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Prologue

Many complex multicellular organisms are made up of one or more organs where different
organs work together as a unit to maintain an organism functioning. Each organ is composed
of distinct tissues. A tissue is an ensemble of cells that interlinked with each other
accomplishes a specific function. Within a cell, thousands of different life-sustaining
chemical reactions are constantly taking place to keep the living state of the cell and the entire
organism. The sum of all these reactions is referred to as metabolism. Dysregulations in these
metabolic reactions constitute a global health problem as they can be found in many diseases
such as obesity, diabetes, chronic kidney disease, cardiovascular diseases, cancer, cognitive
disorders, and respiratory pathologies.

Metabolites are small molecules (<1.5 KDa) such as lipids, amino acids, sugars, organic acids,
nucleotides, small peptides, vitamins and hormones, all of which constitute intermediates or
end products in the cellular metabolism. These metabolic processes are dynamic and complex,
and are influenced by many environmental and lifestyle factors, such as diet, medication,
stress, physical activity, or the microbiome within an organism. The latest release of the
Human Metabolome Database (https://hmdb.ca) lists not less than 114,000 different
metabolites. Obtaining an overview of all metabolites and their levels at the different places
in an organism is therefore an extremely challenging endeavor in biomedical research.

In that context, metabolomics aims at comprehensively studying metabolites in a biological
system (i.e. inacell, tissue, organ, biofluid, or organism) using high-throughput technologies,
thus providing a systematic readout of the metabolic status of an individual mostly in relation
to genetic and changing environmental conditions. In general, metabolomics can be divided
into targeted and non-targeted metabolomics. Non-targeted metabolomics typically aims to
comprehensively analyze all measurable known/unknown metabolites in a sample, while
targeted metabolomics attempts to detect and quantify a predefined set of metabolites. While
the first approach is more advantageous in a discovery scenario, the latter approach is
characterized by a higher specificity, sensitivity, and accuracy in determining the real
abundances in a sample.

Mass spectrometry (MS) is one of the most extensively used analytical techniques for
metabolomics studies, where a molecular profile of a sample can be created through the
separation of the metabolites based on their mass-to-charge ratio (m/z). In order to achieve
this, a mass spectrometer consists of three major components: an ion source, a mass analyzer,
and a detector. An ion source is used to electrically charge the metabolites in a sample. A
mass analyzer then separates the ionized molecules based on their mass-to-charge ratios. A
detector subsequently generates a signal from these separated ions, where the intensity of that
signal corresponds to the number of ions. The results are typically presented as a mass
spectrum, a graph of the ion abundance (y-axis) versus the mass-to-charge ratio (x-axis).

MS coupled with chromatographic separation techniques such as liquid chromatography
mass spectrometry (LC-MS) or gas chromatography mass spectrometry (GC-MS) are the
most extensively used strategies for metabolomics analyses. However, these approaches
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involve a metabolite extraction step from the sample. Unlike biofluids, tissue samples are
preceded by an additional homogenization pretreatment. This leads, unfortunately, to the loss
of the spatial localization of the metabolites in the target tissue sample and in consequence
also to the loss of the possibility to assign metabolic profiles to the different cell-types. The
latter is however required since most of biological tissues are made of many different cell
types which are spatially highly organized and structured to perform their dedicated function.
Therefore, the spatial information of metabolites in heterogeneous cell populations is
indispensable to reveal and understand the complexity of disease mechanisms. Consequently,
it is important to study metabolites locally on tissue using methodologies that analyze the
samples in a spatially resolved manner such as offered by imaging technologies.

In order to combine the advantages of MS while maintaining the tissue’s structure, mass
spectrometry imaging (MSI) has been conceived. It is a family of mass spectrometry-based
imaging techniques for the simultaneous in situ mapping of a wide range of molecules while
preserving the morphological integrity of the analyzed tissue; hence an approach which
captures both the spatial as well as the molecular complexity of biological tissues. All MSI
techniques require a desorption and ionization probe which rasters across a tissue sample
surface in a pixel-by-pixel manner. At each measurement position, desorbed and ionized
molecular species are created locally and analyzed by the MS system. In this way, a mass
spectrum is generated at each measurement coordinate. This set of mass spectra allows the
reconstruction of molecular images by showing the abundance of each m/z value as a function
of each spectrum’s coordinate across the rastered sample.

As mentioned, MSI is a family of techniques, whose members distinguish themselves by the
use of different in situ ionization mechanisms. Of all techniques, matrix-assisted laser
desorption/ionization (MALDI) is the most commonly employed ionization technology in
MSI since it provides the best trade-off between spatial resolution (nowadays at single cell
level) and the range of detectable molecular classes, which range from metabolites to proteins.

While MALDI-MSI has been widely applied in biomedical studies to molecularly
characterize different tissue-based pathologies, it is an underexplored technique in
atherosclerosis, wound healing, and dynamics of cancer metabolism. In all of these fields of
research, animal models are an indispensable tool to investigate the complex molecular
mechanisms of these diseases. Among them, mice and rats are the most widely used animal
species due to their friendly cost, small size, and prompt reproduction. These allow
researchers to carry out dynamic MSI studies over time, where each time point — due to the
invasive nature of the technology — usually corresponds to one animal, unless multiple tissue
sampling is possible from one subject, e.g. as offered by fine-needle aspiration. In
atherosclerosis studies, the genetically manipulated mouse models are the most frequently
employed species, whereas in preclinical cancer research, the human tumor xenograft murine
model is one of the preferred animal models due to its similarity to real human tumors. In
contrast, for studies of surgical interventions, such as studies on wound healing, larger
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animals, such as rats, rabbits or pigs, are preferred models over mice owing to the fact that
surgery is generally easier in larger sized animals.

In summary, metabolites constitute an extremely complex and rich molecular class, which —
combined with the spatial complexity of tissues — makes their investigation extremely
difficult. In this context, it is important to study these diseases with a spatial metabolomics
approach. Furthermore, metabolic processes are not only very localized, but also systemic
and dynamic. Therefore, in order to obtain a more complete picture of these metabolic
processes, it is important to do multiple sampling from different places (organs) and over
time (Figure 1), which is in general only possible in animals.

( LocaL )

multiple sampling locations
(different organs, plasma)

(sysTEMIC)

multiple sampling time points

( DYNAMIC )

Figure 1. The workflow for obtaining a full metabolism picture.

Therefore, the work presented in this thesis concentrates on the investigation of the local
metabolism in atherosclerosis, wound healing, and cancer using animal models and MALDI
mass spectrometry imaging for spatial metabolomics (Figure 2).
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Figure 2. The overview of all experimental chapters in this thesis.

Chapter 5
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In chapters 2 and 3 of this thesis, untargeted metabolomics on atherosclerotic tissues from
transgenic mice is applied. Of note, in chapter 2, high-spatial-resolution 2-dimensional and
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three-dimensional MALDI-MSI were used to identify aortic plaque-specific lipids in both
low density lipoprotein receptor deficient (Idlr”") mice and apolipoprotein E deficient
(apoe™") mice, the two of the most widely studied mouse models for atherosclerosis.
Chapter 3 complements chapter 2 by focusing on metabolomic alterations and
atherogenesis. Therefore, | applied untargeted MALDI-MSI metabolomics on aortic tissue
using the IdIr "~ mouse model fed with high fat diet compared to control mice fed with normal
diet. In chapter 4, abdominal fascia healing in the first postoperative week in a rat model
using untargeted MALDI-MSI metabolomics is investigated.

Most of targeted MALDI-MSI metabolomics studies mainly focus on imaging the
accumulation of drugs, toxicants and their metabolites in different tissues and thereby to
investigate their pharmacological/toxicological effects. Combining MSI and stable isotope
labeling of metabolites administered to the living animal can reveal spatially resolved
dynamics of molecule synthesis and turn over occurring in different cellular compartments
and organs. This adds an extra dimension to the comprehensive description of the metabolism,
deepening our understanding of dysregulated metabolism in many diseases. However, in
terms of isotopic labeled targeted metabolomics, MSI remains underexplored. This is the
reason in chapter 5 of this thesis, why | investigated the local **C-labeled L-phenylalanine
metabolism in a human non-small cell lung carcinoma xenografted mouse model in the
context of cancer tissue morphology using MALDI-MSI.

All of these efforts give evidence for the usefulness of MSI applied to animal models to
capture the local and systemic dynamics of disease metabolism in cancer, wound healing,
and atherosclerosis. While all studies have technically been based on non-targeted MS,
translating the results to a clinical scenario using targeted approaches harbors great potential
for disease diagnostics. In that line, | investigated in chapter 3 if and how results from non-
targeted MSI can be exploited by targeted SRM-MS in human plasma samples. Finally, some
of the experimental strategies shown can also serve as blueprint for the study of other diseases.

11
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Chapter 1

1. Metabolomics

All living organisms are composed of one or more cells. Cells are dynamic machines that
constantly operate sequences of biochemical reactions to maintain every organism alive and
healthy. The sum of all the life-sustaining reactions in an organism is called metabolism
(from Greek: petapoln), meaning "change") [1]. Metabolic reactions (Figure 1.1) can be
categorized as catabolic (the degradation of compounds which releases energy) or anabolic
(the synthesis of molecules which consumes energy) [1]. Metabolites are low molecular
weight (< 1500 Da) compounds which are the reactants, intermediates, or products of
metabolic reactions [2]. To date, over 8,700 metabolic reactions and 16,000 metabolites have
been annotated in the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [3].

