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Abstract

Abstract

Chronic lung diseases (CLDs) such as chronic obstructive pulmonary disease (COPD) and idiopathic
pulmonary fibrosis (IPF) represent a growing public health burden, yet their early pathogenesis and pro-
gressing mechanisms remain poorly understood. While late-stage disease is well characterized histopatho-
logically, there is a critical gap in our knowledge of the molecular and cellular events that precede visible
tissue remodeling—particularly within microenvironments of the distal human lung. Conventional bulk
tissue omics approaches fail to resolve the heterogeneity of these microdomains, while single-cell tran-
scriptomic techniques often fail to capture the extracellular matrix (ECM) dynamics that are instrumental

to disease progression.

To address this, I utilized a spatial proteomics technique based on laser-capture microdissection cou-
pled mass spectrometry (LCM-MS) to generate (patho)physiological region-specific proteomic profiles of
the distal human lung. Using well-preserved formalin-fixed, paraffin-embedded (FFPE) human lung spec-
imens, I systematically profiled 135 histopathologically defined regions from healthy controls, patients
with mild COPD (GOLD II), and severe COPD (GOLD IV). This was complemented by donor-matched
single-nucleus RNA sequencing (snRNA-seq) to assess transcriptional shifts across cell types and tran-

sitional cell states.

A total number of 6,700 proteins, including 418 matrisome components, was identified across anatom-
ically and pathologically distinct regions. In the healthy lung, proteomic gradients along the airway tree
were uncovered and novel molecular markers of understudied compartments were established, such as
the respiratory bronchioles (RB), which were enriched in surfactant protein B (SFTPB), CXCL13, and
non-fibrillar collagen COL10A1. In mild COPD, I observed a loss of basal and secretory epithelial cell
markers at the RB, a disruption of COL10A1 deposition, and mislocalization of CD47 — all suggestive of
early niche destabilization. Thyroid hormone response and metabolic reprogramming were spatially up-
regulated in the distal airway and alveoli in GOLD II patents, indicating early tissue adaptation to stress.
In an additional CLD study employing the same methodology, cellular shifts associated with metaplasia
and fibroblastic foci were captured in IPF, revealing proteomic transitions that precede morphological

changes.
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1.0 Introduction

1 Introduction

1.1 Lung anatomy and physiology
1.1.1 Gross anatomy and function of the lung

The lungs are paired, spongy organs located in the thoracic cavity, flanking the heart. They play a critical
role in gas exchange, ensuring oxygen delivery to tissues and the removal of carbon dioxide. Each lung
is divided into lobes, with the right lung consisting of three lobes (superior, middle, and inferior) and the
left lung comprising two lobes (superior and inferior), accommodating the space required for the heart.
These lobes are separated by fissures and enclosed within the pleural cavity, which facilitates smooth

expansion and contraction during breathing [1].

(D)

Figure 1.1: Anatomy of the lung. a: Location of the respiratory structures in the body. b: An enlarged view of
the airways, alveoli (air sacs), and capillaries (tiny blood vessels). ¢: A close-up view of gas exchange between the
capillaries and alveoli. CO2 is carbon dioxide, and O2 is oxygen. Figure reprinted from National Heart, Lung, and
Blood Institute, National Institutes of Health (2015).

The lungs are connected to the trachea through the bronchi, which branch into smaller bronchioles,
terminating in the alveolar sacs (Figure 1.1a, b). These alveoli, numbering approximately 300 million
in a healthy adult lung, provide a vast surface area of 70 to 100 square meters for gas exchange [2]. The
alveoli are surrounded by a dense network of capillaries, which form the blood-air barrier, where oxygen
diffuses into the bloodstream and carbon dioxide diffuses out [3]. Functionally, ventilation is driven by
negative pressure within the thoracic cavity created by diaphragmatic and intercostal muscle contrac-
tions. The elastic properties of the lung allow it to expand and recoil efficiently, ensuring minimal energy

expenditure during respiration [4].

Beyond gas exchange, the lungs have important secondary functions. They serve as a reservoir for

blood, regulate acid-base balance through CO2 exhalation, and produce surfactant - a mixture of lipids
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and proteins that reduces surface tension and prevents alveolar collapse during exhalation [2, 3]. The
lungs also play a role in immune defense by filtering small blood clots, trapping pathogens, and housing
immune cells such as alveolar macrophages [2]. Furthermore, the respiratory epithelium secretes an-
timicrobial peptides and cytokines that contribute to pathogen clearance [5]. Together, these anatomical
characteristics enable the lungs to support life by maintaining gas exchange, homeostasis, and immune

surveillance.

Structure of the Distal Lung

Terminal bronchiole

Smooth muscle

Deoxygenated blood from
pulmonary artery

Oxygenated blood to
pulmonary vein

Respiratory bronchiole

Alveolar Alveolus

sac

Capillaries

Alveolar
pores

Figure 1.2: Structure of the respiratory zone at the distal lung. Bronchioles lead to alveolar sacs in the
respiratory zone, where gas exchange occurs. (Adapted from Anatomy and Physiology 2e [6]. Copyright Rice
University, OpenStax, under CC BY 4.0 license)

The distal lung begins at the terminal bronchioles, which transition into respiratory bronchioles.
These bronchioles are lined with epithelial cells that help clear debris and ensure airflow. Respiratory
bronchioles further branch into alveolar ducts, which terminate in alveolar sacs, forming the primary
site for gas exchange. The alveoli are interconnected by alveolar pores (also known as Pores of Kohn),
which equalize pressure and facilitate collateral ventilation [7]. Surrounding these structures is an exten-
sive capillary network that forms the blood-air barrier, facilitating efficient oxygen and carbon dioxide
exchange [8]. The interstitial space, composed of connective tissue, elastic fibers, and extracellular ma-
trix components, provides structural support, maintains the delicate architecture, and accommodates
immune cells and fluid exchange to meet metabolic demands during ventilation [3]. The distal vessels,
including pulmonary arterioles and venules, are intricately associated with the alveoli to enable efficient

gas exchange [9].
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1.1.2 Main cellular population in the distal lung

The lung is a highly specialized organ designed for efficient gas exchange and is composed of a diverse
array of cell types that work in concert to maintain respiratory function [3]. Recent advancements
in single-cell sequencing have significantly expanded our understanding of lung cellular diversity. The
study from Travaglini et al. (2020) identified 58 distinct cell populations in the lung , including epithelial,
mesenchymal, immune, and vascular endothelial cells (detailed list see Figure 1.3), each contributing to
specific structural and functional roles in maintaining homeostasis and responding to injury (reviewed
in Basil et al. (2020)). The distal lung, which includes the alveoli and small airways, is particularly en-
riched in specialized cell types such as alveolar type I (AT1) and alveolar type IT (AT2) cells that mediate

gas exchange and surfactant production, respectively [10, 11].
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Figure 1.3: Cellular diversity in the human lung. a: Human lung cell types identified via scRNA-seq profiling
in each lineage. Black, canonical types; blue, proliferating or differentiating subpopulations; red, novel populations.
Number of cells shown below cluster name. AdvF, adventitial fibroblast; AIvF, alveolar fibroblast; Art, artery; ASM,
airway smooth muscle; AT2-s, AT2-signalling; Bas, basal; Bas-d, differentiating basal; Bas-p, proliferating basal;
Bas-px, proximal basal; Bro1, bronchial vessel 1 cell; Bro2, bronchial vessel 2 cell; Cap, general capillary cell; Cap-a,
capillary aerocyte; Cap-il, capillary intermediate 1 cell; Cap-i2, capillary intermediate 2 cell; Cil, ciliated; Cil-px,
proximal ciliated; FibM, fibromyocyte; Gob, goblet; Ion, ionocytes; LipF, lipofibroblast; Lym, lymphatic; Meso,
mesothelial; MyoF, myofibroblast; Muc, mucous; NE, neuroendocrine; Peri, pericyte; Ser, serous; VSM, vascular
smooth muscle.Mono CL, classical monocyte; CD4 M/E, CD8+ memory/effector T cell; CD4 Na, CD4+ naive T;
CD8 M/E, CD8+ memory/effector T; CD8 Na, CD8+ naive T; DC, dendritic cell; Mono Int., intermediate monocyte;
mDC, myeloid dendritic; pDC, plasmacytoid dendritic cell; MP, macrophage; MP-p, proliferating macrophage;
Mono NC, non-classical monocyte; NK, natural killer cell; NKT, natural killer T cell; NK/T-p, proliferating natural
killer/T cells. b: Diagrams showing localization and morphology of each type (cell type numbering or names in
(a)). Figure reprinted from A molecular cell atlas of the human lung from single-cell RNA sequencing, by Travaglini,
K. ]., et al. (2020), Nature, 587(7835), 619-625. ©2020 Nature Publishing Group. Reprinted with permission.
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In a more recent study by Murthy et al. (2022), novel subsets of previously uncharacterized distal
epithelial stem cells were identified, emphasizing the functional complexity of lung cell populations.
These findings underline the importance of cellular interactions in the distal lung microenvironment,

particularly in processes like immune surveillance, repair, and response to environmental exposures.

Epithelial cells of the distal airway and alveoli

Epithelial cells form the first line of defense in the lung, lining both the conducting airways and the
alveolar spaces [11]. In the airway, basal cells serve as progenitors, giving rise to ciliated cells that clear
mucus and pollutants, and secretory cells, such as club cells, that contribute to innate immunity by se-
creting antimicrobial molecules [12, 13]. In the alveoli, AT1 cells facilitate gas exchange due to their
thin, expansive morphology, while AT2 cells produce pulmonary surfactant to reduce surface tension

and serve as progenitor cells for AT1 cells during injury repair [14].

Mesenchymal cells of the distal airway and alveoli

Mesenchymal cells in the lung include fibroblasts, pericytes, and smooth muscle cells, all of which sup-
port the structural and functional integrity of the organ. In the airway, smooth muscle cells regulate
airway tone and contribute to airflow resistance [15]. Fibroblasts produce extracellular matrix (ECM)
components essential for airway elasticity [16]. In the alveoli, lipofibroblasts interact closely with AT2
cells, supporting surfactant production [17], while myofibroblasts play a critical role in wound healing
and fibrosis [18]. Mesenchymal heterogeneity has been increasingly recognized, with distinct subpopu-

lations contributing to tissue remodeling, repair, and pathological states like fibrosis [10].

Endothelial cells of the distal lung

Endothelial cells in the distal lung form the lining of blood vessels and are critical for vascular integrity,
gas exchange, and maintaining the alveolar-capillary barrier. Pulmonary capillary endothelial cells fa-
cilitate oxygen and carbon dioxide transfer [19], while pulmonary artery endothelial cells regulate blood
flow and vascular tone [20]. Lymphatic endothelial cells aid in fluid homeostasis and immune surveil-
lance [21]. These cells also modulate inflammatory responses and angiogenesis during tissue repair and

in pathological conditions [19].

Immune cells of the distal lung

The distal lung harbors a diverse immune cell repertoire that provides robust surveillance and defense
mechanisms. Alveolar macrophages, the most abundant immune cells in the alveoli, maintain tissue
homeostasis by clearing debris and pathogens [22]. Dendritic cells, scattered throughout the airway and
alveolar regions, bridge innate and adaptive immunity by presenting antigens to T cells [23]. Lympho-
cytes, including T and B cells, respond to infections and inflammation. Neutrophils and eosinophils are
rapidly recruited during acute responses, while tissue-resident mast cells modulate chronic inflamma-

tion and repair processes [15]. The interplay of these immune cell types ensures a dynamic response to
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environmental challenges while preserving lung function.

The distal lung is an intricate ecosystem composed of epithelial, mesenchymal, endothelial and im-
mune cells, each with specialized roles in maintaining respiratory health. Advances in single-cell tech-
nologies have shed light on the complexity and functional interdependence of these cell populations,

offering new insights into their contributions to homeostasis, repair, and disease pathogenesis.
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1.2 Chronic lung diseases (CLD)

Chronic lung diseases (CLDs) encompass a diverse group of progressive disorders marked by irreversible
airflow obstruction, chronic inflammation, and parenchymal damage. The most prevalent CLDs include
chronic obstructive pulmonary disease (COPD), asthma, interstitial lung diseases (ILDs) such as idio-
pathic pulmonary fibrosis (IPF), cystic fibrosis (CF), and pulmonary hypertension (PH) [24]. These dis-
eases arise from multifactorial etiologies, including genetic susceptibility (e.g., CFTR mutations in CF),
environmental triggers (e.g., tobacco smoke, occupational dusts), and aging-related cellular dysfunction
[25, 26]. Globally, CLDs account for over 10% of all deaths annually, with COPD alone representing
the third-leading cause of mortality worldwide [27]. While management strategies—including pharma-
cotherapy, oxygen therapy, and pulmonary rehabilitation — aim to alleviate symptoms and slow progres-
sion, curative therapies remain limited for many advanced-stage diseases [28, 29]. Of these, COPD and
IPF exemplify distinct yet impactful pathways of chronic lung injury, warranting focused exploration

due to their overlapping clinical challenges and diverging pathobiological mechanisms.

1.2.1 Idiopathic pulmonary fibrosis (IPF)

IPF is a chronic, progressive interstitial lung disease characterized by excessive fibrosis and scarring of
the lung parenchyma. This condition leads to the stiffening of lung tissue, impairing respiratory function
and reducing gas exchange efficiency [28]. IPF predominantly affects individuals over the age of 50, with
a higher prevalence in men than in women [30]. Despite advances in understanding the disease, IPF
remains a condition with poor prognosis, with a median survival of three to five years after diagnosis
[31].

Patients with IPF typically present with progressive exertional dyspnea and a persistent, dry cough
[28]. Imaging studies, particularly high-resolution computed tomography (HRCT), reveal hallmark fea-
tures such as subpleural reticulation, honeycombing, and architectural distortion, primarily in the lower
lobes [32, 33]. The clinical course of IPF is heterogeneous, with some patients experiencing slow progres-
sion, while others exhibit periods of rapid decline. Acute exacerbations, characterized by sudden wors-
ening of respiratory symptoms and hypoxemia, significantly contribute to mortality [34]. Pulmonary
function tests often show a restrictive pattern with reduced forced vital capacity (FVC) and diffusing
capacity for carbon monoxide (DLCO), both of which are markers of disease severity and predictors of
prognosis [35].

Till today, treatment options for IPF remain limited, with antifibrotic agents such as pirfenidone and
nintedanib being the cornerstone therapies. These medications slow the decline in lung function but do
not reverse the underlying fibrosis. Supportive care, including oxygen therapy and pulmonary rehabil-
itation, plays a crucial role in improving quality of life [33]. For eligible patients, lung transplantation

offers the only curative option but is limited by organ availability and surgical risks [28].

The hallmark of IPF is the aberrant repair response to repetitive epithelial injury, particularly in
alveoli. This pathological process involves persistent activation of fibroblasts and myofibroblasts, lead-
ing to excessive deposition of extracellular matrix (ECM) components such as collagen [28, 36]. Over
time, the accumulation of fibrotic tissue disrupts the normal architecture of the lung, resulting in hon-

eycombing and loss of alveolar function [32, 36]. Unlike normal wound healing, the fibrosis in IPF is
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self-perpetuating, with dysregulated pathways such as TGF-f, Wnt/f-catenin, and PI3K-AKT playing

significant roles in pathogenesis and disease progression [37].

Omics technologies have provided valuable insights into the molecular mechanisms underlying IPF.
Single-cell RNA sequencing studies, such as Reyfman et al. (2019), Adams et al. (2020), Habermann et
al. (2020) and Lang et al. (2023) have identified novel and distinct cell types and states and dysregulated
pathways driving disease progression [38, 39, 40, 41]. In addition, integrative multi-omics approaches,
as in Ruan et al. (2023) are uncovering novel molecular endotypes associated with disease severity and

heterogeneity, providing deeper insights into personalized therapy opportunities.

1.2.2 Chronic obstructive pulmonary disease (COPD)

COPD ranked as the fourth leading cause of death globally in 2021. The disease burden continues to
rise, particularly in low- and middle-income countries, due to persistent exposure to risk factors such as
tobacco smoke and air pollution [42]. COPD is diagnosed through spirometry, with airflow limitation
defined as a post-bronchodilator FEV1/FVC ratio of less than 0.7. The Global Initiative for Chronic Ob-
structive Lung Disease (GOLD) classification categorizes patients into four stages (GOLD 1-4) based on
the severity of airflow obstruction, ranging from mild to very severe (described in Figure 1.4) [43]. This

staging aids in the clinical assessment and management of COPD.

GOLD ABE Assessment Tool
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Figure 1.4: GOLD ABE assessment tool. Exacerbation history refers to exacerbations suffered the previous
year. mMRC: modified Medical Research Council Dyspnea Questionnaire; CAT: COPD Assessment Test; FEV1:
forced expiratory volume in 1 second; FVC: forced vital capacity. Reproduced with permission from ©2022, 2023
Global Initiative for Chronic Obstructive Lung Disease, available from www.goldcopd.org, published in Deer Park,
IL, USA.

Clinically, COPD is characterized by persistent respiratory symptoms such as dyspnea, chronic
cough, and sputum production [43]. Pathologically, it involves progressive airflow limitation due to

small airway remodeling, inflammation, and parenchymal destruction (emphysema), which collectively



1.2 Chronic lung diseases

contribute to the decline in lung function [44, 43]. Microscopically, these changes include loss of alveolar
septa, thickening of airway walls, goblet cell hyperplasia, and infiltration of inflammatory cells such as
neutrophils and macrophages [45]. Systemic inflammation and comorbidities like cardiovascular dis-

eases further complicate the disease course [42, 43].

The natural progression of COPD often begins with prolonged exposure to risk factors such as
cigarette smoke or environmental pollutants, which trigger persistent inflammation in the small air-
ways and alveoli. This inflammation initiates pathological changes [46]. Over time, structural remodel-
ing occurs, ultimately leading to emphysema and chronic airflow limitation [47]. The disease progression
involves a gradual decline in lung function, leading to increased breathlessness, frequent exacerbations,
and a reduced quality of life. Early stages may present with mild symptoms, but as the disease advances,
patients experience worsening dyspnea, chronic cough, and sputum production. The progression rate
varies among individuals, influenced by factors such as smoking status, environmental exposures, and
genetic predispositions [43]. Early-stage COPD is challenging to diagnose because clinical symptoms
are subtle or absent, despite significant structural damage. However, identifying the early pathological
changes is essential, as interventions at this stage could potentially halt or slow disease progression and

improve patient outcomes [43, 48].

Recent advances in omics technologies have provided novel insights into COPD pathophysiology,
emphasizing the spatial heterogeneity of molecular networks driving inflammation, tissue remodel-
ing, and immune regulation [49, 50, 51]. Spatially-resolved proteomics and spatial transcriptomics ap-
proaches, which map protein and RNA expression within specific tissue microenvironments, allow for a
more precise understanding of tissue-level changes, offering opportunities to identify novel biomarkers

and therapeutic targets tailored to the spatial context of the disease [52].
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1.3 Spatially-resolved proteomics

The past decade has witnessed remarkable advancements in omics technologies, revolutionizing our
understanding of biological systems at unprecedented resolution. Single-cell sequencing has emerged as
a transformative tool, enabling the dissection of cellular heterogeneity and revealing distinct molecular
profiles within complex tissues [53]. Building on these innovations, spatial omics technologies have
bridged the gap between molecular data and spatial context, allowing researchers to map biomolecules
within their native tissue architecture. This integration of spatial and molecular information has unveiled
novel insights into cellular interactions, tissue organization, and disease microenvironments, pushing the

boundaries of systems biology.

Several cutting-edge spatial proteomics platforms have become commercially available, offering diverse

approaches to probe protein localization and function in tissues:

GeoMx Digital Spatial Profiler (NanoString Technologies):

This platform combines antibody-based protein detection with next-generation sequencing to quantify
protein expression in spatially-defined regions [54]. Studies have demonstrated its effectiveness in on-
cology and immunology research (reviewed in Wang et al. (2021)) [55]. The system combines spatial
transcriptomics with proteomics, allowing researchers to analyze biomarker expression in complex tis-

sue microenvironments.

Hyperion Imaging System (Fluidigm, Standard BioTools):

Utilizing imaging mass cytometry, this system leverages metal-tagged antibodies to visualize and quan-
tify over 40 proteins simultaneously in tissue sections [56]. It provides single-cell resolution and spatial
insights into complex tissues, making it a powerful tool for studying cellular phenotypes and microen-

vironments [57].

MIBI by IonPath:

Using similar design principles to the Hyperion Imaging System, the Multiplexed Ion Beam Imaging
(MIBI) platform combines time-of-flight mass spectrometry with multiplexed antibody staining to pro-
vide high spatial and molecular resolution tissue profiling (described in Giesen et al. (2014)) [58]. This
approach is widely used for high-dimensional tissue profiling in cancer and neuroscience research (re-
viewed in Liu et al.(2022)) [59].

Another pioneering method in spatial proteomics involves coupling laser-capture microdissection
(LCM) with mass spectrometry (hereafter referred to as LCM-MS). LCM enables the precise isolation
of specific tissue regions or single cells, preserving their spatial context. When integrated with mass
spectrometry, this approach provides highly detailed proteomic data from targeted areas, uncovering

region-specific protein expression patterns.
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Figure 1.5: DVP concept and workflow. DVP links data-rich imaging of cell culture or archived patient biobank
tissues with deep-learning-based cell segmentation and machine-learning-based identification of cell types and
states. (Un)supervised Al-classified cellular or subcellular objects of interest undergo automated LMD and MS-
based proteomic profiling. Subsequent bioinformatics data analysis enables data mining to discover protein signa-
tures, providing molecular insights into proteome variation in health and disease states at the level of single cells.
tSNE, t-distributed stochastic neighbor embedding. Reprint from Mund et al. (2022) [60]. (Copyright the authors,
under CC BY 4.0 license.)

Deep Visual Proteomics (DVP), developed by Andreas Mund, Fabian Coscia, Matthias Mann, and
colleagues from the Max-Plank-Institute, represents another breakthrough. DVP combines Al-guided
advanced microscopy with single-cell proteomics, allowing for the visual selection of cells followed by
in-depth proteomic analysis (Figure 1.5) [60]. This approach excels in identifying cell-type-specific pro-

teomes and elucidating spatially distinct molecular networks within tissues.

Mass spectrometry offers significant advantages over antibody-based proteomic methods, including
unbiased detection of proteins and their post-translational modifications [61]. First, it provides an un-
biased and comprehensive analysis, detecting thousands of proteins simultaneously without requiring
pre-selected antibodies. Second, mass spectrometry excels in quantifying post-translational modifica-
tions and isoforms, which are often inaccessible to antibody-based techniques. Lastly, it avoids cross-
reactivity and variability associated with antibody quality, ensuring higher reproducibility and accuracy.
These strengths make mass spectrometry a gold-standard tool in proteomics, particularly for exploratory

and hypothesis-generating studies.
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1.4 Goals and aims

Chronic lung diseases such as COPD and IPF present significant clinical challenges due to their het-
erogeneous pathogenesis, slow multidecadal progression, and limited access to longitudinal human tis-
sue samples. While late-stage CLDs are well-characterized histopathologically, early disease-driving
events—particularly within the extracellular matrix (ECM) and spatially restricted cellular niches—remain
poorly understood. This knowledge gap impedes the identification of early biomarkers and the develop-

ment of targeted therapies.

In this thesis, I employ LCM-MS proteomics to address critical gaps in CLD research. First, spatial
proteomics provides a powerful platform to resolve region-specific ECM remodeling—a key yet spa-
tially heterogeneous feature of CLDs. This approach overcomes the limitations of bulk tissue analysis,
which masks microenvironmental drivers of disease progression. Second, LCM-MS is uniquely suited for
studying alveolar microdomains populated by morphologically intricate cells (e.g., AT1 cells, capillary
endothelial cells). By profiling small, visually guided tissue regions rather than relying on single-cell
isolation, LCM-MS preserves spatial relationships while minimizing technical obstacles. Finally, this
method integrates seamlessly with histopathological expertise: by targeting early lesions or transitional
zones identified via microscopy, LCM-MS bridges molecular data with clinically observable tissue pat-

terns, prioritizing understudied niches with potential prognostic or therapeutic relevance.

This thesis aims to achieve three key objectives:

1. Establish a baseline: Construct the first spatially resolved matrisome proteomic atlas of the healthy
aged human distal lung, defining region-specific ECM homeostasis in alveolar, vascular, and airway
compartments.

2. Decipher key early events: Systematically characterize COPD-associated proteomic shifts across
disease stages (mild to severe), with a focus on early ECM dysregulation and cell-ECM interactions in
alveolar destruction.

3. Develop a methodological framework: Demonstrate LCM-MS as a translational platform for CLD
research, providing a blueprint for spatially targeted biomarker discovery and mechanistic studies in

complex tissue microenvironments.
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2.0 Materials and Methods

2 Materials and Methods

The mass spectrometry sample preparation workflow of the spatially-resolved LCM-MS proteomics per-
formed in this thesis was adapted from Coscia et al. (2020) [62]. The adapted working protocol has been
published on the online platform protocol.io [63].

2.1 Human tissue collection
Ethics

For the control and COPD GOLD stage II samples, peritumor lung tissue from tumor resection of non-
CLD (chronic lung disease) and COPD GOLD stage II patients were collected from the Asklepios Lung
Clinic Gauting (Munich-Gauting, Germany) via CPC-M bioArchive at the Comprehensive Pneumology
Center (Munich, Germany; will be named as CPC-M bioArchive in the following text). For explated IPF
and COPD GOLD stage IV samples, explanted lung tissue were obtained from the Ludwig-Maximilian
University hospital (Munich, Germany) via CPC-M bioArchive. The study was approved by the ethics
committee of the Ludwig-Maximilian University of Munich, Germany (committee voting number #330-

10, #19-629 and #19-630). Written and informed consent was obtained for all study participants.

Cohort (pre-)selection

This study was started during the COVID19 pandemic, where the number of operations was drastically
reduced. Therefore, in order to keep the project timeline, we used both freshly collected lung tissue,
as well as archived formalin-fixed paraffin-embedded (FFPE) lung tissue from the CPC-M bioArchive.
Patients from both sources were pre-selected based on their age, feasibility of the tissue and official
disease diagnosis; but not on patient sex, smoking history, lung function or tissue location. All pre-

selected samples were subjected to subsequent histology-based quality control and final cohort selection.

2.2 Histology
FFPE tissue fixation and processing

For freshly collected human lung tissue, the tissue was transported to and processed in the lab within
4-16 hours after the surgery. The tissue was kept in DMEM-F12 (with 1% Penicillin Streptomycin and
1% Amphotericin B, Gibco) culturing media at 4 °C before processing. A piece of distal lung tissue
was isolated and briefly washed with PBS to remove excess tissue culture media. Often the presence of
pleura and/or airway was used as a guide for the distal lung. After washing, the tissue was immersed in
10% neutral-buffered formalin (approx. 4% formaldehyde [4% PFA]; Sigma-Aldrich, HT501128) without
additional inflation to preserve its naive morphology. The lung tissue was fixed in 4% PFA at 4 °C for
12-16 hours and then kept in PBS at 4 °C until further processing.

