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Zusammenfassung

Diese Dissertation beschaftigt sich mit der Anwendung von Matrix-unterstitzter Laser-
Desorption/lonisierung Massenspektrometrie-Imaging (MALDI-MSI) zur Visualisierung
und Charakterisierung von proinflammatorischen und antiinflammatorischen
Makrophagen sowie atherosklerotischen Plaques in murinen Modellen und humanen
Gewebeproben.

Eine umfassende Methodik zur Unterscheidung proinflammatorischer und
antiinflammatorischer humaner Makrophagen anhand von MALDI-MSI, RT-gPCR und
FACS wurde in der erstem Publikation erarbeitet. Mittels RT-gPCR und FACS konnten
die Makrophagen-Subtypen M1, M2a und M2c anhand von Expressionsprofilen
markierter Gene erfolgreich unterschieden werden. Ein umfassender Arbeitsablauf fur
die Probenpraparation, Messung und Datenanalyse mittels MALDI-MSI wurde
erarbeitet und etabliert. Die etablierte Methode zeigte eine gute Reproduzierbarkeit in
drei biologischen Replikaten. Basierend auf einer Hauptkomponentenanalyse (PCA)
und einer hierarchischen Clusteranalyse (HCA) konnten subtypspezifische Marker
identifiziert werden. Allerdings zeigte sich bei der Erh6hung der biologischen Replikate
die Heterogenitat von Zellen verschiedener Spender. Diese biologische Variabilitat
stellte eine Herausforderung bei der Identifizierung universeller Marker in in-vitro
stimulierten humanen Makrophagen dar.

In der zweiten Studie wurden Lipidmarker, die mit der Plaguebildung und -entwicklung
bei ApoE-/- Mausen in Verbindung stehen, erfolgreich identifiziert und deren Prasenz
in humanem atherosklerotischem Gewebe untersucht. Insgesamt wurden 31
Verbindungen ausschlie3lich in ApoE-/- Mausen detektiert und somit als Marker
identifiziert. Die stark voneinander abweichenden Lipidprofile der humanen
Gewebeproben liel3en die Detektion und Identifikation von universellen Markern nicht
zu. In einigen humanen Gewebeproben konnten Uberschneidungen zu den in den
murinen Gewebeproben detektierten Markern festgestellt werden. Diese Ergebnisse
unterstreichen die biologische Variabilitat von humanen Proben und zeigen ein
patientenabhangiges Lipidprofil. Dies wird durch frihere Forschungsergebnisse, die
darauf hinweisen, dass klinisch relevante atherosklerotische Plagues eine variable
Mischung von Lipiden enthalten, untermauert. Die in dieser Untersuchung
festgestellten Unterschiede in den Lipidprofilen humaner Gewebeproben lassen sich
auf verschiedene Stadien der Atherosklerose sowie Faktoren wie Ernahrung,
Lebensgewohnheiten und die Einnahme cholesterinsenkender Medikamente
zuriickfuhren. Die Notwendigkeit individuelle Patientenmerkmale bei der
Untersuchung atheroskletorischer Plaques zu bertcksichtigen, wird durch diese
Forschungsergebnisse nochmals untermauert.

Diese Arbeit liefert einen wichtigen Beitrag zum Verstandnis der Lipid-
zusammensetzung im Kontext von Atherosklerose und unterstreicht das Potenzial von
MALDI-MSI als leistungsfahige Methode zur Untersuchung von Makrophagen und
Plaques in murinen Modellen und humanen Proben. Die durch diese Dissertation
gewonnenen Erkenntnisse bilden eine wertvolle Basis fur zuklnftige Forschungs-
projekte und kdnnten dabei helfen, neue diagnostische und therapeutische Ansatze
fur Herz-Kreislauf-Erkrankungen zu entwickeln.
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Abstract

The primary objective of this dissertation is the use of Matrix-Assisted Laser
Desorption/lonization Mass Spectrometry Imaging (MALDI MSI) for the visualization
and characterization of pro- and anti-inflammatory macrophages as well as
atherosclerotic plaques in murine models and human tissue samples.

In the first publication, a comprehensive methodology was developed to distinguish
pro- and anti-inflammatory human macrophages using MALDI-MSI, RT-qPCR, and
FACS. The macrophage subtypes M1, M2a, and M2c could be successfully
distinguished based on expression profiles of marker genes using RT-gPCR and
FACS. A comprehensive working protocol for the preparation, measurement and data
analysis for MALDI-MSI was developed and established. The method identified
subtype-specific markers and showed good reproducibility in three biological replicates
based on principal component analysis (PCA) and hierarchical cluster analysis (HCA).
The heterogeneity of cells from different donors became apparent when the number of
biological replicates was increased from 3 to 6. Due to the biological variability of cells
derived from various donors, identifying universal markers for in-vitro stimulated
human macrophages posed challenges.

In the second publication, lipid markers associated with plaque formation and
development in ApoE-/- mice were successfully identified, and their presence in human
atherosclerotic tissue was investigated. The determined results clearly showed
differences in the lipid profile of the older ApoE-/-mice compared to the wild-type mice.
Thirty-one compounds that were exclusively detected in the ApoE-/- mice were
identified as markers. The results of the human atherosclerotic tissue samples showed
significantly different lipid profiles, making it difficult to identify universal markers.
However, in particular tissue samples, it was possible to detect markers identified in
the murine plaques tissue samples. These findings demonstrate a patient-specific lipid
profile and support previous findings suggesting that clinically significant
atherosclerotic plaques contain a variable mixture of lipids. The detected variance in
lipid compositions could be related to different stages of atherosclerosis progression
and factors such as diet, lifestyle and medication. These findings highlight the
necessity of considering unique patient characteristics, such as medication history,
when analyzing lipid profiles in atherosclerosis studies.

Overall, this PhD thesis contributes to our understanding of the lipid composition in
atherosclerotic plaques and highlights the potential of MALDI MSI as a valuable,
powerful technique for studying macrophages and atherosclerotic plagues in murine
models and human samples. The findings provide a useful basis for future research
approaches and may aid in developing novel diagnostic and therapeutic strategies for
cardiovascular disease.
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1. Summary

1.1 Introduction

Atherosclerosis is a complex and multifaceted chronic inflammatory disease primarily
affecting medium- and large-sized arteries. It is one of the most common causes of
cardiovascular diseases and a major risk factor for heart attacks and strokes, occurring
when fats, cholesterol and other substances accumulate on the inner walls of arteries,
narrowing or blocking them. According to the World Health Organization (WHO),
cardiovascular diseases are the world's leading cause of death, responsible for over
17,9 million deaths in 2019, representing 32% of all global deaths. 85% of these deaths
were due to heart attack and stroke!. Understanding the mechanism of coronary
atherosclerotic plaque formation is crucial for preventing and treating atherosclerosis.
Reducing the number of heart attacks and strokes is of utmost importance.