Heat Heat
Larger molecules
(for cytoplasmic N
membrane, cell wall, A
ribosomes, etc) "\
\ ATP y
Smaller molecules /
(amino acids, nucleotides, etc) /'“

Wastes
Nutrients

Figure 1.1 Simple scheme of cellular metabolism. Anabolism is the synthesis of lager molecules from smaller units
accompanied by the absorption of energy, whereas catabolism breaks down large molecules into smaller ones
together with releasing energy. Adenosine triphosphate (ATP) is the main energy source for most cellular activities.
This figure has been reproduced from https://wingsnfitness.wordpress.com.

Metabolites can be endogenous compounds such as lipids, non-essential amino acids, short
peptides, nucleic acids, sugars, alcohols, vitamins or organic acids that are routinely produced
by endogenous catabolism or anabolism [4]. Endogenous metabolites are the building blocks
for all other biochemical species and structures including proteins (e.g. amino acids), genes
and transcripts (e.g. nucleotides), and cell walls (e.g. lipids) [2]; they are key components in
essentially every cellular process and cellular function [1]. For example, lipids constitute
approximately 50% of the mass of cell membranes and play essential roles as building blocks
of the cellular membrane bilayer (e.g. phospholipids and cholesterol), regulate the cellular
membrane fluidity (e.g. cholesterol), are involved in cell signaling pathways (such as
prostaglandins and leukotrienes), and constitute energy resources (triacylglycerol esters and
steryl esters) [5]. Amino acids are the principle building blocks of polypeptides and proteins.
They also serve as key precursors to many biologically active molecules, such as hormones
[6] and neurotransmitters (e.g. dopamine and epinephrine) [7]. Amino acids play important
roles in homeostasis, cell signaling, gene expression, and antioxidative responses [8]. In
addition to endogenous metabolites, the category of metabolites can also include xenobiotic
compounds coming from the diet or the environment, such as food additives, prescription
drugs, microbial byproducts, cosmetic chemicals, chemical contaminants, and pollutants [4].

14
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The wide range of metabolites results in a large diversity of chemical properties such as
molecular weight, concentration, polarity, solubility. Additionally, unlike genes or proteins,
which can change in fluctuating environments within minutes to hours [9], metabolites can
respond to environmental influences in seconds or even milliseconds [9], thus metabolites
are also characterized by a ultrahigh degree of dynamics. In the same context, abnormal
changes in the level of metabolites can be caused by genetic or environmental factors, as well
as diseases, exposure to microbiota, drugs, toxins, etc. [10]. Alterations in metabolite levels
have been reported in a myriad of global health problems including obesity, diabetes, chronic
kidney disease, cardiovascular diseases, cancer, cognitive disorders, and respiratory
pathologies [11]. For instance, diabetes mellitus is characterized by an excessive blood
glucose level. Similarly, elevated levels of blood lipids (e.g. cholesterol and triglyceride) are
well documented risk factors for several cardiovascular diseases (CVD) [12] and
dysregulated glucose and glutamine metabolism is a well-known hallmark of cancer cells
[13].

The complete number of metabolites that exist in a human is still not known and poses an
immense analytical challenge due to the complexity and diversity of metabolites [14]. The
total number of metabolites in the latest release of the Human Metabolome Database (HMDB
4.0) has been expanded from 40,153 (HMDB 3.0) to 114,100 [15]. Therefore, high
throughput analysis is highly required to comprehensively study metabolites within a
biological system. The large-scale study of metabolites present within a given biological
system (e.g. biofluids, organelles, cells, tissues, organs and organisms) is referred to as
metabolomics [2]. Metabolomics studies show great potential in discovering novel candidate
biomarkers and understanding biochemical pathways for gaining insights into the
pathogenesis, progression and diagnosis of diseases [10]. Mass spectrometry (MS) is one of
the most sensitive and extensively used analytical techniques for metabolomics studies [16].

2. Mass Spectrometry

Mass spectrometry (MS) measures the mass-to-charge ratio (m/z where m refers to the
molecular weight and z to the number of charges of the molecule) of molecules present in a
sample. The results are typically presented as a mass spectrum, a graph of the ion abundance
versus the mass-to-charge ratio. The first mass spectrum was obtained a century ago by the
physicist Joseph John Thomson, who separated the two isotopes of Neon (®Ne and ?’Ne) by
their mass [17]. Nowadays, applications of MS have been expended exponentially from
physics to chemistry and biology [18].

15
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Figure 1.2. A mass spectrometer is composed of a sample inlet, an ion source, a mass analyzer and a mass detector.
The data system is utilized for collecting and processing data from the mass detector. This figure has been reproduced
from http://wp.ms-textbook.com.
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In a typical MS setup (Figure 1.2), a sample, which can be solid, liquid or gaseous, is
introduced into the mass spectrometer through a sample inlet. Then the molecules from the
sample are converted to ions by the ionization source. Once formed, ions are electrostatically
propelled into the mass analyzer where they are separated according to their m/z values. The
detector converts the ions’ energy into electrical signals, which are then amplified and
digitalized to store the mass spectrum on a computer.

Nowadays, mass spectrometry offers the multiplex analysis of many molecules
simultaneously with high sensitivity (at the attomol to femtomol level) [19] and selectivity
[20] due to the ability of determining a molecule’s identity based on high-mass resolving
power and/or its specific fragmentation pattern. The latter can also aid in separating isomeric
or isobaric species. Moreover, combining MS with a chromatographic separation technique
such as liquid chromatography (LC) or gas chromatography (GC) [10] reduces the
complexity of a sample by separating its compounds based on their retention time within the
chromatographic column [10]. Adding the retention time as additional dimension, greatly
improves the sensitivity of mass spectrometric experiments, especially for biological samples
(e.g. biofluids and tissues), which are characterized by a high chemical complexity in terms
of number of different compounds and their dynamic range of concentrations. However, these
chromatographic approaches require the sample in solution. To extend these types of analyses
to tissue samples, it is needed to homogenize them before analysis, which leads to the loss of
the spatial localization of the molecules in the target tissue.

This thesis mainly focuses on tissue samples and most biological tissues are characterized by
a high cellular heterogeneity [21]. Different cell types exhibit widely distinct morphologies,
phenotypes, and functions [21, 22] based on an extensive molecular variability [23, 24].
Moreover, cells from the same genus can vary in membrane composition with symmetrical
distribution [25]. This molecular and cellular heterogeneity is crucial in understanding the
biological complexity of diseases [26]. Therefore, in the context of biological tissue samples,
comprehensively profiling molecules while maintaining their specific spatial information at
the cellular level is pivotal to fully unravel molecular and spatial complexity of various
biological and pathological processes. While laser capture microdissection is typically used
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to isolate specific groups of cells from target tissue for further extraction-based molecular
analysis [27], this method is time-consuming and is based on known tissue dyes, thus it is not
the perfect approach for metabolomics analysis with discovery character.

In contrast, modern imaging techniques such as fluorescence microscopy, magnetic
resonance imaging (MRI), near-infrared imaging and positron emission tomography (PET)
enable deliver spatially resolved information of targeted molecules with high sensitivity, but
these techniques require the prior knowledge of the target analytes and lack multiplex
capabilities (only a small number of observable molecules at any given time) [28], thus they
are unsuited for discovery-based research. Additionally, the spatial resolution of several
molecular imaging modalities such as PET and MRI is limited to the millimeter scale, thus
they are not able to provide spatial information of molecules at cellular (micrometer) level.
In contrast, mass spectrometry imaging (MSI) has the ability of simultaneous imaging
thousands of molecules in different cell types throughout a tissue section in a label-free
manner, where a priori knowledge of their presence is not required.

3. Mass spectrometry imaging

Mass spectrometry imaging (MSI) is an imaging technology that makes it possible to in situ
detect simultaneously a broad range of molecules present in tissue without the need for prior
knowledge of the analytes (Figure 1.3), thus it captures both spatial and molecular complexity
of biological tissues. This enables visualizing many different metabolites in the tissue, which
is suited for both preclinical and clinical discovery-based studies [29].

There are different MSI techniques all of which require a desorption and ionization probe to
continuously move over a sample’s surface in order to locally desorb and ionize molecular
species. These ions are subsequently separated according to their mass-to-charge ratio (m/z)
inside the mass analyzer. There are different types of mass analyzers such as a magnetic
sectors, time of flight (TOF), quadrupoles, ion traps, or Fourier transform ion cyclotron
resonance (FTICR) mass analyzers. The ions are then detected by a detector, such as an
electron multiplier. In this way, a mass spectrum is generated at each measurement coordinate
[30]. An image of a selected m/z species can then be reconstructed by plotting the intensity
as a function of the spatial coordinates, which were recorded during the acquisition. This
provides the spatial distribution and abundance information of all detected molecules (based
on its known m/z value) within the sample (Figure 1.3).

17
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Figure 1.3. The fundamentals of mass spectrometry imaging (MSI). An MSI experiment is performed in an (X, y)
grid-wise manner across the surface of the targeted tissue section, and mass spectrum of every measuring raster spot
is acquired. This results in any mass signal (m/z) in each mass spectrum can be spatially mapped. The exact same
tissue section can thereafter be stained histologically (e.g. hematoxylin and eosin staining) and co-registered with
the MSI data. This figure has been reproduced from [31].

