 and
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TRPML3, which confirmed high TRPML3 expression in intestinal enterocytes (35). De-
pletion of TRPML1 and TRPML3 in these cells correlates with an accelerated and ab-
normal vacuolation of endolysosomes (35). This leads to reduced endocytosis of nutri-
ents from the intestinal lumen and results in growth delays, recovering after weaning,
because mature enterocytes replace the neonatal ones that are specifically rich in endo-
lysosomes (35). Most recently and as a part of this dissertation, TRPML3 was shown to
be almost exclusively expressed in AM® in the lung, while other lung cell types showed

no or low expression (1).

1.2.1.3 Functional roles of TRPML3

TRPML3 is an inwardly rectifying cation channel permeable for Ca?* (18,27). The Ca?"*
conductance and permeability of TRPML3 is inhibited by high sodium and regulated by
luminal pH mediated by three histidine residues (H252, H273, H283) in the large extra-
cytosolic loop of the channel (18) (Figure 2). A low pH of 6 already blocks the channel,
while its activity is recovered at pH 7.4 (18). Another regulatory mechanism is described
for Ca?" ions that are trapped within the pore through binding to specific amino acids
(33). This may protect the cell from an excessive Ca?* influx, as this is toxic for the cell,
as reported for the varitint-waddler phenotype. TRPML3 is localized in intracellular orga-
nelles (26,30,31), but is also found in the PM in overexpression systems, as demon-
strated both in whole-endolysosomal and whole-cell patch clamp experiments (18,36).
Located within the endolysosomal system, TRPML3 is implicated in several intracellular
processes such as endocytosis, trafficking (37,38), autophagy (38), membrane fusion
(19) and endosomal acidification (19). In these studies overexpression of TRPML3 was
correlated with increased autophagy demonstrated by entire TRPML3 recruitment to au-
tophagosomes upon exposure to cell stressors (38) and delayed epidermal growth factor
degradation followed by accumulation in endosomes pointing to defects in trafficking and
endocytosis (37,38). Knockdown of TRPML3 showed the opposite effects. Additionally,
it resulted in Ca?" accumulation in endosomes that led to impairments in endosomal
acidification and increased endosomal fusion (19). Another functional role has been pro-
posed for TRPML3 in human bladder epithelial cells, when infected by pathogens.
TRPML3 senses the neutral pH of bacteria containing lysosomes and induces lysosomal

exocytosis through Ca?* release to eject the bacteria (23).
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1.2.1.4 Relatives of TRPML3

1.2.1.4.1 TRPML1
Unlike its relatives TRPML2 and TRPML3, TRPML1 is ubiquitously expressed and not

restricted to specific tissues or cell types and has been studied more extensively due to
its clear link to the human disease mucolipidosis type IV (MLIV). Mutations in the muco-
lipin-1 (MCOLN1) gene are causative for this neurodegenerative lysosomal storage dis-
order (LSD) characterized by delayed psychomotor development and vision impairments
(39,40). TRPMLA1 is primarily localized to lysosomal compartments (41) and there is clear
evidence, that the channel is involved in lysosomal exocytosis through releasing Ca?*
from the lumen of the LY into the cytosol thereby inducing its fusion with the PM (21,22).
Thus, lack or dysfunctions of TRPML1 is leading to an abnormal accumulation of diverse
macromolecules e.g. lipids within LEs and LYs (42,43), as it was seen for human MLIV
patient fibroblasts (44). The lysosomal exocytosis regulation through TRPML1 was fur-
ther confirmed by the discovery of the transcription factor EB (TFEB) as a regulator for
autophagy and lysosomal biogenesis, thereby promoting cellular clearance of patholog-
ical storage (45). It might therefore serve as therapeutic approach for the treatment of
LSDs. TRPML1 has also been shown to be implicated in phagocytosis of large particles
through macrophages (22,46). Upon stimulation of TRPML1 by its endogenous activator
PI1(3,5)P2, lysosomal membranes are delivered to the PM at the site of particle engulf-
ment via focal exocytosis to provide sufficient membrane for the phagocytosis process
(22). The emerging phagosomes subsequently mature by fusion with LYs into phagoly-
sosomes to promote particle degradation, a process also found to be induced through
TRPML1 activation (46). Finally, TRPML1 has been investigated in depth in the context
of autophagy. Both in MLIV patient fibroblasts and in cells lacking TRPML1, autophagic
abnormalities have been observed such as the increase of microtubule-associated pro-
tein 1A/1B-light chain 3 (LC3) protein levels (47,48). LC3 is a marker for autophago-
somes and abnormal protein amounts are an indication of impairments in autophagy.
Several pathways have been suggested to explain the functional role of TRPML1 in au-
tophagy: one points to a regulation of autophagy by the axis of TRPML1 — calcineurin —
TFEB, meaning that Ca?* release mediated by TRPML1 activates calcineurin, which in
turn induces nuclear translocation of TFEB, an inducer of autophagy genes and lysoso-
mal biogenesis (49). The activity of TFEB is inhibited through phosphorylation by mam-
malian target of rapamycin (mTOR) (50), and similarly mTOR was found to inhibit
TRPML1 through phosphorylation (51,52). Thus, mTOR functions as a mediator to con-
trol both TRPML1 activity and TFEB activity: under starving conditions mTOR is inhibited,
which activates TRPML1 and finally starts the autophagic machinery. An mTOR inde-

pendent pathway to regulate autophagy has been described by Zhang et al. who found
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reactive oxygen species (ROS) as activators of TRPML1, thereby activating the calcineu-
rin — TFEB pathway resulting in induced autophagy (53). In this regard, TRPML1 func-
tions as ROS sensor for the cell and may induce autophagy in case of high levels due to
e.g. mitochondrial damage. In more recent studies TRPML1 was found to be involved in

cancer cell proliferation (54) and cancer development (55).

1.2.1.4.2 TRPML2

Like TRPML1, TRPML2 was described as inwardly rectifying nonselective cation chan-
nel, conducting Ca?*-ions from the lumen of endosomes, LYs or from the extracellular
site into the cytosol, in case of overexpression of the channel (56,57). Tissue expression
analyses revealed high levels of TRPML2 mRNA in lymphatic organs such as spleen
and thymus, as well as kidney to a lower degree (34,58). Consistently with this, TRPML2
expression was found in immune cells, i.e. in activated macrophages (bone marrow-
derived macrophages (BMDM®), AM®, microglia) (58), in several B-cell lines and pri-
mary B-lymphocytes (59), assigning them functional roles in the immune system (60). In
this context, MCOLN2 expression was found to be regulated by the bruton tyrosine ki-
nase (BTK) pathway (59) and by the transcription factor paired box 5 (PAX5) encoding
the B-cell specific activator protein (BSAP) (61). Both BTK pathway and BASP/PAX5
represent important factors within B-cell development and differentiation, most obviously
with TRPML2 being involved. Additionally, TRPML2 has been described as interaction
partner of transmembrane protein 176A (62), a protein responsible to keep dendritic cells
in an immature state (63). Except from these regulatory functions in the adaptive immune
system, TRPML2 is also involved in innate immunity: TRPML2 was found to be upregu-
lated in macrophages upon toll-like receptor stimulation through pathogen components
such as lipopolysaccharide (58). Furthermore, it was shown that BMDM® lacking
TRPML2 exhibit a decreased secretion of the CC-chemokine ligand 2 (CCL2) (58), while
activation of TRPML2 using a selective agonist is increasing CCL2 secretion mediated
through the early/recycling endosomal pathway (17), where high levels of TRPML2 were
reportedly found (17,20,58). These afore mentioned findings strongly suggest a contri-
bution of TRPML2 in innate immunity through CCL2 release and recruitment of immune
cells. Finally and once more related to the immune response against pathogens,
TRPML2 promotes trafficking of endocytosed viruses through the endosomal system,
thereby enhancing virus replication and infection (64). Although these findings are
strongly pointing to an involvement of TRPML2 in immune response, no human disease

has been correlated with loss or dysfunctions of TRPML2, so far.
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1.3 The mammalian respiratory system — Structure and
function

Breathing provides the cells with oxygen that is indispensable for gaining energy through
oxidative degeneration of nutrients. A similarly important function is the removal of met-
abolic products, primarily carbon dioxide, from the body. The lungs are fundamentally
involved in these two important tasks: firstly, they transport air to the lung alveoli and

secondly, they perform the gas exchange in the lung alveoli.

The air is initially transported through the upper respiratory tract, i.e. nasopharynx, oro-
pharynx and larynx, before reaching the lower respiratory tract, consisting of the con-
ducting airways (trachea, bronchi, and bronchioles) and the respiratory zone (alveoli)
(65). The trachea is a wide, cartilaginous tube that splits into two main bronchi entering
both right and left lung, respectively. Subsequently, the main bronchi subdivide into the
lobar bronchi that are supplying the different lung lobes with oxygen, followed by seg-
mental bronchi that further decrease in their lumen (65). Finally, these small bronchi turn
into bronchioles followed by terminal and respiratory bronchioles, that branch into alve-
olar ducts, which are densely packed with alveoli (65). From the trachea to the alveoli
the diameter of the airways constantly decreases, while the total cross sectional area
massively increases (66). Such a high surface area of the respiratory zone is important
for an efficient gas exchange within the alveoli. The trachea and large bronchi are made
up of rings of cartilage that are providing stability and are keeping the airways open (67).
Smaller bronchi only contain irregularly arranged plates of cartilage, while they are com-
pletely absent in the bronchioles and respiratory zone. A smooth muscle layer under-

neath the cartilaginous tissue is able to adapt the diameter of the airways (65).

1.3.1 Airway epithelium of the lower respiratory tract

The lower respiratory tract is lined with airway epithelium, which has a unique structure
and composition depending on the region within the lung (Figure 3A). The conducting
airways are lined with a pseudostratified columnar epithelium that consists of basal cells,

club cells, goblet cells, ciliated cells, and neuroendocrine cells (Figure 3B, C).
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Figure 3. Structural cells of the lower respiratory tract. (A) Overview of the bronchial tree and
its branches. (B, C) Structural composition of the conducting airway epithelium: trachea to bronchi
(B) and bronchioles to alveoli (C). (D) Cellular composition of the alveolar epithelium and blood-
air barrier.

Ciliated cells constitute the largest population of airway epithelial cells (68). On their
apical surface, they carry tiny hair-like structures, called cilia that are performing propel-
ling and coordinated movements (69). In this way, they are beating the airway lining fluid
and therein mucus-trapped pathogens and particles towards the back of the throat (70).
This clearing mechanism, known as mucociliary clearance, protects the lungs from any
externally inhaled challenges that may have harmful effects on the airway or alveolar

epithelium.

Goblet cells represent the major secretory cell type of the trachea-bronchial epithelium
(69). They contain many secretory granules in their cytoplasm, from where mucins e.g.
MUCS5AC are released (71). Mucins are highly glycosylated macromolecular proteins
and are essential components of the gel-like mucus layer (72), in which particle and
pathogens are trapped. The mucus layer is located above the cilia-protecting periciliary

layer (PCL), still reaching the tips of the cilia, and both together form the airway lining
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fluid (73). Furthermore, there is growing evidence indicating the direct role of mucins in
antimicrobial defense. It has been found that mucin production is stimulated by various
microbial or inflammatory mediators such as B-glucan (74) and different interleukins (in-
terleukin-13, -1, -17A) (75,76).

Additionally, submucosal glands embedded within the interstitium of cartilaginous air-
ways contribute to mucus production and host defense. In response to neuronal inputs
(77), mucus cells of the proximal regions of the gland produce and secrete mucins, while
serous cells located in the distal acini of the glands secrete water, ions and antimicrobial
factors (78-80).

While the number of ciliated cells and goblet cells decreases form the trachea to the
bronchioles, secretory club cells (previously named Clara cells) emerge in growing num-
bers being predominantly found in terminal and respiratory bronchioles (81,82). They
have several functions: first, they produce and secrete various distinctive proteins, pri-
marily club cell secretory protein (CCSP), but also mucins and surfactant proteins (A, B
and D) (83,84), all contributing in forming the airway lining fluid. CCSP was also reported
to have immunomodulatory effects, as the loss of club cells and reduced amounts of
CCSP is correlated with the progression of COPD (85,86) or increased susceptibility to
infections (87). Second, club cells exhibit stem-cell character and may serve as progen-
itors for ciliated cells and goblet cells. This unique capability of renewing the airway epi-
thelium makes them an interesting target for the repair of destroyed lung epithelia, as it
is present in chronic lung diseases (83,88). Finally, they play a key role in the detoxifica-
tion of inhaled xenobiotics or compounds deemed toxic from e.g. tobacco smoke by the
help of cytochrome P-450 (CYP) enzymes that are present in their cytoplasm (89,90).
Thus, club cells are important to protect the lung epithelium from harmful influences from

the environment.

Pulmonary neuroendocrine cells (PNEC) are very rare in the airway epithelium, rep-
resenting only ~0.41% of all epithelial cells in human airways (91). They appear as soli-
tary cells, but may also form clusters called neuroepithelial bodies (92). PNEC store var-
ious messenger molecules in densely packed secretory granules, e.g. serotonin, calci-
tonin, calcitonin gene-related peptide, substance P, that are released upon neuronal
stimulation (93). Thereby, PNEC play a role in immune response, lung development/re-

generation and regulation of pulmonary blood flow (92,94,95).

Finally, basal cells sticking to the basement membrane may serve as progenitor cells
for goblet cells, club cells, ciliated cells and PNECs (96). As the main stem cells within
the airway epithelium they are critical for self-renewal and lung regeneration upon injury
(96,97).
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Going deeper into the lung, the air reaches the respiratory zone made up of the respir-
atory bronchioles and plenty of alveoli grouped at the end of the alveolar ducts (Figure
3D). Compared to the conducting airways, the interstitium of the respiratory zone is much
thinner, thereby enabling gas exchange between the oxygenated air and the carbon di-
oxide enriched blood (98). The interstitium is composed of ECM components, such as
proteoglycans, glycoproteins, and collagen and elastin fibers that are providing stability
for the lung tissue (99). Lung fibroblasts are embedded within the interstitial space and
produce and secrete most of the ECM components, e.g. collagen, elastin, laminins, fi-
bronectin, thereby being heavily involved in ECM maintenance (99). Pathological ECM
remodeling also occurs in several lung diseases, e.g. COPD, lung cancer, and idiopathic

pulmonary fibrosis (100).

Two different cell types make up the epithelium of the alveoli, first, alveolar type | (AT1)
cells, and second, alveolar type Il (AT2) cells. AT1 cells are flat epithelial cells lining
the vast majority of the alveolar walls and are involved in the exchange of gas in-between
the blood and the alveoli. Upon damage by inhaled toxicants, AT1 cells may be replaced
through differentiating AT2 (101). On the contrary, AT2 cells are cuboidal shaped and
reside only small amounts of the surface of the alveoli, although they are much more
abundant in numbers (102). They produce and store pulmonary surfactant in so-called
lamellar bodies, from where it is finally secreted into the liquid of the alveoli by exocytosis
(103). Pulmonary surfactant is an extremely important factor for normal and healthy lung
activity. It not only prevents the alveoli from collapse at the end of expiration through
reducing the surface tension at the air-liquid interface, but also participates in host de-
fense against infections (104). In this regard, the surfactant proteins SP-D and SP-A are
able to opsonize pathogens, which makes it possible for AM® to easily phagocyte them
(105,106). Even more, they seem to exhibit direct antibacterial and antifungal activity
against several pathogens and can act as immunmodulators (107,108). There are sev-
eral diseases known to be linked to surfactant dysfunction (109), e.g. deficiency of sur-
factant in premature infants is leading to neonatal respiratory distress syndrome (RDS)

or loss of SP-D in mice is leading to lung emphysema (110).

1.4 Chronic lung diseases

Chronic lung diseases describe a status of the lung or other structures of the respiratory
system, in which its histology and function is persistently and pathologically altered. It

develops insidiously and usually worsens over time, causing difficulties in breathing and
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affecting peoples’ quality of life. Known risk factors are tobacco-smoking, allergies, inha-
lation of environmental pollutants, i.e. exhaust fumes from industries or vehicles, occu-
pational dusts and fumes from chemicals, and in some cases, genetic predispositions.
Chronic lung diseases include asthma, asbestosis, cystic fibrosis, pulmonary hyperten-
sion, restrictive lung diseases such as pulmonary fibrosis and obstructive pulmonary dis-
eases such as COPD including chronic bronchitis and emphysema, the latter constituting
the most prevalent disease. COPD is one of the main topics of this work, thereby being

described in more detail in the following section.

1.4.1 Chronic obstructive pulmonary disease (COPD)

COPD is a collection term for various lung diseases, in which the airways are chronically
inflamed and irreversibly narrowed, leading to restricted airflow and problems in breath-
ing. The most common forms include chronic bronchitis characterized by an excessive

production of mucus and emphysema denoted by the destruction of alveolar wall tissue.

1.4.1.1 Epidemiology

According to publications by the federal statistical office (Statistisches Bundesamt,
Pressemitteilung Nr. N 036 vom 28. Mai 2021), the hospital cases due to smoking-related
diseases such as COPD and lung cancer has increased by 18% in Germany within the
past ten years. There have been 246 700 patients with an average age of 70.5 that
needed to be treated fully stationary due to COPD. With more than 31 000 deaths, COPD

accounted for the sixth most common cause of deaths in 2019 (111).

Globally, ischemic heart disease and stroke constitute the top causes of death, followed
in third place by COPD (112). Resulting in the death of about 3 million people each year,
COPD should be considered as a widespread disease and as a global health issue. Due
to poor treatment options to stop disease progression or even cure it, and due to increas-
ing air pollution, as well as still high popularity for smoking, it is likely that the worldwide

prevalence of COPD will remain high in the decades to come.

1.4.1.2 Risk factors

There are several risk factors for COPD, but one must be mentioned in the first place:
cigarette smoking, which clearly correlates with COPD prevalence (113). Since lung
function is declining with increasing age, COPD is also more likely to occur in elderly

people (113). Another risk factor with growing influence is the air pollution through fine
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dust particles, nitrogen dioxide, ozone or sulfur dioxide, released by the industry or ve-
hicles. This has been confirmed by several studies that found significant correlations
between hospitalization rates of COPD patients and peaks of air pollutants (114,115).
Further risk factors include occupational pollutants (116) e.g. cotton dust from the textile
industry, dusts from coal mining or from the production of steel and iron. Finally, viral or
bacterial infections during child- and adulthood also contribute to the development or
progression of COPD, since they may cause damage to the respiratory epithelium re-
sulting in declined lung function (117,118). However, there are people who are not heav-
ily exposed to the mentioned risk factors and still develop COPD, as well as heavy smok-
ers that don’'t develop COPD. This implies genetic predisposition to play a role (119).
Thus, it was found that lack of as-antitrypsin due to genetic polymorphisms in the SER-
PINA 1 gene is correlated with liver disease and lung emphysema (120,121), as reported
for the PiZZ phenotype. Since as-antitrypsin functions as an inhibitor of proteases, e.g.
neutrophil elastase, a deficit of as-antitrypsin leads to enhanced proteolytic events in the
lung, resulting in COPD with emphysema. Other genes have been checked for potential
polymorphisms and were found to be linked to COPD and worsening of lung function,
such as a polymorphisms of MMP-9 (C-1562T) (122), MMP-1 (G-1607GG) (119), MMP-
12 (rs652438 and rs2276109) (123) and of antioxidant genes (microsomal epoxide hy-
drolase, heme oxygenase, glutathione S-transferase) (119). Hence, genetic components

in the development of COPD should not be neglected.

1.4.1.3 Pathomechansims of COPD

1.4.1.3.1 Enhanced chronic inflammation

COPD is characterized by a chronic inflammation in the lungs in response to the expo-
sure to toxic particles. Lung macrophages are attributed a decisive role in these inflam-
matory processes. There are two types of macrophages in the lung: interstitial macro-
phages (IM®) and alveolar macrophages (AM®). IM® reside in the lung tissue, between
the alveoli and the blood vessels, and develop from embryo yolk sac or from bone mar-
row derived monocytes circulating in the blood that continuously differentiate into local
tissue macrophages after migration into the lung tissue (124). On the contrary, AM® are
located within the alveoli, in close proximity to AT1 and AT2 cells. They originate from
fetal monocytes and populate the airways shortly after birth (125). While tissue resident
IM® are able to self-maintain themselves showing turnover rates of 21 days (126), AM®
are long living cells with a slow replacement rate of about 40% in one year (127). Due to
their direct exposure to the environmental air, AM® may be considered as guardians for

the alveolar epithelium, as they are the first ones to face and clear the lungs from inhaled



1 Introduction 29

pathogens and toxic particles (128). They eliminate those foreign invaders either through
secretion of lysozyme, reactive oxygen products or antimicrobial proteases, which di-
rectly destroys microorganisms, or through phagocytosis or intracellular killing processes
(128). In this way, they are strongly involved in the host defense of the lungs. Neverthe-
less, when the lungs are permanently exposed to cigarette smoke or other toxic particles
as it is the case in many COPD patients, AM® initiate and drive pathological inflamma-
tory processes in the lungs. They secrete a wide array of inflammatory mediators such
as pro-inflammatory cytokines (e.g. tumor necrosis factor-q, interleukin-1f3, interleukin-
6) and several chemoattractants (e.g. MCP-1, CXC chemokines, interleukin-8, leukotri-
ene B4, growth related oncogene a) (129,130), which intensify the inflammation by re-
cruiting more immune cells into the lung tissue. Thereby, monocytes circulating in the
blood are attracted through CXC chemokines and MCP-1 and differentiate into lung tis-
sue macrophages (131). Interluekin-8 and leukotriene B4 are chemotactic mediators for
neutrophils and CD8" T-cells that also migrate to the loci of inflammation (130). Again,
these immune cells release further inflammatory mediators (e.g. TNF-a an interferon-y
by CD8" T-cells (132)), proteases (e.g. MMPs by macrophages, neutrophil elastase by
neutrophils) or cytotoxic agents (e.g. ROS by macrophages and neutrophils) that either
directly contribute to destruction of connective lung tissue or further drive and intensify

the inflammation process, resulting in an chronic inflamed lung.