Inflammation plays a major role in the progression of atherosclerosis, with monocytes
and macrophages being the primary immune cells involved?. Monocytes originate in
the bone marrow from pluripotent stem cells. They are recruited to the sites of injury or
pathogen invasion, adhere to endothelial cells, enter the subendothelial space and
differentiate into lesional macrophages®“. The recruitment and transmigration of
monocytes is due to endothelial dysfunction and activation, which refers to a decrease
in the production and activity of nitric oxide by endothelial cells®. This dysfunction can
be caused by factors such as oxidative stress, high cholesterol, diabetes, and
hypertension and is characterized by the expression of adhesion molecules on the
surface of endothelial cells®, which allows circulating leukocytes to attach to the vessel
wall’®. In the early stages of atherosclerosis, macrophages accumulate within the
subendothelium or neointima. Chemokines recruit additional monocytes if the arterial
insult persists'®1l, The macrophages ingest modified lipids and other substances that
accumulate in the subendothelium, forming fatty streak lesions'?. The growth of fatty
streaks or pathological intimal thickening with macrophages primarily occurs by getting
more macrophages and expanding macrophage foam cells*.

Macrophages are cells with remarkable plasticity, allowing them to switch between
promoting or suppressing inflammation. Classically, macrophages have been
classified into two phenotypes, M1 and M2. M1 macrophages are in vitro induced by
interferon-y and the toll-like receptor four ligand lipopolysaccharide and promote
inflammation by producing pro-inflammatory cytokines, chemokines, and reactive
oxygen species. A subset of alternatively in vitro activated macrophages, M2
macrophages, can be induced by IL-4 (M2a), IL-10 (M2c) and IL-13 and promote tissue
repair and remodeling by producing pro-resolving molecules!3. There are also other
macrophage populations, e.g. Mox, Mhem, and M4, which are suggested to be present
in atherosclerotic lesions #1°, The phenotype of lesional macrophages cannot be
classified into predefined subsets but is instead a consequence of the lesional
microenvironment, which is highly dependent on systemic factors, e.g.
dyslipidemial®'” and/or diabetes mellitus® and the activation of specific intracellular
signaling pathways. Lesional macrophages can rapidly change their phenotype in
response to changes in the microenvironment and signaling pathways, making it best
to view them as representing a comprehensive continuum of phenotypes and
functions?’.
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There are various markers used for the immunohistochemical staining of for example
M11%-22 (iNOS, CD80, CD86, TNF-alpha, IL-12, IL-6, IL-1beta, CXCL9, CXCL10),
M2a202324 (CD206, Arginase-1, CD163 and IL-10), and M2c'314 (CD163, CD206,
CD14, TGF-beta, and IL-10) macrophages. The aboved mentioned markers are crucial
in identifying and characterizing these distinct macrophage subtypes in tissue samples.
One challenge in using immunohistochemistry for the identification of macrophage
subtypes is that some markers, such as CD163 and CD206, can be expressed in
multiple macrophage subtypes, including M2a and M2c. This lack of absolute
specificity can make it challenging to identify the different subtypes definitively in
immunohistochemistry studies. Furthermore, this is not only a challenge for
macrophage characterization but a general problem in the discovery of biomarkers.

Hulka et al.?> define biomarkers as "cellular, biochemical, or molecular alterations that
are measurable in biological media such as human tissues, cells, or fluids." One of the
most recent additions is "a defined characteristic that is measured as an indicator of
normal biological processes, pathogenic processes, or responses to an exposure or
intervention?8." Biological molecules, which include any gene, protein, or metabolite,
are known as biomarkers. They are employed in the identification, diagnosis, and
surveillance of illnesses in addition to forecasting therapeutic or clinical results.
Biomarkers may aid in developing tailored treatments, offer precise and timely
diagnosis, and shed light on the prognosis of certain diseases?’. Numerous restrictions
and analytical difficulties affect the validity, repeatability, and practicality of biomarker
identification in clinical settings. Biological variability is a major obstacle in the
identification of biomarkers. Although biomarkers need to be dependable and
consistent across populations and individuals, biomarker expression can vary
significantly due to genetic diversity, varying backgrounds, and varying degrees of
personal care?®. As a result, samples from people with the same nominal disease
exhibit significant variability. Protein expression can also be strongly influenced by
lifestyle, dietary and treatment plans. One example of this is the breast proliferation
index, which is influenced by oral contraceptives?®. The identification of universally
applicable biomarkers is made more difficult by this variability. Analytical sensitivity and
specificity are important additional considerations. For the measurement of biomarkers
to accurately detect low concentrations in biological samples, very sensitive and
specific methods are needed. Molecules must be precisely distinguished from one
another which is frequently difficult by structural similarities. There is a big challenge
with these technical requirements. In atherosclerosis, markers are employed to
characterize and distinguish these various macrophage subtypes, depending on the
context of in vivo and/or in vitro. However, this approach has led to confusion regarding
the identity and features of these distinct macrophage subtypes because there are no
established and accepted guidelines for their classification.

Moreover, macrophages in tissue samples can be heterogeneous, with different
activation states and phenotypes, which make the precise identification more
complicated. Immunohistochemistry provides valuable information about the presence
and distribution of macrophage subtypes in tissues with limitations in revealing cellular
function and cytokine release. To address these limitations, researchers often employ
different techniques, including immunohistochemistry, gene expression analysis and
functional assays to comprehensively characterize macrophage populations in tissues.
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A robust method for measuring metabolites and identifying known and unknown
chemicals in biological samples is liquid chromatography (LC)—mass spectrometry
(MS). This approach is used for e.g. determining drug toxicity3® and identifying
biomarkers for disease diagnosis®!. By monitoring changes in signaling molecules,
investigating how immune cells and immunological responses work can be
employed3?>33. The study of Zhang et al.3* explored the dynamic lipid profiles
associated with different macrophage stages using targeted LC-MS with multiple
reaction monitoring (MRM). This technique enables the detection of a wide range of
lipid compounds simultaneously. Zhang et al. could identify over 300 distinct lipid
molecules in mammalian macrophages. The main lipid classes identified in this study
belong to the following groups: phosphatidylcholine (PC), phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylglycerol (PG),
sphingomyelin (SM), and ceramide (Cer). Additionally, the researchers detected a shift
in glycerolipids (GLs) composition from short-chain saturated and monounsaturated
lipids to long-chain polyunsaturated lipids in the activated human macrophages derived
from THP-1 cells. Compared to M1 macrophages in mice, M2 macrophages showed
higher levels of lysoGLs. They also show that IL-4-induced M2 macrophages, derived
from human and mouse monocytes, had significantly increased in the levels of lysoPI
during polarization. These findings show a dynamic shift in the lipid composition when
monocytes differentiate into macrophages, offering further insight into the processes
of macrophage differentiation and polarization. This lipid-focused study has potential
for identifying new markers of inflammation.