MSI has originally been developed for imaging elements and small molecular fragments on

complex semiconductor surfaces using secondary ion mass spectrometry (SIMS) in the early

1960s [32]. Around 25 years later, two different ionization methods including matrix-assisted

laser desorption/ionization (MALDI) and electrospray ionization (ESI) were introduced

consecutively for analyzing intact macromolecules [32]. In the late 1990s, MSI based on

MALDI was applied to visualize intact proteins directly on tissue samples for the first time

[33]. Over the past decades, MALDI-MSI has been quickly and successfully expanded to

image a wide variety of low-molecular weight compounds such as metabolites or drugs on

different tissue samples [18, 30]. In addition to SIMS and MALDI, another ionization method,
desorption electrospray ionization (DESI), entered the field of MSI. DESI has been

developed by Cooks and coworkers in 2004 [34] and can be employed for MSI under ambient

environment [34]. Nowadays, MALDI is the most popular ionization approach for MSI on

tissue samples due to its broad molecular coverage (from small molecules to macromolecules)
[18] and versatility in spatial resolution (down to single cell resolution) [35]. In the following

section, | will briefly introduce the principle of these three main ionization techniques (Figure

1.4) for MSI with a focus on MALDI-MSI.
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Figure 1.4. The most common used ionization approaches. (a) Matrix-assisted laser desorption/ionization (MALDI)
is a soft ionization technique that involves an organic matrix that absorbs the energy from the irradiated laser (e.g.
ultraviolet laser) and facilitates analyte and matrix molecules converted into gas phase ions to be analysed by the
mass spectrometer. (b) Desorption electrospray ionization (DESI) is an ambient ionization technique that employs
a fast-moving charged solvent spray to extract analytes from the specimen and transfer them to the mass spectrometer
inlet. (c) Secondary ion mass spectrometry (SIMS) uses a focused and high-energy primary ion beam to locally
generate secondary ions for introduction to a mass analyzer. This figure has been reproduced from [30].

3.1 SIMS-MSI

Secondary ion mass spectrometry (SIMS) is a desorption and ionization technique which
employs a focused, high-energy primary ion beam (e.g. Bi*, Au*, Ceo*, Bis*, Arzeo*, (H20)n*
etc.) to generate secondary ions upon impact of the primary ion beam from the specimen
surface (Figure 1.4c) [18]. These secondary ions are subsequently accelerated and introduced
to a mass analyzer (most commonly TOF) for their separation [18, 36]. This ionization
method offers the highest lateral spatial resolution (<100 nm) [37, 38]. However, the typical
energy (5-25 eV) of the primary ion beam is substantially higher than usual bond energies of
the molecules [18]. Consequently, it will cause extensive fragmentation of the ionized
molecules, thus its sensitivity is limited to ions below m/z 1000 [18]. Therefore, SIMS mass
spectrometry imaging is very suitable for detecting elemental ions, stable metabolites and
lipids up to 1000 m/z at the cellular and subcellular level [39].

3.2 DESI-MSI

Desorption electrospray ionization (DESI) is an ambient ionization method, combining both
electrospray ionization (ESI) and desorption ionization [18]. DESI deploys a charged solvent
spray onto the sample surface to desorb and ionize molecules (Figure 1.4b) [40]. The solvent
composition determines the targeted molecular classes. It is commonly used for detecting
drugs and metabolites in tissues under ambient conditions [40, 41]. It also used for samples
that do not tolerate a vacuum environment, and for molecules, which could not be ionized
using SIMS or MALDI [42]. However, the spatial resolution is limited for DESI-MSI
(usually 50-200 um), and the DESI-MSI image might suffer from significant delocalization
due to the wetted surface using solvent droplets [43].

3.3 MALDI-MSI

Matrix-assisted laser desorption/ionization (MALDI) is the most commonly employed
ionization technology in MSI [44]. It allows spatially resolved analysis intact proteins,
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peptides, glycans, lipids, metabolites and drugs from a wide range of specimens, e.g. single
cells [45], microorganisms [46], human [30], animal [47], and plant tissues [48] as well as
fruits [49]. MALDI (Figure 1.4a) is a soft ionization method that utilizes a pulsed laser beam
such as a nitrogen laser (337 nm) or neodymium-doped yttrium aluminum garnet (355 nm)
in combination with an energy-absorbing matrix crystals [18]. Sample analytes are co-
crystallized with the matrix reducing the direct interaction of the analytes with the laser. The
matrix has conjugated double bonds which can efficiently absorb the majority of the laser
energy and transfer this energy to the analytes, resulting in an explosive desorption of the
analytes-matrix structure into the gas phase without significant degradation of the analytes
[18]. Contrary to DESI, which produces multiply charged ions, MALDI mainly yields singly
changed ions [18]. This ionization technique is usually coupled to a time of flight (TOF) or
Fourier transform ion cyclotron resonance (FTICR) mass analyzer. These two mass analyzers
are predominantly used in this thesis and will feature in the following section 3.4. The other
different mass analyzers utilized for MSI have been extensively described elsewhere [18].

3.4 Mass analyzers

Time of flight mass analyzer

The time-of-flight (TOF) mass analyzer (Figure 1.5) was introduced in 1946 by Stephens et
al. [50]. It uses an electric field (typically 2-25 kV) to one-directionally accelerate the ionized
molecules with the same potential energy achieving theoretically at the end of the
acceleration the same kinetic energy [51]. Given the same kinetic energy, molecules with
different weights will have different velocities. This allows separating them and determining
their molecular weight by measuring the time it takes the ions to travel a fixed-length
(typically 1-2 meters) vacuum flight tube until reaching to the detector [18]. Modern MALDI-
TOF mass spectrometers are commonly equipped with both linear and reflectron TOF
analyzers. The linear TOF analyzer is able to detect ions over a very wide mass range with
high sensitivity, which has been extensively applied for detecting proteins [18]. However,
one of the drawbacks for linear TOF is poor mass resolution for lighter molecules, i.e.
metabolites and lipids. It has been found that a reflectron can significantly improve the mass
resolving power (Ry=m1/(m2—ml)), i.e. the ability to distinguish two adjacent mass spectral
peaks of equal height and width, of a TOF analyzer [52]. The reflectron geometry uses an ion
mirror at the end of the first flight tube thereby increasing the length of the “free flight” path,
which enables compensating the initial kinetic energy distributions and therefore results in a
better mass resolution [53]. The reflectron TOF (Figure 1.5) (Rm=103%-10%) [18] is commonly
used for measuring glycans, metabolites, lipids and drugs. In this thesis, the reflectron TOF
mass analyzer has been used in form of the rapifleX MALDI Tissuetyper™ (Bruker Daltonik,
Bremen, Germany) in chapters 2 and 4.
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Figure 1.5. Principle of linear and reflectron time-of-flight (TOF) mass analyzer. All ionized molecules are
accelerated by an electric field at a given strength to allow all ions have the same kinetic energy before traveling
through a field-free drift region. In the linear mode, the ionized molecules are separated based on their time-of-flight
they need to travel through the tube and arrive at the detector, which is widely used to separate heavier molecules
such as proteins. In reflectron mode, ions with same mass but slightly different kinetic energies are aligned by an
electric field at the end of the drift tube, which also reflects the ions to a second detector. This leads to a higher mass
resolution, especially in the mass range of peptides and lipids. This figure has been reproduced from [54].
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Figure 1.6. Schematic principle of the Fourier transform ion cyclotron resonance (FTICR) mass analyzer. lonized
analyzes are trapped inside an analyzer cell with a constant magnetic field where they are put in an orbital motion.
During their orbit, ions induce a charge in the two detection electrodes. This time-domain ICR signal is digitized
based on the voltage difference between the two detection electrodes as a function of time. After applying Fourier
transform to this signal, the cyclotron frequency spectrum is yielded, which in turn can be converted into the
corresponding mass spectrum. This figure has been reproduced from [55].

Fourier transform ion cyclotron resonance mass analyzer

Unlike TOF-MS, a FTICR mass analyzer (Figure 1.6) is a trapped ion technique which was
first introduced in 1974 by Comisarow and Marshall [56] and currently provides ultra high
mass resolving power (Rm>10°) and up to parts-per-billion mass accuracy [57]. It determines
the m/z values of ions based on their cyclotron frequency in a fixed magnetic field. After ions
are generated, ions are trapped electrostatically within the ion cyclotron resonance (ICR) cell,
which typically comprises two trap electrodes, two excitation electrodes and two detection
electrodes. Using a radio-frequency electrical pulse on the excitation electrodes, not only all
ions are excited to a larger cyclotron radius but also ions with the same m/z value will start
orbiting coherently. During their orbit, ions induce a charge in the two detection electrodes.
This time-domain ICR signal is digitized based on the voltage difference between the two
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detection electrodes as a function of time. After applying Fourier transform to this signal, a
cyclotron frequency spectrum can be yielded, which in turn (based on a previous calibration)
can be converted into a mass spectrum [58]. Thus, FTICR-MS has become an extremely
powerful tool to identify metabolites directly based on their accurate mass alone [59] due to
its ultra high mass resolution, mass accuracy and sensitivity. It has also been widely applied
for other molecules such as proteins [60], lipids [57] and drugs [61]. In this thesis, the FTICR
mass analyzer was used in form of a MALDI-FTICR instrument (Solarix, 9.4T, Bruker
Daltonics, Bremen, Germany) for the detection of metabolites in chapters 3 and 5.