1.4.1.3.2 Protease-antiprotease imbalance

In addition to inflammation, there are other relevant key mediators being involved in the
development of COPD: proteases and antiproteases. Proteases are enzymes that are
cleaving proteins into smaller fragments through hydrolysis of peptide bonds. Thus, in
lung tissue, they may degrade structural ECM constituents, e.g. elastin and collagen
fibers, resulting in destruction of alveolar wall tissue and enlarged airspaces, as reported
for an emphysema lung condition (130). There are three prominent classes of proteases
associated with COPD: matrix-metalloproteinases (MMPs), cysteine proteases and ser-

ine proteases (133).

MMPs represent a large group of related enzymes that are capable of degrading matrix
components. To catalyze this hydrolytic reaction, they contain a metal cation, usually
Zn?*, in their active site that gave this class of enzymes their name. MMPs are heavily
involved in tissue remodeling, which is relevant for many biological processes, such as
wound healing, development, angiogenesis, or pathological processes, such as cirrho-
sis, arthritis, tumor growth and metastasis. They are released by inflammatory cells, e.g.

AM® and neutrophils. MMPs are divided into many subgroups and some of them have
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been shown to be linked to COPD or emphysema, e.g. MMP-12, MMP-13 and MMP-9
(134). The collagenase MMP-13 was found to be mainly expressed in AM® and in AT2
cells and increased levels were found in lung tissue of COPD patients (135). MMP-9 is
a gelatinase and degrades ECM components, as well as basal membrane. Several stud-
ies reported its contribution in airway inflammatory response, as MMP-9 concentrations
were elevated in serum samples of COPD patients (136) and in the epithelial lining fluid,
where it regulates the migration of human bronchial epithelial cells (HBEC) to repair
wounds of the epithelium (137). Besides HBEC, sources of MMP-9 include several in-
flammatory cells, i.e. macrophages, neutrophils, monocytes, eosinophils and lympho-
cytes (138). Among the above mentioned MMPs, MMP-12 is certainly the one that has
been most thoroughly investigated in COPD disease, especially emphysema. MMP-12
is also called macrophage elastase already pointing to its main origin, macrophages, and
its main substrate, elastin, an important component of the ECM. MMP-12 is lowly ex-
pressed under basal condition, but is then highly upregulated upon smoke exposure, e.g.
increased levels of MMP-12 were found in the sputum of patients with COPD (139). Im-
portantly, the activity of MMPs need to be regulated, which is performed by the endoge-
nously occurring tissue inhibitors of metalloproteinase (TIMPs), comprising four mem-
bers: TIMP-1, TIMP-2, TIMP-3 and TIMP-4. Through their function of controlling MMP
activity, the TIMPs are indirectly involved in ECM remodeling. Thus, homeostasis be-
tween TIMPs and MMPs is essential to maintain the tissue in a healthy, physiological

state.

Next, cysteine proteases, specifically caspases, play another important role in COPD,
as they regulate apoptosis, a complex mechanism of programmed cell death. In the
lungs, apoptosis leads to death of structural epithelial cells. If those cells were not suffi-
ciently replaced by new cells to maintain the epithelial barrier, it would result in tissue
destruction and would contribute to COPD and emphysema formation. To this regard,
several studies confirmed increased apoptosis of endothelial cells and alveolar epithelial

cells in patients with COPD or emphysema (140,141).

Finally, serine proteases constitute another enzyme family with proteolytic activity. One
prominent member is the neutrophil elastase (NE) that is predominantly expressed and
secreted by neutrophils. Similar to MMPs, the NE is capable of cleaving ECM compo-
nents, specifically elastin and collagens, thereby contributing directly to pathological tis-
sue remodeling in case of increased levels of NEs or uncontrolled activity. Indirectly, NEs
are involved in tissue degradation through activation of MMPs (142) and inactivation of
its inhibitors (143), like the TIMPs. Further, NE is known to induce mucin secretion
through degranulation of secretory cells (144,145). Of note, an overproduction of mucus

is a characteristic feature of several chronic lung diseases, e.g. chronic bronchitis, and
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conclusively, NE levels were found to be increased in smoker airways with overabundant
mucus production (146). Obviously, too high activity of NE induces pathological pro-
cesses, but low levels or lack of NE have also been reported to be disadvantageous, as
they are implicated in the host defense against gram negative bacteria (147). Therefore,
it is important to strongly regulate the activity of NE, which is executed by serine protease

inhibitors (serpins), e.g. as-antitrypsin.

Otherwise, insufficient control of protease activity because of decreased levels of their
endogenous inhibitors or because of increased levels of activated proteases results in
protease/antiprotease imbalance in the airways, which finally leads to degradation of
ECM components and loss of elastic tissue, as seen in an emphysematous lung (Figure
4). This balance should be kept for the ratios between MMPs and TIMPs, NE and ser-
pins, caspases and cysteine protease inhibitors (cystatins), as these proteases may be

potential contributors in the pathogenesis of COPD.

Normal lung condition:
protease/antiprotease balance

&
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Emphysema lung condition:
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Figure 4. Protease/antiprotease ratios. (A) Proteases and antiproteases are balanced in a nor-
mal lung condition. (B) Proteases and antiproteases are imbalanced in favor of the proteases in
an emphysema lung condition. Excessive proteases such as MMPs and NE may be secreted by
macrophages and neutrophils.

1.4.1.3.3 Oxidant-antioxidant Imbalance

Cigarette smoke, which is known to consist of a huge variety of reactive ingredients
(148), and other toxic environmental particles that are daily inhaled, are able to induce
the production and release of reactive oxygen and nitrogen species through inflamma-
tory cells in the lungs. This results in a high burden of oxidative stress due to an imbal-
ance between oxidants and the protective antioxidants in favor of the oxidants. Hydrogen

peroxide, a commonly used marker to evaluate oxidative stress, has been found in higher
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concentrations in exhaled air from COPD patients and during acute exacerbations
(149,150), which clearly proofs the critical role of oxidants in COPD pathogenesis. Oxi-
dants can be involved in several COPD relevant processes. Firstly, they trigger the infil-
tration of inflammatory cells to the lungs and activate them to release further inflamma-
tory mediators or proteolytic enzymes. Oxidants may also induce epithelial cell death,
resulting in injuries of lung epithelial cell barriers that are in turn getting more permeable,
and are therefore more susceptible to neutrophil infiltration (151). Additionally, antiprote-
ases may be inactivated through oxidation of residues within the active site (152,153),
which is favoring the imbalance for proteases. Next, oxidants can also activate Nf-kB
(152), a redox-sensitive transcription factor regulating the expression of TNF-a and In-
terleukin-8, two pro-inflammatory mediators that are clearly linked to COPD, as their lev-
els are increased in sputum of COPD patients (154). Finally, oxidative stress impairs
mechanisms of lung repair or hinders protection against inflammation, e.g. it decreases
the activity of the transcription factor Nrf2 that is transcriptionally regulating the expres-
sion of antioxidants (155). On the other hand, increased oxidative stress might also occur
due to decreased levels of antioxidants that are not able to control the high oxidative
load sufficiently. In this line, several studies found a deficiency of antioxidants, e.g. thiols,
or decreased antioxidant enzyme activity, e.g. of superoxide dismutase, glutathione S-
transferase, or glutathione peroxidase in AM® from smokers and patients with COPD
(156,157). Altogether, the oxidant-antioxidant balance in the lung is one of many im-

portant factors to preserve the lungs in a healthy state.

In summary, COPD is caused by the interplay of several different pathomechanisms, i.e.
an enhanced chronic inflammation, protease-antiprotease imbalance, oxidant-antioxi-
dant imbalance, and apoptosis (Figure 5). In this context, certain immune cells like mac-
rophages, neutrophils and CD8" T-cells play a pivotal role, as well as their secretions,
such as inflammatory mediators (cytokines and chemokines), proteolytic enzymes, anti-

proteases, oxidants, antioxidants and transcription factors.
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Figure 5. Interplay of pathomechanisms involved in COPD. Pathogenesis of COPD is a result
of an interplay between protease-antiprotease imbalance, oxidant-antioxidant imbalance, apop-
tosis and enhanced chronic inflammation. Several inflammatory cells and their secretions are the
driving force for development and progression of the disease. Abbreviations: NE, neutrophil elas-
tase; MCP-1, monocyte chemotactic protein-1; TNF-a, tumor necrosis factor-a; IL, interleukin;
MMP, matrix-metalloproteinase; LTB4, leukotriene Bs; IFN- vy, interferon-y; NF-kB, nuclear factor
kappa B; GRO-a, growth-regulated oncogene-a; ROS, reactive oxygen species.

1.4.1.4 Pathophysiology of COPD

The pathomechanisms described above result in pathological changes of the lung tissue,
which then are leading to physiological lung dysfunctions. Two main forms can be di-
vided: chronic (obstructive) bronchitis and emphysema. In clinical terms, they should not

be considered separately, because both forms often coexist in COPD patients.

The chronic bronchitis is characterized by a chronic inflammation of the bronchi resulting
in a persistent cough with sputum expectoration and excessive mucus production due to
hypertrophy of the mucus-producing cells in the airway epithelium (130). The chronic
bronchitis may change into a chronic obstructive bronchitis, when additionally large and
small airways are narrowed, so that the airflow is substantially impaired. This obstruction
may be caused by several factors, e.g. overproduction of mucus that the mucociliary
clearance is not able to clear sufficiently; ciliary dysfunctions or loss of cilia resulting in
less efficient mucociliary clearance (70); increased activity of the bronchial musculature
either directly through inflammatory mediators (e.g. histamine, serotonin), or indirectly

through activation of the parasympathicus. All these abnormal structural changes of the
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airways are finally leading to a reduced bronchial lumen making airflow more difficult

because of an increase of airflow resistance (158).

Emphysema is correlated with a dramatic pathological remodeling or destruction of lung
tissue. As described in chapters above, an imbalance between proteases and antiprote-
ases in favor of the proteases is causative for this pathological condition. The remodeling
of the lung tissue especially includes the degradation of elastic fibers leading to loss of
elasticity and loss of the lung’s ability to return to its original state after inspiration (158).
In this way, alveolar walls and connective tissue between the alveoli are irreversibly de-
stroyed, which results in enlarged airspaces (130). Summarized, few large airspaces
replace many small ones, which massively reduces the surface area of the lungs. This
has negative effects on the respiratory function of patients with emphysema. First, small
bronchi collapse due to the loss of elastic fibers of their walls that are usually keeping
them in an open state (158). This obstruction makes exhalation more difficult. Addition-
ally, after exhalation air remains trapped within the enlarged alveoli. This air does not
participate in the gas exchange and prevents enough fresh air to reach the alveoli. Thus,
the gas exchange is impaired and emphysema patients have lower blood oxygen levels
(158).

1.4.1.5 Symptoms and diagnosis

COPD symptoms include chronic cough and sputum exacerbations on the ground of an
excessive production of mucus. Due to the obstructive character and restricted airflow,
as well as due to the impaired gas exchange in an emphysematous lung tissue, patients
suffer from shortness of breath and fatigue. They may have less energy and are easily
becoming tired after physical activity. Low levels of blood oxygen because of an emphy-
sematous lung condition might even lead to blue fingernails. Generally, COPD is a pro-
gressive disease, usually starting with mild symptoms, which are getting worse over time,

depending on the load of harmful substances one is exposed to.

The Global Initiative for Chronic Obstructive Lung Disease (GOLD) grouped COPD into
four severity stages based on a simple lung function test that measures the Forced Ex-
piratory Volume per 1 second (FEV+) (159). According to this, COPD is mild (i.e. GOLD
1) when FEV1 =2 80%, COPD is moderate (i.e. GOLD 2) when 50% < FEV1 < 80%, COPD
is severe (i.e. GOLD 3) when 30% < FEV4 < 50% and COPD is very severe (i.e. GOLD

4) when FEV+ < 30%. Values indicate percentages of the predicted normal values.

The diagnosis of COPD is very complex, since it includes several tests and is not based

on a single finding. Initially, a physician performs an anamnesis by screening symptoms,
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sputum, smoking history and by listening to breathing with a stethoscope. Subsequently,
pulmonary function tests may be performed to find out if the lungs are working properly.
The most common used test is the spirometry, in which lung volumes and speed of in-
halation and exhalation are measured, e.g. FEV is used to diagnose COPD and to eval-
uate its severity as established by GOLD (159). To exclude other diseases that may
cause similar symptoms as COPD a radiography of the thorax and analysis of the blood

may be performed.

1.4.1.6 Therapy

The main goal of COPD therapy is to slow down the progression of the disease, to relieve
symptoms and to minimize exacerbations, thereby increasing the patients’ life quality.
The main intervention is to reduce harmful influences on the lung, meaning quit smoking
or reduction of the exposure to other toxicants. Several studies reported on the efficiency
of smoking cessation, as it resulted in significant reductions of morbidity and mortality of
COPD (160,161).

The pharmacotherapy of COPD is based on the inhalation of drugs by the use of pres-
surized metered dose inhalers, nebulizers, or dry powder inhalers. Thereby, drugs are
delivered locally to the site of action within the lungs, which enables them to act rapidly,
and makes the usage of relatively low doses possible, related with only low incidences
of systemic side effects (162). Two main drug classes are available for COPD treatment,

i.e. bronchodilators and anti-inflammatory drugs.

Bronchodilators reduce the tone of the airway muscles, which widens the airways and
induces resistance to fall (163). Thus, breathing gets easier and more efficient for the
patients, which also increases their physical fitness. Substances within the group of bron-
chodilators are classified due to its mode of action into B.-agonists, muscarinic-antago-
nists and theophylline (163,164). The first two are further sub-grouped due to its duration
of acting into long-acting B2-agonists (LABA), e.g. salmeterol, formoterol; short-acting 2-
agonists (SABA), e.g. salbutamol; long-acting muscarinic-antagonist (LAMA), e.g. tiotro-
pium and short-acting muscarinic-antagonist (SAMA), e.g. ipratropium (163,164). While
the effect of short-acting agents lasts 4-6 hours and are used on demand to improve
symptoms immediately, the effect of long-acting agents lasts 12 hours and longer and
are used to provide some basal bonchospasmolysis (163,164). The orally or intrave-
nously applied theophylline has weak spasmolytic and anti-inflammatory effects with a
narrow therapeutic range (164). Therefore, it is only used as an alternative medication

and in special cases.
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Next to bronchodilators, anti-inflammatory drugs, such as glucocorticoids and phos-
phodiesterase-4 (PDE-4) inhibitors, are used to control and attenuate the inflammation
in COPD lungs. Glucocorticoids, e.g. beclomethasone or budesonide, are usually ap-
plied through inhalation, except for very severe COPD, in which they might be given
systemically, as for prednisolone. Until now, roflumilast was the first and only PDE-4
inhibitor, which received approval for COPD treatment. It is administered orally, but only
in a subset of patients suffering from severe COPD and chronic bronchitis to reduce the

frequency of exacerbations (165).

According to the GOLD report from 2021 (159), COPD patients are treated with the for-
mer described drugs based on disease severity, taking into account the symptoms and
exacerbation risk, which classifies patients into groups A to D. Group A patients with a
mild form of COPD should be treated with a bronchodilator, either short- or long-acting.
Long-acting bronchodilators (LABA or LAMA) are recommended to treat moderate
COPD of group B patients, as they are superior to short-acting bronchodilators (166).
For the treatment of severe and very severe COPD (groups C and D) associated with
two or more moderate exacerbations per year or at least one exacerbation leading to
hospitalization, LAMAs are recommended as a basic therapy in preference to LABAs, as
LAMAs are more effective in preventing exacerbations (167). In case of still high preva-
lence of severe symptoms, group D patients might use a combination of a LAMA with a
LABA, or a combination of a LAMA with an inhalative glucocorticoid. Generally, the use
of short-acting bronchodilators are recommended for patients of all groups, whenever a
rapid symptom relief is needed. Finally, patients with arterial hypoxemia (PaO. <

55mmHg or Sa0- < 88%) might need supplemental oxygen therapy (159).

1.5 Aims of the study

The overall aim of this study was to characterize the functional role of endolysosomal
cation channels, specifically TRPML3, in toxic chronic lung disease, and to discover its
capability as pharmacological drug target. To this end, three main objectives were pur-

sued during the whole study:

1. Determination of TRPML3 expression in the lung

The aim was to find out in which specific lung cell types TRPML3 is expressed,
e.g. certain airway epithelial cells or lung immune cells, in order to deduce pos-

sible involvements in physiological or pathological processes in the lungs.
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2. Characterization of potential lung phenotypes of Troml/3’- mice

The aim was to correlate the loss of the TRPML3 channel with potential patho-
logical lung conditions. For this purpose, lung functions measurements were per-
formed of WT and TromI3™ mice, as the resulting lung function parameters are

useful to identify and characterize a phenotypically altered lung.

3. Elucidation of the molecular mechanism underlying the potential lung phenotype

of TromI3" mice

The aim was to analyze lung samples, e.g. BAL-F, obtained from WT and Trom/3-
" mice in order to detect possible alterations of key mediators or biomarkers that
are critical for disease development. Additionally, primary lung cells obtained
from WT and TrpomI3’ mice were used to perform several cell-based assays to
elucidate how TRPML3 is mechanistically involved in the formation and develop-

ment of the pathological lung phenotype.
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2. Material and Methods

2.1 Material

2.1.1 Mouse lines

Designation of mouse lines

Genetic background

Additional information

TromiI3-IRES-Cre/eR26-1GFP
(1)

Mixed, C57BL/6 and
129/Sv

Kindly provided by Prof. Dr.
Ulrich Boehm

Tromi3", Mcoln3™1-2Hels (168)

FVB/N

TromlI3", Mcoln3i™1-1Jga
(32,35)

75% C57BL/6 and
25% Sv129/0la

Kindly provided by Prof. Dr.
Jaime Garcia-Afioveros

Table 1. Mouse lines used in this study.

2.1.2 Cells and cell culture media

Cell culture solutions Supplier Product code
Phosphate Buffered Saline (PBS) Thermo Fisher 14190-094
Dulbecco's Modified Eagle Medium | Thermo Fisher 21063-029
(DMEM)

Fetal Bovine Serum (FBS) Thermo Fisher 10500-064
Penicillin-Streptomycin (Pen-Strep) | Sigma Aldrich P4333
Roswell Park Memorial Institute Thermo Fisher 21875-034
(RPMI) 1640 medium 11835-030

Table 2. Cell culture media.