In another study, Abuawad et al.®3 used untargeted LC-MS-based metabolite profiling
to characterize M1 and M2 macrophages derived from THP-1 cells to identify the key
characteristic metabolites of each polarization state. The data show a clear metabolic
signatures and corresponding metabolite changes associated with M1 and M2
phenotypes. The study employed an Acela system connected to an Exactive MS
(Thermo Fisher Scientific) operating in both negative (ESI-) and positive (ESI+) ion
modes for LC-MS-based metabolite profiling. The polarized M1 and M2 macrophages
were distinguished from the unpolarized THP-1 macrophages (M0) by analyzing the
surface markers and the cytokine profiles. Thereby, Abuawad et al. identified
significant differences between the unpolarized and polarized groups, with M1
macrophages showing higher levels of the pro-inflammatory cytokines TNF-a and IL-
18 than M2 and MO macrophages. Intracellular metabolites were extracted from the
different macrophage types and analyzed, showing that the metabolome consisted
primarily of glycerophospholipids (20%), amino acids (17%), fatty acyls (7%), lipids
(6%), carbohydrates (5%), nucleotides (3%), sphingolipids (3%), co-factors and
vitamins (2%) and energy metabolites (1%). In total, Abuawad et al. were able to
identify 644 metabolites presumptively. The researcher show that the technique was
sensitive enough to distinguish small metabolite changes due to macrophage
polarization, thereby identifying metabolic signatures for M1 and M2 phenotypes. The
study highlighted various metabolic pathways significantly altered in these
macrophage types. These results provide new insights into macrophage polarization
mechanisms and suggest new strategies for developing immune-modulatory
approaches.



Chapter | 4

Besides liquid chromatography (LC)—mass spectrometry, there are also other powerful
techniques for cell analysis. Strittmatter et al.3, for example, use the rapid evaporative
ionization mass spectrometry (REIMS) methodology to characterize and identify intact
bacterial cells by subjecting them to a radiofrequency (RF) electrical current for the first
time. The mass spectrometric analysis was directly performed from an agar plate, with
bacterial biomass collected from the solid growth medium by using forceps electrodes.
The biomass was rapidly heated, and the aerosol containing gas-phase ions of
metabolites and structural lipids was directly introduced into a mass spectrometer for
online chemical analysis. In the investigation, mass spectrometric analysis was
employed to detect nine distinct bacterial species from eight different genera and four
different bacterial families, totaling ninety separate clinical isolates. Using a verified
database, a species-level identification was possible by substantially less intra-species
variance than inter-species variance. Pre-processing of the spectral dataset was done
to consider the bio-analytical complexity of mass spectrometric profiles. Using
unsupervised principal components analysis (PCA), spectral differences and
similarities between samples were analyzed. Molecular ion patterns unique to each
species were extracted using the Maximum Margin Criterion Analysis (MMC). This
approach identified Gram-positive Streptococcus species, Staphylococcus aureus,
Gram-negative Pseudomonas aeruginosa, and five unrelated Enterobacteriaceae
species as four distinct clusters. The investigation showed that the REIMS method is
a feasible approach for species-level clinical isolate identification.

In a recently published research paper, Eroles et al.*®¢ combined atomic force
microscopy (AFM) high-resolution viscoelastic mapping with interference contrast
microscopy (ICM) at the single-cell level to investigate monocytes and macrophages.
The study aimed to investigate the changes in cell mechanics and adhesion of
monocytes and differentiated macrophages during monocyte differentiation into
macrophages. By using the described approach, the researcher could demonstrate
that macrophages have a greater adhesion area and decreased cellular fluidity.
Adhesion to surfaces via a reinforcing mechanism may cause these mechanical
changes. Interestingly, spread macrophages were almost three times more rigid than
their round counterparts. However, this correlation was not apparent when analyzing
average values for spread macrophages. The results indicate a major biological
significance for stiffening, solidification and size expansion processes when monocytes
differentiate into macrophages. Larger, more rigid, and more solidly packed
macrophages may be more adept at carrying out mechanosensitive functions like
phagocytosis and migration.

In addition to the methods mentioned above, mass spectrometry imaging (MSI) is
another powerful technique for identifying and characterizing cells and tissue samples.
This technique is allowing researchers to visualize the spatial distribution of various
molecules within tissue sections®’. Over 50 years ago, MSI was described for the first
time by Andersen et al. by introducing secondary ion mass spectrometry (SIMS)%,
Since then, several MSI techniques, e.g. MALDI MSI®®4?, (nano)DESI*344, LAESI*,
LA-ICP-MS*¢ were developed with specific benefits and limitations*’. In Figure 1, some
MSI techniques, including spatial resolution and sensitivity, are shown.

MSI experiments aim to assess the spatial distribution of molecules*® quantitatively.
Nonetheless, factors such as ionization efficiency, ion suppression, and matrix effects
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resulting from sample heterogeneity constrain the precision of laser-based MSI
techniques. Matrix effects often arise in MSI investigations*®°; however, the extent of
signal suppression depends on the analyt/matrix composition. The variations in the
chemical composition of species obtained from different anatomical regions of various
tissue slices are the main factor affecting the extent of matrix effects seen in tissue
imaging. In various scanning imaging tests, two types of matrix effects have been
observed: (a) ionization suppression due to the competition among molecules for
charge, and (b) signal enhancement or suppression affected by variations in alkali
metal concentrations across different tissue sample locations*%°152, The impact of
matrix effects, regardless of their origin, can modify the spatial distribution of molecules
impacting the measurement of these substances across various regions of the tissue
sample. For accurate measurements in QMSI studies, it is essential to compensate for
matrix effects. A range of normalization strategies has been developed to address
matrix effects in mass spectrometry imaging (MSI), with the normalization of ion signals
to the total ion count (TIC) being the most commonly used approach.