All the lung samples were preserved by an automatic tissue processor (Histomat, Leica) using a
standard paraffin-embedding protocol with an increasing percentage of ethanol, xylene and hot paraffin.

They were then immediately embedded in paraffin and kept at 4 °C for further use.
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2.2 Histology

Sectioning of the FFPE tissue blocks

All FFPE samples were sectioned and screened by H&E staining-based histology. The selected samples
(for LCM-MS) were then subjected to a second round of sectioning.

For screening, the samples were sectioned on a microtome (Hyrax M55, Zeiss) for a consecutive
sectioning of 4 ym-thick sections and mounted on SuperFrost Plus (epredia, JI800AMNZ) slides. The

mounted slides were air-dried at 42 °C overnight and stored at RT.

H&E staining

for slide scan

™ w [INTS

I m \:.
Sl M
IELLI DUNLLE N P 1L
FFPE Block LCM{10p) LCM(2 x 10p) LCM(2 x 10p)
< . FElock
cutting direction Surface

Figure 2.1: Schematic overview of sectioning design for the spatially-resolved LCM-MS samples.

For the spatially-resolved LCM-MS proteomics cohort, the samples were sectioned on a microtome
for a series of consecutive slides of 10 ym sections mounted on PEN membrane glass slides (Applied
Biosystems, LCM0522) and 4 ym sections mounted on SuperFrost Plus slides (illustrated in Figure 2.1).
Clean nitrile gloves were worn during the microtome sectioning process in order to avoid contamination.
The mounted slides were air-dried at 42 °C until the tissue was completely dried and stored in a dry

environment at RT.

H&E Staining

4 pm-thick paraffin sections were mounted on SuperFrost Plus microscope slides. After drying, the slides
were deparaffinized with xylene (Honeywell) and then hydrated with a series of descending ethanol steps
followed by distilled water. The slides were submerged in 100% Mayer’s hematoxylin solution (Roth) for
10 min, with subsequent pH value changing step under running warm tap water for 5 min. The slides
were then submerged in 1% water-soluble Eosin solution (Roth) for 45 sec, followed by a washing step
under running distilled water for 90 sec. The slides were then dehydrated with a series of ascending
ethanol and xylene, and then mounted with Pertex (HistoLab).

For the LCM-MS samples, 10 pym sections were mounted on PEN membrane glass slides and dried
at 42 °C. These sections were stained in the same procedure as described above, except that the slides

were not dehydrated in xylene after ethanol to avoid over-drying and flaking. After H&E staining, the
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2.3 ROI annotation

PEN membrane slides were left in the chemical fume hood unmounted to be air-dried overnight. The
next day, the stained PEN membrane slides were carefully placed in a clean box for further use. Clean
nitrile gloves were worn during the entire procedure when handling the PEN membrane slides to avoid
any contamination. Once the PEN membrane slides are stained, proteomics samples should be collected

and processed within four weeks.

Histology-based quality assessment and final cohort selection

For proper selection of the experimental cohort, all FFPE blocks were screened for histology-based qual-
ity assessment. All blocks with signs for tissue degradation, fixation artifact, chronic lung inflammation
(for the control cohort), vascular changes due to severe pulmonary hypertension (PH), hemorrhage, in-
terstitial fibrosis or insufficient ROI representation (e.g. absence of terminal bronchioles) were excluded

from further experiment. This screening process was consulted with an experienced lung pathologist.

2.3 ROI annotation

In this thesis, all regions of interest (ROIs) were selected based on the scope and aim of the corresponding
experiments. The ROIs were first annotated on the screening slides according to the ROI panel design.
After the consecutive sections were made for PEN membrane and SuperFrost Plus slides, the first Super-
Frost Plus slide adjacent to the PEN membrane glass slide was used for H&E staining and digital slide
scan (as illustrated in Figure 2.1), to make sure the working annotation is as similar to the experimental
material as possible. The working annotation was made digitally on this H&E image using the Zeiss Zen

software (Zen 2.5 blue edition). The ROI annotation was consulted with an experienced lung pathologist.

2.4 Sample collection via laser-capture microdissection

All LCM experiments in this thesis were performed on a Zeiss PALM MicroBeam machine following
instructions provided by the manufacturer’s working manual. This section briefly describes this process.
Clean nitrile gloves were worn and disinfected with 80% ethanol during the entire experiment when

handling samples, to avoid potential contamination.

Preparation and LCM experiment documentation

The PEN membrane sample slides were mounted on the microscope. After adjusting the light and display
setup, white balance and focus, the samples were scanned with a 5X objective to have a clear overview of
the whole tissue slide. This procedure was also repeated after LCM experiments. Both pre- and post-LCM
cutting slide scan was saved for the purpose of documentation.

For collection of the laser-dissected ROI samples, a clean 0.5 mL PCR tube with adhesive Cap (Ad-
hesiveCap 500 clear, Zeiss, Order Number 415190-9211-000) was labeled and mounted on the PALM
MicroBeam’s capture device.

All collected ROIs were documented by the PALMRobo software using the function “Element list”.

The entries in the element list were renamed according to the corresponding ROIs.
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2.5 Sample preparation for LCM-coupled mass spectrometry

Cutting ROIs at the LCM

All ROIs (except for the alveoli region in the proof-of-principle experiment) were collected via drawing
out the ROIs at the PALMRobo software using the “Freehand” function. Default laser setting: Cut energy:
48/100, Cut focus: 81/100, LPC energy: 25, LPC focus delta: 3. Auto change: Cut + Delta = LPC. Cutting
iteration: 1 cycle. The laser power (cut energy) was increased to 55/100 for dense tissue areas such as
the vessels. After cutting, the “Cap check” function was used to confirm the collection of the material.
For the CLD pilot LCM-MS experiment described in section 3.2 and COPD LCM-MS experiment de-
scribed in section 3.3, 3.4, all samples were collected 600k-800k ymz material per ROI on a 10 ym-thick
section. After LCM sample collection, the collection tube was stored at 4 °C until mass spectrometry

sample preparation.

2.5 Sample preparation for LCM-coupled mass spectrometry

Details of the sample preparation protocol were optimized during establishment of this protocol in our
lab to grant feasibility of the study aims. Changes made in the protocol were described in detail in section
3.1. The following workflow only describes the working protocol to generate data for section 3.2, 3.3.2
and 3.4.

Tissue homogenization and formalin de-crosslinking

Before starting the sample preparation experiment, all samples processed in the same working day were
numbered and randomized in Microsoft Excel using the RAND () function. This step was performed to
avoid potential technical batch effects.

The laser-captured samples were carefully transferred from the AdhesiveCap to clean 8-strip PCR
tubes (Eppendorf, 951010022) in 40 pL freshly prepared lysis buffer (50% v/v acetonitrile (ACN), 300 mM
Tris-HCI (pH 8.0)). After all collected tissue was transferred, the samples were sonicated in a Bioruptor
(diagenode,Bioruptor Plus) for 15 cycles at 30s on / 30s off high intensity cycles in 4 °C clean water bath.

After the first sonication round, the samples were incubated in a thermocycler (BioRad, C1000 Touch)
at 65 °C overnight for formalin de-crosslinking. Next day, the samples were taken out from the thermo-
cycler and a second round of sonication was performed (with the same setting as the first round). The

reagent volume was kept at 40 L for the whole process.

Protein reduction, alkylation and enzymatic digestion

Next, 2 gL of 100 mM DTT was added to each sample to achieve a working concentration of 5 mM. The
samples were incubated in a ThermoMixer (Eppendorf, ThermoMixerC) shaking at 1000 rpm, RT for 20
min. Subsequently, 2 pL. of 500 mM CAA was added to each sample for a working concentration of 25
mM. The samples were again incubated in a ThermoMixer at 1000 rpm, RT for 20 min.

To remove redundant volume, the samples were vacuum-dried (Eppendorf, Concentrator Plus) at 60
°C for about 45 min, until there was ca. 20 yL of reagent volume remain. After vacuum-dry, all samples
with a liquid volume less than 20 pyL were topped-up with Ultra-Pure water (Thermo Scientific Chemicals,
J71786).
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2.6 Sample preparation for bulk mass spectrometry using iST kit

For protein enzymatic digestion, a protein:enzyme ratio of 50:1 (m/m) was recommended for pro-
teomics sample preparation. We had overestimated the protein yield from 600k-800k zm? LCM collection
(equals 6x10° —8x10° um? of dry tissue) to be ca. 5 ug of protein. Thus, 0.2 g of Trypsin/Lys-C enzyme
mix (Promega, V5071; stock concentration 1 pg/uL) was resuspended in 80 uL of Digestion Buffer (10%
(v/v) TFE in water) for each sample, then added to the sample tubes.

Afterwards, the samples were subjected to the 3rd round of sonication with the same settings as
described above. The samples were then incubated in a ThermoMixer overnight at 37 °C. On the next day,
5 uL of TFA (stock concentration 25% (v/v)) was added to each sample to stop the enzymatic digestion.
The sample volume was topped-up to 100 pL with Ultra-Pure water prior to adding TFA, in order to

achieve a working concentration of 1% (v/v) TFA.

Peptide clean-up

StageTips containing two layers of SDB-RPS Solid Phase Extraction Disks (Supelco, 66886-U) were used
for peptide desalting and elusion.

The StageTips were inserted in a tip rack which sat on top of a deep well plate for liquid waste
collection. Since the PEN membrane cannot be digested by the buffers, the samples were first spinned
down before loaded on the StageTips. To avoid clogging of the StageTip, 90 pL of the sample was loaded
and centrifuged at 750 g, RT for 8 min. Afterwards, the StageTips were washed twice with 200 uL of
Wash Buffer 1 (1% (v/v) TFA diluted in isopropanol) and Wash Buffer 2 (0.2% (v/v) TFA in water) at 750
g, RT for 8 min, respectively.

Next, the deepwell plate was replaced by clean 8-strip PCR tubes (Thermo Scientific, AB-0452) to
collect the desalted peptides. The peptides were eluted twice with 50 pL of Elution Buffer (1% (v/v) am-
monia and 80% (v/v) ACN in ddH20) at 750 g, RT for 8 min. The eluted peptides were then vacuum-dried
at 45 °C for ca. 1 hour until fully dried. The dry peptides were stored at -80 °C till reconstitution and

measurement.

2.6 Sample preparation for bulk mass spectrometry using iST kit

For sample preparation of the bulk airway tissue (section 3.3.3), the commercially available iST kit (Pre-
omics, P.0.00027) was used. Sample preparation protocol from the manufacturer was followed with

adaptations to achieve optimized results for the material.

Tissue homogenization

Healthy human distal airways were manually dissected, segregated according to their diameters and
freshly frozen in liquid nitrogen (ca. 30-50 mg per sample) . The tissue was then kept at -80 °C until
further use.

Clean 5mm stainless steel beads (Qiagen, #69989) were briefly pre-cooled in liquid nitrogen prior to
tissue homogenization. Next, the samples were transferred together with the cold beads into protein

low-bind Eppendorf tubes for cyro-beadmilling in TissueLzyer2 (Qiagen) for 70 sec at 27 rps.
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2.6 Sample preparation for bulk mass spectrometry using iST kit

Tissue lysis, protein reduction, alkylation

After the samples were completely powderized, 200 L QDSP-Buffer-3 (50 mM Tris-HCl pH 7.5, 5%
glycerol, 500mM NaCl, 1% IGEPAL CA-630, 2% sodium deoxycholate, 1% SDS, 1x Protease Inhibitor
Cocktail) was added and the samples were resuspended by pipetting up-and-down till all powders was

completely immersed in the buffer.

After 20 mins of incubation at RT, the tissue and QDSP-Buffer-3 was transferred together into a fresh
Eppendorf tube. Ice-cold acetone was added in an 1:5 ratio to the samples, followed by mixing by up-and-
down pipetting. The samples were then incubated overnight at -20 °C to ensure complete precipitation

of proteins.

Next day, the samples were spun down at 4 °C, 13000 rpm for 15 min and the supernatant was
carefully discarded without disturbing the pellet. Afterwards, the pellet was air-dried at RT for 5-10 min
and then resuspended in 300 pL of LYSE (Preomics iST kit). The samples were sonicated for 10 cycles
at 4 °C in a Bioruptor (diagenode,Bioruptor Plus) with the same setting as described in earlier section.
Then the samples were heated up at 95 °C for 10 min, 1000 rpm. The sonication-boiling steps were then

repeated once to ensure complete lysis of the proteins.

BCA assay

A Pierce BCA Protein Assay Kit (Thermo Scientific, #23225) was used for determining protein concen-
tration. BSA standards and assay reagents were prepared according to the manufacturer’s note. In a
96-well transparent flat bottom plate, 10 pL of 1:10 diluted sample was added into 200 yL of BCA assay
reagent mixture and incubated at 37 °C for 30 min. A photometric absorbance microplate reader (Tecan

Magellan Sunrise) was used for measurement of the assay results.

After calculating the protein concentration, 50 ug of protein per sample was subjected to downstream

processing, while the remainder was stored in a -80 °C freezer as a backup.

Enzymatic digestion and peptide clean-up

The DIGEST (Preomics iST kit) enzyme mix was resuspended in RESUSPEND (Preomics iST kit) reagent
according to the manufacturer’s note. The protein samples were loaded on CARTRIDGE (Preomics iST
kit) columns and digested by 50 pL of the reconstituted DIGEST reagent at 37 °C, 500 rpm overnight
(12-16 hours).

Next day, 100 pL of STOP (Preomics iST kit) was added to each sample and mixed by up-and-down
pipetting. The cartridges were centrifuged at 750 g for 5 min. Afterwards, the peptides were washed twice
with 200 yL of WASH 1 (Preomics iST kit) and 200 yL of WASH 2 (Preomics iST kit) by centrifugation at
750 g for 5 min, respectively. The peptides were then eluted twice with 100 yL of ELUTE (Preomics iST
kit) in a COLLECTION (Preomics iST kit) tube by centrifugation at 750 g for 5 min. The eluted peptides
were then vacuum-dried at 45 °C until completely dried. The tubes were then sealed and stored at -80

°C till mass spectrometry measurement.
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2.7 Mass spectrometry measurement

2.7 Mass spectrometry measurement
Data Acquisition

Peptides and glycopeptides were analytically separated on an Ion Optics nanoUHPLC column (75 pm x
25 cm, 1.6 pm, C18; Ion Optics) and heated to 50 °C at a flow rate of 400 nl/min. LC mobile phases A and
B were water with 0.1% FA (v/v) and ACN with 0.1% FA (v/v), respectively. The nanoLC was coupled to
the timsTOF Pro via a modified nanoelectrospray ion source (Captive Spray; Bruker Daltonik). Initially,
we used a 90 min gradient for the purified glycoprotein samples, whereas the plasma and neutrophil
glycoprotein samples were separated using a 150 min gradient. The SGP and asialo-SGP samples were
separated using a 15 min gradient.

For LCM healthy, LCM COPD and bulk airway samples, approximately 1 pg of peptides were directly
injected on an Autora nanoUHPLC column (75 ym x 25 cm, 1.6 pm, C18; Ion Opticks) with integrated
packed emitter and heated to 50 °C at a flow rate of 400 nl/min. LC mobile phases A and B were water
with 0.1% FA (v/v) and ACN with 0.1% FA (v/v), respectively. Samples were measured using the 180 min
method, the gradient was kept at 1% B for 13 min, increased to 3% B over the next 0.1 min, followed by
an increase from 3% to 30% B over 150 min. For column wash, solvent B concentration was increased to
32% within 2 min and then at 80% for a further 1 min and kept at that concentration for an additional 6
min followed by re-equilibration to buffer A for 8 min.

Data acquisition on the timsTOF HT was performed using timsControl 4.0.5_9ef8626_1 (Bruker Dal-
tonik). Starting from the PASEF method optimized for standard proteomics [64]. For the CaptiveSpray
(Bruker Daltonik) source inlet, the capillary voltage was set to 1600 V. The nebulizer dry gas flow rate
was set to 3 1/min at 180 °C. TIMS region tuning voltages were set at -20, -160, 110, 110, 0, and 55 V for A1
to A6, respectively. TIMS RF was set to 300 Vpp. The allowed charge states for PASEF precursors were
restricted to 0 to 5. The precursor intensity threshold was set to a target value of 20,000 counts, with
dynamic exclusion release after 0.4 min. Only one TIMS scan with mobility-dependent collision energy
(CE) ramping set at 59 eV from reduced mobility (1/K0) of 1.60 V s/cm? to 20 eV at 0.6 V s/cm®. The
collision cell RF (Vpp) was set to 1500 V, and the prepulse storage time was set to 12 us with 60 us trans-
fer time. CEs were linearly interpolated between the two high and low 1/K0 values and kept constant
above or below these base points. The TIMS dimension was calibrated using Agilent ESI LC/MS tuning
mix (m/z, 1/K0): (622.0289, 0.9848 Vs/cm?), (922.0097, 1.1895 Vs/cm?), and (1221.9906, 1.3820 Vs/cm?) in

positive mode.

Data Analysis

Raw Bruker TDF .d files were searched and processed with MSFragger (version 3.7, [65]), FragPipe (ver-
sion 19.1), IonQuant (version 1.8.10), and Philosopher (version 4.8.1, [66]) using LFQ-MBR workflow
without changes [67, 68, 69].

Briefly, files were searched against the human UniPort FASTA (UP000005640 reviewed with 20,371
entries, downloaded from UniProt on July 30, 2021). Default search parameters were used, where pre-
cursor window, lower mass was set to 500 Da, upper mass was set to 5000 Da; precursor and fragment
mass tolerance: +20 ppm; enzyme: full trypsin digestion with two maximum missed cleavages; car-
bamidomethylation at Cys was set as fixed modification, and oxidation at Met, deamidation at Asp and
protein N-term acetylation were set as variable modifications. Peptide filtering at 1% false discovery rate

(FDR) was applied through Percolator (Min probability = 0.5). MS1 level quantification was carried out
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2.8 Proteomis bioinformatics Data and Statistical Analysis

with IonQuant using following parameters: MBR ion FDR 0.01; MaxLFQ min ions 2; Normalize intensity
across runs using unique and razor peptides; Min scans 3; Min isotopes 2; m/z tolerance(ppm) 20, RT
tolerance (minutes) 0.4; IM tolerance (1/k0) 0.05; MBR RT tolerance (minutes) 1; MBR IM tolerance (1/k0)
0.05; MBR peptide FDR 1; MBR min correlation 0; MRB top runs 10; MBR protein FDR 1.

2.8 Proteomis bioinformatics Data and Statistical Analysis
Differential expression testing

Differential gene/protein expression testing was performed using the test_diff () function in R
package DEP (version 1.30.0), which is a differential enrichment test based on protein-wise linear mod-
els and empirical Bayes statistics using the R package limma (version 3.64.0) [70, 71]. Proteins were
considered statistically differentially expressed if the FDR-corrected p-value < 0.1 and the log2FC > 0.7
or < -0.7. The FDRs were estimated using the R package fdrtool (version 1.2.18) [72].

Cell type enrichment analysis

An enrichment-based cell type deconvolution analysis was performed to investigate the relative cell type
abundance in proteomics data. This analysis was performed as previously described in Mayr et al., 2021
[73]. In short, the enrichment of each cell type was statistically evaluated in a ranked list of cell type-
specific gene expression using the Kolmogorov-Smirnov test. The signed p-value score represents the
—log10 p-value of the Kolmogorov-Smirnov test signed by the effect size. Negative and positive signed

p-values indicate depletion and enrichment of the profiled cell type, respectively.

Linear Mixed Model

To estimate the relative protein abundance in the proximal-distal axis of the distal airway, a linear mixed
model was built for each protein detected in 80% of all samples using the 1mexr () function in R package
Ime4 [74]. To build the mixed model, the region was set as fixed effect, and random slope was introduced
due to individual/patient batch effect. The MS intensity values for each protein were fitted to the linear
mixed model via maximum likelihood. Proteins were considered to have a proximal-distal gradient if
the fixed effect coefficient > 0.5 or < -0.5, and the p-value associated with ¢ value Pr(> |t|) < 0.05.

Proteomics analysis in Perseus

All other data preparation, statistical and bioinformatics analyses, including filtering, imputation, data
integration, principal component analysis, ANOVA tests, Pearson correlation analysis, annotation of the
GO, KEGG and Uniprot Keyword databases, 1D and 2D enrichment analysis, hierarchical clustering, and
Fisher’s exact tests, were conducted with the Perseus software (version 1.6.15) with default setting in not
stated otherwise [75].
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2.9 Single-nucleus RNA Sequencing (snRNA-seq)
Sample preparation

Ground lung tissue was lysed with Salty EZ lysis buffer supplemented with RNAse inhibitors (Roche,
REF: 10109142001) and homogenized using the GentleMACS Octo Dissociator (Miltenyi). To remove
unlysed tissue and cell debris, samples were washed and strained successively through 30- and 5-micron
filters. The quality of nuclei (i.e., shape, signs of blebbing, and number of debris) was assessed under
a microscope, and the number of nuclei was quantified automatically using the Countess II Automated
Cell Counter (Thermo Fisher) and confirmed by manual counting using an improved Neubauer chamber
(C-Chip, Roth). The nuclei concentration from all samples was then adjusted to the same level, and all
patients from the same disease group were pooled together and mixed thoroughly. For snRNAseq, ca.
15,000 nuclei from one disease group (three to four different ILD/control patients) were pooled and loaded
on one 10x Genomics Chip G well with Chromium Single Cell 3’ v3.1 gel beads and reagents (3’ GEX v3.1,
10x Genomics). Using this multiplexing approach, 13 patients were profiled with one 10x Genomics 16-
run kit. Post-GEM-RT cleanup, cDNA amplification, and library construction were performed according
to the manufacturer’s protocol (10x Genomics, CG000204_RevD). After quality checks, single-nucleus
RNA-seq libraries were pooled and sequenced on a NovaSeq 6000 instrument (S4 flowcell - v1.5) with 5%
PhyX to increase pool complexity.

Single-Cell RNA Sequencing Data Processing

Raw sequencing reads in FASTQ format were processed using Cell Ranger 3.1.0 (10x Genomics) by the
Genomic Core Facility of Helmholtz Munich. Reads were aligned to the GRCh38 reference genome and
gene expression was quantified using Ensembl annotation version 104. The Cell Ranger pipeline included
read alignment, barcode and UMI processing, and gene quantification, generating a cell-by-gene count

matrix for downstream analysis.

2.10 Immunofluorescence staining

4 pm-thick paraffin sections were mounted on Superfrost Plus microscope slides. After overnight incu-
bation at 42 °C, the slides were deparaffinized with xylene and then hydrated with a series of descending
ethanol steps followed by Milli-Q water. Antigen retrieval was performed with 1 x R-Universal buffer
(aptum, #AP0530) in a steamer for 30 min, followed by washing 2 x 5 min in PBS (Roth, #9150.1) after
cooling down to room temperature (RT). Unspecific antigen binding sites were blocked with 10% Nor-
mal Donkey Serum (Southern Biotech, cat# 0030-01) diluted in DAKO Antibody Diluent (Dako, S3022)
at RT for 60 min. The sections were then incubated with the primary antibody mixture diluted in DAKO
Antibody Diluent overnight at 4 °C. All primary antibodies used in this thesis are listed in Table 2.

On the second day, the sections were washed 2 x 5 min in PBS before incubating with the secondary
antibody mixture (all antibodies diluted 1:250 in 1% PSA/PBS) for 2 h at RT in a dark wet chamber. After
incubation the sections were washed again 2 x 5 min in PBS, and then incubated with DAPI (1:400 diluted
in PBS; Sigma, MBDO0015) for 10 min at RT in a dark wet chamber.

Next, an autofluorescence blocking step was performed with vector TrueVIEW Autofluorescence

Quenching kit (VectorLab, SP-8400) according to the manufacturer’s instructions. In brief, the three
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2.10 Immunofluorescence staining

reagents in the Quenching kit were mixed well in an 1:1:1 ratio before applying on the sections. After 5
min of incubation at RT, the sections were washed in PBS for 5 min and mounted with DAKO mounting
medium (DAKO, S3023). The mounted slides could be preserved in dark conditions at 4 °C. The micro-
scope images were made by either directly taking photos at an Axiolmager M2 microscope (Zeiss) or

digitally scanned using the Axioscan 7 slidescanner (Zeiss).

Table 2: Antibody information.

Target molecule Host Company Catalog number | Dilution
CD20 mouse abcam ab9475 1:100
CD47 mouse | BD biosciences 556044 1:200
COL10A1 rabbit invitrogen PA5116871 1:100
CXCL13 goat invitrogen PA5-47035 1:200
E-Cadherin mouse | BD biosciences 610182 1:100
KRT5 chicken BioLegend sig-3475 1:1000
KRT17 rabbit | Atlas Antibodies HPA000453 1:200
PDPN sheep R&D Systems AF3670 1:200

SFTPC mouse Santa Cruz sc-518029 1:50

anti-mouse AF488 | donkey invitrogen A21202 1:250
anti-goat AF555 donkey invitrogen A21432 1:250
anti-mouse AF555 goat invitrogen A21422 1:250
anti-rabbit AF555 goat invitrogen A21428 1:250
anti-chicken AF568 goat invitrogen A11041 1:250
anti-sheep AF647 | donkey invitrogen A214438 1:250
anti-rabbit AF647 | donkey invitrogen A31573 1:250
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3 Results

3.1 Establishment of LCM-MS experimental workflow
3.1.1 Proof-of-principle experiment

The aim of this project was to decipher the proteomics compositions of stereotypic (patho-)physiological
regions in normal and diseased distal human lungs. In a first proof-of-principle experiment to test, I
evaluated the feasibility and sensitivity of LCM-MS-based proteomic profiling from H&E stained FFPE
tissue, profiling three structurally and functionally-distinct anatomical lung regions - alveolar septum,
pulmonary bronchioles and pulmonary vessels (Figure 3.1). To this end, I implemented and adapted
a published protocol by Coscia et al. that permits targeted and spatially resolved proteomic analysis
of histopathologic structures from FFPE tissue, requiring only small volumes of easily prepared tissue

material.

o
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Figure 3.1: Sample collection by laser-capture microdissection (LCM). a: Pulmonary vessel imaged before
(left) and after (right) laser cutting. b: Representative images of pulmonary vessels (upper row), a bronchiole
(middle row), and alveoli (bottom row) captured before (left lane) and after (right lane) laser cutting; the targeted
tissue regions are delineated by a red outline and/or a white circle. c¢: View of the adhesive cap via the “CapCheck”
function at 5X magnification, confirming the presence of collected material. d: Adhesive cap following completion

of laser capture, displaying the isolated tissue ready for downstream processing.