4. Experimental workflow of MALDI-MSI

Fresh frozen and formalin-fixed paraffin-embedded (FFPE) tissue samples are routinely used
in MALDI-MSI. A typical workflow for an MALDI-MSI experiment (Figure 1.7) consists
of sample preparation, matrix application, data acquisition, and data analysis [18]. Briefly,
the first step is sectioning of the tissue to obtain a thin slice of the sample. The general
thickness of fresh frozen and FFPE tissue sections for MSI is 5-20 pm and 2-7 um,
respectively [62]. Later, sections are placed onto conductive indium-tin-oxide coated glass
slides. Depending on the targeted molecular class and tissue types, extra sample preparation
steps are required prior to the matrix application step. For instance, for detecting peptides
using MSI, several washing steps are recommended to reduce ion suppression caused by
interfering molecule such as matrix or lipids [63]. This is then followed by coating the section
homogeneously with a proteolytic (e.g. trypsin) enzyme solution and incubating it overnight
in a humidity chamber [63]. In the case of protein-bound modifications such as glycans,
enzymatic treatment such as utilizing peptide N-glycanase (PNGaseF) can release these
modifications to be spatially mapped by MSI [64]. Moreover, the application of MALDI-
MSI for FFPE tissues requires much more time-consuming steps (such as deparaffinization)
before matrix coating, which have been described elsewhere [65-69].

Then the matrix is homogeneously brought onto the slides using either an automated sprayer
system such as HTX sprayer [47] or by solvent-free sublimation [70]. After matrix
application, the matrix coated tissue samples are introduced in the MALDI-MSI instrument;
the laser beam with defined-repetition rate rasters across the surface of the matrix-covered
samples. A mass spectrum is recorded at every measurement positions, which represents the
molecular profile of that specific position. For modern MALDI-TOF instrument, the
acquisition speed can reach 50 pixels per second using a 10 KHz Nd:YAG laser [71]. The
spatial resolution or pixel size in commercial MALDI-TOF instruments is can go up to
around 10 um [71]. Moreover, Zavalin et al. have already pushed the limit of the spatial
resolution to 1pm via a transmission geometry ion source [72].
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Figure 1.7. Schematic workflow of MALDI mass spectrometry imaging (MALDI-MSI). After tissue sectioning and
sections are transferred onto a conductive glass slide and the matrix of choice (depends on the types of molecules
targeted) is homogeneously brought onto the slide. Then the matrix coated tissue samples are introduced in a
MALDI-MSI instrument and the laser beam with high-repetition rates is rastered across the surface. A mass
spectrum is recorded at every raster position, which represents the molecule profile of that specific spot. In this way,
the spatial distribution of each m/z signal can be visualized. This figure has been reproduced from [73].

After MALDI-MSI data acquisition, the residual matrix can be washed away and
histopathological staining can be performed on the very same tissue section. After
microscopic digitalization of the stained tissue section, image co-registration, pathological
annotation, data analysis, and data interpretation performed [62]. In the following section of
this chapter, I will describe the steps of MALDI-MSI for metabolomics studies in more detail,
especially in terms of sample preparation and matrix deposition.

Sample preparation for metabolomics using MALDI-MSI

As mentioned earlier, metabolites are a molecular class of high compositional diversity
(lipids, amino acids, sugars, etc.) and structural heterogeneity [2]. Consequently, they have a
broad range of physicochemical properties (molecular weight, hydrophobicity/hydrophilicity,
acidity/basicity) [2] and occur at a wide level of concentrations in living beings [74]. Mass
spectrometry imaging of metabolites can therefore be challenging, especially since
metabolites are also highly susceptible to post-mortem changes [75]. Hence, sample
preparation, including sample collection and embedding, storage, tissue sectioning, on-tissue
derivatization (targeted metabolomics), and matrix deposition are critical steps for the
successful in situ analysis of metabolites in tissues by MALDI-MSI.

4.1. Sample collection and embedding

The first step for MALDI-MSI is sample collection. Right after sample collection, different
stabilization approaches such as snap-freezing or heat-stabilization [75] can be applied to
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stop all biological processes and preserve the sample’s morphology as well as minimize
molecular degradation for MSI [18]. The majority of tissue samples used in MALDI-MSI
metabolomics’ studies are fresh-frozen and stored at maximum —80 °C before cryo-
sectioning. In some cases, tissues are too small to be easily and precisely sliced. To alleviate
tissue sectioning of tiny tissues they need to be snap frozen in liquid nitrogen or isopropanol
for 30—60 seconds [18], and then embedded into a solidifying medium, such as the optimal
cutting temperature (OCT) polymer, 2% (wt/vol) carboxymethylcellulose, gelation or other
embedding materials [18]. Formalin-fixed and paraffin-embedded (FFPE) tissue specimens
have also been used for metabolomics studies with MALDI-MSI [65]. In this thesis, mouse
aorta samples were embedded in OCT (chapters 2 and 3) and rat abdominal fascia tissues
(chapter 4) and mouse tumor samples (chapter 5) were fresh frozen without a further
embedding due to their manageable size.

4.2. Tissue cryo-sectioning

The next step for MALDI-MSI is tissue sectioning. The sectioning temperature is typically
between -5 and -25 °C, depending on the tissue type [18]. Tissues are usually sliced to a
thickness of 520 pm, thus the majority of the cells in the slice are cut open, exposing their
intracellular contents for analysis [18]. Then the tissue sections are thaw-mounted on
conductive indium tin oxide glass slides. Most tissue sections used in this thesis were of 10
um or 12 pm thickness.

4.3. On-tissue chemical derivatization

Some metabolites suffer from indetectability in MALDI due to their low ionization efficiency
combined with interferences in the same mass range with matrix-related signals in MALDI,
such as amino acids with a molecular weight <250 Da. One way to overcome this is the use
of on-tissue chemical derivatization, which has already been used to improve the detection
sensitivity of poorly ionizable metabolites in MALDI mass spectrometry imaging [76]. On-
tissue chemical derivatization chemically reacts with specific functional groups including
amine, phenolic hydroxyl, carbonyl, carboxylic acid, thiol, and double bonds [76, 77],
resulting in mass shifting of the derivatized product out of the matrix’s mass range, thus
improving the ionization efficiency and sensitivity for targeted metabolites and minimizing
their ion suppression in MALDI-MSI [76, 77]. Generally, an automatic sprayer such as from
HTX or SunChrom is used to apply derivatization reagents homogeneously onto tissue
sections followed by an incubation in a humid atmosphere at room temperature or slightly
higher temperature for several hours [77]. For example, p-N,N,N-trimethylammonioanilyl
N’-hydroxysuccinimidyl carbamate iodide (TAHS), is a derivatization reagent that briefly
reacts with the amino group, leading to form derivatives of amino acids which are positively
charged in the trimethylanilynium moiety (Figure 1.8) [78], resulting in a mass shift of
177.1022 Da. This leads to a significant improvement in ionization efficiency for multiple
amino acids (Figure 1.9) [79, 80]. The combination of on-tissue TAHS derivatization and
MALDI-MSI has been successfully applied to mouse brain [79], human cancer xenografts
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[78, 80] and mouse liver [81]. In addition to TAHS, trans-cinnamaldehyde, 4-hydroxy-3-
methoxycinnamaldehyde, 2,4-diphenyl-pyranylium tetrafluoroborate, 2-nitrobenzaldehyde
and 2-fluoro-1-methyl pyridinium reagents can also react with amine groups and have been
applied in MALDI-MSI on different tissues [77]. Moreover, 2-fluoro-1-methylpyridinium p-
toluene sulfonate for derivatization of the phenolic hydroxyl group. 4-(N-methyl) pyridinium
boronic acid was applied for the derivatization of catecholamines. Girard’s reagent T can
react with the ketone group and forms hydrazine derivatives [77]. 2-picolylamine and N,N-
dimethylpiperazine iodide can form stable derivatization products with a carboxylic acid [77].
(E)-2-cyano-N-(2-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethyl)-3-(4-hydroxyphenyl)-

acrylamide is a thiol derivatization reagent [77]. Benzaldehyde and benzophenone can be
applied for distinguishing and imaging of double bonds in lipids [77]. In this thesis, TAHS
derivatization was used for improving the ionization efficiency of targeted amino acids
(Phenylalanine and Tyrosine) in mouse tumor samples (chapter 5), considering that TAHS
showed better derivatization results for both Phenylalanine and Tyrosine based on a
comparative study of different derivatization methods published by Esteve et al. [79].
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Figure 1.8. The p-N,N,N-trimethylammonioanilyl N’-hydroxysuccinimidyl carbamate iodide (TAHS), is a
derivatization reagent to react with the amino group, leading to form derivatives of amino acids which are positively
charged in the trimethylanilynium moiety and which results in a mass shift of 177.1022 Da.

100%

Figure 1.9. The representative MALDI-MSI images of L-phenylalanine(Phe, A panel, left) and L-tyrosine (Tyr, A
panel, right) as well as 13C6 isotopically labeled 13C6-Phe (B panel, left) and 13C6-Tyr (B panel, right) with TAHS
derivatization (+TAHS) and without (—TAHS) derivatization in mice liver sections. The figure has been reproduced
from [81].