Primary cells

Culture media

Supplementation

Alveolar macrophages (AM®)

RPMI 1640 or DMEM

10% (v/v) FBS
1% (v/v) Pen-Strep

Table 3. Primary cells.
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2.1.3 Chemicals

Chemicals Supplier Product code
16% Formaldehyde (w/v), Metha- | Thermo Fisher 28906
nol-free

2-Mercaptoethanol Merck M3148
2-Propanol Carl Roth CP4411
4-Methylumbelliferyl N-acetyl-3- Sigma Aldrich M2133
D-glucosaminide

5-(N-ethyl-N-isopropyl)-amiloride | Sigma Aldrich A3085

Agar Merck 05040
Agarose Carl Roth 3810.3
Ammonium persulfate Sigma Aldrich 215589
bisBenzimide H33258 Sigma Aldrich B1155

Boric acid Carl Roth 5935.1

BSA Sigma Aldrich A3294
Collagenase D Roche 11088858001
DAPI Thermo Fisher D1306
DMSO (Dimethyl Sulfoxide) Corning 25-950-CQC
DNase |, recombinant, Rnase free | Roche 4716728001
Dynasore monohydrate Sigma Aldrich D7693
Elastase from porcine pancreas Sigma Aldrich 45124
Entellan™ Sigma Aldrich 1079600500
Ethanol Carl Roth 5054.4
Ethylenediamine tetraacetic acid | Carl Roth 8043.1
(EDTA)

Fluoromount-G Biozol SBA-0100-01
Glycine Sigma Aldrich G8898
holo-Transferrin human Sigma Aldrich T0665
Hydrochloric acid Merck 258148
lonomycin calcium salt Sigma Aldrich 10634

Liquid nitrogen (N2) Linde
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Methanol Merck 34860
Methyl-R-cyclodextrin Sigma Aldrich C4555
Paraformaldehyde, 4% in PBS TissuePro Technology PFA04-500R
Paraformaldehyde, powder Thermo Fisher P/0840/53
Phosphatase Inhibitor Cocktail Roche 04906845001
Tablets

Potassium chloride Merck P9541
Potassium phosphate monobasic | Merck P9791
Protease Inhibitor Cocktail Tab- Roche 04693132001
lets

Rotiphorese® Gel 30 Carl Roth 3029.1

Skim Milk Powder Sigma Aldrich 70166
Sodium azide Merck S2002
Sodium carbonate Carl Roth 8563.1
Sodium deodecyl sulfate (SDS) Carl Roth 2326.2
Sodium hydroxide Merck S5881
Sodium phosphate dibasic dihy- Merck 71643

drate

Sucrose Carl Roth 4661.1
TEMED Carl Roth 2367.1
Tissue-Tek® O.C.T. Compound Sakura 4583

TRIS base Sigma Aldrich T1503

TRIS hydrochloride Merck PHG0002
Tri-sodium citrate dihydrate Carl Roth 4088.1
Triton X-100 Sigma Aldrich X100

Tween 20 Carl Roth 9127 .1

Xylol Merck 534056

Table 4. Chemicals.
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2.1.4 Commercial kits and solutions

Kits and solutions Supplier Product code
Desmosine ELISA Kit Cusabio CSB-E14196m
Dextran, Alexa Fluor™ 568 conju- | Thermo Fisher D22912

gate

Eosin Y-solution 0.5% aqueous Sigma Aldrich 1098441000
Fixable Viability Dye eFluor™ 780 | Thermo Fisher 65-0865-14
GeneRuler 1kb DNA Ladder Thermo Fisher SM0311
GoTag® G2 Hot Start Master Mix | Promega M7423
Immobilon® Crescendo Western | Merck WBLURO0500
HRP Substrate

LDH Assay Kit abcam 6593

Light Cycler® 480 SYBR Green | | Roche 04707516001
Master Mix

Mayer’s hemalum solution Sigma Aldrich 1092492500

MMP-12 ELISA Kits

Cloud-Clone Corp.
abcam

SEA402-Mu-96
213878

MMP-8 ELISA Kit abcam 206982
PageRuler™ Prestained Protein Thermo Fisher 26616
Ladder
peqGREEN DNA/RNA Dye VWR, peqlab 37-5010
Protein Assay Dye Reagent Con- | Bio-Rad 500-0006
centrate

- , K1621
RevertAid First Strand cDNA Syn- | Thermo Fisher
thesis Kit
RNeasy Plus Mini Kit Qiagen 74134
SP-D ELISA Kit abcam 213890
Staining Kit: Verhoeff - van Gie- Morphisto 18553
son (VVG)
TIMP-1 ELISA Kit abcam 196265
TIMP-2 ELISA Kit abcam 227893
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Transferrin from human serum, Thermo Fisher T13342
Alexa Fluor™ 488 conjugate
UltraComp eBeads™ Compensa- | Thermo Fisher 01-2222-41
tion Beads

Table 5. Commercial Kits and solutions.

2.1.5 Buffers/Solutions

Buffers/solutions for molecular biology:
Buffer/Solution Composition Application

0.5 M EDTA solution

18.6% (w/v) NazEDTA - 2H,0

Preparation of TBE-

(pH 8) ~2% (w/v) NaOH buffer (10x)
in Milli-Q® ultrapure H>O
DNA extraction buffers Alkaline lysis buffer (pH 12): | Genotyping

(mouse tissue)

25 mM NaOH
0.2 mM NazEDTA - 2H,0O
in Milli-Q® ultrapure H.O

Neutralization buffer (pH 5):
40 mM TRIS-HCI
in Milli-Q® ultrapure H2O

TBE-buffer (10x)

10.8% (w/v) TRIS base

Gel electrophoresis

in PBS (1x)

5.5% (w/v) Boric acid (genotyping)
4% (v/v) 0.5 M EDTA solution
in Milli-Q® ultrapure H>O
Table 6. Buffers/solutions for molecular biology.
Buffers for immunostainings:
Buffer Composition Application
DAPI solution 0.2 pyg/mL DAPI Staining of cell nuclei

Hoechst solution

2 pg/mL bisBenzimide
in PBS (1x)

Staining of cell nuclei

Immunostaining blocking
buffer

10% (v/v) donkey serum
3% (w/v) BSA

Blocking of non-specific
sites
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0.3% (v/v) Triton X-100
0.05% (w/v) Sodium azide
in PBS (1x)

Normal donkey serum

supplied by Jackson Immu-
noresearch, 017-000-121

Preparation of blocking
buffer

PBS (20x) 3 M NaCl Washing, Preparation
161 mM NazHPO;4 - 2H,0 of blocking buffer
39 mM KH2P04
in Milli-Q® ultrapure H.O

PBS-T (1x) 5% (v/v) PBS (20x) Washing of tissue and

0.05% (v/v) Tween 20
in Milli-Q® ultrapure H20

cells

Table 7. Buffers for immunostainings.

Buffers for FACS analysis:

Buffer

Composition

Application

Digestion buffer for mouse
tissue

1 mg/mL collagenase D
0.05 mg/mL DNase |
in HBSS

Homogenization of lung
tissues

Phosphate Buffered Saline
(PBS)

Supplied by Thermo Fisher,
14190-094

Preparation of FACS
buffer

eBioscience™ 1x RBC Ly-
sis Buffer

Supplied by Thermo Fisher,
00-4333-57

Lysis of erythrocytes in
single cells suspension

FACS buffer

1% (w/v) BSA
0.05% (w/v) Sodium azide
in PBS (1x)

Flow cytometry staining
buffer

Hank’s balanced salt solu-
tion (HBSS)

supplied by Thermo Fisher,
14025-050

Preparation of digestion
buffer

Table 8. Buffers for FACS analysis.

Buffers for cell-based assays:

Buffer/Solution

Composition

Application

Cell lysis buffer

25 mM HEPES
150 mM NaCl

Hexosaminidase-assay
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0.5% (v/v) Triton X-100
in Milli-Q® ultrapure H>O

Citrate-phosphate buffer
pH 4.5

17.6 mM NazHPO4 . 2H20
11.2 mM Tri-sodium citrate
dihydrate

in Milli-Q® ultrapure H20

Buffer for Hexosamini-
dase-assay

Glycine buffer
pH 10

2M N32CO3
1.1 M Glycine
in Milli-Q® ultrapure H.O

Stop solution for Hex-
osaminidase-assay

Glycine-PBS Solution

0.1 M Glycine
in PBS (1x)

Transferrin-trafficking
assay

HEPES

supplied by Thermo Fisher,
15630-056

LAMP1 translocation
assay

HEPES buffered MEM

10 mM HEPES
in MEM

LAMP1 translocation
assay

Minimum Essential Media
(MEM)

supplied by Thermo Fisher,
10370-021

LAMP1 translocation
assay

Table 9. Buffers for cell-based assays.

Buffers and solutions for WB analysis:

Buffer/Solution

Composition

Application

Blocking buffer

5% (w/v) Skim milk powder
in TBS-T (1x)

Blocking of membrane

Loading buffer (4x)

10% (v/v) 2-Mercaptoethanol
in NuPAGE™ LDS Sample
Buffer (4x)

Preparation of samples
for protein electrophore-
sis

Lower gel buffer — Re-
solving gel buffer (4x),
pH 8.8

18.1% (w/v) TRIS-HCI
0.4% (w/v) SDS
in Milli-Q® ultrapure H.O

Preparation of Ac-
rylamide gel

Lysis buffer for protein
extraction, pH 8

0.2% (w/v) SDS

in 10 mM TRIS-HCI
supplemented with proteinase
and phosphatase inhibitors

Lysis of AM® pellet

NuPAGE™ LDS Sam-
ple Buffer (4x)

supplied by Thermo Fisher,
NP0007

Preparation of Loading
buffer
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Ponceau S solution

supplied by PanReac Appli-
Chem, A2935

Staining of proteins on
transfer membranes

Running buffer (10x)

14.4% (w/v) Glycine

3% (w/v) TRIS-HCI

1% (w/v) SDS

in Milli-Q® ultrapure H.O

Running buffer for SDS-
PAGE

TBS-T (1x) 10% (v/v) TBS buffer (10x) Wash buffer for mem-
0.05% (v/v) Tween 20 brane
in Milli-Q® ultrapure H.O

Transfer buffer (10x) 14.5% (w/v) Glycine Protein transfer from gel

3% (w/v) TRIS-HCI
in Milli-Q® ultrapure H20

to the membrane

Transfer buffer (1x)

10% (v/v) Transfer buffer (10x)
20% (v/v) Methanol
in Milli-Q® ultrapure H>O

Protein transfer from gel
to the membrane

TRIS buffered saline
(TBS) buffer (10x), pH
7.4

8% (w/v) NaCl

3% (w/v) TRIS-HCI
0.2% (w/v) KCI

in Milli-Q® ultrapure H>O

Wash buffer for mem-
brane

Upper gel buffer — Sta-
cking gel buffer (4x), pH
6.8

6% (w/v) TRIS-HCI
0.4% (w/v) SDS
in Milli-Q® ultrapure H>O

Preparation of Acryla-
mide gel

Table 10. Buffers and solutions for WB analysis.

2.1.6 Antibodies

Antibodies used for immunofluorescence:

Antibody Clone Supplier and product Dilution
code

CD3 Polyclonal Sigma Aldrich, C7930 1:200

CD45R RA3-6B2 BD Biosciences, 550286 1:200

CD8a EPR21769 abcam, 217344 1:500

F4/80 Cl:A3-1 AbD Serootec, MCA497G | 1:200

LAMP1 1D4B SantaCruz, 9992 1:200
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SFTPC Polyclonal Abcepta, AP13684b 1:200
Anti-rabbit-Cy5 Jackson Immu- 1:500

noResearch, 711-175-152
Anti-rat-AlexaFluor488 Thermo Fisher, A11006 1:400
Anti-rat-Cy3 Jackson Immu- 1:500

noResearch, 12-165-153

Table 11. Antibodies for immunofluorescence.

Antibodies used for Fluorescence activated cell sorting (FACS):

Antibody Clone Supplier and product | Dilution
code

CD11b M1/70.15.11.5 | Miltenyi Biotec, 130- 1:100
091-240

CD11b-BV785 M1/70 Biolegend, 101243 1:100

CD11c N418 Miltenyi Biotec, 130- 1:100
119-802

CD11¢c-BV605 N418 Biolegend, 117333 1:100

CD24-PerCP/Cy5.5 M1/69 Biolegend, 101823 1:100

CD3-PE/Cy7 17A2 Biolegend, 100219 1:100

CD45 30F11 Miltenyi Biotec, 130- 1:100
123-900

CD45-PacBlue 30-F11 Biolegend, 103125 1:100

CD45R/B220- RA3-6B2 Biolegend, 103231 1:100

AlexaFluor700

CD64-APC X54-5/7 1 Biolegend, 139305 1:100

F4/80 REA126 Miltenyi Biotec, 130- 1:100
118-466

Ly-6G-PE/Dazzle ™594 1A8 Biolegend, 127647 1:100

MHCII-PE NIMR-4 SouthernBiotech, 1895- | 1:100
09

TruStain FcX™ 93 Biolegend, 101319 1:100

Table 12. Antibodies for FACS.
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Antibodies for Western Blot (WB):

Antibody Clone Supplier and product Dilution
code
Anti-mouse IgG, HRP- Cell Signaling, 7076 1:5000
linked Antibody
Anti-rabbit 1IgG, HRP- Cell Signaling, 7074 1:5000
linked Antibody
R-actin 13E5 Cell Signaling, 4970 1:1000
TR H68.4 Thermo Fisher, 13-6800 1:500
Table 13. Antibodies for WB.
2.1.7 Oligonucleotides
All oligonucleotides were purchased from metabion international AG.
Target structure | Sequence (5’ - 3’) Application

TromI3WT

(Mcoln3tm1.2HeIs)

gaa cac act gac tac ccc caa (sense)

tac agt ttt aca gat gtg ttt gag t (antisense)

Genotyping, WT
band: 309 bp

Tromi3 KO

(Mcoln3tm1.2HeIs)

gaa cac act gac tac ccc caa (sense)

aga ggt tca cta gaa cga agt tcc tat tce (anti-
sense)

Genotyping, KO
band: 374 bp

TromI3WT
(Mcoln3tm1 .1Jga)

ctg tga gac ctc tta aca act ct (sense)

gtg gag cct tga ctg tct ag (antisense)

Genotyping, WT
band: 263 bp

Tromi3 KO ctg tga gac ctc tta aca act ct (sense) Genotyping, KO
(Mcoln3™1-1Jg2) ggc aag agc tga gga tat ctt (antisense) band: 443 bp
Actb cac agc ctg gat ggc tac gt (sense) gRT-PCR

cta agg cca acc gtg aaa aga t (antisense)
Gapdh cca cca ccc tgt tgc tgt ag (sense) gRT-PCR

ctc cca ctc ttc cac ctt cg (antisense)
Mmp-12 ctg cct cat caa aat gtg cat c (sense), gRT-PCR

att tgg agc tca cgg aga ctt (antisense)

Table 14. List of all murine primers used in this study.
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2.1.8 Other materials and equipment

Name Supplier Product code
u-Slide 8 well ibidi 80826
3R4F Research Cigarettes Tobacco Research Institute,

University of Kentucky
Atipamezol Orion Pharma
Blotting Papers RPTILABO® Thick- | Carl Roth 0942.1
ness 0,75 mm
Embedding cassettes neolLab 7-0014
Fentanyl Janssen-Cilag
Flumazenil Hexal
HistoStar™ Embedding Work- Thermo Fisher
station
Immobilon-FL PVDF Membrane Merck IPFLO0O005
Introcan®-W, 20G B. Braun 4254112B
Isoflurane (IsoFlo®) Abbott
Ketamine 10% Serumwerk Bernburg AG
LightCycler® 480 Multiwell Plate 96 | Roche 04729692001
LightCycler® 480 Sealing Foil Roche 04729757001
lumox® multiwell, 96 Sarstedt 94.6120.096
Medetomidine Orion Pharma
Microtome Hyrax M55 Zeiss
Midazolam Roche
Naloxone Actavis
Peel-A-Way™ embedding molds Sigma Aldrich E6032-1CS

Spin Tissue Processor

Thermo Fisher

Xylazine 20 mg/mL

WDT

Table 15. Other materials and equipment.
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2.1.9 Instruments and software

Instrument and software Supplier | Application

Axio Scan.Z1 Slide Scanner run- Zeiss Acquiring of immunofluorescence

ning ZEN software (blue edition) images of lung

BD LSRFortessa Il running BD BD Acquiring of FACS data

FACSDiva software

CaseViewer and Slide Converter 3DHistech | Processing of lung histology im-
ages

Computer-assisted stereological Visio- Analysis of lung histology images

toolbox (CAST) software Viso- pharm

pharm Integrator System (VIS)

FlexiVent running Flexiware soft- Scireq Lung function measurements

ware

FlowdJo software FlowJo FACS data analysis

LLC, BD

FLUOstar Omega running Reader | BMG LAB- | O.D. measurements (ELISA and

Control software TECH LDH assay)

GraphPad Prism Statistical analysis

ImageJ Quantification of immunofluores-
cence intensities and western blot
bands

Light Cycler 480 running Light- Roche gRT-PCR

Cycler 480 software

Microsoft Excel Calculations of collected data

Mirax Microimaging slide scanner Zeiss, Acquiring of lung histology im-

running MIRAXDESK and Mirax 3DHistech | ages

viewer software

Odyssey FC Imaging System run- | LI-COR Detection of western blot bands

ning ImageStudio software

SpectraMax iD3 running SoftMax Molecular | R-Hexosaminidase assay

Pro software Devices

ZEISS LSM 880 running ZEN soft- | Zeiss Acquiring images for Tf-trafficking

ware

assay, endocytosis experiment
and LAMP1 translocation assay

Table 16. Instruments and software.
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2.2 Methods

2.2.1 Mouse lines and animal housing

Two different TromI3”" mouse lines (Mcoln3™'-2"¢'s and Mcoln3™'93) were used in this
study and were kept in the mouse facilities of the Walther Straub Institute (WSI) of Phar-
macology and Toxicology, LMU Munich, and of the Institute of Lung Biology and Disease
(ILBD), Helmholtz Centre, Munich. Animals were kept in rooms with constant humidity
(45-65%), temperature (20-24°C), and a 12-hour light-dark cycle. Food and water was
provided ad libitum. The government of Upper Bavaria had approved all experimental
procedures (ROB-55.2-2532.Vet_02-18-6 and ROB-55.2-2532.Vet_02-17-170).

TromI3-IRES-Cre/eR26-1GFP mice were generated as described in Spix et al. (1). They
were housed in the barrier rooms of Saarland University’s animal facilities and were

kindly provided by Prof. Dr. Ulrich Boehm, Saarland University.

2.2.2 Genotyping

For genotyping the mice, ear tissue biopsies were taken at weaning, i.e. 3-4 weeks after
birth. The tissue was then dissolved in 75 pL of an Alkaline lysis buffer (pH 12), and
subsequently heated at 95°C for ~1 hour until the tissue was visibly decomposed. After
cooling of the samples to 4°C, 75 uL of Neutralization buffer (pH 5) was added. See

Table 6 for composition of respective buffers.

For DNA amplification via PCR, obtained DNA samples were mixed with oligonucleo-
tides, RNase-free water and GoTaq® G2 Hot Start Master Mix, containing DNA polymer-
ase, dNTPs and loading dye, as shown in Table 17 for Mcoln3™" %92 and Table 18 for
Mcoln3™"-2Hels  Primers were used diluted 1:10 for genotyping of Mcoln3™!% mouse
line and 1:20 diluted for Mcoln3™'-2Hels | As the expected WT and KO band sizes for
Mcoln3™'-2Hels (309 and 374 bp) are close together, one WT and one KO master mix was
prepared to amplify and visualize the respective bands separately. This was not neces-
sary for Mcoln3™'-1992 mouse line, as the expected band sizes ranged at 263 bp (WT)
and 443 bp (KO). The PCR programs used to amplify the DNA products are depicted in
Table 17 and Table 18.

Volume [pL] | Reagents for master mix PCR program
for n=1

12.5 GoTag® G2 Hot Start Master Mix
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2.5 Primer #1 95°C 2:00 min
(5’-ctg tga gac ctc tta aca act ct-3’) 95°C  0:30 min
2.5 Primer #2 51°C  0:30 min 35x
(5’-gtg gag cct tga ctg tct ag-3’)
72°C  1:20 min
2.5 Primer #3 _
(5’-ggc aag agc tga gga tat ctt-3’) 72°C 7:00 min
1 RNase-free water
4 DNA sample
Table 17. Genotyping of Mcoln3m1-1Jga,
Volume | Reagents for WT Reagents for KO PCR program
[mL] for | master mix master mix
n=1
12.5 GoTag® G2 Hot Start | GoTag® G2 Hot Start
Master Mix Master Mix
2.5 Primer #1 Primer #1 94°C  2:00 min
(5’-gaa cac act gac tac | (5’-gaa cac act gac _
cce caa-3') tac ccc caa-3) 94°C 0:30 min
25 Primer #2 Primer #3 59°C 0:30 min - 35x
(5- tac agt ttt aca gat (5’- aga ggt tca cta 72°C  1:10 min
gtg ttt gag t-3’) gaa cga agt tcc tat 79°C 5:00 min
tcc-3’) '
2.5 RNase-free water RNase-free water
5 DNA sample DNA sample

Table 18. Genotyping of Mcoln3tm1-2Hels,

Agarose gel electrophoresis was used to separate obtained PCR products according to
its band sizes. For preparation of the gels, two percent of agarose was suspended in 1x
TBE buffer and heated in the microwave until complete dissolution of the agarose. After
cooling down to ~50°C, peqGREEN DNA/RNA dye, 1:200000, was added, and the aga-
rose solution was finally cast into gel chambers. After hardening, the gel was loaded with
the samples, positive controls obtained from heterozygous, WT and TromI3" mice, a
negative control containing not DNA but H.O, and a DNA ladder as a size marker. Gels
were run in 1x TBE buffer at a constant voltage of 140V until clear separation of bands

as visualized through UV detection using LI-COR Odyssey FC Imaging System. In this
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way, the genotype for each mouse was identified based on the respective band sizes of

the PCR products in comparison to positive control bands.