Figure 3.1 illustrates the sample collection procedure via laser-capture microdissection (LCM). First,
the regions of interest were precisely outlined and excised using a laser (Figure 3.1a, b). The isolated
tissue fragments were then collected into a clean Eppendorf tube equipped with a specialized adhesive
cap (Figure 3.1c, d). For this proof-of-principle experiment, alveolar, bronchiolar, and vascular regions
were collected from two individuals, resulting in a total of six samples submitted for mass spectrometry
analysis. Each sample comprised approximately 2.2x 107 ym? of tissue volume (equivalent to a collection
area of 2.2 X 10°um? from a 10-um-thick section), as detailed in Coscia et al. (2020) [62]. Overall, the

LCM process required about 30 hours of laser-cutting to collect the six samples.
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3.1 Establishment of LCM-MS experimental workflow

Figure 3.2: Mass spectrometry sample preparation workflow. a: Sample transfer from the adhesive cap to
a protein low-binding tube containing the lysis buffer. b: Laser-capture microdissected samples are suspended in
100 pL of lysis buffer; tissue flakes are clearly visible. c: Following a second sonication, most tissue fragments
are no longer discernible, indicating efficient homogenization. d: After the first vacuum-dry step, samples are
resuspended in 100 pL of digestion buffer. e: Samples are then eluted in 50 L of the elution buffer, with residual
tissue fragments no longer visible in the solution. f: Complete vacuum drying yields a dry sample residue, with

some eosin stain remaining visible. g: StageTips after elution. V: vessels, B: bronchioles, A: alveoli.

For the first proof-of-principle experiment, the protocol from the original publication was strictly fol-
lowed and documented photographically (Figure 3.2). The key steps from the protocol were executed

as follows:

Protocol 1: LCM-MS sample preparation from the original publication (Supplement material
in Coscia et al. (2020)):

1. Transfer the collected tissue from Adhesive caps from 0.5 mL protein low-binding tubes in lysis
buffer (50% (v/v) TFE, 300 mM Tris-HCI, pH 8.0). A total amount of 100 pL lysis buffer was used

for each sample.
2. Sonicate tissue in Bioruptor for 15 cycles, high intensity, 30 sec on/off cycle.
3. Centrifuge any condensation down.
4. Incubate tissue at 90 °C for 90 min, followed by a 10 min cooling-down period to 60 °C.
5. Centrifuge any condensation down, refill the liquid level to ca. 100 pL if needed.
Sonicate tissue again in Bioruptor for 15 cycles, high intensity, 30 sec on/off cycle.

Centrifuge any condensation down.

® =N

Add DTT (final concentration 5 mM) and incubate at RT, 1500 rpm for 20 min.

9. Add CAA (final concentration 25 mM) and incubate at RT, 1500 rpm for 20 min.
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3.1 Establishment of LCM-MS experimental workflow

10. Vacuum-dry the samples to a remaining volume of ca. 20 yL at 60 °C.

11. Add 80 pL of freshly prepared digestion buffer (10% (v/v) TFE in ddH20) including LysC and trypsin
to each sample. Keep an enzyme/protein ratio at 1:50. Shake at 1500 rpm at 37 °C overnight.

12. The next day, add TFA to a final concentration of 1% to stop enzymatic digestion. Mix well by

pipetting up-and-down and spin down for 5 min to pellet any debris.
13. Load samples directly on SDB-RPS StageTips with two layers of disks.
14. Wash with 200 yL Wash Buffer 1 (1% TFA in isopropanol).
15. Wash with 200 pL. Wash Buffer 2 (0.2% TFA in ddH20).
16. Change collection plate and add 50 pL of elution buffer (1% ammonia, 80% ACN in ddH20).

17. Vacuum-dry the peptides completely at 45 °C. Store at -80 °C until measurement with a mass

spectrometer.

During sample preparation, I observed that the laser-cut tissue pieces remained visible during pro-
cessing. Although the majority of the tissue was no longer discernible following the second sonication
step (Figure 3.2c), some larger fragments resisted complete homogenization and were still detectable
on the StageTips after sample loading (Figure 3.2g), which may indicate insufficient homogenization. In
addition, since H&E staining was necessary for visualizing tissue architecture, eosin dye was retained in
the sample and persisted through the purification steps (Figure 3.2f). These observations are consistent
with the original authorsteport, who noted that while residual eosin did not interfere with subsequent
mass spectrometry measurements, its presence along with incompletely homogenized tissue fragments

remains a potential limitation of the workflow.

Mass spectrometry analysis yielded a total of 3,309 proteins, including 218 matrisome proteins. In
both patients, the bronchiolar samples exhibited the highest protein abundance (2,027 and 2,115 pro-
teins), followed by the alveolar region (1,850 and 1,870 proteins) and then the vascular region (1,675
and 1,433 proteins) (Figure 3.3a). Notably, the number of matrisome proteins detected across all sam-
ples was remarkably consistent, ranging from 138 to 146 proteins (Figure 3.3b), which suggests that,
relative to total protein content, the vascular region is more enriched in matrisome components. Fur-
thermore, principal component analysis (PCA) showed that samples from the alveolar and bronchiolar

regions clustered closely together, but not the vascular samples (Figure 3.3c).

Using cell type markers derived from the single-cell RNA-seq dataset published by Mayr et al. (2021),
I performed a 1D enrichment analysis [73] to characterize the cellular composition of the distinct lung
regions (Figure 3.3d). The analysis revealed that the alveolar regions are predominantly enriched in
markers of alveolar type I (AT1) cells, pre-AT1 cells, as well as both subsets of capillary endothelial cells,
including aerocyte (Cap-A) and general (Cap-B) endothelial cells. In contrast, the bronchiolar regions
show a strong enrichment of ciliated cell markers, while the vascular regions are enriched in a broader
spectrum of endothelial cell markers—including those for capillary, lymphatic, and arterial endothelial
cells—as well as markers for smooth muscle cells, pericytes, fibroblasts, and various immune cells (e.g.,

mast cells, classical monocytes, and neutrophils).
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Figure 3.3: Results of the proof-of-principle experiment. a: Numbers of detected proteins in all samples.
P1 and P2 indicate two patient individuals. b: Numbers of detected matrisome proteins. ¢: Principal component
analysis (PCA) of the measured samples. d: 1D enrichment analysis of the cell type markers obtained from the

single-cell RNA-seq dataset used in Mayr et al. (2021), FDR < 0.1. e: Heatmap of selected matrisome proteins.

Moreover, analysis of matrisome proteins (Figure 3.3e) identified region-specific enrichment patterns:
the alveolar regions exhibit higher levels of basement membrane components such as collagen IV and
laminins, whereas the vascular regions are notably enriched in von Willebrand factor (VWF), an en-
dothelial cell marker. Additionally, WNT7B — a protein previously shown to be exclusively expressed in
the lung airway epithelium during early embryonic development [76] — was found to be highly abundant
in the bronchiolar region. These findings demonstrate the power of integrating spatial proteomics with
single-cell transcriptomic markers to resolve distinct cellular and extracellular matrix profiles across
lung compartments.

When considered collectively, the findings indicated that the spatial proteomics based on LCM-MS
can represent a regionally specific proteomic landscape, making it appropriate for characterizing the

functional niches in the distal lung,.

In conclusion, these findings demonstrate that LCM-MS spatial proteomics is a highly sensitive and
robust platform for capturing a regionally specific proteomic landscape in the distal lung. By integrating
mass spectrometry data with single-cell transcriptomic markers and histopathological context, our anal-
ysis revealed distinct proteomic signatures among alveolar, bronchiolar, and vascular compartments, en-
abling the delineation of functional niches based on the enrichment of specific cellular markers and ECM
proteins. This approach holds significant promise for characterizing the microenvironmental drivers of
lung homeostasis and pathology, thereby paving the way for the discovery of early biomarkers and tar-

geted therapies in chronic lung diseases.
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Despite the success of this proof-of-principle experiment, practical challenges remain. The current
LCM sample collection process is time-intensive—taking approximately five hours per sample — and the
necessity to handle individual Eppendorf tubes limits experimental throughput. Furthermore, there is a
pressing need to enhance the coverage of matrisome proteins, given their critical roles in lung biology
and disease pathogenesis. Addressing these limitations will be crucial for optimizing the workflow in
future studies, ultimately enabling a more comprehensive and scalable investigation of lung tissue mi-

croenvironments.
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3.1.2 Optimization of the LCM-MS proteomics workflow

To refine our workflow and enhance proteomic coverage for more comprehensive investigations, we
designed an optimization experiment with two primary objectives: (1) to reduce the quantity of laser-
captured material to levels that are compatible with higher-throughput processing, and (2) to benchmark
the efficiency of matrisome protein detection in our current protocol against Schiller et al. (2015), which
is a guanidinium chloride (GdmCl)-based protein extraction protocol that allows optimal in-solution di-

gestion in fibrotic lung [77].

Laser capture microdissection was employed to isolate tissue regions from 10 ym-thick FFPE sec-
tions of pulmonary arteries—tissues known for their rich ECM content and rigidity [78]. Four sample
groups were collected, corresponding to areas of 0.2 X 10° ym? (200,000 pm?, labeled as g200 or t200),
0.5 x 10® ym? (500,000 pm?, labeled as g500 or t500), 1 x 10° ym? (1,000,000 pm?, labeled as g1K or t1K),
and 2 X 10° ym? (2,000,000 pm?, labeled as g2K or t2K; t2K is equivalent to sample P2_V from the first

experiment). The following steps summarize the sample preparation protocol:

Protocol 2: Sample preparation to optimize the LCM-MS proteomics workflow:

1. Transfer the samples from adhesive caps to clean 8-strip PCR tubes in lysis buffer (50% (v/v) ACN,
300 mM Tris-HCI, pH 8.0). 40 pL of lysis buffer was added to g/t200, g/t500 and 100 L was added
to g/t1K and g/t2K.

2. Sonication in a Bioruptor at 4 °C, 15 cycles at high intensity.

3. De-crosslinking at 90 °C for 90 min followed by 10 min at 60 °C in a thermocycler. If necessary,
fill up the lost volume with ddH20.

4. Sonicate the samples again at 4 °C, 15 cycles.

5. Centrifuge down any condensation.

6. Protein reduction with DTT (5 mM final concentration) at RT, 1500 rpm for 20 min.
7. Protein alkylation with CAA (25 mM final concentration) at RT, 1500 rpm for 20 min.

8. Vacuum-dry to a remaining volume of 10 pL (for g/t200, g/t500) or 20 pL (for g/t1K, g/t2K) at 60
°C.
GdmCl GROUP ONLY:

9. Add 10 pL (for g200/500) or 20 uL (for g1K/2K) of GdmCl lysis buffer (6 M GdmCl, 10 mM TECP, 40
mM CAA, 100 mM Tris pH 8.5 in ddH20) to the samples, boil at 95 °C for 15 min and cool down.

10. Sonicate the samples at 4 °C, 15 cycles.

Continue for all samples:

11. Dilute the samples 1:5 in freshly prepared digestion buffer (for TFE group: 10% (v/v) TFE in ddH20;
for GAmCL group: 10% (v/v) ACN, 25 mM Tris pH 8.5 in ddH20) including LysC and trypsin to

each sample. Keep an enzyme/protein ratio at 1:50.
12. Sonication at 4 °C, 15 cycles.
13. Enzymatic digestion of the proteins at 37 °C, 1500 rpm overnight (12-16 h).

14. The next day, add TFA to 1% (v/v) of final concentration. Mix well by pipetting up-and-down.
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3.1 Establishment of LCM-MS experimental workflow

15. Spin down the samples for 5 min to pellet any debris.

16. Continue with peptide clean up, the same as in protocol 1 (steps 13-17).
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Figure 3.4: Results for protocol optimization. a: Number of detected protein and b: distribution of protein se-
quence coverage for all tested samples. ¢: Numbers of detected protein, peptides and unique peptides for all tested
samples. d: Numbers of detected matrisome proteins vs. total proteins. e: intensity Based Absolute Quantitation

(iBAQ) of matrisome and total proteins. f: Distribution of matrisome protein sequence coverage.

Figure 3.4 summarizes the results of our workflow optimization. Overall, the TFE protocol (Coscia et
al. (2020)) outperformed alternative methods in protein and peptide detection (Figure 3.4a, c), total pro-
tein sequence coverage (Figure 3.4b), and matrisome protein identification (Figure 3.4d). Notably, the
sequence coverage of matrisome proteins in the g1K and g2K samples was comparable to that achieved
with the TFE protocol (Figure 3.4f). Within the TFE group, samples t500, t1K, and t2K demonstrated
similar protein and peptide counts as well as sequence coverages (Figure 3.4a-d, f), despite differences

in total peptide quantities (Figure 3.4e).

In conclusion, the TFE-based protocol outperformed the GdmCl-based method across multiple met-
rics, including overall protein and peptide detection, total sequence coverage, and matrisome protein
identification. Since input material volumes between 5x 10 ym? and 2 x 107 ym? yielded similar protein
outputs, we opted to collect tissue areas ranging from 6 x 10> to 8 x 10°> ym? from 10 pm-thick FFPE
sections for subsequent experiments. Based on our experience, this approach requires approximately
1-1.5 hours of LCM working time per sample (in contrast to ca. 5h per sample in the first experiment),

supporting the feasibility of larger-scale studies.
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3.2 Spatially resolved LCM-MS reveals distinct proteomic landscape in chronic lung
diseases - a pilot study

3.2.1 Pathological features and ROI selection

COPD and IPF are two lung diseases that develop in radically different ways from a pathological stand-
point. COPD is characterized by extreme tissue degradation, where the lung structures are gradually
destroyed, leading to impaired airflow and breathing difficulties [45]. On the other hand, IPF is marked
by fibrosis, or the excessive scarring of lung tissue, which results in stiffening of the lungs and reduced
oxygen exchange [28]. In this pilot study, we used mild diseased tissue (or the representation thereof,
see McDonough et al. (2019) [79] or Figure 3.7a) from both conditions, which represents the initial
changes in tissue architecture before the full manifestation of the more severe stages of either disease.
The contrasting pathologies provide us with an unique opportunity to test the sensitivity and robustness
of our LCM-MS spatial proteomics method, especially by using early-stage disease samples.

In light of the cited reasons, we opted for 2 control patients, 2 COPD Gold II patients and 2 IPF pa-
tients for this pilot study. The H&E-stained specimens are all depicted in Figure 3.8.

To systematically profile the anatomical niches within the distal lung, we refined our experimental
design to include comprehensive profiling of both the airway and vascular compartments. Specifically,
we collected samples from the terminal bronchioles, respiratory bronchioles, and alveolar septa within
the distal airway tree, as well as from the pulmonary artery, pulmonary veins, and microvessels (vessels
with a diameter <70 pm) of the pulmonary vascular network (Figure 3.5). An overview of the anatom-

ical regions of interest (ROIs) for all samples is provided in Table 3.
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Figure 3.5: Regions-of-interest (ROIs) selection in the control human lung. Representative H&E staining

of the profiled ROIs in the distal lung. Scale bar: 500 ym (lung overview, left panel) and 100 ym.
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Table 3: Overview of anatomical ROIs collected in the CLD pilot study.

ROIs Control 1 | Control2 | COPD 1 | COPD 2 IPF 1, mild

TB X X X X x (pooled together as TB/RB)
RB X X X X x (pooled together as TB/RB)
PA X X X X x (pooled together as PA/PV)
PV X X X X x (pooled together as PA/PV)
MV X X X X X

Alveoli X X X X X

Pleura X X X

All available ROIs are marked with an "x”. Control 1 and Control 2 designate the two individuals in the control
group; COPD 1 and COPD 2 indicate the two individuals in the COPD group; and "IPF 1, mild’, refers to the FFPE

specimen with mild fibrosis obtained from patient 1 in the IPF group.

COPD encompasses a spectrum of chronic pulmonary conditions that, while sharing common patho-
logical hallmarks - such as alveolar emphysema and small airway obstruction/remodeling — differ in
their endotypes, genetic predispositions, and lifestyle risk factors [43, 80]. In this project, we selected
stereotypical pathological patterns of COPD as ROIs, including emphysematous areas and inducible
bronchus-associated lymphoid tissue (iBALT). Additionally, when present, we also profiled other patho-
logical features such as fibrotic scarring and cuboidal metaplasia, which may represent transient regen-

erative responses. A comprehensive list of all COPD-specific ROIs is provided in Table 4.

Small airway remodeling

Emphysema
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Figure 3.6: Characteristic histopathological patterns in (mild) COPD. Representative photos of (mild) COPD
histopathological patterns, H&E staining.
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Table 4: Overview of all COPD-specific ROIs collected in the CLD pilot study.

ROIs COPD 1 | COPD 2
Emphysema X X
Cuboidal metaplasia X X
Peribronchiolar metaplasia X

iBALT/VALT X

Interstitial fibrosis X

Paraseptal fibrosis X

Subpleural fibrosis X

All available ROIs are marked with an “x”. COPD 1 and COPD 2 mark the two patients in the COPD group.

InIPF, the pathology is characterized by two main histopathological patterns: Usual Interstitial Pneu-
monia (UIP) and Non-Specific Interstitial Pneumonia (NSIP). UIP is the classic pattern associated with
IPF and it is characterized by heterogeneous fibrosis with alternating areas of normal-looking alveoli,
areas of dense fibrosis, and regions of honeycomb change (cystic spaces lined by bronchiolar epithe-
lium). Frequently observed in UIP, fibroblastic foci are collections of actively proliferating fibroblasts
and myofibroblasts that are believed to reflect regions of active fibrotic progression. These foci are criti-
cal indicators of ongoing disease activity [36]. On the other hand, NSIP is characterized by more uniform
fibrosis compared to UIP. The lung architecture remains relatively preserved, and there are fewer fibrob-
lastic foci and less honeycombing [81].

In the distal alveolar regions, IPF shows a process known as alveolar bronchiolization. This refers
to the appearance of bronchiolar-like epithelium in the alveolar spaces, especially in honeycoming
areas. It is thought to result from the aberrant regenerative response of the epithelium after injury
[28, 36, 82]. Alveolar bronchiolization indicates that the normal alveolar architecture is being replaced
by bronchiolar-like structures, contributing to the fibrotic process [36, 81].

IPF disease progression is short and difficult to study the molecular and cellular change in detail
[31]. In McDonough et. al, 2019, the authors proposed to use the fibrotic area as a proxy for studying IPF
staging [79]. We, too, had obtained FFPE specimens representing different disease progression stages
from the same IPF patient (Figure 3.7a).

After careful discussion with our consulting lung pathologist, we had decided to set a special focus on
the changes in IPF epithelium morphology, known as epithelial metaplasia. The pathologist pointed out,
that cuboidal metaplasia often appeared at the edge of fibrosing front in the earlier stages (Figure 3.7b),
while cuboidal to squamous metaplasia and columnar / bronchiolar-like pseudostratified metaplasia are
more commonly associated with honeycoming and advanced fibrosis (Figure 3.7d). Although fibroblas-
tic foci are marked by proliferating fibroblasts and myofibroblasts, it is also covered by a layer of cuboidal

to squamous metaplasia epithelium ([83, 84], Figure 3.7b, c).
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a »mild fibrosis*® .severe fibrosis*

severe fibrosis” Neo-bronchiolization /
Columnar Metaplasia

= BT rh ]

Cuboidal to Squamous
Metaplasia

Figure 3.7: Characteristic histopathological patterns in IPF. a: H&E staining of two IPF specimens obtained
from CPC-M bioArchive (IPF explant lung), approximate to mild-to-moderate fibrosis (left panel) and severe fibrosis
(right panel) according to ECM deposition. b: Representative histopathological patterns in the earlier stage of IPF,
H&E stained. c: Representative histopathological patterns in the late stage of IPF, H&E stained.

Table 5: Overview of all IPF-specific ROIs collected in the CLD pilot study.

ROIs IPF 1, mild | IPF 1, severe | IPF 2
Cuboidal metaplasia X X X
Fibroblastic foci X X X
Columnar metaplasia X X
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3.2 CLD pilot study

Table 5: Overview of all IPF-specific ROIs collected in the CLD pilot study.

ROIs IPF 1, mild | IPF 1, severe | IPF 2
Remodeled TB/RB X X
Remodeled PA/PV X X
MYV in advanced region X X
Pleura X X
Subpleural fibrosis X

SMC bundle X X
NSIP X
Immune aggregate X
Neo-vascularization X

€% G

All available ROIs are marked with an “x”. “IPF 1, mild” and “IPF 1, severe” denote FFPE specimens from patient 1

with mild and severe fibrosis, respectively (as depicted in Figure 3.7a), while “IPF 2” refers to patient 2.
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Figure 3.8: Overview of all samples used in the CLD pilot study. a: Control samples, H&E stained. b: COPD
GOLD stage II samples, H&E stained. c: IPF samples, H&E stained. IPF1: 2 different stages with UIP pattern; left:
mild fibrosis, right: severe fibrosis. IPF2: mixed-stage samples with NSIP pattern. Scale bar: 2000 ym.
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3.2.2 Distinct spatially resolved proteomic signature in CLD revealed by LCM-MS

The schematic experimental design for the CLD pilot study is depicted in Figure 3.9. In summary, 62
samples covering 38 ROIs were profiled by mass spectrometry-based proteomics. All ROIs were catego-
rized into 7 so-called “meta-regions” according to their tissue architecture: airway (TB, RB, remodeled
TB/RB), alveolar (alveoli, emphysema and NSIP), fibrosis (interstitial fibrosis, paraseptal fibrosis, sub-
pleural fibrosis, fibroblastic foci and smooth muscle bundle), immune (iBALT and immune aggregate),
metaplasia (peribronchiolar metaplasia, cuboidal metaplasia and columnar metaplasia), pleura and vas-
cular (PA, PV, MV, neovascularization and remodeled PA/PV).
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Figure 3.9: Schematic experimental design of the CLD pilot study.

Mass spectrometry analysis identified 4,106 proteins in total, including 308 matrisome proteins. Pro-
tein yields varied by ROI type and patient, with control samples averaging 1,253-1,457 proteins, com-
pared to 780-1,100 proteins in disease groups (Figure 3.10a). A similar trend was seen for matrisome
proteins (Figure 3.10a), although it remains unclear if this reflects disease pathology or is merely pro-
portional to total protein content. Among meta-regions, epithelial cell-enriched regions (metaplasia,
airway, and alveolar) yielded the highest protein counts (1,363, 1,254, and 1,148 proteins, respectively),
while fibrotic and pleural regions had the lowest (922 and 612 proteins; Figure 3.10c). In contrast, vas-
cular regions were most enriched in matrisome proteins (averaging 115), whereas pleural and immune
meta-regions contained fewer (83 and 73, respectively; Figure 3.10d). Moreover, pleural and fibrotic
regions exhibited the highest matrisome-to-total protein ratios (14.66% and 13.06%), followed by vascu-
lar regions (11.82%), while other meta-regions ranged from 8.34% to 9.30% (Figure 3.10e). In summary,
epithelial cells-abundant regions yield higher total protein counts, vascular regions display the greatest
diversity of matrisome proteins, and fibrotic areas have the highest relative enrichment of matrisome

components.
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3.2 CLD pilot study

Figure 3.10 (previous page): Results of the CLD pilot study. a: Number of detected total proteins in every
patient. b: Number of detected matrisome proteins in every patient. ¢: Number of detected total proteins in every
meta-region. d: Number of detected matrisome proteins in every meta-region. e: The ratio of matrisome to total
protein number in each sample, stratified by meta-region. f: Component 1 vs. 3 in PCA of all samples using
total proteins (left panel) and PCA loading (right panel), 4106 features in total. g: Component 1 vs. 2 (left panel)
and 2 vs. 3 (right panel) in PCA of all samples using the filtered matrisome proteins. h: PCA loading of filtered
matrisome proteins, 190 features. i: UMAP of all samples. j: Top 4 proteins per disease entity ranked by adj.
p-value, calculated by the limma package in R [70].

On the PCA plot in Figure 3.10f, the ROIs predominantly clustered according to their disease sta-
tus along PC1 and PC3 (left panel), and the PCA loading revealed that many of the driver proteins are
matrisome components, including laminins, MUC5B, and various collagens (right panel). When exam-
ining the PCA results based solely on matrisome proteins (Figure 3.10g), component 1 clearly distin-
guishes between disease and control groups (left panel), while component 3 differentiates between the
two disease entities (right panel). The PCA loading in Figure 3.10h shows that basement membrane
components—such as LAMC1 (Laminin subunit gamma-1), LAMB2 (Laminin subunit beta-2), COL4A1
(Collagen Type IV Alpha 1 Chain), NID2 (Nidogen 2), and AGRN (Agrin)—drive the separation of control
samples, whereas ELN (Elastin) and several types of collagens are key drivers for COPD samples. Ad-
ditionally, MUC5B (Mucin 5B, oligomeric mucus/gel-forming) and CTSB (Cathepsin B), both previously
linked to pulmonary fibrosis [85, 86], emerged as significant contributors of the IPF group.

Using another dimension reduction technique, UMAP (Uniform Manifold Approximation and Pro-
jection) in the Scanpy package [87], we generated a two-dimensional representation of our complex
proteomics dataset. The resulting UMAP plot (Figure 3.10i) clearly demonstrates that samples cluster
according to their disease entities. Notably, the COPD and IPF samples form clusters that are more closely
related to each other than to the controls, suggesting that these disease groups share overlapping pro-
teomic signatures that distinguish them from healthy tissue. This distinct separation reinforces our PCA
findings and underscores the robustness of our dataset in reflecting underlying biological differences.
Furthermore, the analysis of the top four differentially expressed proteins in each disease (Figure 3.10j)
reveals partial overlap with the PCA results. For instance, proteins such as COL4A1 and CXCL12 (CXC
motif chemokine 12, also known as stromal cell-derived factor 1) are predominant in the control samples,
whereas COL5A2 (Collagen Type V Alpha 2 Chain) and ELN are characteristic of COPD.

Taken together, our results demonstrate that the proteomic profiles exhibit a high degree of speci-
ficity to distinct disease entities, with each condition displaying its own unique protein expression pat-
tern—even in early-stage samples. Notably, matrisome proteins emerge as central drivers of these dif-
ferences, highlighting that alterations in the extracellular matrix (ECM) are likely key mechanisms un-
derlying the progression and unique characteristics of both COPD and IPF. This specificity not only
underscores the potential of these proteins as early biomarkers for disease detection, but also suggests
that targeting ECM remodeling might offer a novel therapeutic strategy for modulating disease progres-

sion in chronic lung conditions.