4.4. Matrix application

Matrix must be applied homogeneously on the surface of the tissue prior to MALDI-MSI
analysis. Automatic spray-coating methods (solvent-based) and sublimation (solvent-free)
are often used due to easy handling and the high level of reproducibility [77]. Most automatic
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sprayer systems apply a thin matrix layer onto the tissue sections by nebulizing the matrix
solution using a spray nozzle that, at a certain height, continuously moves over the tissue
slide combined with a fixed drying time between each layer [82]. Several instrumental
parameters can be adjusted manually to improve the matrix deposition quality. Such an
example is the TM-sprayer (HTX Technologies), which allows adjusting the spray nozzle
velocity and temperature, the nitrogen gas pressure, the track spacing, the solvent flow rate,
the spray area, the number of layers and the drying time between layers. In contrast to
automated matrix sprayers, matrix sublimation is a dry matrix application method. Both, the
powdered matrix in a heating plate as well as the tissue slide on the sample holder, are placed
in a pressure-controlled chamber. The solid matrix is heated and sublimated to a gaseous state
and then condenses on the targeted slide which is locally cooled [83]. Sublimation results in
an enhanced matrix purity as well as a much smaller matrix crystal sizes (<1 pm) [70], thus
it is widely used for higher spatial resolution MSI [70]. The amount of matrix, the condenser
temperature, the pressure, and the sublimation time are the main adjustable parameters for
the commercially available Sublimator (HTX Technologies) [83]. Even though sublimation
offers several advantages, it can suffer from a lower extraction efficiency compared to solvent
assisted spray methods [83-85]. In this thesis, two automatic sprayer systems including the
TM-sprayer (HTX Technologies, Chapel Hill, NC, USA) (chapters 2, 4 and 5) and the
Suncollect (SunChrom GmbH, Friedrichsdorf, Germany) (chapter 3) were used for matrix
application.

Importantly, the choice of matrix depends on the mass range analyzed and the target analytes.
For instance, lipids in tissues are easily ionized due to their charged polar head groups [86],
e.g., phosphatidylcholine (PC) and sphingomyelin (SM) lipids are easily detected in positive
ionization mode because they have the positively charged quaternary amine groups, while
phosphatidic acids (PA), phosphatidylglycerols (PG), and phosphatidylinositols (PI) and
phosphatidylserines (PS) are usually analyzed in negative ionization mode due to the
presence of the phosphodiester moiety. Phosphatidylethanolamines (PE) can be detected in
both ionization modes [5, 87]. It is therefore recommendable to use both, negative and
positive, polarities in a MSI study to cover more lipid classes. The dual polarity matrix
norharmane is a commonly used MALDI-MSI matrix to detect lipids in both ionization
modes [88], which has been widely applied to different tissues [89-91]. In this thesis,
norharmane was applied on mouse aortic tissues (chapter 2) and rat abdominal fascia tissues
(chapter 4) using TM-Sprayer for the detection of lipids in negative and positive ionization
modes by MALDI-MSI.

On the other hand, a-cyano-4-hydroxycinnamic acid (CHCA) and 2,5-dihydroxybenzoic acid
(DHB) are very popular matrixes for the detection of metabolites in the positive ionization
mode using MALDI-MSI [82]. Also, 9-aminoacridine (9-AA) [92] is one of the frequently
used matrices suitable for targeting low-molecule-weight compounds (m/z <500) such as
adenosine monophosphate (AMP), adenosine diphosphate (ADP), adenosine triphosphate
(ATP), uridine diphosphate (UDP), fructose-1,6-bisphosphate in negative ionization mode
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by MALDI-MSI. Consequently, a number of studies employed 9-AA as MALDI-MSI matrix
for metabolites imaging in human Hela cells [93], rat brain tissues [94], mouse heart tissue
[95], rabbit aortic tissue [96], human skin tissue sections [97], human osteoarthritis cartilage
[98] and many other tissues. It has also been employed for the in situ analysis of metabolites
in formalin-fixed and paraffin-embedded (FFPE) tissue specimens [65]. For instance, Aichler
et al. recently performed MALDI-MSI on Langerhans islets tissues from both mouse and
human to characterize metabolic interaction networks of functional pathways. They found
classes of metabolites such as stearoylcarnitine, acetylcarnitine and N-acyl taurines involved
in insulin synthesis and secretion, which are disrupted in diabetes [99]. Furthermore, several
novel MALDI matrices, e.g. N-(1-naphthyl) ethylenediamine dihydrochloride (NEDC) [100],
2-mercaptobenzothiazole (MBT) [101] and 2,5-diaminonapthalene (DAN) [102] have also
been applied for the in situ MALDI MSI of metabolites. In this thesis, 9-AA was applied on
mouse aorta (chapter 3) samples using the Suncollect spraying system for the analysis of
metabolites in negative ionization mode. DHB (chapter 5) was applied on mouse tumor
samples using the TM-sprayer for detecting derivatized amino acids in positive ionization
mode.

4.5. Three dimensional MALDI-MSI

Amongst all available mass spectrometry imaging systems, MALDI-TOF is the most widely
used, owing to its high speed, high sensitivity, and wide mass range. This technique has
already been extended to the third dimension, which is called three-dimensional MALDI
mass spectrometry imaging (3D-MALDI-MSI). In order to generate a 3D-MALDI-MSI
image, a series of consecutive sections from a tissue sample are analyzed to obtain molecular
information in the depth dimension. Volumetric 3D-MSI images can be reconstructed based
on a stack of 2D MSI images, which allows investigating molecular profiles in all three
dimensions and therefore deepens the understanding of complex contextual information
about the biological sample. 3D-MSI has already applied to various tumor samples, brain,
aorta and other organs [103]. In chapter 2 of this thesis, 3D-MALDI-MSI of lipids was
performed in an atherosclerotic mouse aorta. One important aspect in the reconstruction of
3D-MSI images is the correct alignment of the stack of serial 2D images to a volume true to
the original biological sample. The alignment is done using image registration techniques
from the field of image processing.

4.6. Co-registration with microscopic images after MALDI-MSI

It is indispensable to contextualize these molecular distribution maps with the underlying
histological information for a correct interpretation of MSI data. The combination of MSI
with histological and morphological features in the tissue sample enables not only visualizing
molecular distributions within the histopathological context, but also to reveal molecular
signatures characteristic for regions of interest or specific cell types defined by histological
annotation, which is critical for understanding the biological complexity of diseased tissues
or cells [30].
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The tissue is typically not significantly ablated during the laser ionization process [30] while
the matrix is. Therefore, after MALDI-MSI measurement, the very same tissue section can
be stained with histological dyes, digitally scanned, and its histological image can then be
co-registered to the MSI data [30]. The most common histological staining is hematoxylin
and eosin (H&E), which has also been used throughout all chapters of my thesis.

However, due to the complex molecular and cellular nature of diseases, the combination of
MSI with a single histological image is usually not sufficient, and hence additional
complementary molecular and histological information is needed [104]. For instance, in my
work on atherosclerosis (chapter 3), four different stainings were conducted to histologically
and molecularly characterize the dissected atherosclerotic aortic sections (Figure 3.1) and to
correlate them with the MSI data: hematoxylin & eosin staining (gives general overview of
the cellular composition and structure of the tissue), Oil red O (shows accumulations of
neutral lipids), CD68 immunohistochemistry (visualizes macrophages) and red alizarin
(indicates calcification).

5. MALDI-MSI applications on metabolomics in diseases

In general, untargeted and targeted analyses are the two distinct strategies for MS-based
metabolomics studies [4]. Non-targeted metabolomics typically aims to comprehensively
detect as many metabolites or putative metabolites as possible (>1000) in a sample [4], thus
it is well suited for biomarker discovery and hypothesis generation [4]. Meanwhile, targeted
metabolomics attempts to detect and quantify a predefined list of chemically characterized
and biochemically annotated metabolites [4] in order to investigate specific metabolic
pathways such as tricarboxylic acid cycle or validate biomarkers identified from an
untargeted study [105]. Since MALDI-MSI offers the unique capability of simultaneously
imaging a large number of metabolites directly in tissues, it is well suited for untargeted
metabolomics analyses. It can therefore not only be a valuable source of potential new
biomarkers but also for yielding important insights into molecular mechanisms of diseases
beyond tissue morphological observations [106].

5.1 The relevance of MALDI-MSI metabolomics in disease research
Conventional untargeted MALDI-MSI metabolomics

Non-targeted MALDI-MSI metabolomics has been successfully applied in many different
diseases for the in situ visualization of metabolites in both preclinical animal models and
human samples, particularly of lipids. Lipids are one fundamental building block of cells and
account for approximately half of the mass of cell membranes [107], thus they are ubiquitous
and abundant across all biological tissues [108]. In addition, lipids play significant roles in a
variety of cellular processes owing to their great chemical diversity and physical properties
[109]. Lipids have been strongly implicated in various diseases [110]. In the field of MALDI-
MSI, this technique has greatly contributed to study the dysfunction of lipids metabolism in
many diseases, including cancer [89, 111-116], cardiovascular disease [96, 117-123], obesity
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[124, 125], diabetes [99, 126], retinal diseases [127-130], nonalcoholic fatty liver disease
[131-133], cholestatic parenchyma [134], osteoarthritis [98, 135], rheumatic diseases [136],
kidney diseases [137-141], chronic alcohol use disorders [142], congenital and genetic
diseases [143-145], Alzheimer's disease [146-157], Parkinson's disease [158], Huntington's
disease [159, 160], Myelin Disease [161], ischemic strokes [162], skin wound healing [163,
164] as well as viral diseases [165-167]. For instance, using MALDI-MSI, Kaya et al.
revealed alterations of infarct-associated sphingolipids, glycerophospholipids,
lysophospholipids, cardiolipins and acylcarnitines in a mouse model of myocardial infarction
[117]. Paine et al. examined lipids associated with medulloblastoma metastasis, including
phosphatidic acids, phosphatidylethanolamines, phosphatidylserines, and phosphoinositides
by 3D-MALDI-MSI [89].