Nonetheless, this approach maintains the signal variations caused by matrix effects,
as demonstrated in studies by Lanekoff et al.*° using a middle cerebral artery occlusion
(MCAO) stroke model in murine subjects. The experiment involved the execution of
nanoDESI MSI utilizing a solvent that contained two phosphatidylcholine (PC)
standards, specifically PC 25:0 and PC 43:6. The findings indicated an uneven
distribution of sodium and potassium adduct signals, suggesting that matrix effects
were influenced by ischemia and the increased concentrations of glycolipids identified
in brain tissue. The results underscore the constraints associated with TIC
normalization. Alternatively, the normalization process to the standard has
demonstrated efficacy in producing ion images devoid of matrix effects, as it entails
adjusting endogenous PC signals to align with the corresponding adduct of the PC
standard. This approach demonstrates the potential for precisely measuring
concentration gradients in tissue samples. It facilitates the application of various
standards to evaluate matrix influences across different lipid and metabolite categories
in mass spectrometry imaging experiments®3.
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Figure 1: Commonly used MSI techniques for investigating metabolomics and proteomics. This
figure was taken and adapted from the paper published by Tylor et al.>*

As mentioned aboved matrix-assisted laser desorption/ionisation mass spectrometry
imaging (MALDI MSI) has become the most widely used technicque for the
visualisation and investigation of several molecular groups®>-%2 within biological
systems?3740.63-65 MALDI was introduced in the 1980s by F. Hillenkamp and M. Karas*?
as a soft ionisation technique that allows analysing intact biomolecules. B. Spengler
further developed MALDI to MALDI MSI in 1994, including information about the spatial
distribution of biomolecules®°. This approach was subsequently developed and applied
to tissue section analysis®4:66.67,

The principle workflow of a MALDI MSI experiment is shown in Figure 259, At first, a
thin tissue section (mostly fresh frozen or FFPE®8%°) is covered by a matrix. The matrix
choice and sample preparation protocol are crucial for the experiment's success. In the
second step, a laser ablates a thin matrix layer with intense laser pulses over a short
duration. Rapid heating leads to the matrix's expansion and intact analyte molecules
into the gas phase (matrix plume), promoting ionization in the process’®’1, The laser
is raster-scanning the sample pixel by pixel with a fixed step size. For each pixel, a
mass spectrum is recorded, which can be reconstructed through specific MSI
software’?74 to MS images showing the spatial distribution of hundreds of unknown
compounds in a single measurement with lateral resolutions down to 1.4 pm’. By
using databases’®’8, molecule annotation can be made, benefitting from high mass
accuracy (< 2 um) and a high mass resolution for a reliable assignment.
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Figure 2: Scheme of a mass spectrometry imaging experiment. A tissue section covered by a
matrix is scanned/irradiated by a pulsed laser. A mass spectrum is recorded for each pixel,
and MS images are generated for the whole tissue for different m/t peaks.

This label-free and non-targeted’® method allows histological tissue examination after
the MALDI MSI measurement in the same tissue section®,

The aforementioned lateral resolution of 1.4 um was developed only in the last decade
and enables the laterally resolved analysis of intact biomolecules in even smaller
samples than before. The research paper of Muller et al.8! uses atmospheric-pressure
scanning microprobe matrix-assisted desorption/ionization mass spectrometry
imaging (AP-SMALDI) in positive and negative ion mode with a pixel size down to a
cellular level (1,5 pum) to examine, the lipidomic phenotypes of human naive and
activated microglia-like cells (MGLCs). Microglia are non-neuronal cells of the central
nervous system which play a crucial role in homeostasis, cellular upkeep, and brain
development®2-85. By analyzing the lipid contents of individual cells on biological
triplicates, the researchers were able to visualize population-based and single-cell-
based heterogeneities in MGLCs. The work shows how individual cells within the same
cell culture can differ from one another both intra- (e.g. LD’s) and inter-cellular (e.g.
PI's), suggesting that MGLCs have undergone phenotypic differentiation. The
researchers detected and visualized sub-cellular inflammation-induced heterogeneity
generated throughout lipid droplet formation by MSI. The study demonstrated that
single-cell heterogeneity, especially in negative-ion mode, affect the entire cell body
despite cell line and stimulation. LPS activates the inflammatory response of microgliar
resulting in a higher heterogeneity compared to samples not treated with LPS. This
outcome shows that lipidomic phenotypes of single cells in culture can be distinguished
using modern MSI technologies. The result highlights the need for further
comprehensive studies to determine cellular lipidome heterogeneity or sub-cellular
components' heterogeneity.

Recent studies in the field of atherosclerosis have employed MALDI MSI as a novel
strategy to visualize atherosclerotic plaques. In the study of Cao et al. 8, 2D and 3D
MALDI MSI was used to identify and verify aortic plaque-specific lipids common in
high-fat-diet-fed low-density lipoprotein receptor-deficient (Idlr—/—) mice and chow-fed
apolipoprotein E deficient (apoe—/—) mice. In both mouse models, 11 lipids were
identified. Especially, lysolipids including lysophosphatidic acids,



Chapter | 8

lysophosphatidylcholines, lysophosphatidylethanolamines, lysophosphatidylinositols
and sphingomyelins have been identified as being distinctly and significantly co-
localized with the plaques. Among these, certain lysolipids and SM 34:0;2 were found
to be characteristic for atherosclerotic plaques in the aorta, while LPI 18:0 was primarily
concentrated in the necrotic core of the plaque.

In another study, Visscher et al.8” developed a protocol utilizing MALDI MSI to explore
the lipid composition of advanced human carotid plagues. The researchers studied
three samples: two from endarterectomies representing advanced plaques and one
from an autopsy representing an early-stage plaque. Their analysis revealed that
diacylglycerols were more prevalent in thrombotic regions, and they could differentiate
between advanced and early-stage plaques by assessing the cholesteryl ester profiles.
The researcher aims to apply this method to a more extensive collection of carotid
atherosclerotic plaque samples in future studies.

The study of Mérman et al.8 aimed to investigate the spatial distribution of lipids in
human carotid atherosclerotic plaque tissue samples and investigate the relation
between lipids and compositional features of plaque vulnerability using MALDI MSI in
positive-ion mode. A large dataset of a series of human plaques was collected and
investigated. The researcher showed that certain sphingomyelins (SM) and oxidized
cholesterol esters (0xCE) are significantly more expressed in the necrotic core (NC)
region. Additionally, Mérmann et al. detected a correlation between diacylglycerol
(DG’s) and triacylglycerol (TGs) and thrombus fragments, which could be used as
possible markers for intraplaque bleeding.

