
 

 

Aus dem 

Walther-Straub-Institut für Pharmakologie und Toxikologie 

Institut der Ludwig-Maximilians-Universität München 
 

 

 

Dissertation 

zum Erwerb des Doctor of Philosophy (Ph.D.)  

an der Medizinischen Fakultät der 

Ludwig-Maximilians-Universität München 

 

 

Expression and function of Transient Receptor Potential channels 

in murine lung interstitial macrophages, alveolar epithelial cells and 

fibroblasts 

 

    vorgelegt von: 

Suhasini Rajan 

 
aus: 

Chembur / Indien 

 

Jahr: 

      2024  



Mit Genehmigung der Medizinischen Fakultät der  

Ludwig-Maximilians-Universität München 

 

 

 

 

 

 

Erstes Gutachten von:   Prof. Dr. Alexander Dietrich 

Zweites Gutachten von:   Prof. Dr. Annette Nicke 

Drittes Gutachten von:   Prof. Dr. Christian Wahl-Schott 

Viertes Gutachtes:    Prof. Dr. Markus Diefenbacher 

 

 

 

Dekan:        Prof. Dr. med. Thomas Gudermann 

 

 

Datum der Verteidigung: 

05.12.2024 

 

 

 



     
 3 

Affidavit 

 

 

 

 

Rajan, Suhasini  
________ 

_______________________________________________________________ 
Surname, first name 

 
 
Nussbaumstr. 26 
_________________________________________________________________ 
Street 

 
 
80336, Munich, Germany 
_________________________________________________________________ 
Zip code, town, country 
 
 
I hereby declare, that the submitted thesis entitled:  

 

Expression and function of Transient Receptor Potential channels in murine lung intersti-

tial macrophages, alveolar epithelial cells and fibroblasts 

is my own work. I have only used the sources indicated and have not made unauthorised use of 

services of a third party. Where the work of others has been quoted or reproduced, the source is 

always given. 

I further declare that the dissertation presented here has not been submitted in the same or similar 

form to any other institution for the purpose of obtaining an academic degree. 

 
Ingolstadt, 15.05.2025                                       Suhasini Rajan 
__________________________                    __________________________________        

place, date                                                                                  Signature doctoral candidate 

Affidavit 



     
 4 

Confirmation of congruency 

 

 

 

 
 
Rajan, Suhasini 
________ 

_______________________________________________________________ 
Surname, first name 

 
 
Nussbaumstr. 26 
_________________________________________________________________ 
Street 

 
 
80336, Munich, Germany 
_________________________________________________________________ 
Zip code, town, country 
 
 
I hereby declare, that the submitted thesis entitled:  

 

Expression and function of Transient Receptor Potential channels in murine lung intersti-

tial macrophages, alveolar epithelial cells and fibroblasts 

 

is congruent with the printed version both in content and format. 

 

 

 

 

Ingolstadt, 15.05.2025                                      Suhasini Rajan        
__________________________                    __________________________________        

place, date                                                                                  Signature doctoral candidate 
 
 

Confirmation of congruency between printed and electronic version of 
the doctoral thesis 



     
 5 

Table of content 

Affidavit .......................................................................................................................... 3 

Confirmation of congruency ......................................................................................... 4 

Table of content ............................................................................................................. 5 

List of abbreviations ...................................................................................................... 6 

List of publications ........................................................................................................ 8 

Contribution to the publications .................................................................................. 9 
1.1 Contribution to paper I ..................................................................................................... 9 

1.2 Contribution to paper II .................................................................................................... 9 

1.3 Contribution to paper III  ......................................................................................... 10 

 

2. Introductory summary ...................................................................................... 11 
2.1 TRP channels ................................................................................................................ 12 

2.1.1 TRPM channels and TRPM2 ......................................................................................... 13 

2.1.2 TRPV channels - TRPV4 and TRPV2 ............................................................................ 14 

2.1.3 TRPA1 ........................................................................................................................... 15 

2.2 The respiratory system .................................................................................................. 16 
2.2.1 Alveolar epithelial cells……………………………………………………………..................16 
2.2.2 Fibroblasts ............. ……………………………………………………………………………..17 
2.3 Lung immunity ............................................................................................................... 17 

2.3.1 Resident macrophages and their functions…………………………………………………..18 
2.3.2 Alveolar macrophages ................................................................................................... 18 

2.3.3 Interstitial macrophages ................................................................................................. 19 
2.2 Aim of the thesis ............................................................................................................ 20 

3. Paper I ................................................................................................................ 21 

4. Paper II. …………………………………………………………………………………38 

5. Paper III............................................................................................................... 54 

References ................................................................................................................... 66 

Acknowledgements ..................................................................................................... 73 