2.2.3 Bronchoalveolar lavage (BAL) of mice lungs

2.2.3.1 Isolation of AM® for cell-based assays

Female and male mice with an age of 2-6 months were used to perform the bronchoalve-
olar lavage (BAL) of the lungs. Mice were euthanized by intraperitoneal injection of ket-
amine/xalazine followed by exsanguination. After opening the peritoneum, the lungs’ di-
aphragm was exposed and cut through to induce the collapse of the lungs. Next, the
trachea was exposed by carefully removing the tissue around the trachea, thereby avoid-
ing the injury of any surrounding blood vessels. Using scissors, one short incision was
made in the trachea, in-between two rings of cartilage, resulting in a tiny whole. A can-
nula with a gauge size of 20G was slowly inserted into the trachea and kept in position
by the help of sutures. Now, the lungs were lavaged for 7 times with 0.8 mL of ice-cold
1x PBS. That means, after each injection of the 1x PBS into the lung, the injected buffer
was carefully aspirated back into the syringes and collected in a falcon tube on ice. This
procedure of flushing the lungs and collecting the obtained fluid is called “broncholalve-
olar lavage”. The collected fluid contains cells of the bronchi and alveoli lumen, the vast
majority constituting for AM®, as well as other secreted and dissociated mediators that
may be present in the lung lumen. To receive the AM®, the lavage was spun down for
10 min at 4°C and 1000g. The obtained cell pellet was finally re-suspended in 1 mL of
RPMI medium containing 10% FBS and 1% Pen-Strep, while the cell-free supernatant
(SN), also called BAL-Fluid (BAL-F), was discarded. Before seeding the AM® into ap-
propriate well plates for the respective experiments, AM® were counted with a hemocy-

tometer to ensure seeding of same numbers of cells in each well.

2.2.3.2 Collection of BAL-Fluid

After centrifugation and separation of the cells, the BAL-Fluid (BAL-F) represents the
cell-free SN of the BAL. However, it may contain several secreted mediators that are
distributed within the lung lumen and flushed out through the lavage, e.g. inflammatory
mediators such as interleukins secreted by AM®. Thus, BAL-F samples were collected
to analyze its composition, as well as concentrations of selected mediators by enzyme-
linked immunosorbent assay (ELISA). Basically, to obtain BAL-F samples the same pro-

tocol was applied as described above for the isolation of AM®, except for two deviations.
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Instead of washing the lungs 7 times with 0.8 mL of 1x PBS, only 3 washes were per-
formed using 0.5 mL of 1x PBS, each, to reduce the volume and concentrate dissolved
analytes inside. Additionally, after centrifugation of the lavage, the BAL-F was separated
into 1.5 mL tubes, while the AM® pellet was discarded or used for another experiment.
After shock freezing the BAL-F samples in liquid nitrogen, they were stored in the -80°C

freezer until usage.

2.2.4 Cell-based experiments

2.2.4.1 Intracellular trafficking

Isolation of AM® from WT and TromI3’- mouse lungs was performed as described pre-
viously in chapter 2.2.3.1. They were seeded in phenol-red free DMEM containing 10%
FBS and 1% Pen-Strep, in wells of a 24 well plate onto 12 mm coverslips. After 24 hours,
cells were strongly attached to the coverslip and the assay was carried out. Firstly, cells
were washed and exposed to a 10 min incubation on ice. The cooling ensures blockage
of all other endocytosis pathways except from receptor-mediated endocytosis, through
which transferrin (Tf) is taken up into the cell. After one 1x PBS-wash, cells were pulsed
for 20 min at 37°C using 20 ug/mL Tf-Alexa Fluor™ 488 conjugate in serum-free DMEM.
Then, cells were thoroughly washed thrice using 0.1 M glycine-PBS to completely re-
move or quench any left fluorescent conjugate. Then, trafficking of transferrin was
chased by incubating the cells in complete media supplemented with 20 ug/mL unlabeled
transferrin for several time periods (0, 5, 10, 15 and 20 min) before fixation of the cells
using ice-cold, 4% PFA for 10 min. The treatment with unlabeled transferrin ensures the
continuous internalization of the transferrin receptors, thereby keeping the recycling pro-
cess going. Finally, the nuclei were stained for 10 min in DAPI solution, 0.2 ug/mL. After
washing of cells with 1x PBS, the coverslips and adherent AM® were mounted onto
microscope slides. Pictures were acquired using Zeiss LSM880, and a 40-x objective
lens. The mean intracellular fluorescence intensity for each timepoint was measured us-

ing ImageJ.

2.2.4.2 B-Hexosaminidase release

Isolation of AM® from WT and TrpmI3’- mouse lungs was performed as described pre-
viously in chapter 2.2.3.1. About 60000 cells were seeded per well using 96 well plates
and RPMI complemented with 10% FBS and 1% Pen-Strep. On the following day, AM®
were treated with 4 yM ionomycin (positive control) for 10 min, 10 yM ML3-SA1 for 60
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min or DMSO (vehicle control) for 60 min in phenol-red free and serum-free DMEM. After
the respective incubation times, the SN of each well was collected and preserved on ice.
Retained cells were lysed for 30 min on ice using lysis buffer (see Table 9). After centrif-
ugation of the SN and lysates (10 min at 130000 rpm, 4°C), all samples were incubated
with 4-Methylumbelliferyl N-acetyl-B-D-glucosaminide (MUF), 1 mM in sodium citrate-
phosphate buffer (see Table 9) for 30 min at 37°C. Cells were incubated in wells of a
black lumox® multiwell, 96. Through addition of glycine buffer (see Table 9), the reaction
and turnover of MUF through B-hexosaminidase enzyme was stopped. Fluorescence
intensities of all samples were measured using a SpectraMax iD3 plate reader and exci-
tation/emission wavelengths of 365/450 nm. The p-hexosaminidase release was calcu-
lated as percentage release of total level of B-hexosaminidase measured in both SN and

lysates.

2.2.4.3 Lysosomal-associated membrane protein (LAMP) 1 translocation

Isolation of AM® from WT and TrpmI3’"- mouse lungs was performed as described pre-
viously in chapter 2.2.3.1. Cells were plated at a confluence of 20000 cells/well using
ibidi u-Slide 8 well plates and left overnight to attach to the well bottoms. Then, AM®
were treated at 37°C with 4 uM ionomycin (positive control) for 10 min, 30 uM ML3-SA1
for 60 and 120 min or DMSO (negative control) for 120 min, all prepared in MEM con-
taining 10 mM HEPES. Next, cells were washed, kept on ice and incubated with LAMP1-
antibody, diluted at 1:200 in MEM supplemented with 1% BSA and 10 mM HEPES. The
incubation was conducted for 20 min on ice. Thereafter, cells were fixed using methanol-
free PFA 4% for 20 min followed by incubation for one hour with AlexaFluor 488 conju-
gated secondary antibody, diluted at 1:400 in 1x PBS complemented with 1% BSA. Nu-
clei were stained using DAPI solution, 0.2 pg/mL, for 10 min. Images were taken using
the LSM880 confocal microscope and the 40-x objective lens and processed using Im-

ageJ and ZenBlue software.

2.2.4.4 Dextran uptake

Isolation of AM® from WT and TrpmI3’- mouse lungs was performed as described pre-
viously in chapter 2.2.3.1. About 20000 cells per well were seeded in phenol-red free
DMEM complemented with 10% FBS and 1% Pen-Strep, using ibidi u-Slide 8 well plates.
On the following day, AM® were washed and incubated with Alexa Fluor™ 568 conju-
gated dextran in dye- and serum-free DMEM, 50 ug/mL, at 37°C for several times. Incu-

bation periods were 5, 10, 15, 20 and 30 min, while control cells were kept untreated in
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dye- and serum-free DMEM (0 min dextran incubation). Afterwards, cells were thor-
oughly washed with 1x PBS, followed by fixation using ice-cold PFA 4% and staining of
nuclei using 0.2 pg/mL DAPI solution, for 10 min respectively. Images were acquired on
a LSM880 using a 40-x objective lens. Amounts of absorbed dextran at different
timepoints were evaluated by measuring the intracellular fluorescence intensity using

ImagelJ.

2.2.4.5 Lactate Dehydrogenase (LDH) toxicity

Isolation of AM® from WT and Trpmi/3’ mouse lungs was performed according to chap-
ter 2.2.3.1. Then, cells were plated in wells of a 96 well plate, ~60000 cells/well, using
phenol-red free RPMI complemented with 10% FBS and 1% Pen-Strep. On the next day,
AM® were washed and incubated overnight with 30 uM ML3-SA1 or DMSO control. After
the incubation, the SN was collected from each well in tubes and centrifuged at 600g for
10 min to remove dead cells and debris. Samples were subsequently mixed with LDH
reaction mix containing WST substrate in wells of a 96 well plate as defined in the in-
struction of the manufacturer. The LDH enzyme from dead cells oxidizes lactate and
generates NADH, which reacts with WST substrate to form a medium coloring product.
The SN obtained from cells exposed to lysis buffer served as a positive control. The
optical density of all samples was measured at 450 nm (reference wavelength at 650

nm) using FLUOstar Omega plate reader.

2.2.5 ELISA of BAL-F and AM® SN

2.2.5.1 ELISA of BAL-F

BAL-F was obtained from WT and Trpom/3’- mouse lungs as described previously in
chapter 2.2.3.2. Frozen samples were thawed on ice and were subsequently analyzed
undiluted through standard sandwich ELISA technology (Table 19), as defined though
the instructions provided by the manufacturer. The optical density at 450 nm was meas-
ured using FLUOstar Omega plate reader and concentrations were calculated utilizing
calibration curves obtained from respective standard proteins. With that, TIMP-1/2,

MMP-12, desmosine, and SP-D levels were determined.
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Table 19. Standard protocol for sandwich ELISA.

2.2.5.2 ELISA of AM® SN

Isolation of AM® from WT and Trpmi/3’ mouse lungs was performed according to chap-
ter 2.2.3.1. Lavage obtained from mice within its genotypic group were combined, be-
cause high numbers of cells were required. Hence, 100000 cells/well were seeded on a
96 well plate, in phenol-red free RPMI containing 10% FBS and 1% Pen-Strep. The fol-
lowing day, cells were washed and fresh media was provided, 200 pL per well of dye-
free RPMI complemented with 10% FBS, 1% Pen-Strep, and a protease inhibitor (PI)
cocktail. AM® were then kept in culture for 72 hours. Afterwards, the SN from each well
was collected in tubes and cooled on ice, followed by centrifugation at 11000g and 4°C
for 10 min to discard debris and dead cells. Samples were then frozen in liquid nitrogen
before storing them at -80°C freezer until its usage for MMP ELISAs. On the day of the
experiment, samples were thawed on ice and MMP-12 and MMP-8 concentrations were
measured through standard sandwich ELISA technology (Table 19) according to the
protocol provided by Abcam (ab206982 and ab213878). Samples were diluted 1:1 for
the assay. Values for absorbance were read at 450 nm using FLUOstar Omega plate
reader. The concentrations of MMPs were calculated using calibration curves obtained

from respective standards, as defined by the manufacturer’s instruction protocol.

For endocytosis inhibition or activation of TRPML3, WT and Trpom/3- AM® were treated
using several endocytosis blockers (4 hours, at 37°C) after the culture period of 72 hours,

or with TRPML3 agonist (overnight, at 37°C) starting 48 hours beyond culturing the cells.
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MBCD at 2.5 mg/mL was used to inhibit clathrin-independent endocytosis, Dyn at 50
pg/mL was used to block clathrin-mediated endocytosis, EIPA at 150 yM was applied as
a blocker for macropinocytosis and 30 yM ML3-SA1 was used to activate TRPML3.
DMSO was used as a basal control. Additionally, a blank control was processed in par-
allel for every condition, i.e. wells containing no cells but media and inhibitor/ago-
nist/DMSO. After respective incubation times, SNs were collected in tubes on ice. Further
sample processing and measurement of MMP-12 in the SN through ELISA were con-

ducted as described in the paragraph above.

2.2.6 Immunostainings of lung tissue cryosections and lavage cells

Immunostainings were performed of lavage cells and lung tissue cryosections obtained
from adult female TrpmI3-IRES-Cre/eR26-TGFP mice which were euthanized through

intraperitoneal (i.p.) injection of ketamine/xylazine.

For cryosections, mice were transcardially perfused with 1x PBS, followed by 4% PFA
solution. Lungs were removed and subjected to a post-fixation in 4% PFA for 2-4 hours.
After an overnight incubation in 18% sucrose solution for the purpose of cryoprotection,
lung tissues were embedded in plastic cryomolds and frozen in Tissue-Tek. Next, 10 ym
lung tissue cryosections were prepared and transferred onto microscope slides. For sub-
sequent immunostainings, tissue cryosections were shortly air-dried and rinsed 3 times
for 5 min in 1x PBS. After 1 hour of incubation in blocking buffer (see Table 7 for com-
position), tissue sections were incubated with the primary antibodies overnight at 4°C.
The following antibodies and dilutions were used: anti-mouse SFTPC (1:200), anti-
mouse F4/80 (1:200), anti-mouse CD3 (1:200), and anti-mouse CD8a (1:500), and anti-
mouse CD45R (1:200). The following day, the slices were rinsed 3 times for 5 min in 1x
PBS-T and incubated with the secondary antibodies, anti-rabbit-Cy5 or anti-rat-Cy3, di-
luted at 1:500, for 2 hours at room temperature (RT). Nuclei were stained for 5 min using
2 ug/mL bisBenzimide solution followed by 3 times for 5 min for final washes in PBS-T
and mounting in Fluoromount-G. Immunofluorescence images were taken using AxioS-

can.Z1 slide scanner and processed with ZenBlue software.

For immunostainings of lung lavage, cells were isolated from Tromi3-IRES-Cre/eR26-
TGFP mice through bronchoalveolar lavage (BAL) as delineated in chapter 2.2.3.1. Cells
were seeded in ibidi p-Slide 8 wells in dye-free RPMI complemented with 10% FBS and
1% Pen-Strep. Post attachment to wells, cells were rinsed with 1x PBS and fixed in 4%
PFA solution for 10 min on ice. All subsequent blocking, washing, and staining steps

were performed as described above for lung tissue cryosections. Afterwards, cells were
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stained with the primary antibody, anti-mouse F4/80 (1:200), followed by the secondary
antibody, anti-rat-Cy3 (1:500). Nuclei staining was performed using 0.2 pg/mL DAPI so-
lution. Immunofluorescence images were taken using a LSM 880 and processed with

ZenBlue software.

2.2.7 Fluorescence-activated cell sorting (FACS)

FACS analysis was conducted of lung tissue and lung lavage isolated from Trom/3-IRES-
Cre/eR26-1GFP mice that were euthanized by isoflurane inhalation. First, cells of the
alveoli were isolated by BAL as described in 2.2.3.1, and kept on ice until further pro-
cessing. After perfusion of the lungs with ~20 mL of ice-cold 1x PBS, lung tissues were
dissected out and minced into small pieces <1 mm using feather scalpels. Lung tissues
were then transposed into 1.5 mL tubes containing 700 uL digestion buffer (see Table 8
for composition). Digestion was performed for 30 min at 37°C. The digested tissue was
filtered through nylon strainers (100 um and 30 ym) using syringe plungers. Filters were
washed 3 times with 10 mL of 1x PBS and the resulting suspension was spun down at
4009 for 5 min. The lavage collected at the start was centrifuged as well, at 1000g for 10
min. To remove erythrocytes, all cell pellets were incubated with 3 mL of eBioscience™
1x RBC Lysis Buffer for 3 min followed by another centrifugation step for 5 min at 400g.
Cells were washed with 1 mL of FACS buffer (see Table 8 for composition) and incu-
bated in 100 uL of the same buffer, supplemented with CD16/32 antibody for Fc blocking,
for 10 min at 4°C. After another washing step, cells were eventually incubated with 100
ML of the staining master mix, containing viability dye, 1:1000, and several fluorochrome-
conjugated antibodies. Antibodies were used in a dilution of 1:100 and are listed in Table
12. After 20 min of incubation at 4°C, cells were repeatedly rinsed with 1 mL of FACS
buffer before re-suspension in 300 yL. Samples were kept on ice, protected from light
until final measurements. To correct for spectral overlap, compensation controls were
prepared simultaneously for each fluorophore using UltraComp eBeads™ compensation
beads, and run on a BD LSR Fortessa Il. After fluorescence compensation, samples
were finally run on the flow cytometer and collected data were analyzed using FlowJo.
This protocol was applied for five TrpmiI3-IRES-Cre/eR26-1GFP mice, as well as five
regular mice free of TGFP expression, which were utilized to create a threshold value for
TGFP+ cells.
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2.2.8 Quantitative real-time PCR (qRT-PCR)

AMO® were isolated by BAL as described in chapter 2.2.3.1 and obtained cell pellets were
used for isolation of total mMRNA using the RNeasy Plus Mini Kit as per the manufacturer’s
protocol. Total mMRNA concentrations were determined using a NanoDrop™ UV-Vis
spectrophometer. The same amounts of mMRNA from each sample were used for subse-
quent complementary DNA (cDNA) synthesis using the RevertAid First Strand cDNA
Synthesis Kit according to the manufacturer’s protocol. Then, master mixes were pre-
pared on ice for each gene (Mmp-12, Gapdh, Actb) containing Light Cycler® 480 SYBR
Green | Master Mix, the respective primer mix (1:10 dilution) and nuclease free water.
Primers were constructed with Primer-Blast software and no off-target bindings were
predicted. The sequences of all used primers are shown in Table 14. Finally, 2.5 uL of
cDNA sample and 7.5 uL of master mix were pipetted into the wells of a LightCycler®
480 Multiwell Plate. Negative controls containing no cDNA, only nuclease free water,
were processed in parallel to ensure the specificity of the primers. Triplicates were pre-
pared for each sample. The plate was spun down at 3000 rpm for 10 seconds and pro-
ceeded by the run on a LightCycler® 480 system. Relative mRNA expression was cal-
culated according to the comparative ACt method (169) and using the formula: Relative
mRNA level = 22€T  with ACt = Cr (target) — Ct (reference) and Cr = cycle threshold.

Gapdh and Actb served as reference genes.

2.2.9 Protein analysis using western blot (WB) technique

2.2.9.1 Protein extraction from AM® and sample preparation

AMO cell pellets were isolated from WT and Trpmi/3”" mice through BAL as described
previously in chapter 2.2.3.1. Cell pellets were lysed using 10 mM TRIS-HCI lysis buffer
containing 0.2% SDS and supplemented with proteinase (1x) and phosphatase (1x) in-
hibitors. To achieve total cell lysis and to shear DNA to reduce viscosity, samples were
subjected to ultrasonication on ice. Protein concentrations were subsequently deter-
mined using the Bradford method. The absorbance shift of the dye Coomassie brilliant
blue G-250 after binding to sample proteins was measured and correlated to total protein
concentrations based on a BSA standard curve that was recorded in parallel. The Brad-
ford assay was performed according to the protocol supplied with Protein Assay Dye
Reagent Concentrate from Bio-Rad. To reduce and denature samples, 4x Loading buffer
(see Table 10 for composition) was added to each sample that were subsequently boiled
at 95°C for 5 min.
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2.2.9.2 SDS-Polyacrylamid Gel Electrophoresis (SDS-PAGE)

SDS-PAGE was used to separate sample proteins pursuant to their molecular weight.
The polyacrylamide gels were prepared consisting of a resolving gel at the bottom for
optimal separation of proteins and a stacking gel on top to concentrate the proteins and
ensure the same starting point for entering the resolving buffer. The pore size of the
polyacrylamide gel is variable and can be adjusted according to the sample proteins. For
separation of 90 kDa transferrin receptor protein, a 10% polyacrylamide gel was used as

it is appropriate to resolve proteins with sizes of 15-100 kDa.

First, the resolving gel solution was prepared according to the composition depicted in
Table 20 and carefully poured into the gap between the glasses of the gel preparation
apparatus. After 20 min of time for the polymerization of the resolving gel, the stacking
gel solution was prepared (Table 20) and cast on top of the resolving gel. Finally, the

comb was inserted and the gel was given 15-20 min to polymerize.

Solution Composition per gel

Stacking gel, 6% poly- 5.4 mL dH20

acrylamide 2.0 mL Rotiphorese® Gel 30

2.5 mL Stacking gel buffer (see Table 10)
50 pL 10% APS in dH>O

13 yL TEMED

Resolving gel, 10% poly- | 4.1 mL dH20

acrylamide 3.3 mL Rotiphorese® Gel 30

2.5 mL Resolving gel buffer (see Table 10)
50 pL 10% APS in dH20

13 yL TEMED

Table 20. Preparation of polyacrylamide gel.