Additionally, MALDI-MSI metabolomics is capable of mapping other metabolites on tissue
such as amino acids [79], energy-related molecules such as adenosine monophosphate
(AMP), adenosine diphosphate (ADP) and adenosine triphosphate (ATP) [168],
neurotransmitters [169], carbohydrates, organic acids, vitamins [170], glucose and related
metabolites [171], metabolites involved in metabolic networks [172] such as glycolysis,
tricarboxylic acid cycle, fatty acids metabolism [173] and kynurenine pathway [174], as well
as metal ions [175]. For example, Aichler et al. applied MALDI-MSI on Langerhans islets
to determine the metabolic characteristics of these islets during type-2 diabetes progression.
They found that accumulation of N-acyl taurines and acetylcarnitine is linked with insulin
synthesis and secretion [99]. Likewise, Du et al. showed that the energy metabolism plays a
central role in the functional recovery during cerebral ischemia-reperfusion [176]. Esteve et
al. found several metabolites to be involved in the purine metabolic pathway in the context
of Alzheimer's disease such as uric acid [177]. Similarly, Lou et al. identified inositol cyclic
phosphate and carnitine were correlated with overall survival and metastasis-free survival in
high grade sarcomas patients, respectively [116]. Likewise, Andersen and coworkers
revealed several differential metabolites such as nucleotides (AMP, ADP and ATP), citrate
and zinc among others in different human prostate tissue types (cancer, non-cancer
epithelium, and stroma) [175]. Interestingly, a recent study by Murakami et al. identified
distinct tissue metabolomic profiles of pheochromocytoma and paraganglioma in relation to
tumor genotypes [174]. Of note, there are many other MALDI-MSI metabolomics studies in
different pathologies including tumor [178-183], neurodegenerative diseases [179, 184],
status epilepticus [185], osteoarthritis [186], ischemic strokes [187] among others, as well as
normal tissues such as kidney [169] and bovine lens [171].

In chapters 2 and 3 of this thesis, | applied non-targeted metabolomics on atherosclerosis in
mice. In a similar manner, | studied fascia healing in a rat model in chapter 4.

Targeted MALDI-MSI metabolomics

Most of targeted MALDI-MSI metabolomics studies focus on the local detection of drugs,
toxicants and their metabolites in different tissues to investigate their
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pharmacological/toxicological effects [188]. These exogenous compounds include
acetaminophen [189], cyclic peptide melanotan Il [190], scutellarin [191], thymoquinone
[192], sulfamethoxazole [193], triamcinolone acetonide [194], sunitinib (anti-angiogenic
drug) [195], tetrandrine [196], polyphenols [197], citalopram [198], brimonidine [199],
amodiaquine [200], methamphetamine [201], platinum-based drugs (cisplatin, carboplatin,
and oxaliplatin) [202], tuberculosis [203], oligonucleotide therapeutics [204, 205], irinotecan
[206], amitriptyline [207], retigabine [208], dufulin [209], nicotine and mannitol [210],
cocaine, benzoylecgonine, and cocaethylene [211], irinotecan [206], fosdevirine [212], I-
DOPA [213], as well as seasonal trivalent influenza vaccine [214] among others.

Moreover, targeted MALDI-MSI has also greatly benefited from on-tissue derivatization
strategies targeting specific functional-group-containing endogenous metabolites such as
sulfur-containing metabolites [215], carboxyl-containing metabolites [216], amine
metabolites (e.g. amino acids and neurotransmitters) [217], vitamin D metabolites [218], as
recently reviewed by Harkin et al. [219].

Of note, conventional MSI typically captures a static snapshot of a highly dynamic metabolic
system at a single time-point within a given tissue sample [81], hence suffering from
sampling bias and the limitation of tracing dynamic metabolic changes over time. In this
context, stable isotopic labeling, offers the opportunity to study the dynamics of metabolic
fluxes [220], since the incorporation of isotopes (commonly *C, ?H, and °N) into target
metabolites, amino acids, small peptides or water [221] produces shifted mass signals,
including the labeled precursor and the products of its metabolic conversion, which can be
detected by MS-based technologies [220]. Combining targeted MSI, stable isotope labeling
with the use of animal models can therefore reveal spatially resolved dynamics of targeted
molecule synthesis and turn over occurring in tissue samples [81].

To date, several targeted studies have coupled isotope labeling with the MALDI imaging.
For example, Louie et al. used MALDI-MSI to map the heterogeneous spatial distributions
of D,O-labeled lipids in intratumor subpopulations [222]. Castro-Perez et al. investigated the
incorporation of an isotopically labeled 2,2,3,4,4,6-d6-cholesterol into atherosclerotic
plaques with the same ionization approach [223]. Ellis et al. used MALDI-MSI of both
methyl-Dg choline and universally *C-labeled dipalmitoyl PC administered to mice to
visualize lung and surfactant lipid metabolism [224]. Yoshinaga et al. revealed that the
administered 2H (D) labeled arachidonic acid and docosahexaenoic acid first accumulated in
the hippocampus and cerebellar cortex in the brain [225]. Kihara et al. analyzed the
distribution of 3"Fe-heme in the mice spleen using MALDI FTICR-MSI [226]. And finally,
Arts et al. revealed the localized hepatocellular synthesis of L-phenylalanine in mice with
13C [81].

To conclude, isotope labeling together with MALDI-MSI harbors great potential for the
investigation of the spatial dynamics of metabolic processes in many diseases, especially in
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cancer. Therefore, in chapter 5 of this thesis, | studied the kinetics of C labeled L-
phenylalanine and its derivative L-tyrosine in lung tumor xenografts over time [80].

However, first | applied untargeted MALDI-MSI to tissues from animal models to better
understand local metabolic processes in atherosclerosis (chapters 2 and 3) and fascia healing
(chapter 4).

5.2 Atherosclerosis

Atherogenesis and atherosclerotic mouse models

Atherosclerosis is the leading cause of morbidities and mortalities worldwide. It is a chronic
lipid-driven inflammatory disease characterized by atherosclerotic plagues formation in the
arterial wall [47]. Atherosclerotic plaque formation and progression (Figure 1.10) has been
greatly clarified by studies in experimental animals [227]. In general, a normal arterial wall
comprises three morphologically distinct layers: the tunica intima (the innermost, facing the
lumen of the vessel), the tunica media (the middle layer), and the tunica adventitia (the
outermost layer) [227]. The intima is made up of a monolayer of endothelial cells, which acts
as a selective permeability barrier between the circulating blood and the other vessel layers
[228]. The media layer consists predominantly of multiple longitudinally oriented vascular
smooth muscle cells (SMCs) [227]. The adventitia is composed of dispersed fibroblasts,
adipocytes, inflammatory cells, SMCs, stem and progenitor cells, as well as perivascular
nerves [229]. Each layer presents specific characteristics and essential functions to maintain
vascular integrity and homeostasis, as well as to regulate the vascular responses to external
stimuli [230].

Endothelial dysfunction plays an important role for the pathogenesis of atherosclerosis
(Figure 1.10) [231]. The dysfunctional endothelium results in the accumulation and
aggregation of circulating lipoprotein particles and monocytes in the intima [227], where the
monocytes subsequently differentiate into macrophages and take up the lipoproteins to
convert into foam cells [231]. Form cells make up the characteristic fatty streaks observed in
the early stages of atherosclerosis [232]. Those macrophageous foam cells die over time and
contribute their lipid-laden contents to form a necrotic core [233]. SMCs from the media
layer can also subsequently migrate into the intima, where they produce extracellular matrix
components [234] and secrete cytokines to further enhance the accumulation of inflammatory
cells in the intima [235], and thereby giving rise to a progressively larger and more complex
lesion with a fibrous cap. Those lesions can continue to grow by attracting new monocytes
from the blood, which is accompanied by cell proliferation, extracellular matrix production
and the accumulation of extracellular lipid [227]. Destabilizing factors such as cell deaths or
vascular calcification can result in rupture of the fibrous cap [236], thereby exposing the lipid
content to the bloodstream, which can cause thrombus formation, which can result in an acute
myocardial infarction or a stroke [227].
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Figure 1.10. Schematic diagram of atherosclerosis progression from a healthy artery (left) to early-and late-stage
atheroma (middle and right, respectively). Atheroma formation starts with endothelial dysfunction, followed by
accumulation and aggregation of low density lipoprotein (LDL) particles in the intima layer, followed by monocytes
proliferation and differentiation into macrophages. Macrophages take up the lipoproteins and form foam cells,
resulting in characteristic fatty streaks observed in the early stage of atherosclerosis. Fatty steaks can subsequently
accumulate vascular smooth muscle cells (VSMCs) from the media layer. Following the secretion of fibrous
elements by the SMCs, together with cell proliferation, extracellular matrix production and the accumulation of
extracellular lipids, fibrous atheroma with fibrous cap may continue growing in size and become increasingly
complex. Destabilizing factors such as cell death or calcification may result in plaque rupture and release of its
contents to the bloodstream, which can lead to acute events such as myocardial infarction or stroke. This figure has
been reproduced from [237].