36



3.2 CLD pilot study

clDC

nc Mono

Eosinophils
Mast cells

preAT-1 cells
B-cells
Ciliated cells
Club cells

Basal cells
CD4 M/E

SMCs
Pericytes
Myofibroblasts
Lipofibroblast

Mesothelial cells
Inflammatory fibroblast 1
AdVF (SFRP2+)

'AdVF (P116+)

by Ciliated
<
=
E
UMAP 1
84 °
@ alveoli O, veoli .IBALT
Club cells
- Basal cells
N Ciliated cells
AT-2 cells |
- eura
Lo microvessel ®respiratory bronchiole Bro EC x %etaplasia P (]
e @ ®®cspiratory bronchiole Vein EC 2 L ®p Y
5 microvegse - < ain/ay s p airway fibrosis|
= pulmonary vei Lym_EC ~ ®airw; yetap asia g Talveolar vascularg
[ Art_EC < in taplasia®.,_. oo TIOToS!
s pulmonary artery| Ad;F (PI16+) 2 etaplasia®y|yveolfir
Q o
£ Lipofibroblast g )
32 £ alveolar
© AdVF (SFRP2+) 8 @vascular ®ascular
o
. i i Pericytes 51 vascular
- ®,uimonary vein .termmal bronchiole SMC:‘ .ai&ay
S
Q Cap-B_EC °
o | @puimonary artery terminal bronchiole| Cap-A_EC vascular
2 AT-1 cells - ascular
%o %o 4o AM 40 20 20 40
Component 1(20.8%) Component 1 (23.8%)
e
9, @0 LS LOOCO NP eSOTRe U RS 2
& vascutarg " {%g A0 58 BpTgEu L QR uE el S2p 082
metaplafia® vascular oo Om % +5 EE% € °‘T<é.€.9_>3'85 S 89528
3k o ;@4 5588L 8560 § 3253
—_ a o X = = E £8%w
§ o f\bros\s' fProSIS ®ibrosis 8 =y <= 2 5,22% E ggg (0]
> ] € £ s < 5 = =
% ®ascular ®metaplasia g s g £ 2
2 vascularg J'qura 2 3 s 8 [
8 e|airway 2 E E
9] a
a o
vascular vessels
§ metaplasia - I i
% ®fidosis  fibrosis .ﬁbr05|s
®yascular _ [ aiveo
o| Jevascular arwayg gnetaplasia I metaplasia
& ®fibrosis e Iairway
% . metaplasia’
ibrosis airway
4o 20 20 40
Component 1 (25.5%)
f Eosinophils
Goblet
| Ciliated
differentiating Ciliated
| | AT1
AT2
lonocytes
Suprabasal
aberrant Basaloid
Basal
Club
e L DC
Plasma cells
NK cells
| T cells
Mast cells
f activated Macrophages
arterial EC
classical Monocytes
classical DC
I nc Monocytes
Bcells
pulmonary-venous EC
aCap
gCap
[ FSCN1+DC
| systemic-venous EC
NEC
AM
pDC
I ic EC
| |
Li
Pericytes
SMCs
[
& H £ g B £ » £ o £ © ©» ¢ o 9 @ 5 8 & 3 o o
§ 3§ 3¢ 5§54 2822884 ¢8%5 d i8¢
E._SagSuszéﬁé‘gﬁﬁggama‘gﬁn
3 & 5§ z S5 2 8 5 5 8 % $ 8§ %2 5 8§
S 5 € & & % S 5 £ 3 5 85 =z E gg:ablg
@ { E d 2 = o (] |
2 N E g 3 £ 2 & ¥ T o ¥ 8 5 & &
H § 2 £ § s g 8 8 £ 2 38 2 g & 8 &
E 5 2 5 e £ 5 ¢ E E 2 g8 B £ E
E £ £ a s a8 g S S a 2
3 3 8 8 1 ° s g 8
E 3 3 g g 2 3
B B
3 z B tos
3 E @ E
§ £ 5
§ 3

enrichment
-

3

2 -1 0 1 2 3

Vein_EC
Lym_EC
Art_EC
Cap-B_EC

Cap-A_EC
MKI67+ cells

AM activated

‘AM

AT-2 cells

-Aberrant basaloid cells B8
W fibrosis MMvessels Wl alveoli
B metaplasia M airway

37



3.2 CLD pilot study

Figure 3.11 (previous page): Cell type deconvolution of the proteomics results with single-cell signa-
tures. a - b: An integrated multi-center single-cell ILD atlas, UMAP showing all annotated cell types (a) and
disease entities (b) (Data and figure credit to Meshal Ansari, PhD, [41]). c: Left: PCA of all control samples; right:
cell type enrichment analysis from [41], FDR < 0.01. d: Left: PCA of all COPD samples; right: cell type enrichment
analysis from [41], FDR < 0.01. All analyzed on the meta-regions. e: Left: PCA of all IPF samples; right: cell type
enrichment analysis from [41], FDR < 0.01. All analyzed on the meta-regions. f: Cell type enrichment analysis of
all profiled ROIs using markers from the integrated ILD atlas, FDR < 0.1.

Our lab generated an integrated ILD atlas by combining several published single-cell RNA-seq datasets
(Lang et al. (2023); Figure 3.11a, b). Using cell type markers annotated in this atlas, I performed an
enrichment-based cell type deconvolution analysis (Figure 3.11c - f). In control samples, both RB and
TB were enriched with club and ciliated cell markers, while distinct endothelial markers predominated
in the vascular regions. Additionally, markers for adventitial fibroblasts and smooth muscle cells were
highly enriched in PA, and both MV and alveolar regions were abundant in capillary, alveolar type I
(AT1), and alveolar macrophage markers (Figure 3.11c, right panel). PCA further revealed that com-
ponent 1 (20.8% variance) distinctly separated the airway from vascular samples, whereas component 2
(16% variance) differentiated distal from proximal samples (Figure 3.11c, left panel).

In the diseased groups, samples clustered predominantly by their meta-regions in both COPD (Figure
3.11d, left panel) and IPF (Figure 3.11e, left panel). In COPD, the deconvolution analysis showed that
airway samples were enriched with ciliated, club, and basal cell markers; metaplasia regions exhibited
enrichment of pre-AT1 cells, club and basal cells, and aberrant basaloid markers; alveolar regions were
rich in capillary, AT1, and alveolar macrophage markers; and both fibrotic and vascular regions were
enriched with markers for myofibroblasts, inflammatory cells, and adventitial fibroblasts—with vascular
regions also displaying a diversity of endothelial cell markers (Figure 3.11d, right panel). Similar en-
richment patterns were observed in IPF (Figure 3.11e, right panel). Moreover, when stratifying samples
by regions of interest, aberrant basaloid markers were specifically enriched in peribronchiolar metapla-
sia, cuboidal metaplasia, and fibroblastic foci regions, but not in columnar metaplasia, while markers for
plasma cells, neutrophils, monocytes, and dendritic cells were highly enriched in immune aggregates

and inducible bronchus-associated lymphoid tissue (iBALT) regions (Figure 3.11f).

Overall, these results demonstrate that LCM-MS-based spatial proteomics is a powerful approach for
capturing the cellular composition of (patho)physiological regions, yielding a cell-type distribution that
aligns well with expectations from histological and single-cell transcriptomic studies. The deconvolution
analysis accurately identified major cell populations in biologically plausible proportions, with airway
epithelial markers enriched in bronchiolar regions, endothelial markers in vascular compartments, and
immune cell markers in inflammatory niches. Minor populations such as myofibroblasts were also de-
tected within expected ranges, reinforcing the analysis’ validity. However, the method appears less
sensitive in distinguishing fibroblast subtypes in fibrotic regions, likely due to the inherent heterogene-

ity and classification challenges of fibroblasts [88].
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Figure 3.12: Shifts of the alveolar proteome upon disease manifestation. a: PCA result of all normal-looking
alveoli samples from all disease groups, profiled based on top 200 differentially expressed proteins in ANOVA
analysis, ordered by their adj.p values. b: PCA loading of panel a), 200 features. c: Cell type deconvolution
analysis using cellular markers from Lang et al. (2023) [41], FDR < 0.05.

The ability of our method to distinguish proteomic changes in early disease was a key objective of
this pilot CLD study. To assess this, I examined all normal-appearing alveoli (Figure 3.12). Because
ANOVA did not yield any proteins with FDR < 0.1 — likely due to small group sizes—I selected the top
200 proteins (ordered by adjusted p-values) for subsequent PCA analysis (Figure 3.12a). The PCA clearly
grouped samples by disease entity, with the first two components accounting for 98.4% of total variance
(PC1: 79.6%, PC2: 18.8%). Notably, among the top drivers, basement membrane collagens COL4A1 (Col-
lagen Type IV Alpha 1 Chain) and COL4A4 (Collagen Type IV Alpha 4 Chain), along with the progenitor
cell marker CEACAMS6 (Carcinoembryonic Antigen-Related Cell Adhesion Molecule 6), were prominent
in control alveoli. In contrast, APOD (Apolipoprotein D), TMEM109 (Transmembrane Protein 109), and
ALDH1B1 (Aldehyde Dehydrogenase 1 Family Member B1) were key drivers in COPD alveoli, while
MLEC (Malectin), HINT1 (Histidine Triad Nucleotide Binding Protein 1), and TUBB6 (Tubulin Beta 6

Class V) emerged as major drivers in IPF alveolar proteome (Figure 3.12b).

To summarize, our findings indicate that LCM-MS spatial proteomics effectively captures the pro-
teomic landscape of (patho)physiological regions in the distal lung. The deconvolution analysis con-
firmed that the cellular composition aligns well with expected anatomical and disease-specific distribu-
tions, reinforcing the robustness of our approach. Notably, all alveoli samples showed similar results in
cell type deconvolution analysis (Figure 3.12c), suggesting that even histologically normal alveolar re-
gions in mild COPD and IPF exhibit subtle yet significant proteomic shifts. These changes may represent

the earliest disease-driving molecular events, occurring before overt structural alterations are detectable.

This aligns with growing evidence from independent studies demonstrating that chronic lung dis-

eases often begin with molecular dysregulation before visible pathology emerges. For instance, in mild
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COPD, basal airway progenitors show altered gene expression patterns, with repression of repair-associated
pathways (e.g., Wnt, Notch) and upregulation of oxidative stress and inflammatory mediators [89]. Sim-
ilarly, pathogenesis of sporadic IPF has been linked to endoplasmic reticulum (ER) stress in AT2 cells,
leading to AT2 apoptosis in normal-appearing alveoli [90]. These findings collectively highlight that the
lung microenvironment undergoes significant molecular reprogramming before irreversible tissue dam-

age becomes apparent.

Taken together, our findings reinforce the idea that early-stage CLDs can be defined at the molecular
level long before histological hallmarks appear. Subtle but functionally significant proteomic and tran-
scriptomic alterations in epithelial cells and ECM composition likely set the stage for irreversible lung
remodeling. Understanding these early changes is critical for developing biomarkers for early detection
and identifying therapeutic targets that could halt or slow disease initiation. Future studies should aim
to validate these molecular signatures in larger cohorts and assess their utility in risk stratification and

early diagnosis for chronic lung diseases.
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3.2.3 Tracing the evolution of epithelial metaplasia in IPF disease progression

In their respective studies, Adams et al. (2020) and Habermann et al. (2020) utilized single-cell RNA
sequencing to identify a novel subtype of intermediate epithelial cells termed “aberrant basaloid” cells.
These cells are characterized by the expression of keratin 17 (KRT17) and the absence of keratin 5 (KRT5)
expression [39, 40]. Aberrant basaloid cells are enriched in IPF lungs, particularly in regions known as
fibroblastic foci—areas associated with active tissue remodeling and fibrosis [28, 36]. Habermann et al.
(2020) proposed that these cells play an active role in abnormal epithelial remodeling and bronchioliza-

tion, contributing to the pathogenesis of IPF [40].

To elucidate the spatial distribution of aberrant basaloid cells in respect to the morphology of the
epithelium, I conducted multiplexed immunofluorescence (IF) staining for SPC (surfactant protein C),
KRT17, and KRT5 on IPF samples representing mild-to-moderate and severe fibrotic stages (Figure 3.13a,
b). Aberrant basaloid cells are characterized by KRT17 positivity and KRT5 negativity (KRT17+ KRT57),
whereas basal cells typically co-express both KRT17 and KRT5 (KRT17* KRT5%), and SPC alone marks
the AT2 population.

oy
i
(1]
f

Figure 3.13: Multiplexed epithelial marker staining highlights the difference between mild and severe
fibrotic stages of IPF. a: H&E staining of an IPF specimen that represents earlier stage of the disease (scale bar:
500 pm). b: H&E staining of an IPF specimen that represents the later / end stage of the disease (scale bar: 1000
pm). ¢: Multiplexed immunofluorescence (IF) staining of SPC (silver), KRT5 (red) and KRT17 (green) on the same
earlier IPF stage as in panel a). d: Multiplexed immunofluorescence (IF) staining of SPC (silver), KRT5 (red) and
KRT17 (green) on the same late IPF stage as in panel b).
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In mild fibrotic IPF samples, the majority of stained cells were SPC* and/or KRT17* (Figure 3.13a,
¢), indicating a predominance of AT2 cells and aberrant basaloid cells. Conversely, in severely fibrotic
IPF samples, most cells exhibited co-expression of KRT17 and KRT5 (Figure 3.13d). These distinct and

surprisingly unified expression patterns prompted further investigation.

In the mild-to-moderate fibrotic IPF specimen (Figure 3.13a), the cuboidal metaplasia epithelium
is made up of a mixture of SPC* KRT17~, SPC!¥ KRT17/°* and KRT17* SPC™ cells (Figure 3.14a).
This type of metaplasia is located at the forefront of fibrosis - i.e., the intersection of normal-looking
alveoli and fibrosis (Figure 3.7b). In the area where fibrosis begins, fibroblastic foci are commonly seen
as well. A layer of KRT17* cuboidal to squamous metaplasia epithelium covers these fibroblastic foci
(Figure 3.14e), which denotes an epithelium layer primarily made up of abnormal basaloids. In con-
trast, both cuboidal/squamous (Figure 3.14b) and columnar/pseudostratified metaplasia (Figure 3.14c)
in the severe stage of IPF (Figure 3.13b) are made of KRT17* KRT5* cells. Notably, cuboidal to squamous
metaplasia contains almost exclusively these double-positive epithelial cells (Figure 3.14b), whereas in
columnar to pseudostratified metaplasia (Figure 3.14c) their appearance is more similar to that of reg-
ular basal cells in the airway epithelium (Figure 3.14d). KRT17* KRT5~ and KRT17* KRT5" cells are
mixed together in the fibroblastic foci epithelium of the highly fibrotic regions (Figure 3.14f). Ultimately,
regions like Figure 3.14g motivated us to put forth the working hypothesis shown in Figure 3.14h),
where the flat alveolar epithelium, with three to four types of transitional cuboidal metaplasia, progres-
sively transformed into pseudostratified airway epithelium by losing SPC expression while acquiring
KRT17 and subsequent KRT5 expression.

To assess the interrelationships among these regions of interest, I conducted a comprehensive com-
parison of the proteomic profiles across various sample types: control alveoli, IPF-affected alveoli, SPC*
KRT17* cuboidal metaplasia (mild fibrosis), fibroblastic foci in both mild and severe fibrotic stages,
KRT17* KRT5* cuboidal metaplasia, columnar to pseudostratified metaplasia, and control TB. These
were collectively visualized in a multi-scatter plot (Figure 3.15a), sequenced according to the proposed
epithelial evolution model depicted in Figure 3.14g. Pearson correlation analysis revealed that each ROI
exhibited the highest correlation with its immediate neighbors. While not definitive proof, this pattern

supports the plausibility of our proposed trajectory for alveolar epithelium bronchiolization.

Next, I asked which proteins are characteristic for one or more of the profiled ROIs. After filtering
for proteins detected in at least five of the eight ROIs, 1292 proteins were identified and categorized into
seven major clusters based on their expression patterns (Figure 3.15b).

The first cluster (light blue) comprises proteins that are gradually downregulated during the forma-
tion of fibroblastic foci and subsequently upregulated as the airway epithelium matures. The second
cluster (purple) includes proteins that are progressively downregulated during the bronchiolization pro-
cess (Figure 3.15b). Both clusters are enriched with basement membrane proteins such as laminin sub-
units (LAMC1, LAMA3, LAMBI1), nidogens (NID1, NID2), agrin (AGRN), and integrin beta-1 (ITGB1).
Additionally, the "don’t eat me” signal CD47 and the general immune cell marker protein CD45 (PTPRC)
are present in these clusters. Pathway enrichment analysis reveals that proteins in these clusters are
associated with chemokine signaling, gas transport, and cell-matrix adhesion pathways (Figure 3.15c).

These findings collectively suggest that alterations in basement membrane composition and potential
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SPC+ KRT17+ KRT17+ KRTS+ KRT17+ KRTS+
cuboidal metaplasia cuboidal metaplasia pseudostratified
alrway epithellum

alveolar epithelium

Figure 3.14: ROI selection in IPF epithelium was co-defined by tissue morphology and marker gene ex-
pression. a: Cuboidal metaplasia in earlier stage of IPF specimen that harbors hyperplasia AT2 cells (SPC*) and
aberrant basaloids (KRT17%). b: Cuboidal to squamous metaplasia in the later stage of IPF specimen, KRT17* and
KRT5*. ¢: Columnar to pseudostratified metaplasia in the later stage of IPF, KRT17* and KRT5". d: Pseudostrati-
fied airway epithelium in the earlier stage of IPF specimen, KRT17" and KRT5". e: Fibroblastic foci in the earlier
stage of IPF specimen with a single layer of KRT17* cuboidal epithelial cells. f: Fibroblastic foci in the later stage
of IPF specimen with either a single layer of KRT17*, KRT5*/°"* cuboidal epithelial cells, or multiple layers of
KRT17* KRT5* cuboidal to squamous epithelium (red star). g: An area with several depicted metaplasia epithelia
as a continuum. h: A proposed model of the epithelia evolution during IPF progression. Scale bar: 50 ym.

tissue remodeling occur during the bronchiolization process, possibly facilitated by the loss of CD47 at

the cell surface.
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Figure 3.15 (previous page): Comparison of the epithelial proteome in the hypothesized model. a: Multi
scatter plot of the epithelial proteome. Pearson correlation values highest in every row are highlighted. b: Heatmap
of all proteins detected in at least 5/8 regions (1292 features). Profile plots of the hierarchical clusters and repre-
sentative proteins. c: Selected pathways enriched in panel b) clusters, FDR < 0.1. d: All matrisome proteins from

the heatmap of panel b), 114 features.

The third cluster (blue) comprises proteins that are highly abundant specifically in fibroblastic foci
regions (Figure 3.15b). Notably, this cluster includes keratin 8 (KRT8), identified as a marker of a tran-
sitional stem cell type aberrantly persisting in IPF [91, 92]. Additionally, it contains stromal cell markers
such as alpha-smooth muscle actin (aSMA, encoded by ACTA?2), periostin (POSTN), tenascin-C (TNC),
collagen type I alpha 1 chain (COL1A1), and desmin (DES), reflecting the known molecular composition
of fibroblastic foci. Transforming growth factor-beta-induced protein (TGFBI) also appears in this clus-
ter; its expression is induced by activation of TGF-beta signaling, which is previously known to be associ-
ated with cardiac fibrosis [93] and recently shown to be promoting lung fibrosis in a bleomycin-induced
rat model [94]. Pathway analysis indicates enrichment in ECM assembly and matrisome proteins, point-
ing to significant ECM accumulation in fibroblastic foci (Figure 3.15¢). Furthermore, the enrichment of
immunoglobulin complexes (IgD, IgE, IgG) and complement activation pathways suggests local autoim-

mune activity in IPF patients, aligning with recent studies in murine models [95].

Figure 3.15d explicitly listed the matrisome proteins from Figure 3.15b. Interestingly, this heatmap
shows that SPC* KRT17* cuboidal metaplasia and two types of fibroblastic foci share the same group of
highly abundant matrisome proteins, which are depicted in the yellow-brown and pink clusters. Among
the listed matrisome proteins, two groups of protein are notably associated with TGF-f activity:

The first group is Dermatopontin(DPT), Decorin (DCN), and collagens (COL1A1, COL1A2, COL6A2
and COL6A3): TGF-f1 bioactivity is known to be enhanced by the interaction between DPT and DCN
[96]. By binding to collagen I and VI, DCN facilitates ECM assembly [97, 98]. The binding of DCN to
collagen I not only stabilizes the matrix but also contributes to the regulation of TGF-f bioavailability,
where DCN sequesters TGF-f in its inactive form within the ECM, which can be later released and
activated in response to tissue stress [98, 99].

Another notable group includes fibrillin-1 (FBN1) and latent TGF-f binding proteins (LTBPs 1, 2, and
4), which are integral to the activation of latent TGF-f (reviewed in Chia et al. (2024) [100]). Typically,
TGF-p is secreted in a latent form, wherein the mature TGF-f ligand is non-covalently associated with
the latency-associated peptide (LAP), forming the small latent complex (SLC) [101]. This complex binds
to LTBPs, resulting in the large latent complex (LLC) [102], which is sequestered within the ECM through
interactions with FBN1 [103]. Activation of latent TGF-f can occur via proteolytic cleavage, mechan-
ical forces, or signaling pathways such as G-protein coupled receptor (GPCR) activation and toll-like
receptor 4 (TLR4) activation [104, 105, 106]. In conditions like Marfan syndrome, the activation of latent
TGF-f through mechanosensing has been elucidated. When the tissue is inelastic, the ECM becomes
resistant to mechanical forces resulting from actin stress fiber-mediated cell traction. This leads to the
release of the mature TGF-f ligand and the subsequent activation of TGF-§ signaling [107]. As tissue
stiffness escalates, such as during fibrosis or ECM accumulation, the latent TGF-f complex is mechani-

cally activated, further contributing to ECM deposition and fibrosis (reviewed in Hinz et al. (2015) [108]).
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Collectively, these data suggest that in early IPF epithelial metaplasia, TGF-f activation may be me-
diated through multiple pathways involving both ECM assembly and mechanical stress. The increased
deposition of DPT, DCN, collagens, and components of the latent TGF-§ activation machinery in these

ROIs reflects the tissue’s increasing stiffness and a positive feedback loop that perpetuates early fibrosis.

To investigate the proteomic distinctions among the selected ROIs, despite their overall similarity to
adjacent areas (Figure 3.15a), I performed pairwise comparisons as highlighted in Figure 3.15a, with
results presented in Figure 3.16. In these scatter plots, the imputed MS intensities of all proteins from
two ROIs are plotted against each other. The cluster in the lower left corner represents proteins not
detected in either ROI (imputed values only). The “smears” running parallel to the x- and y-axes indicate
proteins detected exclusively in one ROI, while the diagonal “smear” represents proteins detected in both
ROIs with comparable intensity values. While numerous proteins could be discussed, this dissertation

will focus on the following key findings:

1. CEACAMBG6 expression: Consistent with previous analyses (Figure 3.12b), CEACAMS6 (Carci-
noembryonic antigen-related cell adhesion molecule 6) expression is diminished in normal-appearing
alveoli in IPF (Figure 3.16a).

2. LTBP1 and COL6A3 in mild IPF: Both LTBP1 and COL6A3 are present in SPC* KRT17* cuboidal
metaplasia characteristic of mild IPF (Figure 3.16b), aligning with earlier discussions on TGF-§

activation (Figure 3.15d).

3. KRT17 upregulation: As indicated by its nomenclature, KRT17 expression initially rises in SPC*
KRT17* cuboidal metaplasia (Figure 3.16b), peaks in advanced-stage fibroblastic foci (Figure 3.16d,
e), and subsequently declines (Figure 3.16e-g).

4. KRT5 expression: The basal cell marker KRT5 [109] shows initial upregulation in the fibroblastic
foci from mild IPF (Figure 3.16¢), peaks in advanced fibroblastic foci and KRT17* KRT5" cuboidal
metaplasia (Figure 3.16e), and diminishes in well differentiated epithelia (Figure 3.16f, g).

5. Goblet cell markers: Secreted proteins MUC5B (Mucin 5B) and BPIFB1 (Bactericidal/Permeability-
Increasing Fold-containing Family B, Member 1) , produced by goblet cells [110, 111] , exhibit
similar expression trends: first detected in advanced fibroblastic foci (Figure 3.16d), peaking in
KRT17* KRT5* cuboidal metaplasia, and gradually decreasing thereafter. Notably, their highest

MS intensities occur prior to epithelial differentiation.

6. Secretoglobin family proteins: SCGB1A1 (Secretoglobin Family 1A Member 1), a club cell
marker [112], is exclusively found in columnar to pseudostratified metaplasia (with higher inten-
sity) and control TB (Figure 3.16f, g). In contrast, SCGB3A1 (Secretoglobin Family 3A Member 1)
is detected solely in KRT17* KRT5* cuboidal metaplasia and columnar to pseudostratified meta-
plasia, with comparable intensity values (Figure 3.16e, f). Similarly, SFTPB, primarily secreted
by AT?2 cells but also present in small airways [113], is observed in KRT17* KRT5" cuboidal meta-

plasia, columnar to pseudostratified metaplasia, and control TB (Figure 3.16e-g).

7. COL10A1 Detection: COL10A1 (collagen type X alpha 1 chain) is exclusively detected in colum-
nar to pseudostratified metaplasia and control TB, with slightly higher intensity in TB (Figure 3.16f,
g). This finding will be elaborated upon in subsequent chapters.
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Figure 3.16 (previous page): Pair-wise comparison of highly correlated epithelial ROISs. a: Control alveoli
vs. IPF alveoli (mild fibrosis). b: IPF alveoli (mild fibrosis) vs. SPC* KRT17* cuboidal metaplasia (mild fibrosis). c:
SPC* KRT17" cuboidal metaplasia (mild fibrosis) vs. fibroblastic foci (mild fibrosis). d: Fibroblastic foci (mild fibro-
sis) vs. fibroblastic foci (severe fibrosis). e: Fibroblastic foci (severe fibrosis) vs. KRT17* KRT5* cuboidal metaplasia
(severe fibrosis). f: KRT17* KRT5* cuboidal metaplasia (severe fibrosis) vs. columnar to pseudostratified metapla-
sia (severe fibrosis). g: Columnar to pseudostratified metaplasia (severe fibrosis) vs. control terminal bronchiole.
CBM SPC+K17+: SPC* KRT17* cuboidal metaplasia; CBM K17+K5+: KRT17* KRT5* cuboidal metaplasia.

In summary, the pairwise comparisons and observed protein expression patterns suggest that pro-
teomic analysis can detect molecular alterations indicative of earlier stages within our proposed IPF
progression model, which may not yet be evident through morphological assessments or immunofluo-
rescence imaging. This implies that proteomics has the potential to uncover subtle, underlying cellular
processes and pathways that precede overt structural changes, thereby reflecting the progressive nature
of IPF. Such early detection capabilities could enhance our understanding of disease mechanisms and

facilitate the development of timely therapeutic interventions.

In translational biomedical research, a significant challenge is the variability in pathology among
individual patients. Even among patients diagnosed with the same disease, H&E stained sections can
exhibit considerable heterogeneity in tissue patterns, complicating the derivation of generalized conclu-
sions from small cohorts. This variability has been documented in studies exploring tumor heterogeneity,
where diverse histopathological characteristics are observed within the same tumor type [114].