The polyacrylamide gel was arranged within the holder of the electrophoresis chamber,
which was filled with 1x running buffer (see Table 10 for composition). The comb was
carefully removed and samples were loaded into the gel wells, according to their protein
amount. 4 uL of PageRuler™ Prestained Protein Ladder was loaded as reference. The
gel was run at 80V until appropriate separation of proteins visualized through the colored

marker proteins.
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2.2.9.3 Western blot (WB)

In a following step, the separated proteins were transferred onto an Immobilon-FL poly-
vinylidine difluoride (PVDF) membrane. For that, the membrane was first immersed in
methanol and subsequently rinsed with 1x Transfer buffer (see Table 10 for composi-
tion). Then, the sandwich was prepared consisting of sponges at the outermost followed
by filter papers enclosing the gel and membrane in the middle. The sandwich was set
into the pre-cooled transfer tank with the orientation that the negatively charged proteins
from the gel are pulled to the positively charged anode, thereby moving into the PVDF
membrane. The tank was filled with precooled 1x Transfer buffer. The blotting took place
at 100V for 1 hour. To control for complete transfer of the proteins, the dried membrane
was stained with Ponceau-S solution. After location of the reddish-pink stained protein

bands, the staining was removed through several washes with 1x TBS-T.

2.2.9.4 Detection of proteins through immunostaining

For the detection of distinct protein bands through immunostainings, the membrane was
first blocked with a solution of 5% milk powder in TBS-T, for 1 hour at RT. Membranes
were then incubated with the specific primary antibodies diluted in blocking buffer, over-
night at 4°C on a shaker (see Table 13 for dilution ratios). After three washes with 1x
TBS-T, each 10 min, at RT on the shaker, the membrane was incubated with HRP-con-
jugated secondary antibody diluted in TBS-T containing 1% BSA (see Table 13 for dilu-
tion ratios). The incubation was performed for 1 hour at RT on the shaker. Next, the
membrane was again rinsed, twice with TBS-T for 5 min each, lastly once with 1x PBS
for 5 min. Membranes were incubated with Immobilon® Crescendo Western HRP Sub-
strate in the dark for 0.5-1 min for the detection of the chemiluminescence signal on the
LI-COR Odyssey® FC imaging system. ImageJ was used to measure protein band in-

tensities.

2.2.10 Animal experiments

Animal experiments were performed in cooperation with Dr. Onder Yildirim, Institute of
Lung Biology and Disease (ILBD), Helmholtz Centre Munich. All handling, breeding and
experimental proceedings were in strict conformance with all relevant ethical regulations

and were approved by the government of Upper Bavaria.

2.2.10.1 Elastase-induced emphysema model

For the induction of lung emphysema through elastase application, female WT vs.

TrpmI3" mice with an age of 4-5 months were used. Mice were anesthetized through an
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i.p. injection of a mixture of Fentanyl (50 pg/kg), Midazolam (5 mg/kg), and Medetomidine
(500 pg/kg), according to the body weight of each mouse. Porcine pancreatic elastase,
20 U/kg body weight in a volume of 80 uL, was applied oropharyngeally, i.e. the elastase
solution was dropped onto the oropharynx, while the tongue was pulled out and hold with
forceps, and while the nostrils were blocked using forceps. This position was kept for ~5
seconds to ensure that the treated mice were unable to swallow or breathe through the
nose, while the elastase solution was inhaled into the lower respiratory tract. Control
mice were applied 80 uL of PBS through the same route. After the application, narcosis
was antagonized through a subcutaneous injection of a mixture of Naloxone (1200
Mg/kg), Flumazenil (500 ug/kg) and Atipamezol (2.5 mg/kg), and according to the body
weight of each mouse. All mice were analyzed 21 days after the elastase application.
Lung function measurements were performed, BAL-F was collected and left lungs were

taken for histological analysis.

2.2.10.2 COPD mouse model — Exposure to tobacco smoke

To induce COPD, female WT vs. Trpm/3" mice with an age of 4-5 months were used.
The animals were exposed to cigarette smoke (CS) in whole body chambers for 50 min
(= 10 cigarettes) twice per day over a time range of 2 months. A break of 3 hours was
kept between the two applications per day. The CS was generated from filter-free 3R4F
Research Cigarettes and directed into the exposure chambers by the use of membrane
pumps. The total particulate matter (TPM) of the CS exposure were 500mg/m?3, consti-
tuting the sum of all particle burden of the exposure air. The TPM level was monitored
on a regular basis through weighing quartz fiber filters, sampled with air from the cham-
ber before and after the exposure, and referring the obtained particle mass to the total
air volume. A GCO 100 CO Meter (Greisinger) was used to monitor CO concentrations
of the air in the exposure chamber. Control mice were exposed to filtered air (FA). After
2 months of treatment all mice were analyzed for lung function and left lungs were taken

for histological analysis.

2.2.10.3 Lung function measurements

Mice were deeply narcotized using a mixture of xylazine (0.7 mg/kg) and ketamine (100
mg/kg), according to the body weight of each mouse. The depth of anesthesia was con-
firmed by the absence of any reflexes. Then, the trachea was exposed, intubated through
a small cut made between the cartilage rings and finally connected to the flexiVent™

(Scireq) for mechanical ventilation with a tidal volume of 10ml/kg at a frequency of 150
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breaths/min. For maintenance of a normal body temperature, mice were lying on a heat-

ing plate during the measurement.

By the use of a predefined script, the flexiVent™ applied several maneuvers to measure
various lung function parameters. This included the Single Frequency Forced Oscillation
Technique (FOT) providing the parameters Elastance (E), dynamic Compliance (C), and
Resistance (R); Broadband (multi-frequency) FOT giving information about the Tissue
Elasticity (H), Tissue Damping (G), and Airway Resistance (Rn); Deep Inflation estimat-
ing the Inspiratory Capacity (IC); and Pressure-volume loops that capture Total Lung
Capacity (A), and the Quasi-static Compliance (Cst). An illustration of some maneuvers

is shown in Figure 6. The predefined script took four readings per animal.

S
e

Single Frequency FOT ~ Broadband FOT Deep Inflation
(R, (C), (B) (Rn), (G), (H) (IC)

flexiVent™
SCIREQ®

Figure 6. lllustration of lung function measurements using the flexiVent™. Different maneu-
vers are applied providing several respiratory mechanics parameters: Single Frequency Forced
Oscillation Technique (FOT) provides (R), (C) and (E), Broadband FOT provides (Rn), (G) and
(H), and Deep Inflation provides (IC).

2.2.11 Histological analysis of lung tissue

2.2.11.1 Lung tissue processing

After lung function measurements, mice were killed through exsanguination. BAL was
performed for the collection of BAL-F. Subsequently, left lung lobes were fixed through
an intratracheal instillation of ice-cold, 4% PFA solution. The instillation was performed
at a constant pressure (20cm fluid column). After 10 min, left lungs were dissected out
and transferred into falcon tubes for another 24h-post-fixation in 4% PFA solution. On

the next day, lungs were embedded in 2% Agar. From the resulting Agar block containing
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the lung tissue, 4 mm thick sagittal slices were prepared, placed side by side into small
caskets and overlaid with liquid, 2% Agar solution. The hardened block was finally placed
into embedding cassettes and washed with tap water. In the following, the Agar-embed-
ded lung tissue slices were dehydrated using a row of different percent Ethanol (ascend-
ing from 70% to 100%), followed by Xylol and incubation in paraffin, as shown in Table
21. The dehydration and incubation in paraffin was performed overnight using a Spin

Tissue Processor that is automatically transferring the samples from one medium to the

next one.
Order | Medium Time [hour]
1 70% Ethanol 1
2 80% Ethanol 1
3 96% Ethanol 1
4 96% Ethanol 2
5 96% Ethanol 2
6 100% Ethanol 1
7 100% Ethanol 2
8 100% Ethanol 2
9 Xylol 1
10 Xylol 2
11 Paraffin 1
12 Paraffin 2

Table 21. Dehydration protocol of lung tissue.

Next, the lung tissue blocks from the paraffin container were placed into steel molds and
poured over with liquid paraffin (60°C) using an Embedding Workstation. The molds were
kept on a cooling plate until the paraffin was completely hardened. The paraffin blocks
containing the lung tissue were stored at 4°C until proceeding with the preparation of
paraffin slices. For that, the paraffin blocks were clamped into a cooled holder of a rotary
microtome and 3 pym slices were prepared. After stretching the paraffin sections in water
at 40°C, the slices were transferred onto microscope slides. The slides were dried over-

night at 37°C to be stained on the day after.
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2.2.11.2 Hematoxylin & Eosin (H&E) staining

Firstly, all paraffin slices needed to be transferred to an aqueous milieu, carried out by
using Xylol and Ethanol with descending percentages (100% to 70%), according to the
following protocol (Table 22).

Order Medium Time [min]
1 Xylol 5
2 Xylol 5
3 100% Ethanol 1
4 100% Ethanol 1
5 90% Ethanol 1
6 80% Ethanol 1
7 70% Ethanol 1
8 dH20 1
9 dH20 1

Table 22. Hydration of paraffin slices.

Post hydration, paraffin slices were incubated for certain periods in different media, as
listed chronologically in Table 23. Hematoxylin and Eosin stain nuclei dark-blue to dark-
purple, cytoplasma pink to red and other intercellular substances e.g. collagen of the

ECM appear pink to red, as well.

Order Medium Time [min]

1 Mayer’'s hemalum solution | 5

2 Tap water Brief immersion
3 0.1% HCI-Ethanol Brief immersion
4 Tap water 5-10

5 dH.O 5-10

6 0.5% Eosin Y-solution 8

Table 23. Hematoxylin & Eosin (H&E) staining protocol.
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Following the H&E staining protocol, all slices were dehydrated again, performed accord-
ing to the protocol depicted in Table 24. After the last incubation step in Xylol, lung tissue
slices were mounted using Entellan™ and subsequently air-dried under the hood, over-

night, before proceeding with the microscopic analysis of airspace enlargements.

Order Medium Time [min]

1 70% Ethanol Brief immersion
2 80% Ethanol Brief immersion
3 90% Ethanol Brief immersion
4 96% Ethanol Brief immersion
5 100% Ethanol 1

6 100% Ethanol 1

7 Xylol 5

8 Xylol 5

Table 24. Dehydration of paraffin slices after H&E staining.

2.2.11.3 Verhoeff-van Gieson (VVG) staining

For VVG stainings, lung tissue slices were initially transferred to an aqueous milieu using
the protocol shown in Table 23. Then, the VVG staining kit supplied by Morphisto was
used to stain the connective tissue of lung slices according to the protocol of Table 25.
Thereby, elastic tissue was stained blue-black, collagen fibers red and other tissue ele-

ments yellow.

Order Medium Time [min]

1 Verhoeff staining solution (Mixture of solutions | 15
A:B:C with a ratio of 3:2:1, freshly prepared)

2 FeCls solution, 1% 0.5

3 Tap water 8

4 96% Ethanol 1

5 Van Gieson'’s picrofuchsin 2

6 dH20 Brief immersion

Table 25. Verhoeff-van Gieson (VVG) staining protocol.
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Afterwards, the slices were dehydrated through the following protocol (Table 26), before
the lung tissue was finally mounted in Entellan™. Slices were air-dried and the numbers

of elastin fibers were analyzed using an Olympus BX51 light microscope and a 40-x

objective.
Order Medium Time [min]
1 96% Ethanol 1.5
2 96% Ethanol 2
3 Isopropanol 5
4 Xylol 5
5 Xylol 5

Table 26. Dehydration of paraffin slices after VVG staining.

2.2.11.4 Quantification of airspace enlargements

Quantification of airspace enlargements was performed using H&E stained lung tissue
slices and an Olympus BX51 light microscope provided with a computer-assisted stere-
ological toolbox (CAST). It allows the quantification of 3D geometric characteristics, e.g.
analysis of the lengths of airspaces as mean linear chord length (MLI). In order to do
that, the CAST software has randomly picked 30 fields of view per lung. The lung sec-
tions were then overlaid with a grid of lines. In the following, two parameters were ana-
lyzed, first the intercepts of lines with alveolar septa (lsepta) Were counted, and second
the counts of points located within airspaces (Pair) were determined. MLI was then cal-
culated using the formula MLI = ¥Pair X L(p) / Zlsepta X 0.5. L(p) is the line length/point,
which was 88.08 ym. In this manner, the MLI was calculated for each mice from the

elastase and tobacco smoke experiment.
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3. Results

3.1 TRPML3 expression in the murine lung

To analyze TRPML3 expression in the murine lung, a TrpomI3-IRES-Cre/eR26-1GFP re-
porter mouse line was used (1), in which TRPML3-expressing cells are visualized
through cellular expression of TGFP. The fusion of GFP with the microtubule-associated
protein Tau (1) enables labeling of axons (170,171). Immunostainings of lung tissue cry-
osections and of BAL cells were performed, as well as FACS analysis of whole lung

tissue and of lavage cells.

3.1.1 Immunostainings of tissue and BAL cells from TrpomI3-IRES-
Cre/leR26-TGFP mouse lungs

For immunostainings of lung tissue cryosections, several antibodies were used to detect
various lung cells. F4/80 was used as a marker for macrophages, CD3 for T-cells,
SFTPC for AT2 cells, CD45R for B-cells, and CD8a for cytotoxic T-cells. Co-localization
of TGPF with the respective cell markers indicate TRPML3 expression in this cell type.
As depicted in Figure 7, a high degree of co-localization was seen for macrophages,
whereas AT2 cells and T-cells clearly showed lower rates of co-localization. Nearly no

co-localization was detectable for B-cells and cytotoxic T-cells.
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Figure 7. Inmunostainings of lung tissue using Trpomi3-IRES-Cre/eR26-TtGFP mice. Co-lo-
calization of TGFP with cell markers indicate the presence of TRPML3 in the respective cell types.
The highest rates of co-localization can be observed for macrophages detected through the
marker F4/80. Modified from: Spix et al., Nat Commun 13, 318 (2022) (1).

Additionally, a quantification of TRPML3-expressing cells per cell type was performed by

counting the numbers of cells showing co-localization in five randomly chosen fields of
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view (Figure 8). This analysis revealed that ~40% of macrophages in the lung tissue are
positive for TRPML3. This constitutes the highest percentage of TRPML3-expressing
cells among all analyzed cell types, as the others showed lower expression rates (~12%
for T-cells, ~10% for AT2-cells and 1% for B-cells).

Figure 8. TRPML3 expression rates within several cell types. Quantification of TRPML3-ex-
pressing cells obtained from the analysis of five fields of view per cell type. Shown is the mean £
SEM. From: Spix et al., Nat Commun 13, 318 (2022) (1).

Figure 9 shows immunostainings of BAL cells collected from TromI3-IRES-Cre/eR26-
TGFP mouse lungs. All cells isolated by BAL were positively stained by the macrophage
markers F4/80 and Galectin-3, which generally confirms their huge abundance in the
lavage. Obviously, the vast majority of AM® also showed expression of TGFP indicating

the presence of TRPML3 in this cell type.
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Figure 9. Inmunostainings of BAL cells from TrpmI3-IRES-Cre/eR26-TGFP mice. The vast
majority of AM® isolated by BAL are positive for TRPML3, as shown by the co-localization with
TGFP. Modified from: Spix et al., Nat Commun 13, 318 (2022) (1).

However, as depicted in Figure 9 and Figure 10A, some very few AM® appear to be
TGFP-. Still, quantification analysis revealed a significant amount of ~87% of AM® being
positive for TGFP, and TRPML3 respectively (Figure 10B).
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Figure 10. tTGFP+ AM® in BAL from TrpmI3-IRES-Cre/eR26-TtGFP mice. (A) Representative
image of TGFP+ AM® isolated by BAL. The vast majority of cells show TGFP expression. (B)
Quantification of TGFP+ AM® illustrated as counts of AM® per image obtained from analysis of
eight randomly chosen images, as shown in A. Shown is the mean + SEM. From: Modified from:
Spix et al., Nat Commun 13, 318 (2022) (1).

3.1.2 FACS analysis of tissue and BAL cells from TromI3-IRES-Cre/eR26-
TGFP mouse lungs

To corroborate the results of the immunostainings that are clearly pointing to expression
of TRPML3 in AM®, and to extend the expression analysis to a broader range of immune
cell types, FACS analysis was performed of both lung tissue and of BAL cells isolated
from TrpmI3-IRES-Cre/eR26-1GFP mice. The following gating sequence was applied to
determine TRPML3-expressing cells in lung tissue (Figure 11A): Initially, forward scatter
(FSC) and side scatter (SSC) were utilized to gate lymphocytes and single cells, thereby
excluding doublets and debris. After selecting all living immune cells (CD45+/ LD-), only
the TGFP+ (=TRPML3+) population was identified and used for the subsequent gating.
Then, several immune cell types were excluded from further analysis: B-cells identified
as CD3-/B220+, and T-cells identified as CD3+/B220-, and neutrophils identified as
Ly6G+, as well as two small subgroups of CD11¢c-/CD11b- cells and MHCII- cells. This
eventually provided a huge cluster of macrophages (M®) (CD24+/CD64-), and a tiny one
of dendritic cells (DC) (CD24+/CD64-). The MHCII- population could be further separated
into monocytes as CD64-/CD11b+ and natural killer cells (NK) as CD64-/CD11b"". The
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DC population was split into CD11b+ DC and CD11b- DC (=CD103+) and eosinophils
(Eos) as CD11b+/MHCII-. The huge M® population was finally sub-grouped into AM®
(CD11b-) and IM® (CD11b+). This sequential gating analysis revealed the vast majority
of TRPML3-expressing immune cells being M®, or more specifically AM®, as only very
few TRPML3+ cells were identified as IM®. Additionally, quantification analysis con-
firmed this: ~72% of TGFP+ cells accounted for M®, ~10% for T-cells and ~8% for B-
cells, while for the other immune cell types the percentages were below 1% (Figure
11B).
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Figure 11. FACS analysis of lung tissue from Trpmi3-IRES-Cre/eR26-tGFP mice. (A) Se-
quential gatings applied to determine TRPML3+ immune cells. Dot plots revealed AM® as the
largest TRPML3+ immune cell population. (B) Bar and pie charts illustrate the percentages of
TGFP+ cells for every analyzed cell type, based on quantitative analysis of dot plots as shown in
A. Shown is the mean + SEM, obtained from five Trom/3-IRES-Cre/eR26-TGFP reporter mice.
From: Spix et al., Nat Commun 13, 318 (2022) (1).

For the identification of TRPML3-expressing immune cells in BAL, the same sequential
gating strategy as described above for lung tissue samples was adopted to the first six
gatings. As a last gating step, the Ly6G- cluster was further defined using the markers
CD11c and CD11b. It uncovered a huge population of CD11b-/CD11c+ AM®, while IM®
were absent (Figure 12A). Accordingly, a quantification analysis showed that the over-
whelming majority of TGFP+ (=TRPML3+) cells in BAL correspond to AM® (97.5%) (Fig-
ure 12B).
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Figure 12. FACS analysis of BAL cells from Trpomi3-IRES-Cre/eR26-1tGFP mice. (A) Sequen-
tial gatings applied to determine TRPML3+ immune cells of the lavage. The final dot plot highlight
the large TRPML3+ AM® population. (B) Bar and pie charts illustrate the percentages of TGFP+
cells for every analyzed cell type, based on quantitative analysis of dot plots as depicted in A.
Shown is the mean £+ SEM, obtained from four Trpm/3-IRES-Cre/eR26-1GFP reporter mice.
From: Spix et al., Nat Commun 13, 318 (2022) (1).

In summary, both immunostainings and FACS analysis of both lung tissue and lavage
cells consistently and convincingly show that the TRPML3 channel is mainly expressed
in AM® in the lung.

3.2 Lung function measurements

AMO®O constitute an important immune cell type in the lungs and are heavily involved both
in host defense and in inflammatory processes in the lungs, as described in previous
chapters. Therefore, loss of TRPML3 as in TrpmI3’- mice might contribute to develop-
ment of lung diseases or might have influences on lung architecture resulting in limita-
tions of lung function. Hence, lung function parameters of Tromi/3’- mice were measured

and compared to WT control mice.

3.2.1 Basal measurements of Elastance and Compliance

Firstly, lung function measurements of Trom/3”- mice compared to WT control mice were
performed under basal conditions, i.e. without any previous treatments. To corroborate
findings of changed lung function parameters, experiments were executed with two dif-

ferent TromI3’- mice models: Mcoln3™" %2 and Mcoln3™'2"¢s_ The lung function param-
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eters dynamic Compliance (C) and Elastance (E) were measured. The Elastance is de-
fined as pressure change (AP) per volume change (AV), E = AP/ AV. It describes the
elastic rigidity of the respiratory system, e.g. a lung with low Elastance is very flexible
and pliable. On the opposite, the dynamic Compliance is the reciprocal of the Elastance
(C = AV/ AP) and is a measure for the ability of the lungs to stretch. Exemplary, a high
dynamic Compliance of the lungs is associated with a high stretchability and is charac-

teristic for an emphysematous lung.