     
 6 

 List of abbreviations 

AT1 Alveolar Type 1 

AT2 Alveolar Type 2 

IMs Interstitial macrophages 

AMs Alveolar macrophages 

DC Dendritic cell 

ARD Ankyrin repeat domain 

ROS Reactive oxygen species 

COPD Chronic Obstructive Pulmonary  

ALI Acute Lung Injury 

EMT Epithelial to mesenchymal transition 

ECM Extracellular matrix 

TNF Tumor necrosis factor 

IL Interleukin 

LPS Lipopolysaccharide 

IFN Interferon 

GM-CSF Granulocyte-Macrophage colony stimulating factor 

TRP  Transient Receptor Potential 

TRPV  Vanilloid Transient Receptor Potential  

TRPM  Melastatin Transient Receptor Potential  

TRPA  Ankyrin Transient Receptor Potential  

TRPC  Canonical Transient Receptor Potential 

CaM Calmodulin-binding domain 

c-terminal Carboxy-terminal 

PBD Phosphoinositide Binding Domain 

TMD Transmembrane domain 

DAG Diacylglycerol 



     
 7 

ADPR Adenosine diphosphate ribose 

TGF Tumor necrosis factor 

CD11b Integrin alpha M 

CD11c Integrin alpha X 

Cx3cr1 CX3C motif chemokine receptor 1 

Mertk Mer tyrosine kinase 

MHCII Major Histocompatibility Complex 2 

IR-induced Ischemia-Reperfusion- induced 



     
 8 

List of publications 

Research papers included in this dissertation 
 
Research Paper I [1] 

Rajan, S., Shalygin, A., Gudermann, T., Chubanov, V., Dietrich, A. (2024) TRPM2 chan-
nels are essential for regulation of cytokine production in lung interstitial macrophages. 
Journal of Cellular Physiology (In press).  

Research Paper II [2] 
 
Weber, J., Rajan, S., Schremmer, C., Chao, Y.-K., Krasteva-Christ, G., Kannler, M., Die-
trich, A. (2020). TRPV4 channels are essential for alveolar epithelial barrier function as 
protection from lung edema. JCI Insight, 5(20). https://doi.org/10.1172/jci.insight.134464 
 
Research Paper III [3] 
 

Geiger, F., Zeitlmayr, S., Staab-Weijnitz, C. A., Rajan, S., Breit, A., Gudermann, T., & 
Dietrich, A. (2023). An Inhibitory Function of TRPA1 Channels in TGF-β1–driven Fibro-
blast-to-Myofibroblast Differentiation. American Journal of Respiratory Cell and Molecu-
lar Biology, 68(3), 314–325. https://doi.org/10.1165/rcmb.2022-0159oc 
 

Review articles not included in this dissertation 
 
Rajan S, Schremmer C, Weber J, Alt P, Geiger F, Dietrich A. Ca2+ Signaling by TRPV4 
Channels in Respiratory Function and Disease. Cells. 2021; 10: 822. 
https://doi.org/10.3390/cells10040822 
 
Müller I, Alt P, Rajan S, Schaller L, Geiger F, Dietrich A. Transient Receptor Potential 
(TRP) Channels in Airway Toxicity and Disease: An Update. Cells. 2022; 11: 2907. 
https://doi.org/10.3390/cells11182907 

https://doi.org/10.1172/jci.insight.134464
https://doi.org/10.1165/rcmb.2022-0159oc


     
 9 

1. Contribution to the publications  

1.1 Contribution to paper I 

This study aimed to develop a new method for isolating interstitial macrophages (IMs) from murine 

lungs and elucidate the role of transient receptor potential (TRP) channels, particularly TRPM2 

(melastatin), in regulating inflammatory responses and reactive oxygen species (ROS) production 

in lung IMs. As the first author of paper I, I was instrumental in conceptualizing the research 

question, devising the experimental framework, and pioneering a novel technique for isolating 

lung IMs due to their historically challenging isolation process. This involved the innovative ap-

proach of co-culturing IMs with stromal cells followed by immune-magnetic separation targeting 

CD11b-positive IMs.  

Subsequently, I rigorously validated this methodology by assessing the expression of IM-specific 

surface markers, including CD11b and Cx3cr1, alongside common macrophage markers like 

Mertk and CD64, employing both quantitative real-time polymerase chain reaction (q-RT-PCR) 

and flow cytometry utilizing fluorescence-conjugated antibodies with appropriate isotype controls 

to ensure specificity. Upon successful establishment of the isolation protocol, I investigated the 

expression profiles of TRP channels in IMs, corroborating findings through analysis of publicly 

available transcriptomic datasets. Notably, IMs exhibited expression of TRP channels across ca-

nonical, melastatin, and vanilloid families. Subsequent polarization of IMs to a pro-inflammatory 

M1 state, induced by lipopolysaccharide and interferon-gamma, led to significant upregulation of 

TRPM2, a member of the melastatin family, which became a focal point of investigation. Notably, 

TRPM2-deficient IMs demonstrated heightened secretion of pro-inflammatory cytokines TNFα, 

IL-6, and IL-1α, as determined by enzyme-linked immunosorbent assay (ELISA). Moreover, ele-

vated reactive oxygen species (ROS) production, as assessed through direct measurement of 

H2DCFDA fluorescence and indirect assessment of glutathione levels in oxidized and reduced 

states were detected in TRPM2-/- IMs compared to control cells. 

Further exploration by coauthors involved recording TRPM2 activity via whole-cell patch clamp 

analysis, with intracellular application of adenosine diphosphate ribose (ADPr), and quantifying 

membrane voltage in current clamp mode, revealing TRPM2-mediated membrane depolarization 

and subsequent inhibition of NADPH oxidase (NOX)-derived ROS release. 