In recent years, many research papers using MALDI MSI to investigate atherosclerosis
have been published, resulting in the identification of various lipid markers that
contribute to a deeper understanding of the causes and underlying mechanisms of
plaque formation and progression8%-°4,

1.2 Strategy for marker-based differentiation of pro- and anti-inflammatory
macrophages using matrix-assisted laser desorption/ionization mass spectrometry
imaging — (Publication 1 of the cumulative dissertation)%®

This paper introduces a detailed methodology for distinguishing pro-inflammatory and
anti-inflammatory  human  macrophages  using matrix-assisted  laser
desorption/ionization mass spectrometry imaging (MALDI-MSI) in combination with
real-time quantitative PCR (RT-gPCR) and fluorescence-activated cell sorting (FACS).
A widely accepted protocol for differentiating human monocytes into macrophage
subtypes M1 (INF-y), M2a (IL-4) and M2c (IL-10) was employed. Using appropriate
cytokine combinations, a monocyte purity of up to 94% was achieved and successfully
differentiated in vitro. The macrophage subtypes were distinguished based on their
gene expression profiles at the mRNA as well as the protein levels and the results
demonstrated a correlation between mRNA levels and protein abundance. Notably,
the M2c subtype stimulus IL-10 led to the upregulation of CD64, an established marker
for the M1 subtype.

The M2c marker CD163 was upregulated in response to the M1 subtype stimulus
lipopolysaccharide (LPS). These findings were in line with previous literature, which
indicated that macrophages stimulated with interferon-gamma (IFN-y) or LPS exhibit
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increased expression and secretion of pro-inflammatory molecules, representing the
classically activated M1 macrophages. The upregulation of the M2a marker CD206
and the M2c marker CD163 was observed during the differentiation of monocytes into
macrophages in the presence of IL-4 or IL-10. These findings are also in line with
existing literature and support the successful in vitro polarization of monocytes to
macrophages for subsequent mass spectrometric imaging (MSI) analysis.

MALDI MSI is a powerful method for the investigation of lipids and metabolites in
biological samples without the need for antibody-staining methods. The critical step in
MALDI MSI experiments is developing a suitable and reproducible sample preparation
method. This study established a comprehensive workflow for the analysis of
macrophages, including optimization of sample handling, preparation, measurement,
and data analysis. Different macrophage subtypes were cultivated following a widely
accepted protocol for differentiating human monocytes. After harvesting, the cells were
washed to remove the media, concentrated by centrifugation and shock frosted with
liquid nitrogen. Prior to analysis the cell pellets were resolved in PBS. It was found that
a spotting volume of 0.2 to 0.5 pL with a concentration of 10,000 cells per pL was
sufficient to obtain lipid ion signal intensities in the range of 10,000 counts. Different
methods of applying the cell suspensions onto glass slides were compared. Spotting
the cells via pipetting resulted in 2 mm diameter spots with an uneven distribution due
to the coffee ring effect¥96.97, which is not ideal for statistical analysis. A pneumatic
sprayer achieved a more homogeneous distribution, resulting in more prominent spots
(3-4 mm) with improved distribution. This method showed a poorer reproducibility and
an increased analysis time leading to the decision to use pipetting for all further
experiments. To overcome the issue of spot inhomogeneity, the entire area of a spot
was chosen for statistical analysis. The signal intensities for each m/z value were
summed up. Besides lipids and peptides, other compounds, such as streptomycin,
were detected on the cell spots, indicating residual traces of the medium. Therefore,
pure medium control spots were also included for comparison and control.

To test the inter-day reproducibility of the method, in vitro differentiated macrophages
from the same donor were measured on different days. The MS images showed a
homogeneous phospholipid distributions of sphingomyelin [SM(34:0)+Na]* in all three
measurements indicating a good reproducibility. Markers for each macrophage
subtype were detected consistently across the measurements. In total, 135 highly
significant macrophage markers were identified, demonstrating the reliability and
reproducibility of the method.

After optimizing the sample preparation process, three biological replicates were
measured in one experiment to identify macrophage subtype-specific markers by
MALDI MSI. The medium was spotted in the last row as control. MS images were
generated with a 1-100% pixel coverage, and cell-specific distributions were manually
filtered. A total number of 3,931 m/z values indicated cell-specific compounds,
including various types of adduct ions (Na*, K*, NH4*) were manually filtered and
subjected to statistical analysis using the Perseus software. In total, 145 signals with a
p-value smaller than 0.05 were detected. Figures 3a-c display three exemplary
macrophage-specific markers. Afterwards, a principal component analysis (PCA) and
hierarchical cluster analysis (HCA) were performed on the identified 145 m/z values
(see figures 3d-e). Both analyses clearly distinguished the differentiated macrophage
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subtypes and revealed a similarity between the anti-inflammatory M2 subtypes, distinct
from the pro-inflammatory M1 subtype. Since the majority of the observed 145 m/z
values could not be identified using existing databases, it can be assumed that these
are modified lipids.
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Figure 3: MS images of macrophage-specific markers. (a) m/z 621.34461, (b) m/z 674.24819
and (c) m/z 746.21188. (d) PCA analysis of 145 compounds and compound adducts showing
a clear separation between the different macrophage subtypes. (e) Hierarchical clustering
analysis (HCA) of the 145 compounds showing the differences between the M1 and M2
subtypes. This figure was taken from the paper published by Khamehgir-Silz et al®®.

To validate the findings, another series of experiments using macrophages from three
different donors was conducted with identical experimental parameters. Two markers
that were specific to the macrophage types M2c and M1 were consistent in the results,
while two other markers were not found in the second set of duplicates, and one marker
had a different specificity. The evaluation of the individual dataset verified that there
was not a significant shift between the experiments. Statistical analysis was performed
using Perseus on both experiments (n=6) with 3,931 m/z values. In total a number of
132 m/z values were identified with a p-value < 0.05. However, only two m/z values
consistently showed high signal intensity for a specific macrophage type. These results
highlight that a p-value less than 0,05 does not guarantee universal significance but
that exact experimental setup or individual sample characteristics may influence the
metabolic behavior. The 3D PCA plot of all six biological replicates showed no clear
separation between the different macrophage subtypes, indicating the significant
heterogeneity of cells derived from different donors. Based on the collected data it
remains challenging to defining universal markers for in-vitro stimulated macrophage
cell types due to the metabolic heterogeneity between cells isolated from different
donors using MALDI-MSI.
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A comprehensive workflow for the analysis of human cells was developed, including
the determination of cell purity, defining markers based on mRNA and protein
expression profiles, and a protocol for MALDI MSI. The results obtained from three
biological replicates were in line with previous findings in the literature. However, when
the experiment was repeated with three additional donors, the heterogeneity of
monocytes derived from different donors, prevented the identification of universal
markers on the metabolic level for all cell types. This emphasizes the importance for a
guidance on the minimum number of samples to be measured in cell type analysis and
the definition of additional measures to ensure reproducibility. In total, the result
demonstrate that MALDI MSI is a valuable tool for detecting cell heterogeneity on the
metabolic level and easily identifying markers for cell type differentiation. Although
MALDI MSI may have lower signal intensities than LC-MS analysis, it offers the
advantage of directly using the dataset for tissue imaging experiments without
encountering non-matching signals resulting from different ionization techniques.