In our pilot study, we aim to address this issue by examining all pathologic structures and patterns
present in CLD specimens. The results show that our comprehensive approach effectively captures the
inherent heterogeneity present in the pathological patterns of individual patients without losing the com-
mon features characteristic of the disease state. This suggests that implementation of a similar method-
ology in larger studies could provide robust biological insights into the pathogenesis and progression of
CLD. By systematically analyzing different pathological features in larger cohorts, we can improve the
reliability of our findings, thereby advancing translational biomedical research and ultimately leading to

better patient outcomes.
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3.3 Spatially resolved niche proteomics of the healthy distal lung
3.3.1 Introduction

The distal lung is the primary site of gas exchange and serves as the first line of defense against foreign
particles, bacteria and viruses . It is constantly challenged by external stimuli and changing biomechan-
ical forces, making maintaining lung homeostasis a difficult task [2]. Spatially-resolved characterization
of the protein expression in healthy distal lung can aid in better understanding of normal lung physiology.
Knowing the spatial distribution of proteins helps elucidate how cells interact in their microenvironment
under normal conditions. In addition, identifying key proteins critical for normal lung function will al-
low us to understand how CLD development differs from healthy aging lungs, which may help identify
biomarkers and potential therapeutic targets in CLD. The spatial component of the proteome map will

also enable the design of site-specific therapies to minimize off-target effects.

The results of the CLD pilot study granted the application of spatially resolved LCM-MS in larger
cohorts to investigate changes in proteome composition during CLD. To accurately establish baseline
data, we profiled a total of 11 donor lungs using two distinct spatially-resolved proteomic techniques.
Of these, 6 peri-tumor control samples were analyzed with LCM-MS niche proteomics as described in
section 3.2. For the remaining 5 donor lungs, we focused specifically on the distal airway tree, charac-
terizing the distal airways based on their physical diameters using bulk niche proteomics (refer to the
methods section and section 3.3.3 for details). Creating a baseline proteomic map of the healthy distal
lung is critical for identifying deviations in CLD and can serve as a reference point when comparing
diseased tissues. This can lead to more precise diagnostics, improved treatments, and insights into tissue

repair and regeneration.
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3.3.2 LCM-MS based spatial proteomics reveals regional protein expression in the distal hu-

man lung

For the spatially resolved LCM-MS niche proteomics cohort, we selected 6 peri-tumor control samples
with a panel of 7 ROIs similar to the CLD control samples, namely the terminal bronchiole (TB), the
respiratory bronchiole (RB), the pulmonary artery adjacent to these two types of bronchioles (annotated
as PA-RB and PA-TB), the pulmonary veins (PV), the microvessels (MV), and the alveolar septum. The
representative figures of the ROIs are shown in Figure 3.17b); an overview of all samples used for this

experiment is shown in Figure 3.17c).

Respiratory Bronchiole Terminal Bronchicle

Never-smoker

(Ex-)smoker

Figure 3.17: Experimental design of the spatially-resolved LCM-MS proteomics characterization of the
distal human lung. a: Schematic experimental workflow of proteomics based on laser-capture microdissection-
coupled mass spectrometry (LCM-MS). b: Representative H&E staining of the profiled ROIs in the distal lung.
Scale bar: 500 ym (lung overview, left panel) and 100 ym. c: Overview of all 6 control patients, H&E stained. Scale
bar: 1000 pm.
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Figure 3.18:
of identified total protein (left panel) and matrisome protein (right panel) per ROL b: Compositional analysis of
the ECM proteins in each ROL ¢: PCA of all profiled samples (ANOVA FDR < 0.05, in total 713 features, left panel),
and the protein feature loadings of the PCA (right panel). d: Enrichment-based cell type deconvolution analysis of

Spatially-resolved LCM-MS reveals protein zonation in the distal human lung. a: Numbers

the proteomics signature using top 100 cell type marker gene list from HLCA 1.0 [115] and distal stem cell markers

from Murthy et al. (2022) [116]. e: Top panel: Heatmap of 713 proteins that are differentially regulated among the
selected ROIs, ANOVA FDR < 0.05. Bottom panel: Heatmap of enriched pathways from the 5 largest clusters in

the upper panel, FDR < 0.1. f: Heatmap of all differentially regulated matrisome proteins. The color bars indicate

the matrisome categories annotated in Naba et al. (2012) [117].

A total number of 5505 proteins were identified by mass spectrometry analysis, with 367 matrisome

proteins. Although the number of proteins identified varies widely between individuals, the small air-

ways have the highest average number of proteins (2628 proteins for RB and 2580 proteins for TB),

while the larger pulmonary vessels have the lowest diversity (1330 proteins on average for PA-TB and

1301 proteins for PV, Figure 3.18a left panel). Similar trends were observed for matrisome proteins -

RB has the most matrisome proteins (201 proteins on average); PA-TB and PV have the least number
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3.3 Spatially resolved niche proteomics of the healthy distal lung

of proteins (155 for PA-TB and 151 for PV, Figure 3.18a, right panel). Compositional analysis shows
that all profiled ROIs have similar proportions of matrisome protein types (Figure 3.18b). For example,
on average, the profiled alveolar matrisomes have 13.4% collagens, 14.7% ECM-affiliated proteins, 30.1%
ECM glycoproteins, 23.8% ECM regulators, 5.5% proteoglycans, and 11.9% secreted factors. PA-TB and
PV have slightly more collagens (14.6% and 15.7%, respectively) and ECM glycoproteins (34.1% and 34%,
respectively) and slightly less secreted factors (9.8% and 9.5%) compared to other ROIs.

Analysis of variance (ANOVA) identified 909 proteins exhibiting differential expression across all
profiled regions (FDR < 0.05). PCA of all 909 features indicates that the first principal component (PC1),
accounting for 50.1% of the variance, effectively separated airway and vascular regions. The second
principal component (PC2), explaining 13.1% of the variance, distinguished distal regions from proximal
ones (Figure 3.18c, left panel).

To further elucidate cellular composition, I performed cell type deconvolution using markers from
the Human Lung Cell Atlas (HLCA) 1.0 and novel distal stem cell markers identified by Murthy et al.
(2022) [115, 116]. This analysis demonstrated expected cellular enrichments: smooth muscle cells and
fibroblast markers were predominant in PA regions; AT1 cells, alveolar capillary (aCap) cells, general
capillary (gCap) cells, and alveolar macrophage markers were enriched in alveolar regions; and multi-
ciliated, club, and goblet cell markers were abundant in TB regions (Figure 3.18d). Notably, markers
for novel distal stem cells, such as AT0, were highly enriched in alveoli, while TRB-SC markers were
enriched in RB regions, aligning with findings from Murthy et al. (2022) [116].

A heatmap of the 909 significant proteins highlighted distinct spatial zonation patterns (Figure 3.18e,
top panel). Subsequent pathway analysis of these clusters revealed that proteins highly expressed in alve-
oli and MV were enriched in pathways related to basement membrane and immune functions, including
positive regulation of T cell activation and bacterial response. Conversely, proteins abundant in TB and
RB regions were associated with pathways related to cell growth, such as methylation, mRNA process-
ing, and cellular metabolic processes (Figure 3.18e, bottom panel). A comprehensive list of differentially

deposited matrisome proteins is provided in Figure 3.18f.

Among the ROIs profiled in this study, the RB warrants particular attention due to its critical role in
maintaining distal lung homeostasis and its involvement in chronic lung diseases such as COPD. Despite
its significance, the RB remains relatively understudied in pulmonary research. Our analysis revealed
that proteins such as SFTPB (surfactant protein B), CXCL13 (chemokine (C-X-C motif) ligand 13), LTBP2
(latent transforming growth factor beta-binding protein 2), and COL10A1 (collagen type X alpha 1 chain)
are more abundant in the RB compared to other ROIs, as illustrated in Figure 3.18f. To validate the ex-
pression of CXCL13 and COL10A1 in the RB, I performed multiplex immunofluorescence staining, with
the results presented in Figure 3.19 and 3.20.

CXCL13, also known as B lymphocyte chemoattractant (BLC) or B cell-attracting chemokine 1 (BCA-
1), is a secreted factor that is highly potent in attracting B lymphocytes via the chemokine receptor
CXCRS5 [118, 119]. It plays a central role in the organization of B cell zones in secondary lymphoid
tissues, such as lymph nodes [120], and contribute to the formation of tertiary lymphoid structures in
inflamed tissues and in chronic lung diseases such as COPD [44]. To our knowledge, CXCL13 has not
been reported to be specifically enriched in human respiratory bronchioles.

In this study, mass spectrometry analysis revealed that CXCL13 is specifically enriched in the RB
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Figure 3.19: A putative B cell niche at the healthy respiratory bronchiole primed by CXCL13. a: Detected
CXCL13 MS intensity values [log2] at each ROL b: Detected CXCL13 MS intensity values [log2] stratified by
smoking status. NS: never smoker; S: (Ex-)smoker. c¢: Multiplexed IF co-staining of CD20 and CXCL13 at the
respiratory bronchiole. d: Multiplexed IF co-staining of CD20 and CXCL13 at an iBALT.

region and adjacent PA (Figure 3.19a). Stratification by smoking status indicated that this enrichment
is predominantly observed in individuals with no history of smoking (Figure 3.19b). Multiplex im-
munofluorescence staining further validated these findings, demonstrating CXCL13 expression in the RB
and adjacent PA regions without accompanying CD20+ B cell accumulation (Figure 3.19c). Notably, the
fluorescence intensity of CXCL13 and the presence of B-cell aggregates in the RB were significantly lower
than those observed in inducible bronchus-associated lymphoid tissue (iBALT) regions (Figure 3.19d).

These observations suggest a unique, localized expression of CXCL13 in the RB and adjacent PA
regions, independent of significant B cell infiltration. Further research is warranted to elucidate the
functional implications of CXCL13 expression in these specific lung regions and its potential role in

maintaining pulmonary homeostasis or contributing to disease pathogenesis.

The enrichment of COL10A1 in the RB was validated through imaging studies (Figure 3.20). COL10A1
encodes a non-fibrillar collagen primarily expressed in the extracellular matrix and is known for its crit-
ical role in cartilage development and bone growth. It is especially prominent in hypertrophic chon-
drocytes during the process of endochondral ossification [121]. In oncology, COL10A1 plays a critical
role in lung cancer, its overexpression has been found in various tumor types and is associated with poor

prognosis [122]. In lung squamous cell carcinoma, cancer-associated fibroblasts secrete COL10A1, which
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facilitates tumor cell proliferation and reduces apoptosis by mediating oxidative stress responses via epi-
genetic modifications [123]. Despite decades of research, the physiological functional role of COL10A1

in the lung is still not well understood.
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Figure 3.20: COL10A1 is highly abundant in the respiratory bronchioles of healthy lungs. a: MS intensity
values [log2] of COL10A1 in all profiled samples by ROI. b: Multiplexed IF co-staining of E-Cad, COL10A1 and
PDPN of a control distal lung. c: Representative images of a terminal bronchiole (red box) and a respiratory
bronchiole (orange box). d: Light sheet microscopy of a control distal lung, stained by COL10A1 and PDPN in 3D
(left) and 2D (right). Image credit to Lin Yang, PhD.

Multiplexed immunofluorescence imaging revealed that COL10A1 consistently underlines the RB ep-
ithelium (Figure 3.20a, b), whereas its deposition is more heterogeneous in the TB region (Figure 3.20a,
b, left panel). Further insights from 3D light sheet microscopy demonstrated that COL10A1 extends
through the bronchial wall in elongated stripes (Figure 3.20d, upper panel) and accumulates beneath
the epithelium at the distal ends of the small airways—the respiratory bronchioles (Figure 3.20d, lower
panel). Collectively, these imaging results suggest that collagen X is an integral component of the struc-

tural scaffold in human bronchioles.
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3.3 Spatially resolved niche proteomics of the healthy distal lung

Figure 3.21 (previous page): LCM-MS portraits the spatial proteome landscape of the human distal air-
way. a-b: Volcano plot shows the differential protein abundance in the RB vs. Alveoli a) and TB vs. RB b).
The differential analysis was performed using the R package DEP (algorithm based on the widely-used package
limma), significantly expressed proteins are marked in black (alpha < 0.1, Ifc > 0.7). ¢: Scatter plot shows the
relative protein abundance in the distal airway by comparing the differential expression results (in panel a and b)
of Alveoli vs. RB against TB vs. RB. Blue dots: proteins significantly expressed in Alveoli vs. RB; orange dots:
proteins significantly expressed in TB vs. RB; green dots: proteins significant in both comparisons (alpha < 0.1,
Ifc > 0.7). d: The relative protein abundance of all matrisome proteins identified in the distal airway. Highlighted
are all significant proteins in at least one comparison. (alpha < 0.1, Ifc > 0.7). e: Cell type deconvolution analysis
in the distal airway using 2D enrichment function in the Perseus software (spatial cell identity, FDR < 0.1). For
this calculation, top 100 cell type marker gene list from HLCA 1.0 [115] and distal stem cell markers from Murthy
et al. (2022) was used. f: Pathway enrichment analysis in the distal airway using 2D enrichment function in the
Perseus software (FDR < 0.1). Selected pathways are highlighted.

Subsequently, I inquired as to the spatial organization of the proteins within the distal lung airways
and vascular networks. The results are shown in Figure 3.21 and 3.22.

To spatially map protein abundance in the distal airway, differential expression analysis was first per-
formed for RB vs. alveoli (Figure 3.21a) and TB vs. RB (Figure 3.21b). The log fold change values from
these two comparisons were then integrated to visualize the relative spatial distribution. Proteins that
were significantly differentially expressed in both pairwise comparisons are highlighted in the combined
plot (Figure 3.21c).

Among all proteins profoundly enriched at TB (upper left quadrant), the majority of proteins are
linked structural and functionally to primary or motile cilia - e.g. CROCC2 (Ciliary rootlet coiled-
coil protein 2 [124]), ERICH3 (Glutamate-rich protein 3, [125]), TEKT2 (Tektin-2 [126]) and proteins
associated with sperm/spermatogenesis like SPAG6 (Sperm-associated antigen 6 [127]) and SPATA6
(Spermatogenesis-associated protein 6 [128, 129]. For the RB (lower left quadrant), NKX2-1 is the lung ep-
ithelial differentiation master regulator [130, 131], CXCL13 and ITCH (E3 ubiquitin-protein ligase Itchy
homolog) are both linked to immune regulation and homeostasis in the lung [132, 133], FABP5(Fatty acid-
binding protein 5 [134, 135] and AADAC(Arylacetamide deacetylase [136]) participate lipid metabolism,
and SNED1 (Sushi, Nidogen, and EGF-like Domain-containing 1) contributes to ECM organization [137].
Many of the proteins highly enriched in the alveoli (lower right quadrant) are commonly used as cellular
markers, such as AGER (Advanced Glycation End-Products Receptor, AT1 marker), PRX (Periaxin, capil-
lary marker), PECAM1(Platelet Endothelial Cell Adhesion Molecule 1, endothelial marker), CDH5 (Cad-
herin 5, VE-Cadherin, endothelial marker) and ACE (Angiotensin-Converting Enzyme, both endothelial
and AT1 marker) (Figure 3.21c) [138, 139, 140, 141, 142].

Figure 3.21d further illustrates the spatial zonation of matrisome proteins in the distal airway. For
example, MUC5B and WNT7B are enriched in the TB, COL10A1, CXCL13 and SFTPB are enriched at
the RB, and basement membrane proteins such as COL4A2 (Collagen Type IV Alpha 2 Chain), COL4A4
(Collagen Type IV Alpha 2 Chain) and LAMC1 (Laminin Subunit Gamma 1) are enriched in the alveoli.

Enrichment analysis of HLCA and novel distal stem cell markers revealed cellular abundance in a
spatial manner (Figure 3.21e, FDR < 0.1). Various airway epithelial cells such as multiciliated cells, club
cells, goblet cells and basal cells are enriched at TB (upper left quadrant); alveolar components such as
AT1, AT2 and capillary markers are enriched in the alveolar region (lower right quadrant). Among the
novel distal stem cells, TRB-SC and ATO0 are both enriched at the distal end, with AT0 appearing to be

56



3.3 Spatially resolved niche proteomics of the healthy distal lung

more specific to the alveolar region in comparison, consistent with the authors’ description in Murthy
et al. (2022). In addition, a rich mixture of immune cells is enriched in the alveoli, including alveo-
lar macrophages, interstitial macrophages, monocytes, CD4 and CD8 T cells, B cells, dendritic cells,
and natural killer (NK) cells. The results of the pathway enrichment analysis highlighted the immune
regulatory functions of the alveolar region - pathways such as antigen processing and presentation,
macrophage activation, chemotaxis and natural killer cell-mediated cytotoxicity are all significantly en-
riched (Figure 3.21f, FDR < 0.1). With respect to TB, most pathways are related to cilia (Figure 3.21f),
consistent with the findings in proteins (Figure 3.21c). In summary, these findings mapped protein
abundance across the distal airway, highlighting distinct spatial distributions linked to structural and

functional roles in TB, RB and alveoli.

Protein abundance in the distal vascular network - RB-accompanying PA (hereafter referred to as
PA-RB), MV, and PV - was profiled in a similar manner. First, a pairwise differential abundance analysis
was performed for MV vs. PA-RB and MV vs. PV (Figure 3.22a, b, respectively). The results of the pair-
wise comparisons were then combined to map the relative spatial abundance of the profiled proteins.
Figure 3.22c shows the spatial abundance of the profiled vascular proteome, and the proteins signifi-
cantly expressed in both comparisons are highlighted. In summary, the MV region shows a higher level
of both protein diversity and abundance compared to the PA-RB and PV regions, while the PV region
generally shows low protein abundance, as previously described in Figure 3.18a. Some of the proteins
highly enriched in the Alveoli region are also seen in the MV region, such as PRX, LAMA3, COL4A4,
CA4 (Carbonic anhydrase 4), and CLIC5 (Chloride intracellular channel 5) (lower left quadrant). Com-
pared to the MV region, the PA-RB and PV proteomes show more similarities than differences - for
example, proteins involved in cytoskeletal organization such as LDB3 (LIM Domain Binding 3), SYNPO2
(Synaptopodin 2), SLMAP (Sarcolemmal Membrane-Associated Protein) [143, 144, 145, 146, 147], and
proteins associated with smooth muscle function such as CNN1 (Calponin 1) and TAGLN (Transgelin)
[148, 149, 150, 151] are enriched in both PA-RB and PV (upper right quadrant) . In addition, CCL21 (C-C
motif chemokine 21) and MFGE8 (Milk Fat Globule-Epidermal Growth Factor 8) are also more abundant
in these regions, highlighting the immunomodulatory function of small pulmonary vessels [152, 153].
ITIH5 (Inter-Alpha-Trypsin Inhibitor Heavy Chain 5), LGI4 (Leucine-Rich Glioma Inactivated 4), and
ATF1L (Allograft Inflammatory Factor 1-Like) are specifically enriched in the PA-RB region (upper left
quadrant), and EDRF1 (Erythroid Differentiation-Related Factor 1) is enriched in the PV region (lower
right quadrant).

The observed proximal-distal differences in the vascular system are further corroborated by enrichment-
based cell type deconvolution and pathway analyses (Figure 3.22e, f). Specifically, markers for AT1 and
AT?2 cells, capillary endothelial cells, monocytes, and NK cells are enriched in the MV region (lower
left quadrant of Figure 3.22e). In contrast, markers for various fibroblast subtypes, pericytes, and
smooth muscle cells are predominantly found in the PA-RB and PV regions (upper right quadrant of
Figure 3.22e).

Pathway analysis aligns with these findings: the MV region shows enrichment for pathways related
to the laminin complex, MHC protein complex, and regulation of leukocyte-mediated immunity (lower
left quadrant of Figure 3.22f). Conversely, the PA-RB and PV regions are enriched for pathways associ-
ated with stress fibers, sarcomeres, and contractile fibers (upper right quadrant of Figure 3.22f). These

results are consistent with the spatial protein abundance mapping presented in Figure 3.22c.
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3.3 Spatially resolved niche proteomics of the healthy distal lung

Figure 3.22 (previous page): LCM-MS portraits the spatial proteome landscape of the distal pulmonary
circulation. a-b: Volcano plot shows the differential protein abundance in the MV vs. PA-RB a) and MV vs. PV
b). The differential analysis was performed using the R package DEP (algorithm based on the widely-used package
limma), significantly expressed proteins are marked in black (alpha < 0.1, Ifc > 0.7). c¢: Scatter plot shows the
relative protein abundance in the distal pulmonary circulation by comparing the differential expression results (in
panel a and b) of PA-RB vs. MV against PV vs. MV. Blue dots: proteins significantly expressed in PV vs. MV; or-
ange dots: proteins significantly expressed in PA-RB vs. MV; green dots: proteins significant in both comparisons
(alpha < 0.1, Ifc > 0.7). d: The relative protein abundance of all matrisome proteins identified in the distal airway.
Highlighted are all significant proteins in at least one comparison. (alpha < 0.1, Ifc > 0.7). e: Cell type deconvo-
lution analysis in the distal pulmonary circulation using 2D enrichment function in the Perseus software (spatial
cell identity, FDR < 0.1). For this calculation, top 100 cell type marker gene list from HLCA 1.0 [115] and distal
stem cell markers from Murthy et al. (2022) was used. f: Pathway enrichment analysis in the distal pulmonary

circulation using 2D enrichment function in the Perseus software (FDR < 0.1). Selected pathways are highlighted.

Subsequently, I conducted pairwise comparisons between anatomically adjacent regions: MV and
Alveoli, and PA accompanying TB (hereafter referred to as PA-TB) and RB. The results of these analyses
are presented in Figure 3.23.

The comparison between the MV and alveolar regions underscores their distinct functional profiles.
In the MV, there is a notable abundance of smooth muscle-related proteins, including CNN1, TAGLN and
MUSTNI1 (musculoskeletal embryonic nuclear protein 1) [148, 149, 150, 151, 154]. Additionally, extra-
cellular matrix (ECM) components such as FBLN2 (fibulin-2) and desmin are prevalent (Figure 3.23a).
Pathway analyses further reveal that the MV region is enriched in complement and coagulation cascades,
as well as various matrisome categories, including proteoglycans, ECM glycoproteins, and secreted fac-
tors. In contrast, the alveolar region exhibits a prominence of immunoregulatory pathways and those
related to glucose and lipid metabolism (Figure 3.23b).

As for the comparison between PA-TB and PA-RB, both the differential abundance analysis in Fig-
ure 3.23c and the pathway enrichment analysis in Figure 3.23d suggest that the PA-RB region has
higher protein abundance and more physiological functions than PA-TB. These results indicate that the
PA-RB is likely to be not only the anatomical and structural transition between larger pulmonary arteries
and microvessels/capillaries, but also balance the functionality of immune regulation and metabolism in

the alveoli and the tubing of blood flow between different regions.
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Figure 3.23: Differential analysis of the spatially resolved LCM-MS proteomics reveals further regional-
specific protein disposition. a: Volcano plots show the differential protein abundance in the MV vs. alveoli. b:
Pathway and cell type enrichment analysis based on MV vs. alveoli differential abundance. The displayed terms
are selected from all significantly enriched terms. c: Volcano plots show the differential protein abundance in
PA-TB vs. PA-RB. d: Pathway and cell type enrichment analysis based on PA-TB vs. PA-RB differential abundance.
The differential analysis was performed using the R package DEP (algorithm based on the widely-used package
limma), significantly expressed proteins are marked in black (alpha < 0.1, Ifc > 0.7). The pathway enrichment
analysis was performed using Perseus “1D Enrichment” function, all proteins were annotated with GO-BP, GO-
MF, KEGG, cell type marker genes and the matrisome databases. Only significantly enriched terms are plotted
(FDR < 0.05, intersection size > 4).
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3.3 Spatially resolved niche proteomics of the healthy distal lung

3.3.3 Profiling proteomics landscape of the distal human airway tree.

In Murthy et al. (2022), the authors detailed how novel airway and alveolar epithelial progenitor cells are
arranged spatially in the healthy distal lung, as well as how they interact with surrounding mesenchymal
cells (Figure 3.24b). To construct this map, the authors conducted surgical microdissection of healthy
distal airway samples, segregated the airways based on their physical diameters (Figure 3.24a), and
then analyzed the cellular composition of each region using single-cell RNA sequencing (scRNA-seq).
As a complementary effort to this study, we profiled samples collected in the same manner, aiming
to understand the spatial organization and the functional compartmentalization of the distal airway pro-

teins. Results of the spatial profiling of the airway proteomics are presented in this and next section.
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Figure 3.24: Experimental sampling method for bulk proteomics of the distal human airway tree. a:
Representation photo of manually dissected distal human airway. The distal airway tree was segregated according
to its physical diameter. The dissection was performed in the same manner as in Murthy et al. (2022). Samples
and figure panel were kindly provided by Prof. Aleksandra Tata and Prof. Purushothama Rao Tata from Duke
University, USA. b: Schematic illustration of the novel distal stem cells and their locations identified in Murthy et al.
(2022) [116]. Figure reprinted from "Human distal lung maps and lineage hierarchies reveal a bipotent progenitor.”
by Kadur Lakshminarasimha Murthy, P., et al. (2022), Nature, 604.7904, 111-119. © 2022 Nature Publishing Group.

Reprinted with permission.

First, the general protein composition of the airway sections was compared. In summary, the more
proximal sections (A4 and A5) exhibited higher numbers of identified proteins (5212 and 5207 proteins,
respectively) and matrisome proteins (336 and 329 matrisome proteins, respectively) compared to the
more distal sections (A1-A3), which had between 4,762 and 4,833 total proteins and between 300 and
309 matrisome proteins (Figure 3.25a). Interestingly, despite differences in matrisome protein quantity,
all airway sections demonstrated highly similar matrisome composition ratios, with approximately 11%
collagens, 17% ECM-affiliated proteins, 27% ECM glycoproteins, 25% ECM regulators, 4.6% proteogly-
cans, and 14.5% secreted factors (Figure 3.25b).