Figure 13 shows a graphical illustration of the values for Elastance and dynamic Com-
pliance measured from the two different Trom/3’ mice models, Mcoln3™'2"s in Figure
13A and Mcoln3™'-19%2 in Figure 13B. In both mouse models, the Elastance was signifi-
cantly reduced compared to the respective WT control mice, whereas the dynamic Com-
pliance was significantly increased. These alterations pointed to an emphysema lung

condition in TromI3" mice.
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Figure 13. Lung function of Trpmi3”- mice under basal conditions. Values for Elastance and
dynamic Compliance of two TrpmI3”- mouse models, Mcoln3™!-2Hels jn (A) and Mcoln3m1-1J92a in
(B), compared to WT mice, aged 4-5 months. One dot corresponds to the measurement of one
mouse in A and B. Shown is the mean + SEM. Unpaired and two-tailed Student’s t-test was used.
* p<0.05, ** p<0.01. Modified from: Spix et al., Nat Commun 13, 318 (2022) (1).
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3.2.2 Lung emphysema mouse model

In a next step, lung function measurements of TrpmI3” mice were performed under dis-
eased conditions to investigate if the impairments in lung function, observed under basal
conditions, are further aggravated. For that, a well-established mouse model for lung
emphysema was used, in which the emphysematous lung condition is induced through
the application of a porcine pancreatic elastase compared to PBS application as a con-
trol. The graphs of Figure 14 show several lung function parameters measured for both
the elastase-treated mice and control mice, WT versus Trpml3” mice (Mcoln3'™-1993),
respectively. Repeatedly, a significant reduction of Elastance, as well as significant in-
crease of dynamic Compliance, was detected for basal TromI3” mice (Figure 14A, B).
Additionally, the elastase treatment resulted in a further enhanced lung emphysema phe-
notype, as Elastance and dynamic Compliance were changed more dramatically with
the most prominent change in TromI3’ mice compared to WT (Figure 14A, B). Further-
more, Tissue Elasticity (H) was measured, which is an estimation for the elasticity of the
lung tissue, compared to the Elastance being indicative for the whole thorax (lung tissue
+ chest wallls + airways). Tissue Elasticity was significantly reduced in both elastase- and
PBS-treated TrpmI3’- mice compared to WT control mice (Figure 14C). Values for In-
spiratory Capacity (IC), which represents the amount of air being potentially inhaled at
end of a normal expiration, and Total Lung Capacity (A), an estimate for the volumes in
the lungs at maximal inflation, were likewise and significantly elevated in the elastase-
exposed TrpmI3" mice in comparison to WT mice, but not in the PBS-treated groups
(Figure 14D, E). Similar to the dynamic Compliance, the Quasi-Static Compliance (Cst)
is a measure of the lungs to stretch, meaning to increase the lung volume, but at a static,
given pressure compared to dynamic Compliance, where the pressure is variable during
the measurement of lung volumes. Here, the Quasi-Static Compliance was significantly

elevated in the elastase-exposed Trpml/3” mice compared to WT (Figure 14F).
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Figure 14. Lung function of Trpmi3’- mice after elastase treatment. Values for Elastance (A),
dynamic Compliance (B), Tissue Elasticity (C), Inspiratory Capacity (D), Total Lung Capacity (E),
and Quasi-Static Compliance (F) in elastase versus PBS treated WT and Trpmi3’- mice
(Mcoln3™1.1992) aged 4-5 months. One dot corresponds to the measurement of one mouse in A to
F. Shown is the mean + SEM. Two-way ANOVA was used followed by Tukey's post-hoc test. *
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Modified from: Spix et al., Nat Commun 13, 318
(2022) (1).

Finally, the values for lung volume measured at different pressures through gradual in-
flation and deflation were plotted to receive pressure-volume loops, as shown in Figure
15. This revealed a shift of the curves towards larger volumes in TrpmI3”- mice compared
to WT under both PBS and elastase treatment, the latter one showing the most dramatic
shift. Abnormalities or shifting of pressure-volume curves can be used as tool to uncover
lung dysfunctions. E.g., a shift towards larger volumes as seen in TrpmI3" mice is indic-
ative for an emphysematous lung as the destruction of lung architecture results in already

larger lung volumes at low pressures.
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To summarize, several parameters of pulmonary function were significantly changed in
Tromi3 deficient mice compared to WT, with the most powerful alterations found in
TromI3" mice after elastase treatment. These changes are pointing to an emphysema

lung phenotype.
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Figure 15. Pressure-volume loops of Trpml3” mice. Pressure-volume curves retrieved from
lung function measurements using elastase versus PBS treated WT and Trpm/3’ mice
(Mcoln3™1.1993) aged 4-5 months. Shown is the mean + SEM calculated for each group. Modified
from: Spix et al., Nat Commun 13, 318 (2022) (1).

3.2.3 COPD mouse model

To further strengthen the link between TRPML3 and COPD, measurements of respira-
tory mechanics were conducted using WT and Trpmi3” mice that were chronically ex-
posed to cigarette smoke (CS), since this constitutes the most relevant cause of COPD.
Figure 16 shows the values of Elastance and dynamic Compliance measured for each
group. Elastance was significantly decreased while dynamic Compliance was signifi-
cantly elevated in TrpmI3" mice in comparison to WT, both under CS exposure and
under filtered air (FA) control. This again pointed to an emphysema phenotype in Troml/3

deficient mice and confirmed the observations of the elastase experiment.
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Figure 16. Lung function of TrpomI3’- mice after CS exposure. Values for Elastance and dy-
namic Compliance of FA or CS exposed Trpmi3" mice (Mcoln3'™!-14%2) compared to WT. One dot
corresponds to the measurement of one mouse. Shown is the mean + SEM. Two-way ANOVA
was used followed by Tukey’s post-hoc test. * p<0.05, ** p<0.01. Modified from: Spix et al., Nat
Commun 13, 318 (2022) (1).

3.3 Histological analysis of lung tissue

An emphysema lung condition is associated with pathological changes in the lung tissue,
such as degradation of connective tissue between the alveoli and destruction of the al-
veolar walls that are leading to enlarged airspaces. To visualize such potential changes,
lung tissues collected from the elastase and smoke experiment were analyzed in terms

of quantification of airspace enlargements and loss of elastin fibers.

3.3.1 Lung emphysema mouse model

Figure 17A shows representative pictures of H&E-stained lung tissue section for all
groups of the elastase experiment. It clearly shows the influence of the elastase applica-
tion on lung tissue resulting in greatly enlarged airspaces compared to PBS control.
These airspace enlargements were quantified by measuring the mean linear chord
length per group, which is an estimation for the distance between the alveolar walls. It
revealed increased airspace enlargements in TrpmI3’- mouse lungs compared to WT,
which were only slightly significant (*) in the PBS control groups, but then strongly sig-
nificant (****) under elastase treatment (Figure 17B). Thus, the strongest phenotype ex-

acerbation was seen in elastase treated Trpmi3 deficient mice.
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Figure 17. Quantification of airspace enlargements after elastase treatment. (A) Repre-
sentative pictures of H&E-stained lung tissue slices from PBS and elastase treated WT and
Trpmi3’- mice (Mcoln3™'192), (B) Quantitative analysis of enlarged airspaces as mean linear
chord length. One dot corresponds to the lung tissue analysis from one mouse. Shown is the
mean + SEM. One-way ANOVA was used followed by Tukey's post-hoc test. * p<0.05, ****
p<0.0001. From: Spix et al., Nat Commun 13, 318 (2022) (1).

Beside airspace enlargements, lung emphysema is characterized through degradation
of ECM, especially elastin. To visualize elastin in lung tissue sections, the Verhoeff-Van
Gieson staining (VVG) was applied, which stains collagen fibers red, elastin fibers black,
and other tissue components yellow, as shown in Figure 18A for all groups of the elas-
tase experiment. Furthermore, the images were the basis to quantify the amount of elas-
tin in lung tissue sections of every group as counts of elastin fibers/field. This reveled a
reduction of elastin in lung tissue sections from TrpmI3’ mice compared to WT, slightly
significant (*) in the PBS control groups and stronger significant (**) in the elastase
groups (Figure 18B).

Summarizing, the histological analysis of lung tissue sections corroborate the findings of
the functional lung analysis. Airspace enlargements and atrophy of elastic tissue were
markedly present in Troml/3 deficient mice and confirms the emphysematous changes of
their lungs.



3 Results 80

A WT (BL6) Mcoln3 ™1 1o B 50 *
L - - W, v Y T N N
e S ML T T ONES { &
J A YL Kl e ;i » o * Jeokk
oo P e ST BRE /‘s’i\- 52 24083 ¢
o ¥ e o Ot v - & 1 5 L] o .l
g Wi : ]
o Q H
/ - S 30 o0 o
SN g +
E— @
o -
2% ©
€ °®
3
8 104
0
® WT (BL6), PBS
® Mcoin3™" 9% pBs
g ® WT (BL6), Elastase 20U/kg
= ® Mcoin3™" %99 Elastase 20U/kg
(]
w

Figure 18. VVG staining and quantification of elastin fibers. (A) Representative pictures of
VVG-stained lung tissue slices from PBS and elastase treated WT and Trpmi/3’ mice
(Mcoln3™1.1Jea) (B) Quantitative analysis of elastin fibers as counts/field in images as shown in
A. The counts of elastin fibers were analyzed in 8-10 fields of view per mouse lung and the ob-
tained mean corresponds to one dot. Shown is the mean £+ SEM. One-way ANOVA was used
followed by Tukey’s post-hoc test. * p<0.05, ** p<0.01, **** p<0.0001. Modified from: Spix et al.,
Nat Commun 13, 318 (2022) (1).

3.3.2 COPD mouse model

To complete the histology data set, lung tissue sections were obtained from all mice of
the smoke experiment and were subsequently analyzed in regards of airspace enlarge-
ments. In contrast to the elastase treatment, the smoke exposure appeared to be milder
as it resulted in smaller and less conspicuous airspace enlargements (Figure 19A). Still,
and in line with the previous data, the quantification analysis revealed enlarged airspaces
in Tromi3 mouse lungs compared to WT. The enlargements were present both under
FA treatment and under CS exposure (Figure 19B), but were most pronounced in the

lungs of treated TrpmI3” mice showing the strongest phenotype exacerbation.
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Figure 19. Quantification of airspace enlargements of CS exposed mice. (A) Representative
pictures of H&E-stained lung tissue from FA or CS exposed WT and Trpmi3’ mice
(Mcoln3m™1.1992) (B) Quantitative analysis of enlarged airspaces as mean linear chord length. One
dot corresponds to the lung tissue analysis from one mouse. Shown is the mean + SEM. One-
way ANOVA was used followed by Tukey’s post-hoc test. * p<0.05, ** p<0.01, *** p<0.001. From:
Spix et al., Nat Commun 13, 318 (2022) (1).

3.4 Analysis of BAL-Fluid

As described above, the results pointed to a lung emphysema phenotype in mice that
are lacking the TRPML3 channel. Thus, the underlying mechanisms leading to this
pathological lung condition should be determined. To this end, the bronchoalveolar lav-
age fluid (BAL-F) was collected from TrpmI3’ mice compared to WT to examine the
acellular components of the lung lumen. In this context, both multiplex assay and ELISAs

were performed for several inflammatory mediators (cytokines, chemokines, MMPs).

3.4.1 Multiplex assay

In an unbiased approach, a multiplex assay was applied to measure the concentrations
of different cytokines, chemokines and proteases, i.e. MMP-12, MMP-9, MMP-2, inter-
feron-y (IFNy), interleukin-10 (IL10), interleukin-6 (IL6), interleukin-4 (IL4), keratinocyte-
derived chemokine/C-X-C motif chemokine ligand 1 (KC/CXCL1), vascular endothelial
growth factor (VEGF), monokine induced by gamma interferon/C-X-C motif chemokine
ligand 9 (MIG/CXCL9), and macrophage inflammatory protein 2 (MIP2), in BAL-F. As
shown in Figure 20, only the macrophage-specific protease MMP-12 was significantly

elevated in the BAL-F of TrpmI3 mice compared to WT, whereas all other analyzed
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inflammatory mediators were not significantly altered. Therefore, in the following experi-
ments the focus was directed to the protease MMP-12, which is also known to be a key
mediator in the formation and development of emphysema. Deducing from this, the in-
creased MMP-12 levels in TromI3’- mice lungs could serve as a possible explanation for

the emphysema phenotype.
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Figure 20. Quantification of inflammatory mediators in BAL-F. Concentrations of several cy-
tokines, chemokines and MMPs in BAL-F of 4-months old WT and Trpmi3”- mice (Mcoln3im1-2Hels)
assessed through multiplex analysis. Shown is the mean + SEM. Student’s t-test, unpaired, two-
tailed, was used for statistical analysis. ** p<0.01. Modified from: Spix et al., Nat Commun 13,
318 (2022) (1). Results of this figure were obtained from co-authors.

3.4.2 ELISA of MMP-12

To further confirm the findings of the multiplex analysis, an enzyme-linked immuno-
sorbent assay (ELISA) was performed, specifically for MMP-12, and using BAL-F sam-
ples of both Trpm/3" mouse lines (Mcoln3™'2"¢ls and Mcoln3™'1998). This revealed sig-
nificantly increased MMP-12 levels in the BAL-F isolated from both knockout mouse

models (Figure 21) and confirmed the results from the multiplex assay.
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Figure 21. Quantification of MMP-12 in BAL-F through ELISA. Concentrations of MMP-12
were measured in BAL-F isolated from both Tromi3’ mouse models (Mcoln3im12Hels gnd
Mcoln3m1-149a) and normalized to WT control samples. Normalized values are shown in the graphs
as mean + SEM. One dot corresponds to the BAL-F from one mouse. Student’s t-test, unpaired,
two-tailed, was applied for statistical analysis. ** p<0.01, **** p<0.0001. Modified from: Spix et al.,
Nat Commun 13, 318 (2022) (1).

3.4.3 ELISA of TIMPs

As described in chapter 1.4.1.3.2, the activity of proteolytic enzymes in the ECM is con-
trolled by antiproteases, such as TIMPs controlling MMPs. Therefore, the levels of TIMP-
2 and TIMP-1 were assessed by ELISA. TIMP-1 concentrations were found to be not
significantly changed between WT and Trpmi/3" BAL-F, both in Mcoln3™!2"els and
Mcoln3™'-%92 (Figure 22A). Likewise, TIMP-2 concentrations were not significantly al-

tered (Figure 22B). This pointed to an overabundance of MMP-12 versus TIMPs.

100+ 100+ 2800+ ns. 4000+
T n.s. z n.s z =
£ 80- £s0d £ 27004 £ 38004 n.s
2 . . & . " LS y - L .
Y 60 Y 50 i ‘i‘ b ogo0d A L3500 e
2 = 27 . 2 % + 2 -
m m [aa) m
c 404 . . c 40 = 2500 ] c 34004
— . | Rl | — o al o
£ 204 £ 20 < 24004 ¢ < 3200+
= = = (= "
0 0 2300 3000
e WT (FVB) e WT (BL6) e WT(FVB ® WT (BL6)
- Mcom3m11.2He/5 = Mco’n3fm1 1Jga - Mcomstmf,ZHeﬂs - Mcomsnm‘ 1Jga

Figure 22. Quantification of TIMPs in BAL-F through ELISA. Concentrations of TIMP-1 (A)
and TIMP-2 (B) in BAL-F isolated from both TrpmI3’ mouse models (Mcoln3t™!2Hels gnd
Mcoln3tm1-1492) compared to WT control samples. Plotted values are mean + SEM. One dot cor-
responds to the BAL-F from one mouse. Student’s t-test, unpaired, two-tailed, was applied for
statistical analysis. Modified from: Spix et al., Nat Commun 13, 318 (2022) (1).
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3.4.4 ELISA of desmosine

MMP-12 degrades elastin within the ECM of the lungs. Elastin constitutes the major pro-
tein of elastin fibers. During the maturation process to elastin fibers, several elastin mon-
omers are cross-linked via the formation of the amino acids desmosine or isodesmosine.
These unique cross linker molecules of elastin can be used as biomarker for elastin deg-
radation and COPD, as increased amounts of it are detected in sputum, plasma or urine
(172,173). Hence, the concentration of desmosine was assessed in BAL-F of Trpm/3™"
mice compared to WT via ELISA. A significant rise of desmosine was found in Trom/3”
mice (Figure 23), which is in accordance with the elevated concentrations of MMP-12 in

BAL-F that probably results in enhanced matrix degradation and cleavage of desmosine.
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Figure 23. Quantification of desmosine in BAL-F through ELISA. Concentrations of desmo-
sine were measured in BAL-F isolated from Trpmi3”- mice (Mcoln3™m1-19%2) and normalized to WT
control samples. Normalized values are shown in the graph as mean + SEM. One dot corre-
sponds to the BAL-F from one mouse. Student’s t-test, unpaired, two-tailed, was applied for sta-
tistical analysis. ** p<0.01. Modified from: Spix et al., Nat Commun 13, 318 (2022) (1).

3.4.5 ELISA of surfactant protein D (SP-D)

Pulmonary surfactant is important for normal and healthy lung activity. It is mainly com-
posed of lipids, but also contains smaller amounts of surfactant proteins (SP), i.e. SP-A,
SP-B, SP-C and SP-D (174). Overabundance or deficiency of surfactant proteins have
been found to be linked to pulmonary disorders, e.g. an emphysema phenotype was
found in SP-D deficient mice associated with higher MMP (-2, -9, -12) expression levels
as compared with WT mice (110). Thus, it was important to investigate whether Trom/3
" mice are also showing a deficiency in SP-D. However, an ELISA of BAL-F revealed no

significant alterations of SP-D between WT and Trpmi/3” samples (Figure 24).



3 Results 85

1.5+
g n.s.
g ] »
L [}
2
2 —
m
%—1.0— 3t =
<2 ]
-
w
a i
a
%)
0.5
® WT (BL6)
m Mcoln3™ 152

Figure 24. Quantification of SP-D in BAL-F through ELISA. Concentrations of SP-D were
measured in BAL-F isolated from Trpml3”- mice (Mcoln3™1-192) and normalized to WT control
samples. Normalized values are shown in the graph as mean + SEM. One dot corresponds to
the BAL-F from one mouse. Student’s t-test, unpaired, two-tailed, was applied for statistical anal-
ysis. Modified from: Spix et al., Nat Commun 13, 318 (2022) (1).

3.5 Analysis of SN from cultured AM®

Next aim was to find out whether the increased MMP-12 amounts found in BAL-F of
TromlI3 deficient mice lungs are indeed due to secretions of TRPML3-expressing AM®
and not due to other lung cell type’s secretions. Thus, the SN from cultured AM® isolated
from WT and TrpomlI3” mice lungs were analyzed for MMP-12 and several other MMPs.

For that, both ELISAs and a multiplex assay was applied.

Using ELISA, elevated MMP-12 concentrations were detected in the SN from cultured
TromI3” AM® in comparison with WT AM® (Figure 25A), which confirmed that the
changes of MMP-12 levels in BAL-F are most likely and specifically due to functional
changes of AM® lacking TRPML3. An extended analysis of the SN using a multiplex
assay revealed no significant changes between WT and Trom/3” samples for MMP-2,
MMP-3, and proMMP-9, whereas the MMP-8 concentration was significantly elevated in
TromlI3”- AM® compared to WT (Figure 25B). Additionally, an MMP-8 selective ELISA
supported this, as a significant rise of the MMP-8 levels was again detected in Trpmi3”
samples (Figure 25C).



3 Results 86

A 10+ wk B 20000 wm WT (FVB) Cc ﬁ3_
—~ —_ tm1.2Hels : "k
£ gl = z 15000 ™= Mcoin3 - %
g " .- 10000 2
2 (32) =
5 5 £ 5000 oy 32) —— i 2 =
pis 2 152 [ % am
- £ 800 T - 3 = =
U 4 u £ o H
g 2 600 = .t
' 9
s 2 = £ 400 o %‘
= . = % (32) =
= = 200 (31)
0 e o
® WT (FVB) Y eI e WT (FVB)
m Mcoln3 ™" 2 S =% =5 s m Mcoln3 ™ 2Hels
= = =2 =2 = =2 =2 =
S B
(=8 a

Figure 25. Quantification of MMPs in SN from cultured AM®. Concentrations of MMP-12 (A)
and concentrations of MMP-8 (C) were measured in the SN from TrpmI3’- AM® cultures
(Mcoln3i™12Hels) and normalized to WT control samples. Normalized values are shown in the
graphs as mean £+ SEM. One dot represents the SN collected from one well. Student’s t-test,
unpaired, two-tailed, was used for statistical analysis. ** p<0.01. (B) Concentrations of several
MMPs in SN from cultured AM® from WT and Trpmi3”- lungs (Mcoln3m12Hels) \alues are shown
as mean + SEM. Two-way ANOVA followed by Tukey’s post-hoc test. *** p<0.001. Modified from:
Spix et al., Nat Commun 13, 318 (2022) (1). Results shown in B were obtained from co-authors.