Delving deeper into the signaling cascade, my examination of NOX isoforms unveiled significant 

upregulation of NOX2 in M1-polarized IMs, with subsequent inhibition using GSK2795039 con-

firming NOX2-mediated ROS generation during M1 polarization. 

These collective findings underscore the pivotal role of TRPM2 in modulating cytokine secretion 

and ROS release in M1-activated IMs within the pulmonary microenvironment. Finally, compre-

hensive data analysis was conducted utilizing R programming software for flow cytometry and 

RNA-seq datasets, with statistical analyses performed using GraphPad Prism. 

 

1.2 Contribution to paper II 

This study aimed to elucidate the role of TRPV4 (vanilloid) channels in alveolar epithelial cells, 

particularly in regulating edema formation, epithelial barrier integrity, and repair processes in the 
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lung. As a second co-author of the paper, my primary contributions involved isolating ATII cells 

for the electrophysiological recording of TRPV4 channel activity, and performing and analyzing 

immunohistochemical experiments with paraffin-embedded lungs. During the first revision, a re-

viewer requested a quantification of TRPV4 channel activity by its activator GSK using the patch 

clamp technique. I isolated the cells for patch experiments by a collaborator. Another reviewer 

advised reevaluation of the first set of paraffin-embedded lung sections, which had been treated 

with paraformaldehyde (PFA) for fixation. This necessitated analyzing both the previously ana-

lyzed sections and new additional tissue samples for each time point. The preparation process 

involved perfusing and inflating lungs with 2.5% (m/v) glutaraldehyde in PBS, followed by paraffin 

embedding, sectioning, mounting on glass slides, and staining with Masson Goldner trichrome 

dye. 

Mean chord lengths (MCL) were then analyzed by another coauthor in tissue sections using de-

sign-based stereology, utilizing an Olympus BX51 light microscope equipped with the new Com-

puter Assisted Stereological Toolbox (newCAST, Visiopharm) at the Helmholtz Institute. This 

setup allowed for comparison between mice with functional TRPV4 channels (wildtype, WT) and 

those without (TRPV4-/-, KO) across three age groups: Young (4-6 weeks of age), middle-aged 

(28-30 weeks of age), and old (47-52 weeks of age), in both sexes. The results revealed elevated 

mean chord length values in old TRPV4-/- mice compared to same-aged WT mice, supported by 

representative images, confirming the development of emphysema-like changes due to ongoing 

growth and repair processes. These findings were consistent with previously gathered data indi-

cating altered lung function in adult TRPV4-/- mice. 

1.3 Contribution to paper III  

The process of fibroblast to myofibroblast differentiation is widely acknowledged as a significant 

contributor to the pathogenesis of pulmonary fibrosis. Building upon previous findings showing 

TGF-β1-induced myofibroblast differentiation and upregulation of TRPC6 expression in murine 

lung fibroblasts [4], we investigated the role of TRPA1 (ankyrin) in TGF-β1-induced myofibroblast 

differentiation in primary human lung fibroblasts (HLF) from healthy donors.  

To comprehensively understand the impact of TGF-β1 treatment on primary HLF, samples from 

three healthy donors were subjected to RNA sequencing (RNAseq). My contribution was an in-

depth analysis of the acquired transcriptome data using DESeq2 and the R software. The analysis 

revealed a distinct pattern indicating TGF-β1-mediated downregulation of the transient receptor 

potential A1 (TRPA1) gene in HLFs. The results containing differentially expressed genes were 

depicted in a volcano plot with upregulated genes including fibrotic marker genes such as ACTA2, 

COL1A1, FN1, and SERPINE1. Additionally, gene ontology (GO) analysis identified significantly 

upregulated biological processes such as extracellular matrix organization, collagen metabolic 

process, and connective tissue development following TGF-β1 treatment. The normalized counts 

of TRPC, TRPM, TRPV, and TRPA1 genes in HLF post-treatment showed distinct patterns be-

tween TGF-β1 and solvent conditions.  
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2. Introductory summary  

The three manuscripts collectively shed light on the critical roles of transient receptor potential 

(TRP) channels in lung physiology and pathology. Paper I focuses on interstitial macrophages 

(IMs) critical for innate immunity, which harbors in the lungs along with alveolar macrophages 

(AMs) IMs are less understood due to low counts and remote location. They exhibit varied tran-

scriptional profiles distinct from AMs and contribute to lung homeostasis. We have developed a 

novel method for isolating lung interstitial macrophages (IMs) after co-culture with stromal cells, 

yielding significantly higher cell counts compared to fluorescence-activated cell sorting (FACS) 

and allowing a more comprehensive characterization of IMs. The isolation technique was vali-

dated by testing specific surface markers such as CD11b and Cx3cr1 distinguishing them from 

alveolar macrophages (AMs). Transient receptor potential (TRP) channels, known regulators of 

intracellular Ca2+ concentrations, are expressed in various tissue-resident macrophages and are 

involved in the immune response. We investigated TRP mRNA levels in isolated IMs to reveal 

that TRP channels of vanilloid, canonical, and melastatin families were expressed and our find-

ings were further corroborated with transcriptomic analysis of the publicly available RNA sequenc-

ing dataset (GSE94135). Of all the TRP channels, upregulation of TRPM2 mRNA was observed 