1.3 Comparative lipid profiling of murine and human atherosclerotic plaques using
high-resolution MALDI MSI — (Publication 2 of the cumulative dissertation)%

In atherosclerosis, recent studies have utilized MALDI MSI to visualize plaque
localization in atherosclerotic mouse models and to evaluate treatment effects on
plague formation and lipid components. Animal studies have identified lipid markers to
deepen the understanding of plaque progression®?. Several studies have examined
human samples to explore the potential of imaging lipid biochemistry in human
atherosclerosis®’. However, a direct comparison of murine and human atherosclerotic
plaques and the identification of lipid markers for differentiation between ApoE-/— mice
and wild-type mice, as well as for human atherosclerotic tissue with differences in
progression and medication, have not been extensively performed. The Apolipoprotein
E knockout mice (ApoE-/- mice), which is commonly used for the exploration of
atherosclerosis, is a genetically altered mouse lacking the Apolipoprotein E gene,
consequently causing a subsequent accumulation of cholesterol ester-enriched
particles in the blood and promoting the development of atherosclerotic plaques.

This study employed MALDI MSI as a label-free and non-targeted method to address
these gaps and determine lipid markers for murine and human atherosclerotic plaques.
Young and old male ApoE-/- mice (n=4) and wild-type (WT; n=2) control littermates
were used for immunofluorescence analysis and MALDI MS imaging. Human tissue
samples were obtained from the National Center for Tumor Diseases (NCT) tissue
bank in Heidelberg, Germany. This study measured and analyzed the samples of eight
patients with documented atherosclerotic alterations (mean age 63 = 14.8 years) and
three control subjects (mean age 63 + 5.4 years) without atherosclerotic changes.

Longitudinal or cross cryosections of the murine aorta or carotid artery with a thickness
of 10 ym were analyzed using immunofluorescence. The sections were first incubated
with a blocking buffer, and then, primary antibodies against the endothelial cell marker
CD31 and the monocyte/macrophage marker F4/80 were applied. Subsequently,
corresponding secondary antibodies (donkey anti-rat AlexaFluor 488 and donkey anti-
rat Dylight 549) were used. Additional staining was performed for MAC387
immunopositive infiltrating macrophages. Cell nuclei were stained with DAPI. The
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identification of atherosclerotic plaques was done by staining them with hematoxylin
and eosin (H&E) or using Movat's pentachrome staining kit.

All tissue samples were embedded in a metal mold using 5% gelatin to facilitate
sectioning for MALDI MSI analysis. Cryosections with a thickness of 10 ym were cut
and stored at -80 °C until analysis. Before analysis, the tissue sections were defrosted
in a desiccator and covered with a solution of 2,5-dihydroxybenzoic acid (30 mg/mL in
acetone:water (1:1) with 0.1% TFA) using an ultrafine matrix preparation sprayer.
Afterwards, the samples were analyzed using an atmospheric-pressure MALDI
imaging ion source coupled to an orbital trapping mass spectrometer. The
measurements were conducted in positive-ion mode with 30 laser pulses per pixel.
The mass range covered was from m/z 300 to 1200, and the mass resolution was set
to R = 140,000 or R = 240,000 @ m/z 200. Internal mass calibration was performed
for improved accuracy. The murine samples were measured with a spatial resolution
of 7 um, while human tissue samples were measured in a spatial resolution range of 5
and 15 um per pixel, depending on sample size. The characterization of lipids on tissue
using MS? was unsuccessful due to low signal intensities of the detected markers.

Based on their known role in atherosclerosis plaque development, the following lipid
classes were selected for this study: cholesterol esters (CE), lysophosphatidylcholines
(LPC), lysophosphatidylethanolamines (LPE), and cholesterol derivatives (CD).
However, the MALDI MSI data generated in the study contained additional lipid classes
and smaller metabolites that were not explicitly investigated. A total number of 551 lipid
species was compiled from the LIPID MAPS database, and their exact mass-to-
charge-number ratio (m/z) were calculated using different adducts (H*, Na*, K*, and
NH4*). Mass spectrometry images were generated with a bin width of A(m/z) 0.01 and
those images showing a characteristic plaque distribution pattern at aortic bifurcations
were chosen for further analysis. Potential markers were selected based on their
presence in all samples of >40-week-old ApoE-/- mice and their absence in wild-type
(WT) control samples. Mass errors of the potential markers were calculated, and
signals with a mass error of less than 3 ppm were retained. The same approach was
applied to the human tissue samples, considering the variability in lipid composition. In
addition, a list of oxidized lipid species was compiled from the literature. Only two
specific oxidized lipids were found in the measured dataset and excluded from the
principal component analysis (PCA). For PCA analysis of the murine tissue samples,
the intensities of potential markers were exported and normalized to the total ion count
(TIC) of each measurement by using the Perseus software. The nonparametric
Kruskal-Wallis test was used to determine significant differences in intensity means.