In the PCA plot, the profiled samples clustered distinctly according to their physical diameters, with
the proximal-distal variation explaining 48.4% of the total variance (Figure 3.25c). The PCA loading plot
revealed key proteins driving this variation: proximal airway sections showed enrichment of several
collagen types, including COL9A1, COL9A2, COL15A1, COL14A1, COL4A6, COL2A1, and COL1A1. In

contrast, distal airway sections exhibited enrichment of basement membrane proteins such as COL4A4,
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3.3 Spatially resolved niche proteomics of the healthy distal lung

LAMC2, and LAMA3 (Figure 3.25d). Enrichment-based cell type deconvolution analysis, referencing
the Human Lung Cell Atlas (HLCA), revealed a clear gradient of cellular markers along the airway axis.
Capillary endothelial cells, AT1, AT2, monocytes, NK cells, and alveolar macrophage markers were pre-
dominantly enriched in alveolar regions (A1). Moving proximally, airway epithelial cell markers—such
as those for basal, goblet, and club cells—became increasingly enriched, peaking in the most proximal
section (A5). Multiciliated cells, fibromyocytes, and myofibroblast markers were particularly enriched in
intermediate sections (A3 and A4), while adventitial fibroblast and peribronchial fibroblast markers were
notably enriched in the proximal sections (A4 and A5) (Figure 3.25e). Regarding the novel distal stem
cell populations, AT0 and TRB-SC markers were enriched in A1, whereas Distal-BC-1 and -2 markers
were primarily enriched in A4 and A5, aligning well with previous observations by Murthy et al. (2022)
(shown in Figure 3.24b).
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Figure 3.25: Spatially-resolved bulk proteomics reveals protein zonation of the distal human airway
tree. a: Numbers of identified total protein (left panel) and matrisome protein (right panel) per ROIL b: Compo-
sitional analysis of the ECM proteins in each ROL ¢: Principal component analysis (PCA) of the airway samples
profiled by bulk proteomics (top 200 features in ANOVA). d: Protein feature loadings of the PCA. e: Cell type
deconvolution analysis of the bulk proteomics data using cell type markers from the Human Lung Cell Atlas [115]
and novel distal stem cell markers from Murthy et al. (2022). Al to A5: bulk distal airway regions annotated the
same as in Figure 3.24. A1: the alveolar region, the most distal region profiled; A5: airways with ca. 3mm diameter,
the most proximal region profiled.

To identify proteins exhibiting a proximal-to-distal gradient in abundance along the distal airway
tree, I employed a linear mixed model (LMM) for the analysis. This approach accounted for the random
effects associated with individual donors and addressed multiple testing problems. Proteins were deemed
to have a significant proximal-distal gradient if they met two criteria: an absolute coeflicient value ex-

ceeding 0.5 and a p-value less than 0.05. The findings from this analysis are presented in Figure 3.26.
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Figure 3.26: Spatially-resolved bulk proteomics reveals proteins with proximal-distal gradient along
the distal airway tree. a: Left panel: Heatmap of airway proteins exhibit a proximal-distal gradient identified
via linear mixed model, —coefficient— > 0.5, p < 0.05. Right panel: Profile plots of proteins in the 3 main clusters
from the left panel heatmap. b: Raw intensity values of 6 representative proteins selected from the main clusters,
respectively. ¢: The complete heatmap of airway proteins with a proximal-distal gradient in panel a). d: Heatmap
of enriched pathways from the 3 main clusters in panel a), FDR < 0.1. e: Heatmap of all matrisome proteins with
significant proximal-distal gradient from panel a). The color bars indicate the matrisome categories annotated in
Naba et al. (2022) [117].

A total of 140 proteins exhibited a significant proximal-distal gradient, as identified by the LMM anal-
ysis (see Figure 3.26¢ for a complete list). Unsupervised hierarchical clustering grouped these proteins
into three distinct clusters, labeled in orange, green, and blue in Figure 3.26a. Profile plots illustrating
the abundance of all proteins within each cluster, along with representative proteins from each clus-
ter, are shown alongside the heatmap and hierarchical clustering results (Figure 3.26a, right panel and
Figure 3.26b, respectively). The orange cluster (top portion of Figure 3.26a) represents proteins with
decreasing abundance from distal to proximal airway sections, exemplified by CEACAM6 and AGER.

The green cluster shows the reverse pattern, with protein abundance steadily increasing from distal
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3.3 Spatially resolved niche proteomics of the healthy distal lung

to proximal regions; representative proteins in this group include MUC5B and S100B. The blue cluster
is characterized by low protein abundance in alveolar regions, followed by a sharp increase in the A2
and A3 sections and stabilization in the more proximal A4 and A5 regions, as illustrated by KRT5 and
COL15A1 (Figure 3.26b).

Pathway enrichment analysis showed that the proteins in these clusters share many enriched terms
as Alveoli and TB (shown in Figure 3.21f), for example, the orange cluster is enriched for Alveolar
lamellar body, Antigen binding, and MHC protein complex; and the blue cluster is enriched for Muscle
protein, Stress fiber, and Polymeric cytoskeletal fiber. In addition, the green cluster is enriched for Cell
aggregation, Cartilage condensation and Protein digestion and absorption (Figure 3.26d). Figure 3.26e
highlights all matrisome proteins with a proximal-distal gradient, where proteins highly abundant in the
proximal side are mostly core matrisome proteins. The presence of multiple collagen subtypes suggests

that the lung ECM scaffold is spatially organized and functionally specialized in local niches.

The results above indicate similarities in proteomic composition between airway segments A2 and
A3, as well as between A4 and A5. Consequently, for subsequent analyses, segments A2 and A3 are
grouped as the 'distal’ region, while A4 and A5 are grouped as the ’proximal’ region of the distal airway
tree. The proteomic composition and associated physiological functions were then compared between
alveolar sections (A1) and the distal airway, as well as between distal and proximal sections. These
comparisons are presented in Figure 3.27.

Figure 3.27a presents a volcano plot illustrating differences in protein abundance between the dis-
tal airway sections and alveoli. Notably, DAPK1 (Death-Associated Protein Kinase 1), VSIG2 (V-Set and
Immunoglobulin Domain Containing 2) and C2 (Complement Component 2) merged as the most sig-
nificantly enriched proteins in the alveolar region. DAPK1 mediates apoptosis and autophagy; it is a
key regulator of programmed cell death [155, 156]. Both VSIG2 and C2 are involved in immune mod-
ulation [157, 158]. Many proteins upregulated in the distal sections are typical cellular markers, such
as KRT5 (basal cells, [109]), KRT17 (basal cells, basaloids, [39]), MZB1 (plasma cells, [159, 160]), and
COL15A1 (systemic venous endothelial cells, [19]) (Figure 3.27a). Functionally, pathways related to gas
transport and immune regulation are highly enriched in alveoli (Figure 3.27b, orange bars), while the
top pathways enriched in distal sections are related to cilia, collagen organization and ATP synthesis
(Figure 3.27b, purple bars).

The volcano plot shown in Figure 3.27c indicates that a greater number of proteins are signifi-
cantly upregulated in the proximal sections, suggesting an overall higher protein abundance proximally.
Among the upregulated proteins on the distal side, ICAM1 (Intercellular Adhesion Molecule 1, facil-
itates leukocyte adhesion and migration [161]) and BST2 (Bone Marrow Stromal Antigen 2, inhibits
viral budding and regulates virus-related T cell response [162]) highlight the immunomodulatory func-
tion in the distal end of the small airways. This observation is further supported by the enrichment of
immune-related pathways in distal airway regions, such as MHC class II receptor activity, toll-like re-
ceptor 4 signaling pathway, and intestinal immune network for IgA production (Figure 3.27d, purple
bars). Conversely, all three subunits of collagen type IX, namely COL9A1, COL9A2 and COL9A3 are up-
regulated (Figure 3.27c). Collagen type IX is a non-fibrillar collagen that is essential for the structural
integrity of the ECM by interacting with fibrillar collagen to provide mechanical stability and flexibil-
ity [163]), it is likely to be enriched at the proximal sections to provide biomechanical resistance of the

airway wall. Functionally, pathways predominantly enriched in proximal airway sections are related
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to metabolic processes, including nucleotide-sugar biosynthesis, amino sugar biosynthesis, vitamin B6

metabolism, and the metabolism of xenobiotics by cytochrome P450 enzymes (Figure 3.27d, green bars).
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Figure 3.27: Pairwise differential analysis of the spatially-resolved bulk proteomics (1), section groups.
a, c¢: Volcano plots show the differential protein abundance in Distal vs. Alveoli (a), Proximal vs. Distal (c). b,
d: Pathway enrichment analysis based on Distal vs. Alveoli (b), Proximal vs. Distal (d) differential abundance.
Displayed terms are selected from the top 20 significantly enriched pathways (FDR < 0.05, intersection size >
4); functionally redundant terms were excluded. Enrichment analysis was performed in Perseus using the '1D

Enrichment’ function with GO-BP, GO-MF, KEGG, cell type markers, and matrisome annotations.

In order to obtain a more profound understanding of the characteristics of the profiled airway sec-
tions, a pairwise comparison of A2 vs. A1, A3 vs. A2, and A5 vs. A4 was also performed. The results of
this comparison are presented in Figure 3.28.

The volcano plot of A2 vs. Al (Figure 3.28a) is similar to distal vs. alveoli (Figure 3.27a). Inter-
estingly, while the pathway enrichment analysis in A2 (depicted in Figure 3.28b, purple bars) is also
similar to in distal sections, the pathway enrichment in A1 further depicts the immune-related functions
in details, such as positive regulation of leukocyte degranulation, pyroptosis (alveolar macrophages py-
roptosis is a major mechanism for immune defense against pathogens like bacteria and viruses, reviewed

in [164]) and cellular response to lipopolysaccharide (Figure 3.28b, orange bars).
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Figure 3.28: Pairwise differential analysis of the spatially-resolved bulk proteomics (2), airway sections.
a, ¢, e: Volcano plots of differential protein abundance for A2 vs. A1 (a), A3 vs. A2 (c), and A5 vs. A4 (e). b, d, f:
Corresponding pathway enrichment analyses (b, d, ). Displayed terms are selected from the top 20 significantly

enriched pathways (FDR < 0.05, intersection size > 4); functionally redundant terms were excluded. Enrichment

analysis was performed in Perseus using the 1D Enrichment’ function with GO-BP, GO-MF, KEGG, cell type

markers, and matrisome
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3.3 Spatially resolved niche proteomics of the healthy distal lung

In the comparison between A3 and A2, KDR (Kinase Insert Domain Receptor, also known as VEGFR-
2, promotes angiogenesis [165, 166]) is highly upregulated in the A2 section (Figure 3.28c), which is
consistent with the enrichment of positive regulation of the endothelial cell proliferation pathway in the
pathway enrichment analysis (Figure 3.28d); while the upregulation of CEP164 (Centrosomal Protein
164, a centrosomal protein involved in primary cilia formation [167]) in A3 is consistent with cilia-related
pathway enrichments in Figure 3.28d (green bars). Interestingly, most of the pathways enriched in A2
(Figure 3.28d, purple bars) are immunoregulatory, such as regulation of positive chemotaxis, antigen
processing and presentation of endogenous antigen, and cytokine-cytokine receptor interaction. This
pattern of pathway functionality enrichment is very similar to A2 vs. Al in Figure 3.28b.

As for the pairwise comparison between A4 and A5, although OFD1 (Oral-Facial-Digital Syndrome 1
Protein, indirectly involved in ciliogenesis [168]) is upregulated in A5 section (Figure 3.28e), cilia-related
pathways are no longer appearing in the enrichment analysis as in previous comparisons. In contrast, the
p53 signaling pathway is specifically highly enriched in A5 (Figure 3.28f, green bar). Previous studies
have shown how p53 signaling can regulate airway epithelial homeostasis by directly regulating cellular
proliferation and differentiation of airway progenitor cells [169, 170, 171], and this analysis reemphasizes
the central role of p53 signaling in maintaining small airway homeostasis.

In summary, these pairwise comparisons suggest that from Al to A3, the more distal ends carry
more immune regulatory functions in effector cells such as alveolar macrophages and T cells, while cil-
iated cells are more enriched at the more proximal ends, consistent with the cell type deconvolution
result in Figure 3.25e. A4 and A5 are similar in function and ciliation; in these sections, general cellular
metabolism is more active, and their proliferation and differentiation are likely tightly regulated by the

p53 signaling pathway:.

67



3.3 Spatially resolved niche proteomics of the healthy distal lung

3.3.4 Cross-method comparison of bulk and LCM-MS proteomics results

In this thesis, I profiled the distal airway proteome landscape using two spatial approaches: the LCM-MS
method, which provides precise anatomical annotation, and the bulk method, which offers a physical 3D
allocation. These complementary methods combine fine spatial resolution with broader structural con-
text. Comparing the results of these two spatial approaches offers deeper insights into the organization
of the distal airway proteome.

Cross-validation ensures reliability by identifying shared proteins and spatial patterns, confirming
their biological relevance while minimizing method-specific biases. This process builds confidence in
the findings, providing a solid foundation for interpreting spatial protein organization and advancing
translational research, including functional studies, biomarker discovery, and therapeutic development.
Proteins consistently detected across methods can be highlighted as high-priority targets for further
investigation. In addition, robust comparisons improve the credibility and reproducibility of the data,
strengthening the overall impact of the study. The following section presents the results of the cross-

method comparison.
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Figure 3.29: Correlogram of the airways profiled by bulk and LCM-MS spatial proteomics. The correlation

matrix is calculated and visualized according to the method described in Friendly et al. (2002) and Wei et al. (2024)
[172, 173].

A correlation matrix comparing the proteomic profiles from bulk and LCM-MS airway sections is vi-
sualized as a correlogram in Figure 3.29. All profiled airway sections exhibit broadly similar proteomic
signatures, indicated by correlation coefficients greater than 0.5. However, the data reflect a technical
batch effect arising from differences in profiling methods and separate mass spectrometry runs, as de-
scribed in detail in the Methods section. Specifically, correlation coefficients between samples profiled
using the same method were consistently higher compared to correlations between methods. Consistent
with previous observations, pairs of anatomically adjacent sections—namely A2 and A3, A4 and A5, and
RB and TB—showed the highest similarities. Across methods, alveolar regions correlated strongly with
the A1 section, and RB correlated strongly with the A2 section. However, it remains inconclusive which
specific airway section the TB region most closely resembles, as correlation coefficients between TB and

sections A3, A4, and A5 were comparable.

To integrate results from the two profiling methods and to construct a comprehensive proteomic

map of the distal airway, the bulk proteomic correlation coefficients were directly compared with the
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3.3 Spatially resolved niche proteomics of the healthy distal lung

differential protein abundances derived from LCM-MS in the subsequent analysis.

Figure 3.30 and 3.31 illustrate comparisons between the bulk airway proteome and region-specific
LCM-MS analyses: Figure 3.30 shows the comparison between bulk airway data and RB vs. alveoli LCM-
MS results, while Figure 3.31 compares the bulk airway proteome with TB vs. RB. Proteins displaying
high correlation coefficients typically exhibited greater abundance in the RB region, whereas those with
lower correlation values were more enriched in alveolar areas (Figure 3.30a). Similarly, matrisome
proteins predominantly enriched in alveoli generally had negative correlation coefficients, while those
abundant in the RB displayed positive coefficients (Figure 3.30b). This pattern is also evident when
comparing bulk airway proteome data with TB vs. RB LCM-MS analysis (Figure 3.31a, b).
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Figure 3.30: Cross comparison of bulk airway coefficient and LCM-MS RB vs. Alveoli. a-b: Scatter plot
shows the relative protein abundance in the distal airway by comparing the coefficient of the bulk airway linear
mixed model against differential expression results of RB vs. Alveoli, in a) full proteome, and b) matrisome proteins.
Blue dots: proteins with coefficient < 0.5; purple dots: proteins with coefficient > 0.5, black dots: proteins with
logFC RB vs. Alveoli < -1 or > 1. c: Cell type deconvolution analysis (FDR < 0.2) and d: pathway enrichment
analysis (FDR < 0.1) based on the bulk protein coefficients and differential analysis of RB vs. Alveoli LCM proteome.
Both enrichment analyses were performed in the Perseus software using the 2D enrichment” function. Blue

colored terms: enriched at the distal end of the airway (alveoli). Purple terms: enriched at the proximal end of the
profiled airway.

Two-dimensional enrichment analysis of cell-type markers revealed spatially distinct cellular com-

positions along the airway. Distal regions showed enrichment in alveolar epithelial cell markers (AT1,
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3.3 Spatially resolved niche proteomics of the healthy distal lung

AT2, ATO0), capillary endothelial cells, and immune effector populations including alveolar macrophages,
CD4+/CD8+ T cells, and natural killer cell markers. Conversely, proximal regions were enriched with
structural and progenitor cells, such as smooth muscle cells, various fibroblast populations, basal cells,
Hillock-like cells, and plasma cells (Figure 3.30c and 3.31c). Pathway enrichment analysis further
highlighted functional distinctions: distal airway regions predominantly support gas exchange, immune
surveillance, and immune activation pathways. In contrast, proximal regions are more focused on tissue
structure maintenance, enriched with metabolic and biosynthetic processes, DNA damage repair, and
RNA processing pathways (Figure 3.30d and 3.31d).
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Figure 3.31: Cross comparison of bulk airway coefficient and LCM-MS TB vs. RB. a-b: Scatter plot shows
the relative protein abundance in the distal airway by comparing the coefficient of the bulk airway linear mixed
model against differential expression results of TB vs. RB, in a) full proteome, and b) matrisome proteins. Blue
dots: proteins with coefficient < 0.5; purple dots: proteins with coefficient > 0.5, black dots: proteins with logFC
TB vs. RB < -1 or > 1. c¢: Cell type deconvolution analysis (FDR < 0.2) and d: pathway enrichment analysis
(FDR < 0.2) based on the bulk protein coefficients and differential analysis of TB vs. RB LCM proteome. Both
enrichment analyses were performed in the Perseus software using the 2D enrichment” function. Blue colored
terms: enriched at the distal end of the airway (alveoli). Purple terms: enriched at the proximal end of the profiled
airway.

Interestingly, goblet cell markers BPIFB1 and MUC5B showed no differential abundance between RB
and alveolar proteomes (Figure 3.30a, dark purple dots along the y-axis), while both proteins shifted
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3.3 Spatially resolved niche proteomics of the healthy distal lung

distinctly to the upper-right quadrant when comparing TB and RB proteomes (Figure 3.31a), indicating
their specific enrichment within TB and more proximal airway sections. This observation aligns well
with the cell-type deconvolution analysis (Figure 3.18d and 3.31c), which also demonstrated selective
enrichment of goblet cell markers in the TB region. Additionally, both goblet and club cell markers
showed similar enrichment patterns, suggesting that these cell populations are predominantly localized

to the TB and more proximal airways, but rather rare in the RB.

The proteins IRAG1 (Inositol 1,4,5-triphosphate receptor-associated 1), ALDH3A1 (Aldehyde dehy-
drogenase family 3 member A1), SYNPO2, ADSL (Adenylosuccinate lyase), and ASPN (Asporin), high-
lighted as dark purple dots in Figure 3.31a and b, exhibited similar abundances in TB and RB regions.
However, these proteins also displayed high correlation coefficients and clustered within the blue group
in Figure 3.26¢, where protein abundance showed a rapid increase in the proximal side of the distal
airway. This discrepancy may arise from two potential factors: (1) technical bias introduced by differ-
ences in the analytical methods used (bulk versus LCM-MS), or (2) genuinely higher protein abundance
localized specifically to more proximal airway segments (A4 and A5 sections), which were captured in

the bulk airway analysis but not in the TB samples.

In summary, the integration of bulk and LCM-MS proteomic data provided complementary insights
into the spatial protein landscape of the distal airways. While bulk proteomics offered a comprehensive
view highlighting global protein gradients across proximal-distal airway segments, the LCM-MS data
pinpointed localized proteomic signatures within distinct anatomical regions. The results of protein
abundance analysis, cell type deconvolution and pathway enrichment analyses all revealed consistent
observations from these two complementary profiling methods, despite certain proteins (e.g., ALDH3A1
and ASPN) showed discrepancies between datasets, potentially reflecting either methodological biases
or the elevated abundance in more proximal airway segments beyond the scope of LCM-MS sampling.
Collectively, these analyses illustrate the strength of combining bulk and spatially resolved proteomics

to create a detailed and accurate map of distal airway composition and function.
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3.4 LCM-MS based spatial proteomics captures proteomics changes specific to COPD

disease progression
3.4.1 Introduction and study design

In this study, we characterized spatially resolved proteomic niche signatures across different stages of
COPD, guided by histopathological patterns. This cohort included 4 non-smoking controls, 2 smoking
controls, 5 patients with COPD GOLD stage II, and 5 patients with COPD GOLD stage IV. The control
samples were identical to those utilized previously in the healthy LCM-MS study detailed in section 3.3.2.
The controls and GOLD stage II patients were individuals undergoing lung cancer surgery, while GOLD
stage IV samples were obtained from patients undergoing lung transplantation due to end-stage COPD.

A summary of patient clinical metadata is presented in Table 6.

Table 6: Overview of the clinical metadata of all patients in the COPD spatial proteomics study.

Group | Smoking Lung function Lung function | Sex Age
history FEV1 FEV1/FVC (year,
(mean =+ sd) (mean =+ sd) mean = sd)
Control | yes:n=2; 111.5% + 24.02% 86.06% + 6.16% | female: n = 4; 72.5 + 7.66
(n=6) | no:n=4 male: n = 2
COoPD yes: n = 3; 62.75% + 5.56% 65.2% + 6.69% female: n = 2; 62.6 +£ 11.41
GOLD no:n-=1; male:n=3
stageIl | N/A:n=1
(n = 5)
COPD yes: n = 5; 14% + 0.82% 36% + 3.74% female: n = 0; 58.8 +£3.03
GOLD |no:n=0 male: n =5
stage IV
(n = 5)

FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity.

Due to the inherent heterogeneity of COPD, correlating proteomic changes with specific cellular
transcriptomic alterations poses considerable challenges. To address this complexity and obtain a more
integrated understanding, we additionally profiled 13 of the 16 samples using single-nucleus RNA se-
quencing (snRNA-seq), a technique compatible with archived tissues. By combining spatially resolved
LCM-MS proteomics with donor-matched snRNA-seq data, we aimed to capture critical molecular and

cellular shifts occurring within instructive tissue niches throughout COPD progression.

Although COPD pathology is highly heterogeneous due to underlying risk factors (e.g., smoking,
aging) and comorbidities (e.g., cardiovascular disease, bronchiectasis), emphysema and small airway
remodeling remain defining features of the disease [45]. As COPD progresses, microscopic signs of sys-
temic inflammation and small airway loss also become increasingly prominent. To capture the spatially
resolved pathological changes associated with disease progression, I designed the LCM-MS experiment

to include region-specific and stage-specific sampling sites (Figure 3.32b).
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Figure 3.32: Concept and study design of characterizing COPD progression with spatial LCM-MS pro-
teomics. a: General concept and study cohort. b: Disease and progression-specific niche ‘layers’ in COPD. Layer
2 includes the ‘physiological’ regions, all ROIs collected in the control samples belong exclusively to this layer.
Layer 3 describes all the regions in layer 2 in the COPD disease context. Layer 4 refers specifically to the changes
in advanced COPD.

Specifically, emphysematous areas were included for COPD patients, with alveolar and MV regions
collected separately and labeled as Alv-EM and MV-EM, respectively, to distinguish them from morpho-
logically normal parenchyma from the same patient. Immune aggregates, when present, were catego-
rized as iBALT (Inducible Bronchus-Associated Lymphoid Tissue) or VALT (Vascular-Associated Lym-
phoid Tissue) based on their anatomical context, while adjacent bronchioles or vessels were labeled
"X-iIBALT/VALT’ to assess whether immune aggregates influence local proteomic signatures (Layer 3,
Figure 3.32b).

In GOLD stage IV patients, where healthy-appearing parenchyma was no longer discernible in H&E
sections, alveoli and MV were sampled from "high-density’ (X-HD) and ’low-density’ (X-LD) emphy-
sematous regions, the latter corresponding to areas of severe tissue destruction as illustrated in Fig-

ure 3.33c (Layer 4, Figure 3.32b). An overview of all regions of interest (ROIs) is provided in Table 7,
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with corresponding H&E images shown in Figure 3.33. In total, 135 spatially annotated samples across

38 ROI categories were collected for mass spectrometry analysis.
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Figure 3.33: Overview of the full COPD LCM-MS spatial proteomics sample cohort. a: Overview of all 6
control patients, H&E stained. b: Overview of all 5 COPD GOLD stage II patients, H&E stained. ¢: Overview of
all 5 COPD GOLD stage IV patients, H&E stained. Scale bar: 2000 ym

As a side note, the recent GOLD 2023 report addressed the ongoing debate surrounding terminology
used to describe disease evolution in the context of lung aging [43]. In this thesis, no distinction is made
between ’early COPD’ (defined as COPD in individuals under 50 years of age) and *'mild COPD’ (charac-
terized by mild airflow obstruction). Since the study design is based on GOLD staging, the terms 'mild
COPD’ and ’GOLD stage II’ will be used interchangeably throughout the following sections.
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Table 7: Overview of all ROIs collected in the COPD spatial proteomics study.

Group Patient TB | RB | Alv/Alv-| MV/MV-| PA/PA- | PV/PV- | iBALT/VALT
EM EM VALT VALT
Control 1 X X x/NA x/NA x/NA x/NA NA
Control 2 X X x/NA x/NA x/NA x/NA NA
Control Control 3 X X x/NA x/NA x/NA x/NA NA
Control 4 X X x/NA x/NA x/NA x/NA NA
Control 5 X X x/NA x/NA x/NA x/NA NA
Control 6 X X x/NA x/NA x/NA x/NA NA
GOLDII 1 X X X/X x/x x/NA x/NA iBALT
coPD | GOLDI2 | x | x x/x x/x x/NA x/NA NA
GOLD GOLD1II 3 X X X/X x/x x/NA x/NA NA
stagell | Gorpma | x | x | NAx | Nax | wNA | xNA VALT
GOLD II 5 X X x/NA x/NA x/NA x/NA NA
GOLD IV 1 x | NA| HD/LD HD/LD x/NA x/NA NA
copp | GOLDIV2 | x | NA| HD/LD | HD/LD x/x x/x VALT
GOLD | GOLDIV3 | x | x | HD/LD | HD/LD X/x x/NA VALT
stagelV | GoLDIV4 |NA| x | HDAD | HDAD | x/x x/NA VALT
GOLDIV5 | x | NA| HD/LD HD/LD x/x X/X VALT

NA: region not present in the selected FFPE section; x: if not specified in the table, x indicates the presence of a

ROI corresponding to the column name.
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3.4.2 General characteristics of the distal lung proteome in COPD

A total of 6,770 proteins, including 418 matrisome proteins, were identified through mass spectrometry
analysis. In the subsequent sections, I will focus primarily on the proteomic changes observed in phys-
iological regions (Layer 2), as these represent the main variables relevant to COPD progression in this

study.
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Figure 3.34: Principal component analysis results of the full COPD LCM-MS spatial proteomics cohort,
per disease stage. a: PCA of all control samples, colored by their physiological regions. ANOVA FDR < 0.05, in
total 713 features. b: PCA of all COPD GOLD II samples, colored by their physiological regions; region names are
specified next to each sample. ANOVA FDR < 0.05, in total 741 features. ¢: PCA of all COPD GOLD IV samples,
colored by their physiological regions; region names are specified in the plot. ANOVA FDR < 0.05, in total 627
features. The ANOVA was performed in Perseus software.