in IMs polarized to M1 state with lipopolysaccharide (LPS) and interferon-gamma (IFNγ). We 

showed that TRPM2 activation modulates cytokine production in IMs, as TRPM2-deficient IMs 

exhibit elevated levels of inflammatory cytokines TNFα, IL-1α, and IL-6, alongside increased ROS 

production, indicating a regulatory role for TRPM2 in cytokine secretion and oxidative stress mod-

ulation. In addition, TRPM2 activation induced membrane depolarization and attenuated NOX2-

mediated ROS production, suggesting a mechanism for modulating cytokine release and main-

taining redox balance in IMs. These findings highlight TRPM2 as a potential therapeutic target for 

immune modulation in lung inflammation and infection. Paper II shows an ex vivo model mimick-

ing ischemia/reperfusion-induced edema (IRE) in mouse lungs. TRPV4-deficient lungs exhibited 

exacerbated IRE compared to wild-type controls, suggesting a protective role of TRPV4 in main-

taining the alveolar epithelial barrier. Immunohistochemistry and mRNA profiling revealed TRPV4 

expression in bronchial and alveolar epithelial cells, with TRPV4 deficiency leading to reduced 

expression of aquaporin-5 (AQP-5) in alveolar type I (ATI) cells. Additionally, impaired cell migra-

tion and barrier function were observed in TRPV4-deficient ATI cells, along with reduced surfac-

tant protein C expression in alveolar type II (ATII) cells, indicating the critical involvement of 

TRPV4 in alveolar epithelial function and prevention of edema formation. Finally, Paper III ex-

plores the potential of TRPA1 activation in mitigating TGF-β-induced fibroblast-to-myofibroblast 

transition, suggesting a protective role against pulmonary fibrosis. TRPA1, a Ca2+-permeable cat-

ion channel found in human lung fibroblasts (HLFs), exhibits reduced expression after TGF-β 

exposure. Its downregulation correlates with increased markers of fibrosis, while TRPA1 activa-

tion with AITC attenuates TGF-β-induced fibroblast-to-myofibroblast transition, suggesting a po-

tential protective role against pulmonary fibrosis. Together, these papers underscore the diverse 

functions of TRP channels in lung health and disease, offering insights into potential therapeutic 

strategies for respiratory diseases. 
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2.1 TRP channels  

The research on transient receptor potential (TRP) channels has gained significant recognition in 

the scientific community, notably with David Julius receiving the Nobel Prize in 2021 for their 

contributions. Although TRP channels were first discovered in Drosophila melanogaster [5], it was 

only 20 years later that they were categorized as ion channels majorly associated with photo-

transduction [2, 3] and thereafter extensive research has been conducted in mammalian TRP 

channels, where they serve diverse biological function (reviewed in 4). Since its inception, the 

classification of TRP channels has evolved in many ways. The recent classification consists of 28 

mammalian TRP channels divided into six subfamilies as shown in Figure 1 (left): TRPC (canon-

ical), TRPM (melastatin), TRPV (vanilloid), TRPA (ankyrin), TRPML (mucolipin), and TRPP (pol-

ycystin) (reviewed in [8]). 

Structurally, TRP channels consist of six transmembrane domains (TMD), with the pore-forming 

domain, which is cation permeable, in between the fifth and the sixth segments. Key structural 

features include ankyrin repeat domains (ARD) in the intracellular N-terminus and a conserved 

TRP box domain in the C-terminus, which is essential for channel gating. TRP channels can form 

homo- or heterotetrameric complexes and are found either in the plasma membrane or intracel-

lularly in lysosomal, endosomal membranes [9]. TRP channels are molecular sensors that can be 

activated by various stimuli such as temperature, reactive oxygen species (ROS), diacylglycerol 

(DAG), to name a few (reviewed in [8]). Majority of TRP channels are present in sensory neurons 

mediating thermal sensation [10]. Prime function of most TRP channels is facilitating influx of 

calcium ions (Ca2+), that are crucial second messengers [11]. Intracellular calcium [Ca2+]i serves 

as a regulator of numerous cellular functions, spanning from cell proliferation and growth to apop-

tosis and muscle contraction [6, 7].  

TRP channels are expressed in all major organs of the body (Figure 1, right) and have been linked 

to various conditions like inflammatory bowel disease, chronic obstructive pulmonary disease, 

and recently in COVID-19 (reviewed in [14]). While TRP channels are found in all major organs, 

this thesis predominantly focuses on their role in lung-specific cell types, highlighting their signif-

icance in lung immunity (e.g., TRPM2, TRPV2), ischemia-reperfusion injury (TRPV4), and pulmo-

nary fibrosis (TRPA1). 

 

  
 
Figure 1: TRP channel superfamily (left). Protein structure of the transient receptor potential (TRP) 
channels in the phylogenetic tree in mammals including six sub-families of TRPC (canonical), TRPM (me-
lastatin), TRPV (vanilloid), TRPA (ankyrin), TRPML (mucolipin), and TRPP (polycystin) (modified from [15], 

[16], master thesis of Annaya Kadekar). TRP channel expression in the body (right). Expression of 
various TRP channels in different organs of the body, namely lungs, kidney, gastrointestinal tract, heart, 
liver, skin, and the nervous system [14].  