3.6 qRT-PCR of AM® for MMP-12

The increase of MMP-12 found in BAL-F of Trpmi3” mice lungs and found in the SN
from TrpmI3” AM® might be due to enhanced synthesis of MMP-12 in TrpmI3” AM®.
Therefore, qRT-PCR was performed using AM® cell pellets collected from WT and
Tromi3” lungs by BAL. Figure 26 shows that the mRNA expression levels of the Mmp-
12 gene were not significantly altered between WT and Trpml/3” samples. These normal
expression rates for the MMP-12 protein directed the focus rather on defects in endocy-
tosis, endolysosomal trafficking and secretion/exocytosis of MMP-12 as potential rea-

sons for the pulmonary emphysema phenotype in TromI3” mice.
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Figure 26. qRT-PCR of AM® for Mmp-12 gene. mRNA expression of Mmp-12 in WT and
Trpmi3"- AM® (Mcoln3m1-2Hels) was measured and normalized to the house keeping genes Gapdh
and Actb. Values obtained from Trpml/3” samples were normalized to WT control samples and
are shown as mean + SEM. Student’s t-test, unpaired, two-tailed, was applied for statistical anal-
ysis. Modified from: Spix et al., Nat Commun 13, 318 (2022) (1).

3.7 Intracellular trafficking assay

To study early endosomal trafficking, fluorescent transferrin (Tf) was used as a probe to
visualize its trafficking and recycling pathway in AM®. Tf usually binds to the Tf-receptor
(TfR) on the cell surface, which induces the uptake of the formed ligand-receptor com-
plex. Within the cell, the complex is transported through early endosomes and finally

reaches recycling endosomes, from where it is recycled back to the cell surface (175).

Firstly, WT and Trom/3”- AM® were pulsed with Tf and subsequently chased for 20 min
via confocal microscope. It revealed a decline of intracellular Tf in WT AM® due to reg-
ular recycling of ligand and receptor to the cell surface (Figure 27A, B). On the other
hand, such a decline was not observed in Tromi3” AM® (Mcoln3™!2Hels gnd
Mcoln3™1992) "instead, the intracellular Tf amounts remained on levels similar to those
at the beginning of the chase time (Figure 27A, B). Thus, Tf trafficking was significantly
delayed in TromI3”~ AM®. Additionally, the uptake of Tf was reduced in Tromi3” AM®
(Mcoln3™12Hels gand Mcoln3'™1-1992) when pulsed with the fluorescent Tf for 20 min (Figure
27C). Similarly, co-localization experiments revealed a higher degree of Tf co-localized
with EEA1 in TromI3” AM® compared to WT (Figure 27D, E), which pointed to a block
of Tf forward trafficking and thus retention of Tf within early endosomes. To rule out that
the afore described changes were due to different TfR expression in WT and Trpml3”
AMO®, western blots were performed for the TfR protein and obtained bands were nor-
malized to R-Actin. As shown in Figure 27F, G, no significant alterations in TfR expres-

sion were found between WT and Trpm/3” samples.
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Figure 27. Early endosomal trafficking in AM®. (A) Representative images of WT and TromI3
- AM® demonstrating the decline of fluorescent Tf within 20 min after pulse. (B) Quantification of
fluorescent and intracellular Tf within 20 min of chase after the pulse using images as shown in
A, for Mcoln3™1-2Hels gnd Mcoln3™1.1J9a, The decline of intracellular Tf is depicted as normalized
to 0 min timepoint. Mean + SEM obtained from four independent experiments. Two-way ANOVA
followed by Bonferroni’s post-hoc test. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. (C) Quan-
tification of Tf in the cells immediately after the pulse as Tf uptake (= 0 min timepoint of chase),
for Mcoln3im1-2Hels gnd Mcoln3tm'-1J%a, Mean + SEM obtained from four independent experiments.
Student’s t-test, unpaired, two-tailed. * p<0.05, ** p<0.01. (D-E) Representative pictures and
quantitative analysis of co-localization between Tf and EEA1 in vesicles of WT and Tromi3"- AM®
(Mcoln3tm1.2Hels) 3 independent experiments were performed and 27 WT cells and 39 Trpm/3'-
cells were analyzed. Student’s t-test, unpaired, two-tailed. *** p<0.001. (F) Western blots (WB)
for Tf-receptor (TfR) (90kDa) and 3-Actin (45kDa) as the loading control. Shown are two inde-
pendent blots obtained from 5 WT and 5 Tromi3- AM® lysates, each. (G) Quantitative analysis
of WB bands as depcited in F. TfR expression was normalized to B-Actin and Tromi37- samples
were normalized to WT. One dot corresponds to one mouse. Mean + SEM. Statistical analysis
was performed using Student’s t-test. Modified from: Spix et al., Nat Commun 13, 318 (2022) (1).
Results shown in D, E were obtained from co-authors.
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3.8 Lysosomal exocytosis

Increased amounts of MMP-12 in BAL-F of TrpmI3” mice or in the SN from cultured
TromI3”~ AM® might be due to increased secretion of MMP-12, e.g. through lysosomal
exocytosis. To investigate whether loss of TRPML3 is associated with dysfunctions in
exocytosis, two different assays were applied, 3-hexosaminidase-assay and LAMP1

translocation assay.

R-Hexosaminidase is a lysosomal enzyme that is secreted via lysosomal exocytosis and
is involved in the hydrolysis of several substrates. Thus, it can be used as a marker for
lysosomal exocytosis. Here, secreted R-hexosaminidase activity was measured in the
SN of cultured WT and TrpmI3”- AM® after stimulation of TRPML3 by the selective ago-
nist ML3-SA1 (1). lonomycin is known to induce lysosomal exocytosis (176,177) and was
used as a positive control. Treatment of AM® with 4 uM ionomycin for 10 min led to the
strongest effects on B-hexosaminidase release both in WT and Trpml3” samples (Fig-
ure 28A). The TRPML3 activator ML3-SA1 did not induce lysosomal exocytosis, neither
in WT nor in TromI3” AM®, as the R-hexosaminidase release was very low and compa-
rable to the levels obtained with the DMSO control (Figure 28A).

LAMP1 is translocated to the PM upon lysosomal exocytosis. Thus, the LAMP1 content
of the PM may serve as a measure for lysosomal exocytosis. LAMP1 was visualized
through an immunostaining and its intensity in the PM was measured as depicted in
Figure 28B, C. Once again, maximum effects were obtained with the lysosomal exocy-
tosis inducer ionomycin serving as the positive control (Figure 28B, C). However, treat-
ment with 30 uM ML3-SA1 for 60 or 120 min did not affect lysosomal exocytosis, since
the LAMP1 PM intensity was not significantly changed compared to DMSO control (Fig-
ure 28B, C).
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Figure 28. Lysosomal exocytosis. (A) R-Hexosaminidase release measured in SN from WT
and Trpmi3"- AM® (Mcoln3im12Hels) stimulated with ML3-SA1 agonist or vehicle control. Values
are mean + SEM obtained from four independent experiments. (B) LAMP1 intensity PM of WT
and Trpmi3- AM® (Mcoln3tm1-2Hels) stimulated with ML3-SA1 agonist for 60 or 120 min or DMSO
control. Values were normalized to DMSO control and are presented as mean £+ SEM obtained
from three independently conducted experiments. (C) Representative pictures showing LAMP1
translocation to the PM using WT and Trpmi3-- AM® (Mcoln3™'-2H¢is) Images were obtained after
treatment of AM® with either 4 uM ionomycin for 10 min or DMSO control for 120 min or with 30
MM ML3-SA1 for 120min. Modified from: Spix et al., Nat Commun 13, 318 (2022) (1).

3.9 Endocytosis

To examine if loss of TRPML3 is associated with dysfunctions in endocytosis, e.g. of
MMP-12, several experiments were implemented. Firstly, a dextran uptake assay was
performed, and further on, MMP-12 was measured in the SN collected from AM® after

blockage of endocytosis and after activation of TRPML3.
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3.9.1 Dextran uptake assay

Fluorescent dextran molecules are commonly used to study fluid endocytosis, also called
pinocytosis, in which fluids and particles contained therein are taken up into the cell
(178). To evaluate such endocytosis rates in the presence and absence of TRPML3, the
quantity of intracellular and fluorescently labeled dextran was measured in WT and
TromI3” AM®. The representative images in Figure 29A show the increase of dextran
absorbed into the cells over a period of 30min. The intracellular fluorescence intensities
were measured and graphed over time, as depicted in Figure 29B. Both WT AM® and
Tromi3”~ AM® are taking up the dextran molecules, as the intracellular dextran is in-
creasing and accumulating in the cells during the 30 min period. Nevertheless, the
graphs also clearly show lower endocytosis rates in Trom/3”~ AM® in comparison with
WT AM®, which applied for both Trom/3” mouse models (Figure 29B). Thus, TRPML3
appeared to be involved in fluid phase endocytosis and triggered the focus on endocy-

tosis of MMP-12, specifically, for the next experiments.
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Figure 29. Dextran uptake assay. (A) Representative images of WT and Trpm/3-- AM® showing
the uptake of fluorescent dextran after different incubation times (5, 10, 15, 20 and 30 min). (B)
Quantification of intracellular dextran at various incubation timepoints using images as shown in
A, for Mcoln3m1-2Hels gnd Mcoln3™1-199a, The increase of intracellular fluorescence intensity is de-
picted as normalized to untreated control cells (O min of incubation). A minimum of 130 cells were
analyzed per timepoint and genotype obtained from five independently conducted experiments
for both TrpomI3 lines. Mean + SEM. Two-way ANOVA followed by Bonferroni’s post-hoc test. *
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. Modified from: Spix et al., Nat Commun 13, 318
(2022) (1).

3.9.2 MMP-12 levels after blockage of endocytosis

To investigate whether the MMP-12 levels are affected by the reduced endocytosis rates
found in Tromi3” AM®, MMP-12 was measured in the SN from cultured AM® (WT vs.
Tromi3™) after blockage of various endocytosis pathways. The following known blockers
were used and compared to DMSO control (basal): Methyl-B-cyclodextrin (MBCD) to
inhibit clathrin-independent endocytosis (CIE), 5-(N-ethyl-N-isopropyl)-amiloride (EIPA)
for macropinocytosis (MP), and Dynasore (Dyn) as a blocker for clathrin-mediated endo-
cytosis (CME) (179,180). Dyn didn’t affect MMP-12 concentration in the SN, neither from
WT nor from Trpmi3” AM® (Figure 30A). MBCD induced a strong increase of MMP-12
in WT AM® SN (****), however it also had an effect in Trom/3” AM® SN (**) (Figure
30A). On the contrary, for EIPA, an increase of the MMP-12 levels were only observed
in the SN from WT AM®, while the effect was gone in the TromI3” AM® SN (Figure
30A). In summary, these results suggest that MMP-12 levels may be regulated by AM®
through endocytosis, since its blockage is leading to an accumulation of MMP-12 in the
SN. Beyond that and more precisely, MMP-12 seems to be taken up via CIE and MP,
but not via CME, as illustrated in Figure 30B.
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Figure 30. Impact of endocytosis blockers on MMP-12 levels. (A) MMP-12 concentrations in
the SN from WT and Trpmi3”- AM® after inhibition of endocytosis by Dyn, MBCD and EIPA nor-
malized to DMSO control (basal). Each dot represents the SN collected from one well. Shown is
the mean £+ SEM. One-way ANOVA followed by Dunnett’s post-hoc test. * p<0.05, ** p<0.01, ****
p<0.0001. (B) llustration of results as shown in A, highlighting the involvement of CIE and MP,
but not CME, on MMP-12 uptake though AM®. Modified from: Spix et al., Nat Commun 13, 318
(2022) (1).

3.9.3 MMP-12 levels after activation of TRPML3

The previous experiments demonstrated a relation between endocytosis and MMP-12,
meaning that inhibition of two different endocytosis pathways, CIE and MP, is able to
increase MMP-12 levels. However, a proof for TRPML3 being involved in endocytosis of
MMP-12, specifically, was still missing. Therefore, MMP-12 levels were finally measured
in the SN of AM® after modulation of TRPML3. The selective mouse TRPML3 agonist
ML3-SA1 was used in order to find out, whether this would influence the MMP-12 state
of the AM® SN. As shown in Figure 31A, ML3-SA1 significantly decreased MMP-12 in
WT AM® SN, whereas no ML3-SA1 effect was seen in Trom/3”” AM® SN as compared
with DMSO.

Additionally, and to rule out that ML3-SA1 had cytotoxic effects on the AM® during the

incubation overnight, a LDH cytotoxicity assay was performed. The positive control (lysis
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buffer) expectedly resulted in high optical densities, meaning high LDH levels in the SN
and high cytotoxicity (Figure 31B). This also became visible by the color change from
light yellow to deep orange. Importantly, ML3-SA1 did not induce any color change and
showed optical densities that were comparable to the DMSO control. Therefore, a cyto-
toxic effect of ML3-SA1 could be excluded.
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Figure 31. Impact of TRPML3 activation on MMP-12 levels. (A) MMP-12 concentrations in the
SN from WT and Trpmi3- AM® after activation of TRPML3 through ML3-SA1, 30 uM. Values
were normalized to DMSO control (basal). Each dot represents the SN collected from one well.
Shown is the mean + SEM. Student’s t-test, unpaired, two-tailed. * p<0.05. (B) LDH toxicity assay.
AM® were either treated with ML3-SA1, 30 uM, or DMSO control overnight and cytotoxicity was
evaluated through measuring LDH as optical density in the SN. As a positive control, a lysis buffer
was used. Values were normalized to the DMSO control. Each dot corresponds to the SN col-
lected from one well. Shown is the mean + SEM. Modified from: Spix et al., Nat Commun 13, 318
(2022) (1).
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4. Discussion

4.1 TRPML3 expression in the murine lung

TRPML3 expression in whole lung tissue has been reported previously based on gRT-
PCR (28,34), but so far, it remained unclear in which lung cell types exactly TRPML3 is
expressed. In this dissertation, a TrpmI/3-IRES-Cre/eR26-1GFP reporter mouse line (1)
was used to overcome this problem. In these mice, all TRPML3-expressing cells simul-
taneously express TGFP in their cytoplasm and can thereby be detected and visualized.
Similar mouse models for TRPM5 and TRPV6 have been generated before and were
successfully used to determine the TRPM5 and TRPV6 expression pattern throughout
the murine body (181,182). Here, immunofluorescence and FACS experiments using
both tissue and lavage cells isolated from TrpmlI3-IRES-Cre/eR26-TGFP mouse lungs
clearly demonstrate the presence of TRPML3, specifically in lung AM®. Surprisingly,
TRPML3 expression was found to be rather negligible in interstitial lung tissue macro-
phages. Lower levels of TRPML3 in lung tissue macrophages compared to high levels
in AM® were also confirmed by qRT-PCR (1). The aforementioned analyses mainly in-
cluded lung immune cells, while neglecting lung epithelial and endothelial cells. However,
transcriptomic data obtained from single-cell suspensions of murine WT lung tissue un-
veiled once more predominant TRPML3 expression in AM® (1). Except from pulmonary
immune cells, this analysis included a broad range of lung epithelial cells, e.g. AT2- and
AT1-cells, ciliated cells, fibroblasts, club cells, goblet cells, and endothelial cells, e.g.
lymphatic endothelial cells and vascular endothelial cells, all showing low percentages
of TRPML3 expression, and low average expression level of TRPML3 (1). Conversely,
the averaged expression of TRPML3 was exceptionally high in AM® (1). To conclude,
the extraordinary high and predominant expression in AM® suggested TRPML3 to have
an important function in this cell type and thus, in AM® related mechanisms and pro-

cesses.

4.2 Role of TRPML3 in development of COPD and lung
emphysema

To investigate the contribution of TRPML3 in lung function and disease, respiratory sys-
tem mechanics of WT vs. TrpmI3" mice were evaluated by measuring lung function pa-
rameters, firstly under basal conditions, meaning that the mice haven't been treated be-

fore measurements. To this end, two different Trom/3- mouse models were used:
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Mcoln3™-2Hels on FVB background, and in which exon 11 of the Mcoln3 gene encoding
the pore-loop and the pore adjacent transmembrane domain 6 was excised (168), and
Mcoln3™1-1992 on 75% BL6 background, in which exons 7 and 8 were excised resulting
in transmembrane domains 2-6 and the pore of TRPML3 not being synthesized (32,35).
The lung function measurements using the flexiVent system and its forced oscillation
technique (FOT) revealed a significant increase of dynamic Compliance (lung'’s ability to
stretch) and significant decrease of Elastance (lung’s elastic stiffness) in both TromI3"
mouse models compared to WT. These kinds of changes in lung function parameters
are typical of an emphysema lung, as it was previously shown for the elastase-induced
emphysema mouse model (183). By using two different TromI3 lines, any reliance of
the lung emphysema phenotype on genetic backgrounds or on the way of knocking out
the channel could be excluded. Until now, not any other phenotypic disease has been
shown for TromI3’- mice, confirming the novelty of this finding. Only mice lacking both
TRPML1 and TRPML3 have been found with a pathological phenotype present in intes-
tinal enterocytes that show accelerated vacuolation during birth and weaning (35). On
the contrary, single knockouts of either TRPML1 or TRPML3 were not affected (35).

4.2.1 The elastase-induced lung emphysema mouse model

The elastase-induced emphysema mouse model is a widely used method to provoke
emphysematous changes in the lungs (184). The application of a porcine pancreatic
elastase results in direct alveolar tissue destruction, enlarged airspaces and reduction of
the elastic recoil of the lungs (183—185), all of which are contributing to problems in
breathing. The elastase is typically administered via the oropharynx or via the nares.
However, the intranasal application route is associated with the disadvantage of inho-
mogeneous distribution of the instilled solution within the respiratory system as the dis-
tribution efficiency is dependent on several parameters like delivery volume and anes-
thesia depth (186). Several studies found the oropharyngeal administration superior to
the intranasal one, since the application via the oropharynx resulted in more homoge-
nous distribution of compounds across both sides of the lung and across all lobes
(187,188). Thus, in this dissertation the elastase was administered oropharyngeally. By
using this elastase model on WT and Trpml/3™ mice, it should be investigated, whether
lung function is further declining and tissue destruction increasing under such disease
conditions. Indeed, all measured lung function parameters, i.e. Elastance, dynamic Com-
pliance, Inspiratory Capacity, Tissue Elasticity, Total Lung Capacity and Quasi-Static

Compliance, were changed in the direction of a pulmonary emphysema phenotype in
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Trpmi3’- mice compared to WT. Additionally, under the elastase treatment, the lung em-
physema phenotype in TromI3 mice was further exacerbated as compared with WT
mice. The same applied to the recorded pressure-volume-loops that showed emphy-
sema-typical shifts approaching bigger volumes in Trom/3”- mice. Larger volumes upon
maximal inflation, meaning maximal pressure, are typically found in an emphysematous
lung (183,189), because of the destruction of alveolar tissue and the enlarged airspaces
providing more space for inhaled air. These pathological changes of the lung tissue were
also visualized through H&E-stained lung paraffin slices. Trom/3” mice lungs exhibited
clearly and significantly enlarged airspaces in comparison to WT mice, both with control
treatment and under elastase application. The most prominent changes were again
found in elastase treated TromI3’ mice, which was further confirmed by quantification of
airspace enlargements as mean linear chord length (MLI) for every group. Conclusively,
the lung function results were in line with the lung histology analysis, both pointing to an
emphysematous lung condition in TromI3”- mice and suggesting that TRPML3 loss re-

sults in higher susceptibility of the mice to develop emphysema.

4.2.2 The smoke-induced COPD mouse model

The exposure to CS is known to be the most relevant root of COPD, including emphy-
sema development. Therefore, it appeared obvious and mandatory to investigate the
effect of tobacco smoke on WT and Trpm/3” mice. In addition, it is better reflecting the
human COPD disease. While the elastase application induces direct and fast atrophy of
alveolar lung tissue measurable shortly after the application (190), the effects of cigarette
smoke exposure on lung tissue are rather slowly developing. Therefore, mice were
chronically treated with cigarette smoke over a long-term period of two months and an-
alyzed thereafter regarding respiratory mechanics and lung histology. Similar to the elas-
tase-induced emphysema model, the cigarette smoke treatment induced changes of
Elastance and dynamic Compliance in the direction of lung emphysema in TromI3’ mice
compared to WT. These pathological changes were further confirmed by lung histology
images and measurements of MLI, showing the strongest phenotype for CS-exposed
TromI3" mice. Interestingly, single-cell RNA sequencing data obtained from murine WT
lungs that were exposed either to 2 or 6 months of CS or to FA control, showed a strong
upregulation of TRPML3 channel expression, nearly exclusively in AM® (1). This sug-
gested that TRPML3 might play a pivotal role during COPD development and progres-

sion.
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In summary, the two most common used mouse models for COPD and lung emphysema
were used here, and both pointed to a pathological lung emphysema phenotype present

in TromI3’- mice.