Principal component analysis (PCA) was conducted to assess overall proteomic similarities among
the profiled samples. First, samples within each disease group were compared (Figure 3.34). Across all
groups, samples are loosely clustered by physiological region. In control samples, PC1 (50.1%) separated
airway and vascular regions, while PC2 (13.1%) captured proximal-distal variation (Figure 3.34a). In
contrast, both GOLD stage II and IV samples required PC3 (13% and 12%, respectively) to fully describe
regional variation, with PC1 distinguishing airway from vascular samples and PC3 capturing proxi-

mal-distal differences (Figure 3.34b, c).

To examine how physiological regions change across disease stages, samples were grouped by re-
gion and compared across the three disease groups (Figure 3.35). Most regions — except PA and PV
— clustered distinctly by disease stage, with PC1 and PC2 separating samples by COPD progression
(Figure 3.35a - e). In contrast, PA and PV formed a continuous distribution along PC1 (55.5% and 64.1%
of variance explained, respectively; Figure 3.35f, g), likely reflecting cardiovascular comorbidities com-
monly seen in COPD. Indeed, Mannino et al. (2008) demonstrated increased prevalence of cardiovascular
disease and hypertension in COPD patients, with prevalence rising with disease severity [174].

Notably, no subclusters corresponding to refined spatial categories (e.g., clusters formed by Alveoli-
LD or MV-EM) were detected within any disease group, suggesting that inter-patient variability exceeds
spatial differences within regions, which our study is likely statistically underpowered to describe. Ac-
cordingly, subsequent analyses will focus on comparing proteomic changes across physiological regions

and disease stages, rather than finer-grained spatial ROIs.
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Figure 3.35: Principal component analysis results of the full COPD LCM-MS spatial proteomics cohort,
per physiological region. a: PCA of all alveoli regions, ANOVA p < 0.05, 373 features. b: PCA of all RB regions,
ANOVA p < 0.05, 358 features. c: PCA of all TB regions, ANOVA p < 0.05, 113 features. d: PCA of all immune
aggregates, ANOVA p < 0.05, 90 features. e: PCA of all MV regions, ANOVA p < 0.05, 544 features. f: PCA of
all PA regions, ANOVA FDR < 0.05, 106 features. g: PCA of all PV regions, ANOVA p < 0.05, 228 features. All
samples were colored according to their disease groups, the sample names are specified next to the corresponding
samples. The color scheme remains the same for all panels.

A key question in COPD progression is whether and how cellular composition shifts within each
anatomical region. However, directly quantifying these changes remains challenging. To address this, I
performed an enrichment-based cell type deconvolution analysis across all physiological regions, using
cell type marker genes from the donor-matched single-nucleus RNA-seq dataset, along with markers for
recently described distal stem cell populations from Murthy et al. (2022). An overview of the deconvo-

lution results is shown in Figure 3.36b.

A more detailed breakdown by individual physiological region is provided in Figure 3.36a, from which

the following observations emerge:

1) Alveolar regions: AT1 and aCap markers are less enriched in GOLD IV samples, while AT0 and
gCap markers were downregulated in mild COPD and then upregulated in advanced stages; AT2 markers
were slightly increased in advanced COPD. The elevated levels of AT0 and AT2 markers in GOLD IV may

indicate overcompensation and failure of the alveolar stem cell repair process.

2) RB regions: Basal cell, secretory and multiciliated cell markers are much less enriched in GOLD
11, but TRB-SC, pre-TB-SC and distal BC-1 markers are more enriched in this stage, suggesting an overall
population shift, especially a shift of the stem cell population in the mild COPD RB region. The GOLD IV
RBs showed loss of AT1 and TRB-SC markers, but enrichment for multiciliated cells and various immune
cell markers such as B cells and monocytes. This may be a reflection of systemic inflammation and tissue
degradation in the RB, although it may also be a sampling bias as only 2 of 5 patients had visible RBs in
the FFPE section.
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Figure 3.36: Enrichment-based cell type deconvolution results of the full COPD LCM-MS spatial pro-
teomics cohort. a: Cell type deconvolution analysis of COPD LCM-MS proteomics using cell type markers from
the donor-matched snRNA dataset and novel distal stem cell populations from Murthy et al. (2022), plotted per
physiological region. Only significantly enriched cell types are shown. Color bar: -log10 signed p-value. b: Cell
type deconvolution analysis using markers from the donor-matched snRNA dataset and novel distal stem cell
populations from Murthy et al. (2022), all physiological regions plotted together. Color bar: z-score of the signed

p-value in each row.

3) TB regions: Secretory cell markers are enriched in both COPD stages, consistent with increased
sputum in COPD patients. Basal cell and distal BC markers are enriched in the advanced stage of COPD.

Interestingly, alveolar macrophage markers are specifically enriched in the early stage.

4) Immune aggregates: Dendritic cell, NK cell, CD4 and CD8 T cell markers are highly enriched for

immune aggregates from both stages of COPD. However, mast cell, monocyte, interstitial and alveolar
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macrophage markers are much more enriched in GOLD IV patients, consistent with the high level of
systemic inflammation in these patients.

5) MV regions: In GOLD IV patients, the MV region is almost not significantly enriched for any cell
type, suggesting a high level of tissue degradation and loss of function in these vessels.

6) PV regions: Compared to controls, GOLD II patients showed enrichment of various immune
cell markers and loss of adventitial fibroblast markers, suggesting active ECM remodeling in the PV at
this stage. In contrast, GOLD IV patients do not show an enrichment of immune cell markers, possibly
due to the formation of immune aggregates (which were profiled as a separate category), but rather
an enrichment of smooth muscle, adventitial fibroblast and lipofibroblast markers, indicating further
vascular remodeling.

Taken together, these observations suggest an imbalanced epithelial population in the RB and ECM
modulation in the PV in the early stages of COPD. Furthermore, they reflect the tissue degradation and

systemic inflammation of advanced COPD.
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Figure 3.37: Differential protein abundance in the COPD cohort. a: Number of significantly differentially
regulated proteins for each region in pairwise comparisons. Differential analysis was performed using the limma
package in R with Ifc > 0.7 and FDR < 0.1. b: Heatmap of all significantly regulated matrisome proteins. Note that
the GOLD IV RB region is eliminated as this region is underpowered.
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Next, I analyzed the changes in protein abundance in each physiological region by pairwise differ-
ential analysis of GOLD II vs. control, GOLD IV vs. GOLD II, and GOLD IV vs. control. Figure 3.37a
summarizes the number of significantly regulated proteins. Interestingly, the most drastic changes occur
at the distal end of the lung of mild COPD patients - RB and MV regions. Differential analysis results are
detailed in the next two sections.

The heatmap in Figure 3.37b lists all matrisome proteins that are significantly regulated in at least
one comparison. In section 3.3.2, I highlighted COL10A1 and CXCL13 as signatures of the control RBs.
This heatmap shows that both proteins are either downregulated or depleted at the RB upon COPD
manifestation. In addition, GOLD IV alveoli and MV regions have a high abundance of COL10A1. This
suggests a possible fibrosis of the lung parenchyma in advanced COPD, presumably due to intense re-

modeling and failure of tissue repair.
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3.4.3 Changes of the distal airway in COPD

COPD is characterized by airway remodeling, emphysema and loss of small airway. In the previous
section, the deconvolution analysis provided initial insights into cell population shifts observed in the
alveoli, RB, and TB during early and advanced stages of COPD. Here, I will delve deeper into further
changes by examining pairwise differential analysis results. Given the challenges posed by high hetero-
geneity and a limited sample size, I will employ an enrichment-based approach to identify consistent

trends within the proteome.
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Figure 3.38: Differential analysis of TB proteome in COPD progression. a: Volcano plot of GOLD II TB vs.
control TB. b: Volcano plot of GOLD IV vs. GOLD II TB. The differential protein abundance analysis was performed
with the package limma in R, Ifc > 0.7, FDR < 0.1. ¢: Pathway enrichment based on the pairwise comparison result
from panel a) and b). The enrichment analysis was performed with the “2D enrichment” function in Perseus
software, FDR < 0.1. Selected pathways are highlighted. d: Heatmaps of proteins detected in "Response to thyroid
hormone” (GO:BP term) and "Hedgehog signaling pathway” (KEGG term) from TB, RB and alveoli regions across
different COPD stages.

Two groups of proteins are significantly upregulated in GOLD IV TB compared to GOLD II TB: 1)
ADAMTS4 (A Disintegrin and Metalloproteinase with Thrombospondin Motifs 4, degrades aggrecan
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[175]), MMP19 (Matrix Metalloproteinase 19, degrades collagen and proteoglycans [176]), and ELANE
(Elastase, Neutrophil Expressed, degrades elastin and other ECM proteins [177]): all proteases known
to be involved in ECM remodeling. Upregulation of these proteinases suggests loss of ECM and active
degradation of the airway wall scaffold in advanced stages. 2) CXCL10 (C-X-C Motif Chemokine Ligand
10, a chemoattractant for various immune cells [178]), CHIT1 (Chitotriosidase-1, expressed in activated
macrophages to degrade fungal cell walls [179, 180]), CAMP (Cathelicidin Antimicrobial Peptide, an an-
timicrobial peptide essential for mucosal defense [181, 182, 183]) and S100A12 (S100 calcium-binding
protein A12, a pro-inflammatory protein that acts as a damage-associated molecular pattern [DAMP]
[184, 185]): are all critical immune regulators for immune cell recruitment and pathogen defense. Up-
regulation of these proteins in TB is consistent with increased inflammation and mucus production in

severe COPD and may contribute to further small airway tissue remodeling (Figure 3.38b).

In the pathway enrichment analysis (Figure 3.38c), the control TB is enriched in collagen and ECM-
related pathways (green dots), consistent with a high level of tissue integrity of the control samples.
Compared to the control and GOLD IV TBs, the GOLD II TB is enriched in lipid, protein and sugar
metabolism related pathways (blue dots) as well as the GO:BP term "Response to thyroid hormone”.
Since thyroid hormone acts as a master regulator of cellular metabolism in humans, the upregulation of
this pathway is consistent with the general upregulation of many metabolic pathways. The heat map in
Figure 3.38d shows the proteins found in this pathway, with TB, RB and Alveoli from GOLD II showing
higher expression levels of these proteins compared to control and GOLD IV samples. In addition, the
enrichment results suggest that the GOLD II TBs are reduced in cilium assembly and movement (ma-
genta dots). Previous studies found cigarette smoke and COPD can cause alterations in ciliated cells
(fewer cells with shorter cilia and ciliary dyskinesia [186, 187, 188], reviewed in Shaykhiev et al. (2014)
and Petit et al. (2023) [89, 189]), this could be a result of cellular stress and lead to sputum accumulation.
Furthermore, Hedgehog signaling is highly enriched in control and GOLD IV TBs. The heatmap in Fig-
ure 3.38d confirms that this is due to increased levels of WNT ligands, which are the target genes of the
active Hedgehog pathway (reviewed in Song et al. (2015) [190]). The Hedgehog signaling pathway has
been demonstrated to have several target genes that are directly influenced by the Wnt signaling pathway
[190, 191, 192], including the expression of Wnt ligands Wnt2b, Wnt4, and Wnt7b [193]. Furthermore,
Wnt signaling has been shown to stabilize GLI1 mRNA, a transcription factor within the Hedgehog path-
way [190, 194].

In the differential analysis between control and GOLD II RB samples, CD47 and PCDH1 (Protocadherin-
1) are among the top3 most upregulated genes in the controls (Figure 3.39a). CD47 expression on the cell
surface inhibits macrophage phagocytosis via binding to its receptor SIRPa (signal regulatory protein a);
lack of surface expression of CD47 leads to rapid clearance by macrophages [195, 196]. PCDHL1 is a cell
adhesion molecule important for the barrier function of airway epithelium [197, 198]. Interestingly, the
expression level of PCDHI1 is increased in the well-differentiated airway epithelium [Tellez2016, Kon-
ing2012]. Lack of these two proteins in the RB epithelium suggests a potential degradation of RB in
mild COPD: losing surface CD47 leads to phagocytosis and damage to the RB epithelium; a low level
of PCDH1 reflects on impaired epithelial barrier function, leaving the connective tissue more prone to
external damage.

To validate this finding, I performed multiplex IF staining with the basal cell markers KRT5 and
CD47 (Figure 3.40). Indeed, on control RB epithelium, the CD47 signal perfectly outlines the shape of
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Figure 3.39: Differential analysis of RB proteome in COPD progression. a: Volcano plot of GOLD II RB vs.
control RB. b: Volcano plot of GOLD IV vs. GOLD II RB. The differential protein abundance analysis was performed
with the package limma in R, Ifc > 0.7, FDR < 0.1. ¢: Pathway enrichment based on the pairwise comparison result
from panel a) and b). The enrichment analysis was performed with the ”2D enrichment” function in Perseus
software, FDR < 0.1. Selected pathways are highlighted. d: MS intensity values of CEP131 (upper panel), CFAP20
(middle panel) and TEKT2 (lower panel) in RB and TB across different COPD stages.

the epithelial cells (Figure 3.39a), whereas in GOLD II cells, the CD47 signal appears to be clustered in
the cytoplasm (Figure 3.40b). Interestingly, the control sample also showed more KRT5 signal compared
to GOLD II, consistent with the result of the deconvolution analysis in Figure 3.36a). The absence of
surface CD47 is also indirectly confirmed by the enrichment of Phagosome proteins in the GOLD II RB
region (Figure 3.39c, blue dot).

Furthermore, two proteins essential for cilium assembly, CEP131 (Centrosomal Protein 131) [199] and
CFAP20 (Cilia and Flagella Associated Protein 20) [200], are also upregulated in control RB (Figure 3.39a,
d). This could be a direct consequence of the loss of multiciliated cells in the GOLD II RB region, as
suggested by the deconvolution analysis in Figure 3.36a).

In addition to the above findings, pathway enrichment analysis also showed that the mild COPD RB
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region is enriched for fibrillar collagens, laminin complex, and lipid metabolism-related pathways such
as fatty acid metabolism and the PPAR signaling pathway - a pathway directly regulated by fatty acids

and central to metabolic regulation and energy homeostasis (Figure 3.39c, blue dots).

KRT5 CD47. 40x KRTS5 CD47.100x

: - A

Figure 3.40: Surface CD47 decreases in GOLD II RB regions. Representative images of KRT5 and CD47 co-
staining at the RB of a control samples and b GOLD II samples. Left panels: Images of RB at 40x, scale bar: 20 ym.

Control, RB

o

COPD GOLD II, RB

Middle panels: enlarged areas from the RB images in the left panel at 100x, scale bar: 10 um. Right panel: images
of the red channel (CD47) at 100x.

In the pairwise comparison of control, GOLD II and GOLD IV Alveoli, only PLBD?2 is found to be
significantly regulated in COPD II (Figure 3.41a). PLBD2 (phospholipase B domain containing 2) is
predicted to be involved in the phospholipid catabolic process and so far poorly understood [201]. In
contrast, the enrichment analysis shows many characteristic functions in alveoli from different COPD
stages (Figure 3.41c). For example, the control alveolar region is enriched for terms such as Fibrillar
collagen trimmer, Keratin filament, Basement membrane, and Adherens junction (green dots), consis-
tent with high tissue integrity in control parenchyma. Similar to GOLD II TB and RB, the Alveoli region
in mild COPD is enriched for lipid metabolism-related pathways (blue dots). In GOLD IV Alveoli, the
complement pathway and the membrane attack complex are specifically enriched (orange dots). This
enrichment is confirmed by the raw MS intensity of complement proteins C5, C6 and C7 (Figure 3.41d),
which increases with COPD progression. As a strong sign of inflammation, elevated complement factor
C5a has been found in induced sputum and plasma of COPD patients [202, 203]. More importantly, the
increased C5a level is already observed in GOLD II and III patients and seems to be independent of the
effect of cigarette smoking [203].

The pathway enrichment results in the TB, RB, and Alveoli regions (Figure 3.38¢c, 3.39¢, and 3.41c,

respectively) showed a surprisingly consistent pattern across COPD stages-enrichment of fibrillar colla-
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Figure 3.41: Differential analysis of Alveoli proteome in COPD progression. a: Volcano plot of GOLD II
Alveoli vs. control Alveoli. b: Volcano plot of GOLD IV vs. GOLD II Alveoli. The differential protein abundance
analysis was performed with the package limma in R, Ifc > 0.7, FDR < 0.1. ¢: Pathway enrichment based on the
pairwise comparison result from panel a) and b). The enrichment analysis was performed with the ”2D enrichment”
function in Perseus software, FDR < 0.1. Selected pathways are highlighted. d: MS intensity values of C5 (upper
panel), C6 (middle panel) and C7 (lower panel) in Alveoli region across different COPD stages.

gens in controls, increased lipid metabolism in mild COPD patients, and increased immune response in
advanced COPD patients. Next, I will present some additional evidence to complement the enrichment
results.

Fibrillar collagens are a family of structural proteins that form rope-like triple helices which assemble
into fibers. They serve as a scaffold for other ECM components, providing mechanical strength, stability,
and organization to various tissues [204]. In this study, type I, II, IIl and V collagens were detected in our
LCM-MS proteomics dataset, their raw MS intensity values are shown in Figure 3.42. As suggested by
the enrichment results, all subtypes of fibrillar collagens are gradually lost in the alveoli and TB regions
as COPD progresses. In RB, most collagen subtypes remain at similar levels in GOLD II. However, the
intensities of COL2A1 and COL5A3 increased slightly (Figure 3.42b, d). Since other evidence suggested
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active remodeling of the RB epithelium, this could be the result of tissue repair.
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In contrast to fibrillar collagens, COL10A1 levels in RB decreased continuously during disease pro-
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gression (Figure 3.43a), as confirmed by multiplexed IF imaging (Figure 3.43c). As the evidence from
our LCM-MS control lung study indicated that COL10A1 is likely to be part of the ECM scaffold in
the distal airways (Figure 3.20), this also provides direct evidence that airway degradation has already
started in the RB at an early stage of COPD, and further argues that the increased COL2A1 and COL5A3

are presumably the results of fibrosis caused by tissue repair.
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Figure 3.44: Enrichment of lipid metabolism-related pathways in GOLD II distal airway. a: Pathway
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regions, GOLD IV vs. GOLD II. ¢: Heatmaps of two pathways in lipid metabolism, “Fatty acid metabolism” (KEGG
term, left panel) and "PPAR signaling” (KEGG term, right panel). Plotted are protein abundances in Alveoli, RB
and TB regions across different COPD stages.

Last but not least, the enrichment of lipid metabolism pathways remains the most peculiar, as it hasn’t
received much attention in the past. In the examples shown in Figure 3.44a, b, fatty acid metabolism is
significantly enriched in the GOLD II of Alveoli, RB and TB, while the PPAR pathway is highly enriched
in the GOLD II RB region (right side of both bar plots). Nevertheless, the heatmaps of these two pathways
clearly show that proteins from these pathways are often highest in GOLD II of the Alveoli, TB and
RB regions (Figure 3.44c, middle lane of each block) compared to control and GOLD IV values. This
finding should probably be considered together with the enrichment of the Response to thyroid hormone
pathway (Figure 3.38c, d), as thyroid hormone can increase cellular metabolism on all fronts and the
PPAR pathway can be directly activated by fatty acids [205]. There have been previous studies on the
crosstalk between thyroid hormone and PPAR pathways, as reviewed in Kouidhi et al. (2018) [206], but

the exact mechanisms are rather complex and the outcome is likely to be context-dependent.
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3.4.4 Changes of the distal vessels in COPD

In this section, I will focus on the changes in the distal vessels - MV, PA and PV during COPD progres-

sion, using the similar approach to the last section.
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Figure 3.45: Differential analysis of MV proteome in COPD progression. a: Volcano plot of GOLD II MV
vs. control MV. b: Volcano plot of GOLD IV vs. GOLD II MV. The differential protein abundance analysis was
performed with the package limma in R, Ifc > 0.7, FDR < 0.1. ¢: Pathway enrichment based on the pairwise
comparison result from panel a) and b). The enrichment analysis was performed with the ”2D enrichment” function
in Perseus software, FDR < 0.1. Selected pathways are highlighted. d: Heatmap of all significantly regulated
proteins from ANOVA, FDR < 0.1, in total 60 features.

Compared to the GOLD II MV regions, 3 antimicrobial peptides are significantly elevated in the
control MVs, namely DEFA3, DEFA5 and AZU1 (Figure 3.45a). Both DEFA3 (defensin alpha 3) and
AZU1 (azurocidin 1) are neutrophil granule proteins critical for neutrophil-mediated defense functions
[207, 208]. DEFA5 (Defensin Alpha 5) has been discussed mainly in the context of intestinal mucosal
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immunity, where it is secreted by Paneth cells [209]. The pathway enrichment analysis also suggests
that MV in GOLD II patients showed a reduced immune response compared to control and GOLD IV
patients (Figure 3.45c¢, magenta dots). Similar enrichment results were also found in TB and Alveoli
regions from GOLD II patients (magenta dots in Figure 3.38c and 3.41c, respectively), although the
low immune pathway enrichment scores in TB may be partially related to the downregulation of cilium
proteins (Figure 3.38d). Nevertheless, the raw MS intensity level of these peptides confirmed that the
reduced deposition of these proteins in GOLD II patients is indeed systemic (Figure 3.46, yellow vio-
lins). Interestingly, DEFAS5 is the only protein found to decrease progressively with COPD progression.
Notably, it is nearly absent in immune aggregates, suggesting that DEFAS5 in the lung is likely secreted
by non-immune cells, such as epithelial cells (Figure 3.46b).

In addition, the enrichment analysis shows a similar trend in the MV region as in the alveoli: colla-
gen and other ECM-related pathways are enriched in the controls (Figure 3.45¢, green dots) and lipid
metabolism pathways are enriched in the GOLD II samples (Figure 3.45c, blue dots). The heatmap
of ANOVA significant proteins confirmed the upregulation of several collagen subtypes in control and
GOLD II MV samples. Interestingly, it also showed a lack of CD47 expression in the GOLD IV MV re-
gions, suggesting ongoing tissue degradation in advanced COPD (Figure 3.45d).
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Figure 3.47: Differential analysis of PA proteome in COPD progression. a: Volcano plot of GOLD II PA vs.
control PA. b: Volcano plot of GOLD IV vs. GOLD II PA. The differential protein abundance analysis was performed
with the package limma in R, Ifc > 0.7, FDR < 0.1. ¢: Pathway enrichment based on the pairwise comparison result
from panel a) and b). The enrichment analysis was performed with the ”2D enrichment” function in Perseus
software, FDR < 0.1. Selected pathways are highlighted.

Analyzing COPD-related changes in larger vessels is challenging due to potential confounding fac-
tors, such as age-related vascular alterations and underlying cardiovascular disease as a comorbidity. De-
spite these complexities, pathway enrichment analysis of PA and PV revealed consistent trends (Figure
3.47c and 3.48c, respectively). Control samples showed enrichment in Adherens junction, Cytoskeleton
organization, and ECM-related pathways (green dots). Lysosome pathways were specifically enriched
in GOLD II samples (blue dots), while pathways associated with protein synthesis were predominant in
GOLD IV samples (orange dots). Lysosomes, known for their diverse enzymatic content, play a key role
in breaking down cellular and ECM components [210]. Notably, lysosome-related enrichment in GOLD
IT has been consistently observed across all regions, suggesting it is likely a systemic response triggered
by chronic inflammation, persistent cellular damage, and stress. Collectively, these findings indicate that

tissue remodeling in the distal lung may begin already in mild COPD.
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Figure 3.48: Differential analysis of PV proteome in COPD progression. a: Volcano plot of GOLD II PV vs.
control PV. b: Volcano plot of GOLD IV vs. GOLD II PV. The differential protein abundance analysis was performed
with the package limma in R, Ifc > 0.7, FDR < 0.1. ¢: Pathway enrichment based on the pairwise comparison result
from panel a) and b). The enrichment analysis was performed with the ”2D enrichment” function in Perseus
software, FDR < 0.1. Selected pathways are highlighted.
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3.4.5 Comprehensive and multimodal analysis in donor-matching samples - an outlook

Building on the spatially-resolved proteomics data discussed throughout this thesis, our computational

collaborators and I conducted a preliminary analysis of donor-matching snRNA-seq data. This section

demonstrates how transcriptomic insights can help in a deeper exploration of cellular changes in COPD

progression and support findings from proteomics data.