     
 13 

2.1.1 TRPM channels and TRPM2 

Members of the TRPM (Transient receptor potential melastatin) family stand out due to their ex-

tensive cytosolic domain, with each subunit consisting of 732 to 1611 amino acids, making them 

the most sizable in the TRP superfamily. These channels possess a unique N-terminal TRPM 

homology region (MHR) domain, the usual TMD that includes six transmembrane helices, along-

side a TRP helix, and a C-terminal coiled-coil domain. The C-terminal domain (CTD) varies 

among the different members [17]. The TRPM sub-family consists of eight members (TRPM1-8), 

of which TRPM7 is ubiquitously expressed in the human body. While they share certain structural 

characteristics, the TRPM subfamily members display less homogeneity than those in other sub-

families. Based on the spectrum of ion permeability TRPMs can be further categorized into (1) 

channels of increased permeability to Ca2+, Zn2+ and Mg2+ like M1, M3, M6, and M7, (2) channels 

that conduct non-selective cations like M2, and M8, (3) channels that are permeable to monova-

lent cations like M4 and M5 [18].  

 

 

Figure 2: TRPM2 (melastatin) channel structure (left). Structure of TRPM2 channel with six trans-

membrane domains (TMD) and a pore between segments S5 and S6. The N-terminus has TRPM homology 

regions (MHR1-4), while the C-terminus harbors a NUDT9-H (Nudix hydrolase 9) domain. Gating dy-
namics of TRPM2 channel opening (right). The conformational changes of TRPM2 channel in its 
closed to open states in the absence or presence of adenosine diphosphate ribose (ADPR) and Ca2+. 
Binding of ADPR causes rotation of MHR and concomitant Ca2+ binding opens the channel resulting in 
cation influx (modified from [19]). 
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Figure 3: Expression of TRPM2 in various organs of the body (left). The distribution of 

TRPM2 expression, both RNA and protein, in various organs of the entire body is created on 

https://www.proteinatlas.org. Effects of TRPM2 activation (right). The picture shows the detri-

mental effects of oxidative stress-induced TRPM2 activation in the brain, heart, pancreas, and 

immune cell response [20]. 

TRPM2, the second member of the melastatin sub-family, exhibits a similar channel architecture 

to the rest of the TRP superfamily. Unlike other TRP channels, TRPM2 is equipped with a unique 

NUDT9-H domain at the C-terminal end. Adenosine diphosphate ribose (ADPR) is a well-known 

activator of TRPM2 inducing cation influx. ADPR has a high binding affinity to the NUDT9-H do-

main (Figure 2, right) and induces channel opening in the presence of Ca2+ (Figure 2, left) [19]. 

Along with TRPM6 and M7, TRPM2 was previously named a “chanzyme” owing to its enzymatic 

function of cleavage of ADPR [21]. But recent studies on the influence of enzymatic activity on 

channel gating proved otherwise changing the status of TRPM2 from a “chanzyme” to a mere 

ligand-gated channel [13, 14].TRPM2 is expressed in almost all major organs of the body (Figure 

3, left). A major physiological function of TRPM2 is the regulation of insulin secretion from the 

pancreatic β-cells [24]. On the other hand, when the β-cells are subjected to oxidative stress, 

TRPM2-mediated Ca2+ release from lysosome causes apoptosis [25]. TRPM2 mRNA is the most 

abundantly expressed TRP channel in the brain tissue [26]. Genetic studies have linked TRPM2 

mutations to bipolar disorder and other neurological disorders [27]. Activation of the oxidative 

sensor TRPM2 leads to various pathologies in the body (Figure 3, right, reviewed in [20]). Labo-

rious and elaborate research on TRPM2 suggests that channel inhibitors could be effective in 

treating CNS disorders by moderating aberrant TRPM2 activation.  

 

2.1.2 TRPV channels – TRPV4 and TRPV2 

The TRPV (Transient Receptor Potential Vanilloid) subfamily, initially identified in 1997 as capsa-

icin receptors, displays unique characteristics, including multiple ankyrin-repeat domains (ARD) 

at the N-terminus, a phosphoinositide binding domain (PBD), a C-terminal calmodulin-binding 

domain (CaM), and a PDZ-like motif [16, 17]. Expanding from the discovery of TRPV1, currently, 

https://www.proteinatlas.org/
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the TRPV subfamily comprises six members, with TRPV1-4, which are non-selective cation chan-

nels, and TRPV5 and 6, which exhibit high selectivity for Ca2+ ions [28]. It exhibits polymodal 

activation to stimuli such as hypo-osmolarity, fluctuations in temperature, and mechanical stress 

[29]. TRPV4 demonstrates ubiquitous expression throughout the body, including various cells 

within the respiratory system like fibroblasts and epithelial cells [8]. In the vascular tissue, smooth 

muscle cells and endothelial cells express TRPV4 [30], where its activation is detrimental to the 

maintenance of the alveolar and endothelial barrier functions inducing heightened endothelial 

permeability in the lungs [31]. In addition, TRPV4 regulates the muscular tone of pulmonary arte-

rial smooth muscle cells, which is mediated by α-adrenoceptor activation [32]. While the endothe-

lial role of TRPV4 is well-established, its functions within lung epithelial cells remain less under-

stood. Cumulative research on TRPV4 in the lungs deems this ion channel as a potential drug 

target for various respiratory illnesses [33]. Recent studies on the activation of TRPV4 have re-

vealed the binding sites of a popular agonist - GSK1016790A, at the cytosolic cavity in the TMD 

1-4 [34], thereby shedding more light on the potential application of TRPV4 as a drug target.  