The measurements on murine tissue samples (ApoE-/- and WT) were conducted
under the same conditions, making the MALDI-MSI data semi-quantitative. In contrast
to the murine samples, the human tissue samples were measured with different spatial
resolutions. For the statistical analysis (PCA) and better comparison, the intensities of
the detected lipids were assigned to values of 1, 0.5, or O for depending on their
intensity levels and detection status. The human tissue samples were divided into two
groups (atherosclerotic tissue and control). Only lipids fulfilling a prerequisite of 70%
of the samples in one group having a value greater than zero were subjected to PCA.
The p-values were calculated similarly to the mouse data to assess statistical
significance.
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In the plaque tissue of older ApoE-/- mice, 65 compounds, including adducts, were
identified from the compiled lipid list. Among these compounds, 31 were exclusively
found in ApoE-/- mice and not wild-type (WT) mice. The number of detected
cholesterol esters in the plaque tissue of older ApoE—-/- mice was significantly higher
(4.8-fold) than in WT mice and twofold higher than in young ApoE-/— mice. The number
of lysophosphatidylcholine (LPC) and lysophosphatidylethanolamine (LPE) lipids,
which were the most abundant lipids detected and known to be involved in the
development and progression of atherosclerosis, was 1.5-fold higher in the plaque
tissue of older ApoE-/- mice compared to WT or young ApoE-/- mice. Specific
examples of lipids enriched in the aortic branch and carotid artery of older ApoE—/-
mice were identified. For instance, oxysterol 7-ketocholesterol, known to have more
potent pro-atherogenic effects than cholesterol, was exclusively detected in lipid-rich
plaque regions in arteries branching off the aortic arch. Lysophosphatidylethanolamine
LPE(22:0) was mainly detected in the plaque area of the brachiocephalic artery. At the
same time, lysophosphatidylcholine LPC(18:2) showed the highest intensity in the
plaque located at the root of the brachiocephalic artery and in the vessel wall. The
oxidized lipid 9(S)-HODE CE is the stable oxidation product of linoleic acid in CE which
contributes to atherosclerosis progression, leading to a fragile, acellular plaque and an
increased risk of clinical events detected in the plaque regions.
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Figure 4: MS imaging of atherosclerotic plagues in the aorta and its branches of ApoE mice. a
Exemplary brightfield microscopy overview image of a cross-section of the aortic arch and its
branches of an old ApoE knockout mouse (ApoE3, 49 weeks). The red square marks the left
subclavian artery, which is shown enlarged in b. ¢ Overlay of the optical image (b) and an MS
image representing LPE(22:0). d-h MS images of the MALDI MSI measurement in positive-
ion mode (pixel size 7 um, 200 % 400 pixels), presenting examples of different lipids. This figure
was taken and adapted from the paper published by Khamehgir-Silz et al®®.
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Interestingly, the cholesterol ester CE(20:4) was not increased in the core plaque area
but accumulated in the vessel wall near sites with low or oscillatory shear stress,
typically found near the branch point and distal to the plaque.

Statistical analysis of the lipid intensities normalized to the total ion count (TIC) in
arterial sections demonstrated significantly higher intensities in the analyzed plaque
area of older ApoE-/- mice compared to wild-type and young ApoE-/- mice. The MSI
data's principal component analysis (PCA) showed a separation between older
ApoE-/- mice, young ApoE-/- mice, and age-matched wild-type mice, indicating
distinct lipid compositions within the plaque areas. Overall, the lipid composition within
the plaque areas of young ApoE-/- mice was mainly comparable to that of wild-type
mice. As the ApoE-/- mice age, an increase in the severity of hypercholesterolemia
(high cholesterol levels in the blood) and plasma CE (cholesterol ester) levels have
been observed. These changes play a crucial role in the development of
atherosclerosis in this murine model. Increased cholesterol and cholesterol ester levels
alter the cellular lipid composition, which has been associated with the development of
impaired skin barrier function, as described in a recent study °°. This results suggests
that the alterations in lipid composition contribute not only to atherosclerosis but also
to other pathological changes in these mice as they age.

The results obtained from human tissue measurements revealed a more diverse
distribution of lipids than the murine data. Twenty-six markers exclusively identified in
the vessel wall of older ApoE-/- mice were also detected in some human
atherosclerotic plaque samples. Eight markers, including cholesterol esters and
lysophospholipids, were also found in human control samples. Markers such as
cholesterol ester (18:2) and lysophosphatidylcholine (18:2), exclusively found in the
arterial specimens of older ApoE-/- mice, were also detected in human control
samples. Interestingly, high intensities of cholesteryl acetate and lysolipids
LPE(18:0)/LPC(16:1) were found in macrophage-rich regions of the human
atherosclerotic vessel wall.

In an extensive data analysis without preselecting markers based on mouse data, a
total of 317 m/z values were detected in all human tissue samples and subjected to
supervised principal component analysis. The samples were divided into an
atherosclerotic artery group and a control group with no significant pathological
findings. The list of 317 substances with different m/z values was reduced based on
the prerequisite that signals must be detected in at least 70% of the samples in at least
one group. PCA of the remaining 25 signals showed a clear separation between the
control and atherosclerotic tissue samples. Seven of these detected substances were
considered statistically significant atherosclerotic tissue markers, and one species
showed a trend towards significance. Among these markers, lysophosphatidylcholine
species LPC(22:5) and LPC(22:6) already identified as markers for older
atherosclerotic ApoE-/- mice were also identified as markers of human atherosclerotic
tissue. These LPCs are products of the phospholipase A2 (PLA2) enzyme activity.
High levels of lysophospholipids, such as LPCs, can destabilize membranes.
Lipoprotein-associated PLA2 levels have been associated with stroke and
atherosclerosis.
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Additionally, four glucosylated cholesterol species (16:0, 16:3, 18:3, and 22:0), not
detected in murine atherosclerotic tissue, were identified as statistically significant
markers for human atherosclerotic plaques. These sterol derivatives belong to the
group of sterol lipids and have not been previously described in the context of
atherosclerosis. Acetylated cholesteryl glucosides are part of the complex group of
glycolipids or steryl glycosides commonly found in plant phytosterol lipids. However,
they have recently been discovered in human tissues as storage forms of sterols and
contribute to the physical stability of cell membranes. Interestingly, acyl steryl
glucosides have been found to stimulate macrophages. The enzymes involved in the
biosynthesis of steryl acyl glucosides require exogenous acyl lipids, such as
glycerophospholipids, as fatty acid sources for acylation which could explain the
observed high content of lysophospholipids, which destabilize cellular membranes. In
the study cholesterylsteryl acyl glucosides were predominantly detected in human
atherosclerotic tissue but not in the mouse model tissues. It is important to note that
higher levels of glycated lipids, such as advanced glycation end products (AGES), were
associated with a plaque rupture phenotype, typically not observed in mouse models.

Furthermore, a notable difference was observed in the lipid composition of patients
receiving lipid-lowering drugs compared to those without such medication. The tissue
samples of patients receiving an HMG-CoA reductase inhibitor, commonly known as
statins, showed significantly lower amounts of cholesterol derivatives (CDs) like
oxysterols due to the cholesterol-lowering effect of the medication. Oxysterols,
oxidized forms of cholesterol, play a significant role in developing atherosclerotic
lesions. They are major constituents of oxidized low-density lipoprotein (oxLDL) and
contribute to the accumulation of cholesterol in foam cells derived from macrophages
or vascular smooth muscle cells. These foam cells are involved in the formation of
atherosclerotic plaques.

This finding indicates that human vascular specimens have a more diverse and patient-
dependent distribution of lipids, which differs from the vascular samples derived from
the monogenetic ApoE-/— mice. However, it confirms previous research showing that
clinically relevant atherosclerotic plagues contain a variable mix of lipids. These lipid
profile variations could be related to the different stages of atherosclerosis. Factors
such as diet, lifestyle (e.g., a diet rich in fat and sugar, smoking), and medication with
cholesterol-lowering drugs can additionally influence the lipid profile and thereby affect
the outcome of lipid analysis in atherosclerosis studies.