Cc

Lymphatic EC

Smooth muscle

AT1

AT2

B cell lineage

Basal

Dendritic cells

EC arterial

Innate lymphoid cell NK
Mast cells

Monocytes

Secretory

Adventitial fibroblasts
Alveolar macrophages
CD4 T cells

CD8 T cells

EC aerocyte capillary
EC general capillary
EC venous pulmonary
EC venous systemic
Interstitial macrophages
Multiciliated

Pericytes
Lipofibroblast

1.4e+03
6.8e+02

7.4e+02

5.1e+02

1.2e+03
97

1.1e+03

1.6e+03

@® COPDII
® COPDIV
® Non-Smoker
® Smoker

® Lymphatic EC
® Smooth muscle

AT1
AT2
® B cell lineage
® Basal
® Dendritic cells
o EC arterial
EC venous

Innate lymphoid cell NK
Mast cells
® Monocytes

57
11e+02
1.4e+03 8.2e+02

12e+03

14e+02

2e+02

2.2e+03

SFTPB
ANK3
PDE4D
EMP2
NCKAP5
ATF7IP2
DNAH12
CFAP299
HYDIN
EYA2
CHST9
XPR1
KIAA1217
ELF3
NEDDA4L
LAMA2
RORA
ZFPM2
sLIT2
PLEKHH2
ROBO2
MYH11
CACNA1C
PRKG1
PDGFRB
EBF1
GUCY1A2
KALRN
PKHD1L1
PPFIBP1
ADGRL2
NCALD
HPGD
LDB2
EPAS1
PTPRB
LDB2
VWF
TCF4
LDB2
EPAS1
TCF4
CSF2RA
SIPA1L1
cD74
RNF149
PTPRC
TBXAS1
MSR1
SLC11A1
CCDC88A
RBPJ
MRC1
SLCO2B1
RALGPS2
GNG7
ST6GAL1
SLC24A3
KIT

500 BMP2K
cD247

AOAH

SKAP1

ARHGAP15

PTPRC

SKAP1

PTPRC

PARP8

FYN

Secretory

Adventitial fibroblasts
Alveolar macrophages
CD4 T cells

CD8 T cells

EC aerocyte capillary
EC general capillary
Interstitial macrophages
Multiciliated

Pericytes
Lipofibroblast

- 3500

- 3000

- 2500

2000

Counts

1500

- 1000

B Fl
O z
7 3
2 28 o H
3 53 e o 2
[ ERE 352 =
g2
g8azgscgas 25289 £
2R = Ea g8 =
5582555358 $£3588 ¢
98-382888g= 2622285,
20 >0 o5 80000 R g
Trxz0 60052 §o253883F
0o -@®
. 000 - @ ||ar2
o o o- ©000°@
© « - s o+ 8 e .
o o-. @ |lam
o L. @
[
..... o Multiciliated
. -0
. ° 0 °©0Q@o
. c0®@ Basal
oo 60600000000 00:0@000
. @000 - - @00 - o
. . @0 0o o0 ||secretory
° @0000
. e °c-00 a nd titial
ventitia
000 T 190000000 ¢ - o |ffproblasts
...... -0000Q@000@: - - o -
. e @0 - - oo - -
0.Qo0 o Lipofibroblast
@o
............. °@- -
Smooth
[oX“ XoXel ]musc\e
000000 oo
@0 o o
° o 0@0 -0 Pericytes
........... L@ oo
c0oQ@@0@ o
o ) . Lymphatic EC
-000@@c 000 - O
PP
0o0-@ EC aerocyte
° -0 - capillary
oo ° ]EC arterial
EC venous
o0

ce0 .00

. 0000
©0000Q000@
. + 00000
600000000
@0®@®0 00000

2 000000Q0 = + - o

000
c @0 o

+000Q00 - -

0@ 0000
@®®0o0 - - - -

000®00000 - - -

@®®0 00000
@®®0o - - - -
@®®0 00000
@00 -
@000 - -

oo

©000o0 -

°
o

.o -
@@@®0Q0O0 0050 o -
© 00 e 0 -0 -9 00000
c0 00 e .o o

000 0 o

©00ocoo -«

° AN

EC general
capillary
]Dendrlﬂc cells

]Monocytes

Alveolar

Interstitial
macrophages

. ]a cell lineage

]Mast cells

Innate
lymphoid cell
NK

CD8 T cells

]
]

Fraction of cells

] =

T L T[]

Mean exp

20 40 60 80 100 0 2

ression

in_group

Figure 3.49: Overview of the results from donor-matching snRNA dataset. a: UMAP of all profiled nuclei

colored by disease groups. b: UMAP of all annotated cell types. Most cell types are adapted from HLCA v1.0 [115]

using label transfer technique. ¢: Heatmap of cell type counts in each disease group. d: Dotplot of top five marker

genes in each cell type, calculated by the ‘rank_gene_groups’ function in Scanpy. Preprocessing was performed by

Michaela Miiller. Cell type annotation was performed by Michael Ammater and Lea Zimmermann, panel c) plot

is credited to Lea Zimmermann.
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We sequenced over 48000 nuclei in total. The snRNA-seq data harbors samples across all disease
stages, providing a high-resolution snapshot of cellular diversity and gene expression changes in COPD.
Figure 3.51 presents a UMAP visualization of the data, highlighting distinct cell populations annotated
using a label transfer technique that mapped cell type labels from HLCA v1.0, which were subsequently
refined by human experts (Figure 3.49b) [115]. Cell type distribution across disease groups reveals
significant shifts in population dynamics, suggesting progressive alterations in tissue composition - for
example, a higher number of alveolar macrophages were detected in GOLD II samples (ca. 1400 cells)
compared to the other disease groups (estimated cell counts: 220 from Non-smoker controls, 160 from
Smoker controls and 820 from GOLD IV patients. Figure 3.49c). Additionally, the top five marker genes

per cell type offer a preliminary view of gene signatures in each cell type (Figure 3.49d).
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Figure 3.50: Scoring the genes in pathway 'Response to thyroid hormone’ in the donor-matching snRNA
dataset. a: UMAP of the gene set score calculated for all the cells. b: Box plot of the gene set score per cell type,
splitted by disease groups. The score is the average expression of a set of genes subtracted with the average

expression of a reference set of genes, as described in Satija et al. (2015) [211].

To demonstrate the potential of integrating RNA-seq data with proteomic findings, I focused on
the pathway 'Response to thyroid hormone’, which was highly enriched specifically in GOLD II airway
samples, as previously discussed in section 3.4.3, Figure 3.38. Figure 3.50 shows the expression of this
pathway as gene set score calculated according to Satija et al. (2015) [211], illustrated both as a UMAP
(Figure 3.50a) and as box plots stratified by cell type and disease group (Figure 3.50b). Among all cell
types, monocytes, alveolar macrophages and interstitial macrophages as cell populations show a gener-
ally high gene set score. While all disease groups had similar scores for interstitial macrophages, smoker
controls and GOLD II samples had higher scores for monocytes, and GOLD II alveolar macrophages had

much higher scores compared to other groups (Figure 3.50b). The large number of alveolar macrophages
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identified in the GOLD II samples may have amplified the effect of thyroid hormone. Although studies
have shown that thyroid hormone can promote macrophage maturation and polarization to the pro-
inflammatory M1 type [212, 213, 214], the precise effect of thyroid hormone on local immune cells re-
mains largely unclear and may be context dependent, especially in chronic inflammation (reviewed in
Wenzek et al. (2022) [215]). Nevertheless, the snRNA-seq results are well-aligned with the trends ob-

served in the proteomics data and provide a plausible explanation and direction for future investigations.

In summary, the snRNA-seq data provide a powerful complementary perspective to the proteomics
findings, highlighting how transcriptomic insights can enhance our understanding of COPD pathology
and progression. This integrated approach holds promise for uncovering novel therapeutic targets and

advancing personalized medicine strategies.
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4 Discussion

4.1 Technical advances and limitations of LCM-MS spatial proteomics
Advantages

LCM-MS spatial proteomics provides three significant advantages for the study of chronic lung diseases.
Firstly, its flexible spatial resolution allows for the scaling of analysis from macro-regions (e.g., entire
alveolar zones) to small niches (e.g., microvessels), thereby bypassing the limitations of methods such as
deep visual proteomics (DVP), which requires cells with large, regular morphologies (e.g., hepatocytes)
for reliable single-cell isolation [60]. This adaptability renders LCM-MS suitable for structurally diverse
lung cells, including thin ATI cells and fragmented fibrotic foci. Secondly, LCM-MS integrates histo-
logically defined regions (e.g., early fibrotic lesions, preserved alveoli) with molecular profiling, thereby
preserving the spatial context that is often lost in bulk analyses. By cross-referencing proteomic data
with H&E-stained sections, researchers can retroactively link molecular signatures to clinical features,
such as the severity of inflammation and collagen deposition patterns. Finally, LCM-MS boasts full com-
patibility with archived FFPE tissues, thereby enabling retrospective studies of rare CLD cohorts with
longitudinal clinical data. This feature stands as a key advantage over methods requiring fresh-frozen

samples [62].

Limitations

Despite its strengths, LCM-MS presents notable challenges. Throughput constraints are of significant
concern. Manual ROI capture requires 60-90 minutes per sample, resulting in variability and limiting
cohort scalability. While the conventional bulk proteomics routinely quantifies over 5,000 proteins, the
LCM-MS method achieves approximately 1,500 to 3,000 identifications per ROI. This is due to the low
input material volume, which obscures low-abundance signaling molecules. Furthermore, while LCM-
MS has been demonstrated to resolve tissue niches, it lacks the capability to discern single-cell states
(e.g., transitional epithelial cells) or subcellular compartments, a capability that is exhibited by DVP or
multiplexed imaging [60].

Comparison with Deep Visual Proteomics (DVP)

DVP excels in single-cell and subcellular proteomics, achieving 10-20 pym resolution by coupling high-
content microscopy with ultrasensitive MS [60]. This enables profiling rare cell states within intact tis-
sues. However, DVP’s reliance on large, morphologically uniform cells limits its utility in CLDs, where
key players—such as AT1 cells or resident macrophages—exhibit elongated, irregular shapes [10]. For

CLD research, LCM-MS strikes a pragmatic balance between resolution, clinical relevance, and scalabil-

ity.

Comparison with single-cell and spatial transcriptomics

Single-cell RNA sequencing (scRNA-seq) has revolutionized CLD research by identifying novel cell states,

such as aberrant epithelial progenitors in IPF [39] and the KRT8" transitional stem cells in alveolar repair
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and fibrosis [91, 92, 216], while spatial transcriptomics localizes these states to tissue niches. However,
transcriptomics fails to capture the matrisome—a critical driver of CLD progression—as extracellular
proteins are rarely transcribed in situ by stromal cells. For example, collagen crosslinking enzymes (e.g.,
LOXL2) and basement membrane proteins (e.g., laminin-a5) are post-translationally regulated, rendering
their mRNA levels poor proxies for activity [117]. LCM-MS directly quantifies these proteins, revealing
compartment-specific dysregulation (e.g., elevated fibrillar collagens at RB in early stage COPD) invisible
to transcriptomics. Furthermore, protein-metabolite interactions (e.g., TGF-f latency) cannot be inferred
from RNA [217, 218], underscoring the need for spatially resolved proteomics to complement sequencing

atlases.

Future directions and improvements

To maximize LCM-MS’s utility in CLD research, automation is essential: robotic microdissection systems
could standardize ROI collection, reduce hands-on time, and improve protein yield. Combining LCM-MS
with DVP in a multi-scale framework would allow initial broad proteomic surveys to guide subsequent
ultra-high-resolution analysis of critical niches (e.g., fibroblast foci). Finally, integrating spatial pro-
teomics with transcriptomics and clinical imaging could unravel the ECM-cell signaling, identifying key

regulators of fibrotic or inflammatory microenvironments for therapeutic targeting.
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4.2 Biological insights gained from LCM-MS spatial proteomics
4.2.1 The RB is a balanced transitional niche in healthy distal lung

The RB represents a structurally and functionally distinct region of the lung, serving as the transitional
zone between the TB and the alveoli. Unlike these compartments that are characterized by distinct pro-
teomic and cellular signatures (as illustrated in Figure 3.21), spatial proteomics data suggest that the
RB is defined more by a ’lack of characteristics’ (proteins and cell types) rather than specific molecular
markers. This absence of defining molecular signatures may reflect its anatomical role as a dynamic
interface between conducting airways and alveoli, where structural and functional duality necessitates

a proteome optimized for adaptability over specialization.

RBs serve as an intermediary between conducting airways and gas-exchanging alveoli, requiring
a fine balance between structural integrity and flexibility [219]. Recent work by Murthy et al. (2022)
provides critical insights into this transitional niche, identifying a bipotent progenitor population (AT0
cells, SFTPC+SCGB3A2+ cells) localized at the alveolar septae adjacent to the RB and alveolar ducts [116].
These ATO cells are capable of differentiating into either AT1 cells or TRB-secreting cells (TRB-SCs) - the
latter were described by the authors as SFTPB+SCGB3A2+SCG1A1- cells specifically enriched at the RBs,
in agreement with our deconvolution result (Figure 3.18d). The molecular characteristics of TRB-SCs
mirror the RB’s proteomic “intermediacy” observed in our study, where alveolar surfactant proteins like
SFTPB and bronchiolar mucin markers like MUC1 coexist without dominance (Figure 3.21d).

Interestingly, our data showed that lung epithelial differentiation master regulator NKX2-1 is highly
deposited at the RB in healthy distal airway (Figure 3.21c). In Murthy et al. (2022), they described
two types of distal basal cells (SFTPB+KRT5low Distal-BC-1 and SFTPB+KRT5- Distal-BC-2) occupying
the RB that are both NKX2-1"; although our proteomic data do not show enrichment of these cellular
markers at the distal airway (Figure 3.18d and 3.25e). In the same year, Basil et al. (2022) reported the
discovery of a ‘multipotent’ and ‘unique secretory cell population’ at the respiratory bronchiole, marked
by the expression of SCGB3A2 [220]. Termed respiratory airway secretory (RAS) cells, these cells can
rapidly differentiate into AT2 cells. A recent review by Blackburn et al. (2023) highlighted similarities
between RAS cells and club cells [221]. Unfortunately, Basil et al. did not provide sufficient molecu-
lar signatures for RAS cells to allow for enrichment analysis or a detailed comparison with TRB-SCs
or club cells. Regardless of nomenclature, these findings collectively suggest that at least one secretory
cell population predominates in the RB, likely serving as local stem cells that actively contribute to RB

homeostasis and repair.

The concept of the “quiet zone” has been used to describe small airways in asthma, where damage
accumulates before an overt immune response is triggered [222, 223]. The respiratory bronchiole is likely
a primary site of this vulnerability, acting as a silent area for early damage accumulation and potentially
explaining its lack of strong proteomic signatures. Unlike the alveoli, which host numerous immune ef-
fector cells such as alveolar macrophages, NK cells, and T cells; and the TBs, which rely on mucociliary
clearance by the airway epithelium (Figure 3.21e, f; Figure 3.28b, d), RBs appear to support an inter-
mediate immune surveillance strategy. In the RB, cilia are shorter and sparser compared to those in the
more proximal airways, and both TRB-SCs and RAS cells have been shown to exhibit immunomodulatory

functions [116, 220]. Moreover, our finding of low-level CXCL13 deposition without B-cell clustering in
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healthy RB further supports this hypothesis (Figure 3.19). If the elevated NKX2-1 in the RB indeed
reflects higher stem cell activity in this region, then the suppression of a local immune response might
be necessary to ensure constant epithelial renewal. However, this reduced immune surveillance also
makes the RB more susceptible to environmental perturbations, allowing early damage to accumulate

unnoticed—thus contributing to the concept of the "quiet zone”.

Taken together, the RB’s proteome reflects a trade-off between adaptive plasticity and resilience. It
highlights the RB as a balanced transitional niche between TB and alveoli in healthy distal lung, both
anatomically and physiologically in maintaining cellular composition and immune surveillance. These
findings deem further extensive characterization of RB cellular composition - especially the TRB-SCs - in
their phenotypic functions, stem cell potential and abilities to resist repetitive injuries such as cigarette

smokes and microbial invasion.

4.2.2 Altered epithelium and ECM remodeling in mild COPD RB

Our deconvolution analysis reveals a striking shift in the RB stem cell compartment during mild COPD
(Figure 3.36a). In healthy distal airways, the RB niche is characterized by a relatively high abundance
of basal and secretory cell markers, with lower representation of TRB-SC and distal-BC-1 subpopula-
tions. In contrast, our deconvolution analysis in mild COPD indicates a loss of basal and secretory cell
markers accompanied by a significant increase in TRB-SC and distal-BC-1 cells. This shift may reflect
chronic injury-induced maladaptive differentiation or exhaustion of the canonical basal cell pool within
the respiratory bronchiole (RB) niche—a finding that aligns with previous reports demonstrating that
chronic exposure to environmental insults, such as cigarette smoke, can deplete or alter the function of
airway basal cells in COPD [89]. This depletion leads to an adaptive expansion of alternative progenitor
cell types or states that may be less differentiated or potent, which could be distal-BC-1 and TRB-SC as

our data suggested.

In parallel, our proteomic and immunofluorescence analyses show that CD47 — a transmembrane
protein known as a ’don’t eat me” signal that inhibits phagocytosis via SIRP« binding [195] — is markedly
altered in mild COPD RBs (Figure 3.39a and 3.40). In control tissues, CD47 is prominently displayed
on the cell surface, thereby protecting cells from untimely phagocytosis. However, in mild COPD, I ob-
served a loss of surface expression accompanied by cytoplasmic clustering of CD47 (Figure 3.40). As a
direct consequence, loss of surface CD47 could license macrophages to engulf stressed RB epithelial cells
(Figure 3.39c¢, enrichment of ‘Phagosome’), perpetuating injury-repair cycles. This aligns with previ-
ous observation of increased macrophage infiltration in COPD RBs [44]. In addition, CD47 cytoplasmic
retention may impair its non-canonical roles in regulating nitric oxide (NO) signaling and autophagy
(reviewed in Soto-Pantoja et al. (2015) and Polara et al. (2024) [224, 225]), processes essential for cell

survival under oxidative stress caused by e.g. cigarette smoke.

A further noteworthy observation from our proteomic data concerns the matrisome composition
in the RB region. In healthy distal airways, COL10A1 is prominently expressed in continuous strips
throughout the distal airway and is especially enriched at the RB (Figure 3.20d). In mild COPD, however,
COL10A1 is markedly reduced (Figure 3.43). In contrast, the overall levels of fibrillar collagens remain

98



4.2 Biological insights gained from LCM-MS spatial proteomics

unchanged, and there is a slight increase in the intensities of COL2A1 and COL5A3 (Figure 3.42). These
findings suggest a selective disruption of the tissue scaffold within the RB niche. The loss of COL10A1
may diminish the structural support required for proper cell adhesion and differentiation, thereby ex-
acerbating the vulnerability of the RB to chronic injury. On the other hand, increased ECM stiffness
via fibrillar collagen deposition may modulate epithelial progenitor differentiation via mechanotrans-
duction (reviewed in Di et al. (2023) [226]). Altered collagen composition has been implicated in COPD

pathogenesis and contributes to airway remodeling and impaired tissue repair [44, 51].

Collectively, these alterations—in both cellular composition and ECM organization, along with aber-
rant CD47 localization—underscore a critical remodeling of the RB niche in mild COPD. The loss of clas-
sical basal and secretory cell signatures, the expansion of alternative progenitor populations, and the
selective depletion of scaffold-supporting collagen (COL10A1) may collectively compromise the struc-
tural integrity and regenerative capacity of the RB. The co-occurrence of these events further suggests
a feed-forward loop in mild COPD: chronic injury induces persistent inflammation at the RB - a struc-
tural transitional zone between rigid airway and elastic alveoli, which adopts a reduced immune surveil-
lance strategy and is vulnerable to injuries. The local inflammation promotes tissue remodeling and
causes increased epithelial progenitor turnover, leading to altered RB stem cell population and further
ECM remodeling as part of the impaired tissue regeneration. Exacerbated oxidative stress via envi-
ronmental insults and inflammation disrupts CD47 membrane trafficking, leading to phagocytosis and
pro-inflammatory signaling, which further depletes the progenitor pool and accelerates RB degradation,
ultimately contributing to COPD pathogenesis.

Future studies should seek to elucidate whether chronic distal lung injury will indeed result in the
RB stem cell population engaging in an early adaptive response or a fundamental reprogramming event
that drives disease progression. Additionally, it is crucial to assess the impact of surface CD47 depletion
on cell plasticity in the RB and to investigate whether CD47 agonists (e.g., TSP1 mimetics) can restore

immune homeostasis in preclinical COPD models.

4.2.3 Metabolic and potential hormonal dysregulation in mild COPD

Metabolic and hormonal signaling pathways are increasingly recognized as key regulators of lung home-
ostasis and disease progression. Our multi-omics analysis reveals significant metabolic and thyroid
hormone-related alterations in mild COPD, particularly in TB (Figure 3.38), RB (Figure 3.39) and alve-
oli (Figure 3.41). These findings suggest that metabolic reprogramming and hormonal dysregulation

may play an important role in early disease pathogenesis of COPD.

Dysregulation of thyroid hormone response in TB

Thyroid hormones-particularly triiodothyronine (T3)-play a critical role in modulating cellular metabolism,
mitochondrial function, and energy homeostasis [227]. In the lung, TH is known to regulate surfac-
tant metabolism and alveolar fluid clearance [228, 229] and modulate respiratory functions via muscle
strength [230, 231]. Recent studies have elucidated the therapeutic role of T3 in pulmonary fibrosis by
promoting mitochondrial function, increasing epithelial turnover, and modulating macrophage polar-

ization [232, 214]. Thyroid hormone dysregulation is commonly seen in COPD patients, although the
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concrete mechanism is poorly understood [231, 233, 234]. Both hypothyroidism and hyperthyroidism
can lead to impaired respiratory muscle function and reduced exercise capacity in COPD patients [231].

Our data reveal a higher enrichment score of thyroid hormone response in both mild COPD TBs
(proteomic data, Figure 3.38) and mild COPD alveolar macrophages (single-nucleus transcriptomics,
Figure 3.50). Upregulation of thyroid hormone response can be an adaptive response to airway injury
in mild COPD, as T3 signaling is known to promote epithelial progenitor proliferation and differentiation
during lung development [235, 236, 237] as well as to mitigate cellular oxidative damage [238]. More-
over, increasing evidence have shown that T3 can directly promote pro-inflammatory M1 polarization
in macrophages [212, 213, 214], paving the way for tissue remodeling and ECM degradation (reviewed
in Murray et al. (2011) [239].

While increased TH response in mild COPD may reflect an adaptive response to lung injury, chronic
dysregulation could contribute to maladaptive tissue remodeling and excessive immune activation in
later stages of the disease. Notably, low levels of triiodothyronine (T3) have been observed in end-stage
COPD patients, hypothyroidism in the form of non-thyroidal illness syndrome (NTIS) and overt hy-
pothyroidism are particularly frequently seen in severe COPD and during exacerbation phase [231, 233,
240], indicating thyroid dysfunction and systemic hormonal decline in advanced disease stages. This
discrepancy suggests that in the early phases of COPD, local tissues may upregulate thyroid hormone
response pathways as a compensatory response to tissue damage, whereas sustained disease progres-
sion and chronic systemic inflammation eventually disrupt the hypothalamic—pituitary—thyroid axis,
impairing peripheral T4-to-T3 conversion. Given that thyroid hormones modulate lung epithelial differ-
entiation and immune function, their depletion in advanced COPD could further exacerbate epithelial

injury and immune dysfunction.

Airway metabolic reprogramming in mild COPD

In parallel with these endocrine changes, our TB proteomics reveal an upregulation of multiple metabolic
pathways in GOLD stage II patients, including TCA cycle, amino acid metabolic processes, fatty acid
metabolism, as well as galactose and sucrose metabolism (Figure 3.38). In both GOLD II RB and alveolar
regions, we observed significant increases in lipid metabolic activity (Figure 3.39, 3.41 and 3.44).

The tricarboxylic acid (TCA) cycle is a central metabolic hub that fuels oxidative phosphorylation
(OXPHOS) by generating NADH and FADH, for the electron transport chain. Enhanced TCA cycle ac-
tivity is a critical adaptation to meet increased cellular ATP demands, particularly under stress or high-
energy conditions (reviewed in Martinez-Reyes et al. (2020) [241]). Concurrent upregulation of amino
acid metabolism likely supports increased protein synthesis, whereas the activation of carbohydrate
metabolic pathways (galactose and sucrose metabolism) may provide additional biosynthetic intermedi-
ates and energy substrates. Collectively, these metabolic changes are reminiscent of the anabolic state
observed in rapidly proliferating cells and inflammatory responses, indicating that lung tissue in mild
COPD attempts to adapt to chronic injury and cellular stress through a coordinated metabolic shift.

In addition, our data underscore a specific impact on lipid metabolism in mild COPD distal airways.
Upregulated pathways likely lead to increased fatty acid oxidation (FAO), which feeds into the TCA cycle
to increase ATP generation [242, 243]. Researchers have shown that cigarette smoke exposure can pro-
mote FAO in human bronchial epithelial cells [244]; however, prolonged FAO generation may ultimately
lead to ROS accumulation, mitochondrial damage, and surfactant deficiency, resulting in decreased lung

function [244, 245, 246, 247]. In addition, lipid metabolism generates lipid signaling molecules that reg-
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ulate inflammation. For example, elevated levels of prostanoids and leukotrienes have been observed in
COPD patients as proinflammatory lipid mediators (reviewed in Chen et al. (2019) [248]). And our find-

ings demand further research on dysregulated lipids as potential biomarkers for early diagnosis of COPD.

The interplay between T3 signaling and these metabolic pathways is of particular interest. Thy-
roid hormones are known to directly influence the transcription of enzymes that govern the TCA cycle,
amino acid turnover, and fatty acid metabolism [227]. In the TB region, increased T3 signaling may
drive metabolic reprogramming as an immediate adaptive response to cellular damage, providing both
the energy and biosynthetic materials needed for tissue repair. However, sustained activation of these
pathways in a chronic inflammatory environment could predispose the tissue to sustained damage and

impaired lung function.

Collectively, our findings support a model in which early distal airway COPD is characterized by
an adaptive upregulation of thyroid hormone signaling and metabolic pathways aimed at counteracting
cellular stress and facilitating tissue repair. However, prolonged activation of these adaptive mecha-
nisms may lead to metabolic dysfunction, impaired mitochondrial activity, and diminished regenerative
capacity. Future studies should aim to dissect the temporal dynamics of T3 signaling and its metabolic
consequences, as well as evaluate whether modulation of these pathways could serve as a therapeutic

strategy to restore tissue homeostasis in COPD.
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5 Conclusions

This thesis set out to address critical gaps in our understanding of CLDs by harnessing the power of
LCM-MS spatial proteomics. My work was guided by three primary objectives: (1) establishing a spa-
tially resolved matrisome proteomic atlas of the healthy aged human distal lung to define region-specific
ECM across alveolar, vascular, and airway compartments; (2) deciphering the early proteomic shifts that
underlie disease mechanisms in CLDs—particularly COPD—with a focus on cellular and ECM dysregu-
lation in early disease stages; and (3) developing and validating LCM-MS as a translational platform for

CLD research that bridges molecular signatures with histopathological and clinical data.

My findings demonstrate that LCM-MS spatial proteomics provides an unprecedented detailed pro-
teomic landscape by capturing region-specific molecular alterations that are often masked in bulk tissue
analyses. In the healthy distal lung, I identified distinct ECM compositions and proteomic profiles unique
to alveolar, vascular, and airway niches, thus establishing a baseline atlas that serves as a reference for
future studies. In parallel, I characterized early proteomic shifts in COPD, revealing significant dysreg-
ulation in ECM components, as well as adaptive metabolic reprogramming in the distal airway. Specif-
ically, I observed a decrease in COL10A1 deposition in the tissue scaffold and a decrease of cell surface
CD47 in the RB, accompanied by an increase in fibrillar collagens, indicating ongoing tissue remodeling
and repair attempts. In addition, upregulation of several metabolic pathways suggests that cells may
increase ATP production to meet the increased energy demands of injury, consistent with an elevated
thyroid hormone response. Furthermore, alterations in lipid metabolism suggest that the production of
bioactive lipid mediators may be integral to the regulation of both inflammatory responses and tissue
remodeling.

Importantly, this study also highlights the translational potential of LCM-MS by demonstrating its
compatibility with archived FFPE tissue for deep profiling of histopathological patterns and its ability
to seamlessly integrate with other omics technologies such as snRNA-seq and bulk proteomics. This
multi-scale approach not only facilitates the identification of early biomarkers and therapeutic targets in
CLDs but also provides a blueprint for future studies aiming to unravel the complex interplay between

cellular microenvironments and disease progression.

In conclusion, by establishing a baseline proteomic atlas, elucidating disease-driving molecular al-
terations in COPD, and developing a robust methodological framework, this thesis advances our under-
standing of the early events that govern CLD progression. The insights gained herein pave the way for
novel diagnostic and therapeutic strategies aimed at restoring tissue homeostasis and mitigating disease
progression in COPD. Future work should focus on validating these findings in larger cohorts and ex-
ploring the temporal dynamics of these molecular alterations in preclinical in vitro and animal models

to further refine our approach to early intervention in COPD.
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