 

          

Figure 4: Structure of TRPV4 channel. Like all representatives of the TRPV family, TRPV4 also has 
6 transmembrane domains with a pore region between the 5th and 6th domains. Channels of this family 
harbor between 3 and 6 ankyrin domains in the N-terminus. The proline domain causes this region to bind 
to PIP2 in the cell membrane. The calmodulin binding site causes a conformational change of the channel 
by binding Ca2+ (Modified from [29]). 
 

TRPV2 is the second member of the vanilloid family, which is found in fibroblasts, smooth muscle 

cells, T-cells, and at the highest levels in macrophages of the lungs [35]. TRPV2 plays a pivotal 

role in immune cell response discussed in 2.3.3. 

2.1.3 TRPA1 

TRPA1, the solitary member of the ankyrin family of TRP channels, derives its name from its 

numerous ARD at the N-terminus. TRPA1 is a non-selective cation channel highly permeable to 

calcium ions and is widely expressed throughout the body, with its cDNA initially cloned from 

human lung fibroblasts [36]. A distinctive feature of TRPA1 is the absence of its murine counter-

part in the pulmonary fibroblasts (Unpublished RNA-seq data from primary lung murine fibroblasts 

from our group). TRPA1 is extensively researched for its role in sensory neurons, responding to 

various sensations including pain, itch, and inflammatory stimuli Mechanistically, TRPA1 exhibits 

complex gating mechanisms influenced by extracellular calcium levels and temperature [37]. 

TRPA1 is associated with the nociceptor system of the lungs, where it activates bronchopulmo-

nary c-fibers [38]. 
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2.2 The respiratory system 

The respiratory system consists of the upper respiratory tract which includes the nasal and oral 

cavities, and the pharynx. The lower respiratory tract encompasses the larynx, trachea, bronchi, 

bronchioles, and alveoli, facilitating oxygen (O2) supply to the body. The lungs mediate the ex-

change of oxygen (O2) and carbon dioxide (CO2) between the air and the bloodstream. Inhaled 

air, carrying foreign particles, initially traverses the upper airways, comprising the trachea and 

primary and secondary bronchi. The cellular composition of larger bronchi and alveoli is depicted 

in Figure 4. Mucus, secreted by goblet cells, traps airborne particles. The coordinated action of 

cilia on ciliated cells, along with the cough reflex, facilitates the expulsion of most particles from 

the lungs [39]. The basal cells in the trachea act as progenitor cells. They transition into a highly 

proliferative state during ongoing turnover and following epithelial injury and can differentiate into 

ciliated, goblet, and club cells [40]. Club cells produce surfactant proteins A and D, which possess 

antimicrobial properties and regulate immune responses. Following epithelial injury, they also 

serve as precursors for alveolar epithelial cells type 2 (ATII), which further differentiate into alve-

olar epithelial cells type 1 (ATI) [33, 34].  

 

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

2.2.1 Alveolar epithelial cells 

The alveolar epithelium functions in different ways in the lungs. As the epithelial layer forms a 

natural barrier to the external environment, protecting the body from invading microorganisms 

and toxins, concomitantly, alveolar epithelial cells also facilitate efficient gas exchange. In the 

adult lung, the alveolar air space contains alveolar macrophages (AM). The lining epithelium is 

composed of two epithelial cell types (ATI and ATII cells) and the adjunct interstitium contains 

fibroblasts and interstitial macrophages (IM) (Figure 4), which are crucial for maintaining lung 

homeostasis and tissue repair (reviewed in [43]). Around 95 – 98 % of the epithelial lining is filled 

with flat and elongated ATI cells [33, 36]. ATI cells covering a large cell surface are pivotal cells 

involved in gas exchange, as they are in close proximity to the interstitium and the endothelial 

cells of the alveolar capillaries [37, 38]. ATI cells are highly permeable to water, which enables 

https://www.eurostemcell.org/lung-stem-cells-health-repair-and-disease
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ion transport and the maintenance of fluid balance in the lung [47]. Specific marker proteins for 

ATI cells are caveolin, podoplanin, and aquaporin-5 (AQP-5) [48]. AQP-5 belongs to the protein 

family of aquaporins and is the only member that is found in ATI cells [49]. ATII dysfunction, as a 

result of repetitive microinjury, leads to the initiation of fibrotic changes by epithelial to mesenchy-

mal transition (EMT) in idiopathic lung fibrosis (reviewed in [50], [51]). While TRPA1 is expressed 

in both epithelial cell types, its dispensability is already proven in the development of hyperoxia-

induced hyperplasia of the epithelium [52]. In chronic obstructive pulmonary disease (COPD), 

targeting TRPA1 and TRPV1 channels to inhibit cigarette smoke-induced damage in bronchial 

and alveolar epithelial cells reduced oxidative stress, inflammation, and mitochondrial dysfunc-

tion, making them promising therapeutic targets [53]. TRPV4 is essentially required for its function 

in these epithelial cells and protects the lungs from edema formation in ischemia/reperfusion [2].  