1.4 Conclusion

This PhD thesis focused on the visualization and characterization of pro-inflammatory
and anti-inflammatory human macrophages and atherosclerotic plaques in murine
models and human tissue samples using MALDI MSI as a method of choice. The first
paper presents a detailed methodology for distinguishing pro-inflammatory and anti-
inflammatory human macrophages using MALDI-MSI, RT-gPCR, and FACS. The
study successfully differentiated macrophage subtypes M1, M2a, and M2c based on
marker gene expression profiles by establishing a comprehensive workflow for sample
preparation, measurement, and data analysis in MALDI-MSI experiments. The method
showed a good reproducibility and identified subtype-specific markers based on PCA
and HCA. The identification of universal markers remains challenging due to the
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heterogeneity of human cells deriving from different donors with differences in age,
gender, diet and lifestyle.

In the second paper, the lipid composition of murine and human tissue samples was
studied. Lipid marker associated with plaque formation and progression in ApoE—-/-
mice were identified and their presence in human atherosclerotic tissue was studied.
The results show significant differences in the lipid composition of older ApoE-/- mice
compared to the wild-type mice. The human samples revealed a more heterogeneous
distribution of lipids, with some markers overlapping with those identified in murine
plaque samples. The results show a patient-dependent distribution of lipids in human
vascular specimens, which differ from the monogenetic ApoE-/- mouse model and
which is in line with previous publications suggesting that clinically relevant
atherosclerotic plaques contain a variable mixture of lipids. The detected variance in
lipid compositions could be related to different stages of atherosclerosis progression,
diet, lifestyle and medication. This underlines the importance of considering individual
patient characteristics (gender, age, diet, medication, etc.) in atherosclerosis studies.
Further investigation is required to broaden and validate these findings.

This PhD thesis contributes to the understanding of lipid composition in the context of
atherosclerosis and highlights the potential of MALDI MSI as a powerful tool for
studying and visualizing the lipid biochemistry in macrophages, murine models and
human samples. The results provide valuable insights for future research and may
contribute to developing novel diagnostic and therapeutic approaches for
cardiovascular diseases.

1.5 Perspectives

This doctoral thesis represents a significant contribution to our understanding of the
mechanisms underlying the development of atherosclerosis. Atherosclerosis is a
complex and multifaceted inflammatory disease and has been a subject of intense
research due to its profound impact on cardiovascular health.This thesis highlights
significant aspects of atherosclerotic marker identification by thorough experimentation
and rigorous research, aiding in our understanding of the development and
progression of plaques*®.

The presented, MSI-based approach was carried out using state of the art technology.
Combination of the AP-SMALDI ion source with down to 5 um routine pixel size and
an orbital trapping mass spectrometer takes advantage of both high lateral resolution
and high mass spectrometric resolution. The recorded data therefore provides a high
density of information regarding the location of hundreds of analytes throughout the
samples. The analysis of this huge amount of spectral information is not a trivial task
and needs dedicated software solutions. Several tools specialized for signal annotation
and identification as well as statistical and network analysis have emerged in the last
years. Data from mass spectrometry experiments can be analyzed using the web-
based platform Metaspace!®-195, Metaspace is a platform for metabolite annotation of
imaging mass spectrometry data and has integrated machine learning to improve the
accuracy and efficiency of identifying molecules within complex mass spectrometry
data. By using the isotopic pattern and intensity ratio analysis, researchers can gain
deeper insights into the composition and structure of molecules within biological
samples. The markers identified in this manner can be subjected to GNPS, a web-
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based mass spectrometry ecosystem designed to serve as an open-access knowledge
repository for the collaborative organization and sharing of raw, processed, or
annotated fragmentation mass spectrometry data (MS/MS) across the research
community°e,

An approach to investigate the complexity and diversity of atherosclerosis and to meet
the challenges of the microenvironmental plasticity of immune/inflammatory cells is the
use of organoids. Organoids are cells derived from inducing and culturing pluripotent
stem cells (iPSCs), embryonic stem cells (ESCs), adult stem cells (ASCs) or tumor
cells from healthy donors or patients that are incubated under 3D culture systems to
aggregate by adhesion, self-organize, and differentiate into 3D cell masses with the
corresponding organ tissue morphology*®’. They have a high degree of similarity to
their parental cells, replicating and simulating their unique biological characteristics
and have the advantage to be analyzed in a controlled biochemical environment.
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Figure 5:Strategies for in-vitro formation of organoids.This figure was taken and adapted from
the paper published by Yang et al.2%’

Organoids have been a subject of research since 1907, when Wilson et al.1%8 cultivated
mechanically dissociated sponge cells to form functional organisms under in vitro
conditions!®. Since then, organoid research has mainly focused on the isolation and
reorganization of cells. In the 1980s, the first pluripotent stem cells (PSCs) were
isolated from mouse embryos and obtained by humans, followed by mesenchymal
stem cells (MSCs), human embryonic stem cells (ESCs), and induced PSCs
(iPSCs)!0. A study published in 2009 cultured intestinal adult stem cells (ASCs) in vitro
to form small intestinal organoids with a crypt-villi structure!'*. This study demonstrates
the potential of stem cells to differentiate into spatial structures similar to in-vivo organs.
Since then the number of research articles reporting of organoids derived from various
organs has been increased dramatically'12113.122-126.114-121 = Also the number of
research articles using MSI as analytical tool for the investigation of organoids has
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increased since 200027, This rapidly evolving field has already shown promising
results by analyzing the presence and spatial distribution of metabolites, lipids,
proteins, and drugs within organoids. This approach offers insights into the
composition and organization of organoids during development, differentiation, and
disease modeling'?® and has been successfully applied to provide a better
pathophysiological insight, such as looking into the tumor microenvironment in an
organoid model for colorectal cancer'?’ or salivary carcinoma'?’. Organoids can also
be used to assess the drug response and metabolism by visualizing the distribution
and metabolism of drugs within the 3D structure of organoids helping to deepen the
understanding of drug uptake, distribution, and metabolic pathways'?°. Another
interesting application field of organoids facilitated by MSI, is the biomarker discovery.
Analyzing organoids using MSI as method of choice can help to identify potential
biomarkers!?’ to understand the underlying mechanism of particular disease and can
be utilized for diagnostic or therapeutic purposes.

Platforms such as Metaspace and in-vitro model like organoids could be employed to
identify markers, make metabolic networks more easily interpretable and help to
improve our understanding of the underlying mechanisms of atherosclerosis
development and progression, aiding the advancement of novel treatments to reduce
or prevent the progression of atherosclerotic plaques.
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