Animal models of atherosclerosis are valuable tools to investigate its etiology [238] and the
molecular mechanisms underlying pathogenesis and progression of atherosclerosis [239], as
well as to test pharmacological treatments and validate diagnostic imaging techniques [238].
In general, animal models of atherosclerosis are based either on a western type diet enriched
in high fat and/or high cholesterol [240], or the introduction of genetic modifications involved
in cholesterol synthesis and uptake [239, 240], or both. In atherosclerosis research, mice and
rabbits are the predominantly used animals, followed by rats, swine, primates and other
animal models [239]. Among them, mice are the leading species to study experimental
atherosclerosis due to its friendly cost, small size, prompt reproduction and simplicity of
genetic manipulation, together with its feasibility to develop and atherosclerotic symptoms
in a reasonable time scale [239]. Both low-density lipoprotein receptor deficient (IdIr~"")
mice and apolipoprotein E deficient (apoe™") mice are the two most widely used genetically
modified animal models for atherosclerosis [241]. These two mouse models have been
comprehensively reviewed by Emini Veseli et al. [239] as well as Getz et al. [241] (Figure
1.11). In chapter 2, | have used MALDI-MSI to find commonalities and differences in the
lipidic composition between the atheromas of both mouse models. More precisely, Idlr”~
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mice in chapter 2 were fed a high fat and high cholesterol diet (HFD) for 16 weeks and
apoe~ mice a normal-diet, both of which resulted in advanced atherosclerotic lesions. In
contrast in chapter 3, ldlr’~ mice were fed an 8 weeks HFD leading to an earlier stage of
atherosclerosis as compared to the mice utilized in chapter 2. Moreover, | mainly focused
on the aortic atherosclerotic lesion for all mice considering the aortic root are the predominant
sites for atherosclerosis development in rodents [239].
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Figure 1.11. The overview of the two most widely used genetically modified animal models for atherosclerosis,
including low-density lipoprotein receptor deficient (Idlr~") mice and apolipoprotein E deficient (apoe ™) mice.
The apoe ™~ mouse model develops advanced atherosclerosis on normal diet (ND), while IdIr~~ mice require western
style diet (WD). As consequence, IdIr”~ mice show a more human-like lipid profile as compared to the apoe ™ mice.
This figure has been reproduced from [239].

MALDI-MSI metabolomics of atherosclerosis

Atherogenesis involves the interaction of many different molecules in a complex network,
which is still not fully unraveled and it is known that lipids are important players in plaque
formation and progression. Lipid composition, localization, and alteration along the arterial
wall are therefore considered to play a crucial role in the progression of atherosclerosis and
the stability of the atheroma [242]. However, lipids constitute an extremely heterogeneous
and abundant molecular class, which —combined with the spatial complexity of an atheroma—
makes their in situ investigation extremely difficult.

In this context, MALDI-MSI has already demonstrated its unique capability of directly
accessing a tissue’s molecular content in cardiovascular diseases [243]. Specifically in
atherosclerotic research however, MALDI-MSI remains an underexplored technique with
only a few studies, which have so far have focused on the optimization of the experimental
conditions [244] and data processing [122, 245]. For example, Martin-Lorenzo et al. applied
MALDI-MSI on atherosclerotic rabbits, which showed increased expression of fatty acids
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and lysolipids in the intima, and the accumulation of phosphatidylinositol,
phosphatidylglycerol and sphingomyelin are in line with an endothelial dysfunction and a
triggered inflammatory response [96]. In the same study, triglycerides, phosphatidic acid,
sphingomyelin and ceramide phosphoethanolamines were identified specifically located in
calcified regions [96]. Castro-Perez et al. found specific lysophosphatidylcholines as well as
free cholesterol and cholesteryl esters that contribute to atheroma formation using MALDI-
MSI on aortic tissue of apoe™ mice [123]. Moreover, they showed distinguished spatial
accumulation of non-esterified and esterified versions of (2,2,3,4,4,6-d(6))-cholesterol within
aortic plaque regions [123]. Interestingly, Lohofer et al. recently applied MALDI-MSI to
visualize the localization and measure the concentration of the magnetic resonance imaging
probe Gadofluorine P in the ldIr~ mice’s aortic plaques which thus adds novel information
on the specificity and sensitivity of the marker for magnetic resonance imaging of
atherosclerosis [246].

In addition to animal models, MALDI-MSI has also been applied to human samples. For
example, Moerman et al. applied MALDI-MSI on human carotid atherosclerotic plaques.
They found the abundances of sphingomyelin and oxidized cholesteryl ester species were
elevated specifically in necrotic intima areas, whereas diacylglycerols and triacylglycerols
were spatially correlated to areas containing the coagulation protein fibrin [247]. Likewise,
Greco and coworkers investigated lipids on human carotid atherosclerotic plaques by
MALDI-MSI. They found macrophage-rich regions from symptomatic lesions to be enriched
in sphingomyelins, and intimal SMCs of symptomatic plaques to be enriched in cholesterol
and cholesteryl esters [248]. All these studies confirm that MALDI-MSI is a promising tool
for the investigation of histologically heterogeneous atherosclerotic tissues. Nevertheless,
these studies have so far overlooked the volumetric complexity of atheromas. To address this
issue, | used three-dimensional (3D) MALDI-MSI to study the lipids distributions in aortic
plaque in a volumetric manner.

While lipids certainly are at the core of atherosclerosis, the triggered inflammatory response
during atherosclerosis progression also indicates an imbalance in other low-molecule-weight
metabolites. However, there has not been any MSI-based study on both lipids and other
metabolites so far. Moreover, novel molecular targets and metabolic marker panels for this
silent pathology are strongly needed. This is the reason why in chapter 3 of this thesis, |
applied untargeted metabolomics to explore spatially resolved metabolic alterations while
locating them within the aortic structure in high fat, high cholesterol diet IdIr~~ mice (n=11)
aortic tissues compared to normal diet IdIr~~ mice (n=11) using MALDI-FTICR-MSI.

5.3 Wound healing
The stages of wound healing

Not unlike atherosclerosis, wound healing is also a highly complex and dynamic process
which involves the interaction and coordination of a myriad of different cells and molecules
[249]. Wounds can be generally classified as acute (a few weeks) or chronic (several months
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or years) depending on their time frame of healing [249]. Acute wounds can result from
traumatic tissue loss, a surgical operation or even from an insect’s bite [249]. Acute wound
healing undergoes a well-organized process, which is classically divided into four
temporarily and spatially overlapping phases: hemostasis, inflammation, proliferation, and
remodeling [250] (Figure 1.12). Hemostasis takes place as soon as a wound occurs, where
first platelets are activated and which is then followed by the recruitment of immune cells,
the stimulation of resident skin cells such as fibroblasts and keratinocytes, as well as a series
of enzymatic activities, contributing to the formation of a fibrin clot to seal the injury site and
prevent further bleeding [250]. The inflammation stage of healing is characterized by
infiltration of resident immune cells (e.g. neutrophils, mast cells, T cells and
monocytes/macrophages) to elicit the inflammatory responses [251]. As the inflammation
diminishes, the wound healing process is dominated by the proliferation phase (growth of
new tissue), where angiogenesis, matrix deposition, formation of granulation tissue, and
revascularization/angiogenesis occur [252]. During the proliferation stage, keratinocytes are
extensively activated and migrated across the wound edge to resurface the wound with a new
epithelium layer [253]. Finally, the deposited matrix undergoes controlled remodeling by
fibroblasts, and followed by myofibroblasts contributing to overall wound contractions [254].
Later, the resident cells go through apoptosis upon completion of the tissue healing [250].

Currently, several models have been used for investigating wound healing, including
different animals (e.g. rodents, rabbits, and pigs) as well as non-animal models such as in
silico computational models, in vitro models (e.g. mono-layered cultures, co-cultures, and
skin explants) [255]. The reader can refer to the systematic review by Sami et al. [255]. It
has been found that a repertoire of lipids are critical players during the different stages of
wound healing, including glycerophospholipids (e.g. lysophospholipids and fatty acids) and
sphingolipids (e.g. sphingomyelin and ceramide), as recently reviewed by Pils and coworkers
[256].

Furthermore, unlike acute wounds, which heal through the routine four healing stages in an
orderly and timely manner, a chronic wound comes along with other pathologic factors such
as metabolic diseases, peripheral vascular disease, medications, radiation therapy, or external
factors (e.g. sustained pressure, temperature, depression) [257]. All these factors cause a
healing process deviated from the previously described normal stages of healing and
ultimately resulting in the non-healing of wounds [257].
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In chapter 4 of this thesis, | focused on the role of localized lipids on acute wound healing.
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Figure 1.12. The major phases of acute wound healing: hemostasis, inflammation, proliferation, and remodeling (in
chronological order). Hemostasis takes place as soon as a wound arises: platelets are activated and followed by the
recruitment of immune cells, the stimulation of resident skin cells such as fibroblasts, contributing to the formation
of a fibrin clot. The inflammation stage is characterized by the infiltration of resident immune cells (e.g. neutrophils,
mast cells, T cells and monocytes/macrophages) to elicit the inflammatory responses. With the diminishing of
inflammation, angiogenesis, matrix deposition, formation of granulation tissue, and revascularization/angiogenesis
occur in proliferation phase. Finally, the remodeling occurs upon completion of the wound healing. The figure has
been reproduced from [250].