2.2.2 Fibroblasts 

The lungs are primarily composed of connective tissue housing fibroblasts responsible for the 

secretion of extracellular matrix (ECM) and maintenance of organ integrity. These mesenchymal 

cells play central roles in development, wound healing, and immune modulation by secreting ECM 

proteins, supporting cell functions, and aiding in tissue elasticity (reviewed in [54]). The ECM, 

comprising various proteins like collagens and fibronectin, provides structural support and signal-

ing cues [55]. Factors like TGF-β1 regulate fibroblast behavior and myofibroblast differentiation 

crucial for wound closure [56]. Pulmonary fibrosis (PF) can arise from various factors, leading to 

ECM overproduction and myofibroblast accumulation, impairing lung function [57]. Although med-

ications like pirfenidone and nintedanib improve patient life quality, there is no definite cure for PF 

[58] . Understanding TRP channels, fibroblasts, and the role of Ca2+ in fibrosis offers potential 

therapies. TGF-β signaling and calcium influx via TRPV4, TRPC6, and TRPM7 contribute to fi-

brosis progression [35], while TRPA1 activation shows promise in mitigating fibrotic changes [35]. 

These insights into fibrosis mechanisms provide avenues for therapeutic interventions. 

2.3 Lung immunity 

As with any healthy organ in the body, our lungs are equipped with a robust immune system, 

which, in addition to maintaining homeostasis, is also responsible for protection against external 

or internal danger signals by defenses of varying levels of sensitivity and specificity. The upper 

respiratory tract efficiently filters out larger particles, while the alveolar and bronchial spaces rely 

heavily on resident alveolar macrophages for the phagocytosis of finer particulates [59]. The pul-

monary immune system, composed of innate and adaptive components, defends against patho-

gens through various mechanisms such as mucociliary clearance, antimicrobial molecule secre-

tion, and immune cell responses [59]. This defense is extensively provided by monocytes, mac-

rophages, and dendritic cells (DCs) that collectively belong to the mononuclear phagocyte (MNP). 

The MNP was described in the literature for the very first time in 1968 by Van Furth and Cohn 

[60]. This heterogeneous system is responsible for functions ranging from immediate immune 

response to foreign stimuli to antigen presentation and phagocytosis [61]. The tissue-resident 

monocytes, apart from serving as precursor cells, differ from the circulating monocytes and are 

important for constant vigilance of the lung parenchyma [62]. DCs specialize in ingesting antigens 

and activating naïve T cells by migrating to the nearby lymph node [63].  
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2.3.1 Resident macrophages and their functions 

Resident macrophages are the innate immune cells present in every organ of the body mainly 

responsible for maintaining homeostasis in the local microenvironment. This is achieved by the 

clearance of dead tissue and excess metabolites from cell functions [64]. The main function of 

these macrophages is the initiation of the acute response to any signals in the local microenvi-

ronment both of exogenous and endogenous nature [65]. The macrophages respond to a wide 

range of signals that include dead cells, proteins, invading micro-organisms like bacteria and vi-

ruses along with toxins secreted by the micro-organisms. In the process of polarization, the mac-

rophages differentiate to a pro-inflammatory M1 state by canonical/classical activation during in-

flammation or to an anti-inflammatory M2 state by alternative activation post-inflammation as 

shown in Figure 7 [66]. Here, it is worth mentioning the plasticity of macrophage phenotypes as 

they can transition between pro- and anti-inflammatory phenotypes based on their microenviron-

ment [67]. Major anti-inflammatory cytokines released by macrophages are IL-10, 11, and 13 [68]. 

As an immediate response to the signals, the macrophages release pro-inflammatory cytokines 

like tumor necrosis factor-alpha (TNFα), interleukins (IL)-1, 6, 8 and 12 [69].  

 
Figure 6: Macrophage heterogeneity of lungs. Schema showing phenotypical characteristics and 
diverse population of lungs – alveolar macrophage (AMs) and interstitial macrophage (IMs) (modified from 
[70]). 

Unlike other organs in the body, the lungs are equipped with two populations of resident macro-

phages namely the alveolar macrophages (AMs) and the interstitial macrophages (IMs) (Figure 

5,6). These macrophages differ in localization, the cytokines that regulate their growth, and their 

phenotypes based on the tissue environment that they develop in since birth. Both mouse and 

human AMs originate from embryonic precursors and occupy the alveolar niche before birth, un-

dergoing minimal proliferation in adulthood [65, 66]. On the other hand, IMs are believed to origi-

nate from the yolk sac and are replaced by fetal liver monocytes, with varying rates and extents 

of replenishment depending on the subtype [73]. Tissue homeostasis relies on a diverse array of 

functional macrophages, with evidence suggesting that many tissue-resident macrophages are 

established during embryonic development and persist into adulthood through localized prolifer-

ation [71]. Mononuclear phagocytes generated during adult hematopoiesis are recruited to vari-

ous sites in the body, contributing to tissue repair, inflammation resolution, and disease progres-

sion [74].  
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2.3.2 Alveolar macrophages 