4.3 Mechanisms for the lung emphysema phenotype of
Troml3’ mice

4.3.1 Role of MMP-12

The enhanced inflammation present in COPD is particularly mediated by certain immune
cells like macrophages, neutrophils and CD8* T-cells, as well as their secretions such as
inflammatory mediators (cytokines and chemokines) and proteolytic enzymes (130). The
analysis of BAL-F revealed increased levels of the macrophage specific MMP-12 in
TromlI3" in comparison to WT samples, while several other inflammation mediators
(IFNy, IL10, KC/CXCL1, IL6, KC/CXCLS9, IL4, VEGF, and MIP2) and MMPs (MMP-9,
MMP-2) were unchanged. MMP-12 has been investigated quite intensively in the context
of COPD and emphysema development, as it is capable of degrading elastin of the ECM.
Production and secretion of MMP-12 has been found to be upregulated upon smoke
exposure (191,192). Additionally, Mmp-12" mice are protected against emphysema after
chronic exposure to tobacco smoke (193) and MMP-12 polymorphisms were described
to be linked to COPD severity (123,194). In this context, Haq et al. and Hunninghake et
al. found that possession of the minor allele of SNPs in Mmp-12 (rs2276109 or rs652438)
is related to protective effects on COPD onset and progression (123,194). Furthermore,
inhibitors for MMPs, e.g. for MMP-9/MMP-12 or MMP-12 specifically, have been devel-
oped and successfully used for treatments of animals, as they were able to reduce air-
space enlargements and the inflammatory responses after cigarette smoke exposure or
elastase treatment (195-198). All these findings clearly underline the relevance specifi-
cally of MMP-12 in COPD and emphysema development. Thus, it was suggested that
the lung emphysema phenotype found for TromI3’ mice are due to elevated MMP-12
concentrations in BAL-F. MMP-12 is a protease degrading elastin of the ECM and re-
sulting in degradation products such as desmosine found in urine or BAL-F. Desmosine
is therefore used as biomarker for elastin degredation (172,173). In line with this, in-
creased desmosine levels were detected in BAL-F obtained from Trpmi3’ mice, sug-
gesting that this is a direct result of the increased amounts of MMP-12. Additionally, lung
tissue stainings to visualize elastin (VVG staining) revealed a reduction of elastic fibers
in TromlI3’- lungs compared to WT, both under basal conditions and even stronger with
elastase treatment. However, the activity of MMPs and MMP-12 is regulated endoge-
nously by TIMPs. E.g., MMP-12 can be inhibited by TIMP-1 and TIMP-2 (199-202). The
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concentrations of both inhibitors, TIMP-1 and TIMP-2, were not altered between WT vs.
Tromi3’- BAL-F samples concluding that the increased amounts of MMP-12 in BAL-F of
TromI3’- mice are not compensated by increased amounts of its inhibitors. Obviously, in
BAL-F of TromI3™ mice the ratios between MMP-12 and TIMPs are shifted in favor of an
overabundance of MMP-12. Such disbalance between proteases like MMP-12 and
TIMPs is proposed to be one fundamental pathomechanism involved in COPD or em-
physema development (130,203,204).

The increased MMP-12 levels measured in Trom/3” BAL-F might be due to AM®, but
could also be mediated through other lung cell types, e.g. lung epithelial cells (205,206).
Therefore, it was essential to relate the increased MMP-12 levels specifically to
TRPML3-deficient AM® and possible functional changes. In this regard, an elevation of
MMP-12 was also measured in the SN obtained from TromI3" AM® cultures in compar-
ison to WT cultures, suggesting that the alterations of MMP-12 in BAL-F are most likely
due to functional changes of AM® lacking TRPML3 and not due to other cell types. Be-
sides, transcriptomic data could show that MMP-12 is most strongly associated with mac-
rophage populations of the lung, whereas it is seems widely absent in lung epithelial cells
(1). Nevertheless, MMP-12 was not the only MMP being increased in the SN from
TromI3 AM® cultures. This applied also to MMP-8, otherwise named neutrophil colla-
genase. MMP-8 is a collagen-cleaving enzyme and is thereby capable of remodeling the
ECM. So far, MMP-8 has been implicated in different forms of cancer (207,208), in me-
tastasis suppression (209), in cardiovascular diseases (210,211), and in rheumatoid ar-
thritis (212), but was not associated with lung-related diseases. Further and according to
transcriptomic data, MMP-8 is most strongly associated with neutrophils (1). Thus, an
involvement of MMP-8 in the pathomechanism of emphysema development in Trom/3™"
mice seemed unlikely. Of note, other lung disease related mediators, i.e. SP-D, MMP-3,
MMP-9, and MMP-2 were found unchanged in BAL-F or AM® SN obtained from WT and
Trpmi3” mice. In conclusion, all arguments mentioned above are clearly favoring MMP-

12 as the emphysema-inducing factor in Trom/3” mice.

4.3.2 Role of TRPML3 in AM®

Deriving from the clear link between AM® and MMP-12, and the knowledge of high
TRPML3 expression in AM®, the increased MMP-12 levels in TrpomI3’- samples resulted
most probably from functional changes in Tromi3"- AM®. An increased intracellular syn-
thesis of MMP-12 in TromI3”- AM® could be excluded as a reason for the elevated MMP-
12 concentrations, because mRNA levels were found to be unchanged between WT and
Tromi3’- AM® using gRT-PCR. This rather pointed to defects of TRPML3 deficient AM®
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in regulating MMP-12 levels properly, e.g. through endolysosomal trafficking, secre-
tion/exocytosis and/or uptake/endocytosis of the mediator. Suitably, TRPML3 has been
reported to be located on intracellular organelles (26,30,31), such as EEs, LEs/LYs, sug-
gesting the channel to be involved in processes like endocytosis (19), endolysosomal
trafficking (17,20) and exocytosis (21,23). Additionally, using a novel and selective small
agonist for TRPML3, named ML3-SA1, and whole-endolysosomal and whole-cell patch
clamp techniques, TRPML3 currents were measureable in EEs and LEs/LYs isolated
from AM®, but not in REs and not on the PM (1). Notably, TRPML3 is less active in
LEs/LYs (pH 4-5), while being more active at higher pH as present in EEs (pH 6-7)
(15,17,18), pointing to functional abnormalities in the early endosomal system when lack-
ing TRPMLS3.

4.3.2.1 TRPML3 in endolysosomal trafficking and endocytosis

TRPML3 has been reported previously to be involved in endocytosis and intracellular
trafficking (37,38), as well as in luminal Ca?* regulation (213). Lelouvier et al. found that
inhibition of TRPML3 function is associated with luminal Ca?* accumulation and impaired
acidification (higher pH) of endosomes resulting in enhanced endosomal fusion events
(213). Contrarily, Martina et al. showed the endosomal pH to be higher in cells overex-
pressing TRPML3 (37). However, TRPML3 has been clearly implicated in endosomal pH
regulation, but further studies are necessary to clarify the exact contribution of the chan-
nel. Further, TRPML3 was studied in the context of membrane trafficking and endocyto-
sis (37,38). In these studies, fluorophore-conjugated epidermal growth factor (EGF) was
used to monitor EGF endocytosis and its delivery from the PM to lysosomes for final
degradation. During this process, EGF is internalized through receptor-mediated endo-
cytosis (also called clathrin-mediated endocytosis) and activates EGF signaling path-
ways that regulate cell proliferation, differentiation, survival and growth (214). After that,
the EGF and its receptor is directed to lysosomes, where it is degraded and its signaling
terminated. It was found, that EGF receptor degradation is accelerated in cells express-
ing the channel-dead dominant negative TRPML3 (D458K) or when TRPML3 was
knocked down by small interfering RNA, while EGF degradation was delayed in cells
overexpressing TRPML3 (37,38). Moreover, Martina et al. found that overexpression of
TRPML3 did not affect the internalization of EGF (37), while Kim et al. demonstrated
increased endocytosis of transferrin (Tf) and EGF in cells with silenced TRPML3 and
decreased endocytosis of Tf and EGF in cells with TRPML3 overexpression (38). Con-

tradictory to their own presented results, they claim in the abstract that endocytosis is
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reduced in case of knock-down of TRPML3 (38). However, the hitherto performed stud-
ies show different results and were not able to elucidate the role of TRPML3 in trafficking
and endocytosis consistently. Additionally, these studies were exclusively based on arti-
ficial cellular systems, i.e. cell lines with TRPML3 overexpression or cells in which
TRPML3 function was inhibited by expression of the channel-dead dominant negative
mutant of TRPML3 (D458K) or silenced by the use of small interfering RNA. Overexpres-
sion of TRPML3 results in non-physiological channel concentrations and might lead to
altered interactions, binding or localization compared to cells that natively express the
channel. In this context, TRPML3 was found in the PM in overexpression systems, as
demonstrated by whole-cell patch clamp experiments (18), while PM channel activity
was not detectable in native TRPML3 expressing cells such as sensory hair cells or AM®
(1,36). In this dissertation, native TRPML3 expressing AM® isolated from WT and
TromlI3" mice and fluorescent Tf were employed as a probe to investigate intracellular
trafficking and endocytosis. Similar to EGF, Tf is internalized through receptor-mediated
endocytosis. Whereas EGF follows the degradation pathway, Tf is trafficked through
early endosomes to recycling endosomes, from where the receptor is recycled back to
the cells’ surface (175). As a result, endocytosis of Tf was found to be reduced in Tromi3
" AM® and trafficking of Tf back to the cell surface was delayed. Further co-localization
experiments of Tf with the early endosomal marker EEA1 suggested that trafficking of Tf
is suspended in TromI3"- AM® with a retention of Tf in early endosomes. These impair-
ments of trafficking in lungs’ AM® lacking TRPML3 might contribute to the emphysema
lung phenotype of TromI3” mice, as MMP-12 forward trafficking might be interrupted,

similar to Tf, resulting in a backlog and accumulation of this factor in the ECM of the lung.

As already mentioned above, TRPML3 has been implicated in endocytosis, which can
be sub-classified into pinocytosis and phagocytosis. Whereas phagocytosis describes
the absorption of large particles e.g. bacteria, pinocytosis means the internalization of
fluids (180). Pinocytosis can be further divided into clathrin-mediated endocytosis (CME),
as described above for Tf and EGF, clathrin-independent endocytosis (CIE) and
macropinocytosis (MP) (180). CME describes the internalization of specific cargo from
the surface into calthrin-coated vesicles that are pinched off the membrane by the use
of dynamin enzyme (215). On the contrary, CIE is an umbrella term for several pathways
that are all independent of clathrin (216). Finally, MP involves the uptake of extracellular
material into vesicles called macropinosomes in an actin dependent manner (217). It has
been reported to play functional roles in the uptake of nutrients and in the acquisition and
processing of antigens for presentation on macrophage or dendritic cell surfaces
(218,219), constituting a key process in adaptive immunity. In this dissertation, the role

of TRPML3 in endocytosis was investigated, more precisely in CME by using fluorescent
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Tf and in MP by the use of a fluorescent dextran probe. Similar to the reduced Tf uptake
into TromI3”- AM®, the dextran uptake over time through MP was reduced as well com-
pared to WT AM®. These impairments of endocytosis found for TRPML3 deficient AM®
might be another rationale for the increased MMP-12 levels found in TrpomI3" mouse
lungs’ fluid, as the mediator might be insufficiently taken up for intracellular recycling or

degradation, thereby resulting in pathological concentrations of MMP-12.

4.3.2.2 TRPML3 - endocytosis — MMP-12

As described above, a clear link between TRPML3 and endocytosis was found in this
work and was suggested to affect the extracellular MMP-12 levels. To proof this hypoth-
esis further, meaning that MMP-12 is less endocytosed in TromI3” AM®, MMP-12 was
measured in the SN from cultured AM® (WT vs. Tromi3”) after blockage of various en-
docytosis pathways using respective inhibitors. Of note, endocytosis of MMP-12 has
been reported before by Koppisetti et al. They found MMP-12 to bind to plasma and
intracellular membrane bilayers and further observed MMP-12 endocytosis and traffick-
ing in HeLa cells within minutes (220). In line with this, MMP-12 activity was found spe-
cifically at the PM of BAL macrophages and around them (221). However, the exact
mechanisms of uptake, trafficking and processing of MMP-12 remained largely elusive
(222). Nevertheless, the results of this dissertation were able to provide some new in-
sights into this topic. Dyn, an inhibitor for CME (180,223), was not affecting the MMP-12
levels in both WT and Tromi3” AM® SN, suggesting that this endocytosis pathway is
not involved in the internalization of MMP-12. Next, MBCD, a blocker for CIE
(179,180,223), increased the MMP-12 concentration in both WT and Trpmi3” AM® SN,
meaning that MMP-12 is endocytosed through CIE, but in a TRPML3 independent man-
ner, as MBCD also has an effect in the absence of TRPML3. On the other hand, the MP
blocker EIPA (180,223) showed MMP-12 accumulation effects only in WT AM® SN, sug-
gesting that EIPA exhibited a TRPML3-dependent effect on the uptake of MMP-12, as
this effect was gone when TRPMLS is lacking. Taken together, MMP-12 is likely taken
up via CIE and MP, but not via CME. Even more, TRPML3 was found to play a role in
MP of MMP-12 through AM®. This involvement of TRPML3 was corroborated by results
showing decreased MMP-12 levels in WT AM® SN after activation of TRPML3 through
the selective agonist ML3-SA1. This demonstrated that activation of TRPML3 in AM® is
effecting MMP-12 levels of the SN, possibly through modulation or enhancement of en-
docytosis resulting in increased uptake of MMP-12 back into the cells. In these experi-
ments, a selective antagonist of TRPML3 could have been used to potentially mimic the

observed TrpmI3” AM® phenotype with increased extracellular MMP-12 levels, but
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since such a selective TRPML3 antagonist is at present not available, the selective ag-
onist of TRPML3 (ML3-SA1) was used instead. Anyways, modulation of the TRPML3
channel, e.g. its activation through selective agonists as shown here, has the potential
to positively influence the regulation capacity of AM® for MMP-12, thus preventing
pathological concentrations of the mediator. In this regard, the TRPML3 channel appears
as a potential target for drugs to induce a proper regulation of MMP-12 levels in the

lungs, which would be valuable in the treatment of emphysema and COPD.

4.3.2.3 TRPML3 in lysosomal exocytosis and lysosomal pH

TRPML3 has been shown to be present within the proximal endosomal system, namely
on EEs, but was also found to be expressed on LEs/LYs (26,30,31). Its localization on
LEs and LYs suggests TRPML3 to be involved in lysosomal exocytosis, although the
channel activity in these organelles is much lower as compared with EEs, because of
the acidic condition in LEs/LYs (pH 4-5) (15,17,18). Similarly, lysosomal TRPML3 was
activated in human bladder epithelial cells when the lysosomal pH was neutralized
through therein-contained bacteria and the resulting Ca?* release induced lysosomal ex-
ocytosis (23). Thus, alterations of the lysosomal pH in the direction of a more neutralized
condition are able to induce lysosomal exocytosis and an increased lysosomal exocyto-
sis of MMP-12 would also constitute an explanation for elevated, extracellular MMP-12
levels. However, lysosomal pH measurements of WT and Trpmi3” AM® revealed no
differences, pointing to a normal and physiological lysosomal function (1). Still, lysosomal
exocytosis was evaluated using WT and Trom/3” AM® to assess any defects in lysoso-
mal exocytosis itself. Using two different approaches, R-hexosaminidase assay and
LAMP1 translocation assay, it was shown that, firstly, loss of TRPML3 is not resulting in
enhanced lysosomal exocytosis, and secondly, activation of TRPML3 through ML3-SA1
is not inducing lysosomal exocytosis. However, the closely related TRPML1 channel is
expressed on the lysosomal membrane as well (41), and is known to induce lysosomal
exocytosis upon activation of the channel (22). Therefore, TRPML1 activity was meas-
ured in WT vs. TromlI3”- AM® using endolysosomal path-clamp technique and a recently
published agonist of TRPML1, named ML1-SA1, that was shown to be selective for
TRPML1 over TRPML2 and TRPML3 (1). These experiments demonstrated a normal
activity of the TRPML1 channel in LYs of TromI3” AM® (1). Thus, an increased secretion
of MMP-12 through enhanced lysosomal exocytosis mediated through TRPML1 or
TRPML3 channel activity could be excluded as a cause for the elevated MMP-12 con-

centration in TromI3” lungs.
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4.3.2.4 TRPML3 in autophagy

Autophagy is the natural “self-eating” process of the cell with the aim to clean the body
from damaged or dysfunctional cells or organelles or from intracellular pathogens (224).
It constitutes a strongly regulated mechanism that involves, as a final step, the fusion of
autophagosomes, loaded with the material to be cleared, with LYs to form autolyso-
somes whereby the material is finally degraded (224). Autophagy was found to be asso-
ciated with COPD pathogenesis in various respects (225,226). On the one hand, activa-
tion of autophagy is boosting the inflammatory response and epithelial cell death thereby
promoting COPD progression (227,228). On the other hand, the lungs are protected
through activation of autophagy due to enhanced clearance of bacteria that is preventing
lung infections (229). In line with this, defects in autophagy were found in AM® of smok-
ers being especially vulnerable for lung infections (230). Interestingly, TRPML3 has been
implicated in autophagy as well. Thus, overexpression of TRPML3 was shown to en-
hance autophagy, as shown by increased amounts of LC3 positive autophagosomes
(24,37,38). Loss of TRPML3, as in TromI3” mice, could therefore be related with reduced
autophagy, which might result in lung infections and COPD progression. Anyways, using
WB analysis, decreased amounts of LC3II protein were found in TromI3” AM® under
normal conditions, but LC3Il was unchanged between WT and TrpomI3” AM® with bafilo-
mycin A1 treatment (1), which inhibits the fusion of autophagosomes and lysosomes
(231). Thus, Trpmi3” AM® exhibit defects in the formation of autophagosomes, but still
can be considered as autophagy competent cells (1). Concluding, the discovered alter-
ations in autophagy in Troml/3” mice might contribute to the COPD/emphysema pheno-

type, especially if infections are present.
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5. Outlook

5.1 TRPML3 as a novel therapeutic target for COPD treatment

Currently, no therapeutic drugs are available that can slow down the progression of
COPD or reduce its mortality. Until now, the known relevance of MMPs in COPD patho-
genesis, especially of MMP-9 and MMP-12, guided the development of broad or selec-
tive MMP inhibitors that were able to reduce the burden of inflammation and prevent
pathological tissue remodeling in the lungs (195,196,232). All these studies were per-
formed in animals, usually mice or guinea pigs. However, Dahl et al. conducted a ran-
domized, placebo-controlled trial using an oral MMP-9/MMP-12 inhibitor, AZD1236, for
the treatment of female and male COPD patients aged = 40 (233). In this study, no sig-
nificant effects were seen on inflammatory biomarkers of sputum, desmosine levels, lung
function parameters or COPD symptoms between the placebo and treatment group
(233). The discrepancy between the studies in animals and the trial in humans might
stem from the different timepoints of the drug intervention. While the study animals were
treated with the drug from the early onset of the CS-induced COPD development, human
patients were treated late in disease progression, when COPD and all related patholog-
ical processes had already manifested. This generally also shows the difficulty and prob-
lems when transferring results from experimental animals to humans. Anyways, the hith-
erto lack of clinical efficacy of MMP inhibitors underlines the urgent need to find novel
strategies and novel drug targets for the treatment of COPD. The endolysosomal cation
channel TRPML3 might potentially be such a target. In this dissertation, loss of TRPML3
was found to be associated with a COPD/emphysema phenotype in mice due to impair-
ments of TRPML3 deficient AM® to properly balance MMP-12 levels in the lungs. Thus,
TRPML3 apparently plays an essential functional role in keeping the lungs in a physio-
logical and healthy condition. In this context, modulation of the TRPML3 channel in AM®
through small molecule agonists might help to enhance the uptake and clearance of ex-
cess MMP-12 in the lungs, and thus might prevent the emphysematous tissue remodel-
ing driven by MMP-12 and further disease progression. Of note, a selective TRPML3
agonist is actually available, ML3-SA1, deriving from the modification of SN-2, a small
molecule activator of TRPML3 that was published earlier (36). ML3-SA1 has been shown
to be selective for TRPML3, over TRPML1 and TRPML2, and was able to activate
TRPML3 in AM® in endolysosomal patch-clamp experiments (1). Targeting an endoly-
sosomal cation channel such as TRPML3 constitutes a completely novel treatment strat-
egy for COPD.
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Additionally, gene array data are supporting the involvement of the TRPML3 channel in
COPD in humans. Analysis of several data sets revealed higher expression of TRPML3
in lung tissue obtained from smokers with COPD compared to healthy smokers, as well
as higher TRPML3 expression in BAL macrophages from smokers in comparison with
non-smokers (1). Obviously, TRPML3 is strongly upregulated in COPD and through
smoking, confirming the relevance of the channel also in humans and supporting the

idea of TRPML3 as a potential drug target.
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