Alveolar macrophages (AMs) serve as the primary defense mechanism within the alveolar air 

space, constantly exposed to inhaled foreign particles. These cells maintain immune equilibrium 

through efferocytosis and secretion of anti-inflammatory mediators [75]. They also support the 

generation of T-regulatory cells and respond to epithelial signaling, demonstrating immunosup-

pressive functions [76]. However, under inflammatory conditions, AMs transition to a pro-inflam-

matory [77], enhancing phagocytic activity and cytokine production, thereby exacerbating lung 

inflammation and injury [78]. This dual functionality underscores AMs' pivotal role in modulating 

pulmonary immune responses. The presence of distinctive surface markers shown in Figure 6, 

such as CD11c (integrin alpha X) and Siglec F(sialic acid binding Ig like lectin F) and the absence 

of CD11b (integrin alpha M), differentiate them from other immune cells [79]. Granulocyte-mac-

rophage colony-stimulating factor (GM-CSF/CSF-2) regulates AM growth [80], and its aberrant 

secretion can lead to AM dysfunction [75, 76]. While, in COPD patients, TRPC6 mRNA expression 

in AMs was heightened [83], in pulmonary cystic fibrosis (CF), TRPC6 was found to be associated 

with phagocytic and bactericidal functions of AMs [84]. TRPV2 plays a critical role in phagocytosis 

by AMs, where defective expression leads to impairment in phagocytotic properties in cystic fi-

brosis [85]. Along the same lines, TRPV4 facilitates bacterial clearance when studied in an in-

vivo model of bacterial pneumonia [86]. All these studies highlight the significance of selective 

TRP channels in maintaining pulmonary homeostasis and defending against pathogens. 

        
Figure 7: Immune response of AM and IM in inflammation. Macrophages of the lungs polarize to 
pro-inflammatory M1 by releasing cytokines like interleukins-1, 6, 12, and tumor necrosis factor-alpha 
(TNFα) and anti-inflammatory M2 state by releasing cytokines like tumor growth factor beta (TGFβ), , gran-
ulocyte-macrophage colony stimulating factor (GM-CSF), and interleukin-10 (modified from [87]).  

2.3.3 Interstitial macrophages 

Lung interstitial macrophages (IMs), initially observed as phagocytic "septal cells" in 1950, were 

overshadowed by alveolar macrophages until the early 1970s. It was proposed that AMs origi-

nated from bone marrow precursors, with an intermediate maturation state in the pulmonary in-

terstitium. Studies comparing AMs and IMs revealed differences in phagocytic potential, receptor 

expression, and cytokine secretion, suggesting IM as a distinct and fully competent macrophage 

population, a concept now widely accepted (reviewed in [88]). IMs in both humans and mice ex-

hibit phagocytic activity, serving as the lungs' second line of defense [83, 84, 85]. They possess 

immunoregulatory functions, including increased secretion of the immunosuppressive cytokine 

IL-10 upon exposure to bacterial products such as lipopolysaccharide (LPS) and DNA [92], [93]. 
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Research by Moore et al. demonstrated that IM numbers expand in the lung interstitium following 

in vivo exposure to LPS, suggesting their involvement in inflammation [94]. Recent advancements 

in single-cell transcriptomics and flow cytometry have revealed the heterogeneity of IM in the 

lungs, based on distinct surface marker expressions [67, 82, 83]. Common markers across all 

phenotypes, as depicted in Figure 6, include CD11b, Cx3cr1 (CX3C motif chemokine receptor 1) 

and Mertk, a tyrosine kinase and differential markers include CD11c and MHCII (major histocom-

patibility complex II) [90]. Despite their heterogeneity, the functional division of labor among the 

three different subtypes of IMs remains to be fully elucidated.  

Studies on interstitial macrophages (IMs) face significant challenges in isolation and culture 

maintenance due to marker heterogeneity, low cell counts, and their location deep within the lung 

parenchyma. However, in 2019, Ogawa et al. introduced a novel approach for IM isolation involv-

ing co-culture with stromal cells, offering promise for improved methodologies [95], [96]. Notably, 

despite increasing research interest, transient receptor potential (TRP) channels in IMs remain 

largely unexplored, representing a significant gap in our understanding of these cells and their 

functional regulation. Further investigation into TRP channels could provide valuable insights into 

IM biology and potential therapeutic targets. Although studies on IMs are on the rise, a major 

hindrance lies in isolating these macrophages for in-vitro studies and their maintenance in culture. 

Owing to marker heterogeneity, low counts and remote parenchymal location make the isolation 

difficult. Most importantly, TRP channels remain completely unexplored in IMs.  

2.4 Aim of the thesis 

In the first part, the thesis aims to address the gap in understanding TRP channel expression and 

function in IMs. Specifically, it seeks to: 

• Develop methods to isolate murine lung IMs for subsequent in vitro studies. 

• Investigate the expression and functional roles of TRP channels in IMs, including their 

potential contribution to IM polarization. 

As TRP channels are highly expressed in the lungs, especially ATII, and fibroblasts, the second 

part of the thesis aims to study.  

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

• TRP channel expression in primary human lung fibroblasts (HLF) differentiated to myofi-
broblasts by TGF-β1. 
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