MALDI-MSI metabolomics on wound healing

The cellular and molecular mechanisms underpinning acute wound healing remain poorly
understood, especially for fascial wound healing owing to most of the wound healing studies
having focused on skin wounds [258], which is also true for MALDI-MSI studies [259].
Indeed, MALDI-MSI has successfully applied in a few wound healing metabolomics studies
with a specific focus on skin. For instance, Lewis and coworkers examined lipids directly
involved in the skin wound healing process using MALDI-MSI in a wounded living skin
equivalent model [260]. Likewise, Komprda et al. employed MALDI-MSI for evaluating the
effects of dietary oils containing polyunsaturated fatty acids on cutaneous wound healing in
Wistar rats [261]. Even though acute wounds undergo similar healing process regardless of
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skin or fascia, the differences between fascial healing and skin healing have been
continuously recognized [262]. More studies with different techniques are hence needed to
reveal the specific mechanism of fascial incisions healing. This is the reason why in chapter
4 of this thesis, | studied lipids alterations exclusively involved in the fascia healing process
using MALDI-MSI [263].

5.4 Cancer

Cancer metabolism

Cancer is a group of diseases characterized by the uncontrolled growth and proliferation of
any of the different types of cells in the body, and thus there are over 100 distinct known
types of cancer [264]. These demonstrate considerably different metabolic features [265], as
well as clinical behaviors and responses to treatment [266]. The detailed cancer pathogenesis
is beyond the scope of this chapter and the reader is referred to the other review papers [264,
267]. However, metabolic alterations have been well recognized as a hallmark of cancer [13].
The most extensively investigated metabolic change in cancer is the deregulated glucose
metabolism, which refers to the Warburg effect [268]. The normal cells are primarily relying
on mitochondrial oxidative phosphorylation to obtain the energy required for cellular
activities [269]. In contrast, most tumor cells preferentially utilize aerobic glycolysis as a
means of energy rather than the more efficient mitochondrial oxidative phosphorylation [268],
such that 2-deoxy-2-[fluorine-18]fluoro-D-glucose (*®F-FDG) has been the most commonly
used tracer for PET oncologic imaging in the clinic [270]. Moreover, a great number of recent
studies evidenced that glutamine metabolism also plays a crucial role in cancer [271], which
is involved in regulating energy formation and macromolecular synthesis, as well as
maintaining redox homeostasis and cellular signaling in cancer cells [272]. Consequently,
8F-labeled glutamine has also progressively applied in both preclinical and early clinical
tumor PET imaging studies [273]. Furthermore, with the development and application of new
technologies over the past decades, heterogeneity and plasticity in tumors have been greatly
unraveled [274], but also novel metabolic targets and pathways involved in tumor initiation
and progression are evolving rapidly [275]. For instance, alteration of reactive oxygen species
[276] and acid/base homoeostasis [277] in cancer cells has been well recognized in tumor
metabolism.

Moreover, modified levels of oxygen and nutrients of the tumor microenvironment (TME,
Figure 1.13) can cause altered metabolic phenotypes of cancer cells [278]. Interestingly, it
has also been suggested that metabolites in the TME not only offer energy substrates, but
also act as key players in cell-to-cell communication and further affect cancer cellular
behavior [279]. In addition, cancer cells and other cells including fibroblasts and immune
cells in the TME can exchange metabolites [280]. These metabolites can regulate each other's
functions [280]. Finally, a great number of metabolomics based studies have investigated the
altered metabolism of lipids and other metabolites such as amino acids participating in tumor
initiation and progression [281].
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Figure 1.13. Simplified schematic representation of the tumor microenvironment (TME). TME is created by the
tumor and is comprised of proliferating tumor cells, the tumor stroma, blood vessels, immune cells (e.g. lymphocytes,
dendritic cells, macrophages, rare natural killer cells), fibroblasts, signaling molecules and the extracellular matrix
[282]. The figure has been reproduced from https://www.precisiononcology.ie.

MALDI-MSI metabolomics in cancer research

Given the importance to spatially unravel the TME from the tumor for tissue metabolomics,
MALDI-MSI has presented itself as an invaluable tool to not only spatially differentiate
cancer metabolic heterogeneity, but also to facilitate cancer biomarker discovery with
diagnostic and prognostic potential [281].

MALDI-MSI metabolomics studies have been extensively performed in cancer research,
where untargeted studies focused on the investigation of endogenous metabolites [183] and
untargeted studies mostly on the detection of anticancer drugs [283]. Regarding the first,
MALDI-MSI has been applied to brain tumor [60, 284-287], breast tumor [172, 181, 286,
288, 289], colonic tumor [78], colorectal carcinoma [100, 290-293], head and neck tumor
[294, 295], gastrointestinal stromal tumor [296], urachal tumor [297], oral cancer [298, 299],
gastric cancer [73, 300], colon cancer liver metastasis [301], lung cancer [302-308],
lymphoma [309], thyroid tumor [310], renal cancer [111, 311-314], bladder cancer [315],
ovarian carcinoma [316], prostatic cancer [175, 317], sarcoma [318], adrenocortical
carcinoma [180], pheochromocytoma and paraganglioma [174], as well as different
multicellular tumor spheroids [182, 319, 320]. For instance, MALDI-MSI has been
performed to identify tumor-specific metabolites [294], to discriminate metabolites profiles
between cancerous and normal tissues [181, 298], as well as to differentiate between subtle
variations but highly similar tumors [291]. Likewise, MALDI-MSI has also been employed
to identify metabolites that correlate with cancer grading and prognosis [318]. Additionally,
MALDI-MSI together with large-scale tissue microarrays has been increasingly evidenced
as powerful biomarker discovery tool [321, 322].
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MALDI-MSI has also been widely used to investigate anticancer drugs, including irinotecan
[206, 323], paclitaxel [324], Platinum-based metallodrugs (cisplatin and oxaliplatin) [202,
325], afatinib [326], sorafenib [326], erlotinib [326, 327], sunitinib [328, 329], and
nanoparticle-formulated drugs [330] amongst others.

In addition, MALDI-MSI has also been applied to image an exogenous hypoxia marker
pimonidazole as well as other associated metabolites in breast tumor [331] and to image the
anticancer drugs in spheroids or organoids, as recently reviewed by Wang and coworker
[332].

However, as mentioned previously, MALDI-MSI remains poorly applied in understanding
metabolite dynamics and kinetics. This is the reason why in chapter 5 of this thesis | explored
the use of *C-labeled L-phenylalanine to understand amino acid anabolic processes in the
context of the cancer’s tissue morphology MALDI-FTICR-MSI [80].

6. Thesis outline

To summarize, the work described in this thesis fills several gaps of application of MALDI
MSI to understand local metabolisms and their dynamics. The latter is enabled by the use of
preclinical animal models, including mice (chapters 2, 3 and 5) and rats (chapter 4). In
chapters 2—-4, untargeted metabolomics was applied on atherosclerosis and wound healing
(chapters 2 and 3: atherosclerosis; chapter 4: abdominal fascia healing) using MALDI-MSI.
Moreover, in chapter 5, | applied targeted metabolomics on cancer in mouse model using
MALDI-MSI together with 13C isotope labeling.

In chapter 2, I applied high-spatial-resolution 2D and 3D MALDI-TOF-MSI to identify and
verify aortic plaque-specific lipids witch are common to low density lipoprotein receptor
deficient (Idlr") mice and apolipoprotein E deficient (apoe™") mice, the two most widely
used animal models for atherosclerosis. In chapter 3, I investigated alterations of metabolites
in atherosclerosis of IdIr~~ mice compared to healthy mice with MALDI-FTICR-MSI. In
chapter 4, | investigated temporal and in situ changes of lipids during the normal healing
process of abdominal fascia in the first postoperative week using MALDI-TOF-MSI. In
chapter 5, | studied L-[ring-'3C¢]-labeled phenylalanine and tyrosine kinetics in a human
non-small cell lung carcinoma xenografted mouse model using MALDI-FTICR-MSI. The
supplementary materials for chapters 2-5 can be found in the appendix page. Chapter 6
discusses the research findings in this thesis regarding their potential economic and societal
impact. Chapter 7 summarizes the major findings of this thesis and places them in
perspectives for future research investigations and their potential biological and clinical
implications.
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Atheroma-specific lipids in ldlr "
and apoe”’~ mice using 2D and 3D
matrix-assisted laser
desorption/ionization

mass spectrometry imaging
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Claes, Erik A. L. Biessen, Ron M. A. Heeren, and Benjamin Balluff. J. Am. Soc. Mass
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Abstract

Atherosclerosis is the major contributor to cardiovascular diseases. It is a spatially and

temporally complex inflammatory disease, in which intravascular accumulation of a plethora
of lipids is considered to play a crucial role. To date, both the composition and local

distribution of the involved lipids have not been thoroughly mapped yet. Matrix-assisted laser
desorption/ionization (MALDI) mass spectrometry imaging (MSI) enables analyzing and

visualizing hundreds of lipid molecules within the plaque while preserving each lipid’s

specific location. In this study, we aim to identify and verify aortic plaque-specific lipids with

high spatial-resolution 2D and 3D MALDI-MSI common to high-fat-diet-fed low-density
lipoprotein receptor deficient (Idlr~~) mice and chow-fed apolipoprotein E deficient (apoe™")
mice, the two most widely used animal models for atherosclerosis. A total of 11 lipids were

found to be significantly and specifically colocalized to the plaques in both mouse models.

These were identified and belong to one sphingomyelin (SM), three lysophosphatidic acids

(LPA), four lysophosphatidylcholines (LPC), two lysophosphatidylethanolamines (LPE),

and one lysophosphatidylinositol (LPI). While these lysolipids and SM 34:0;2 were

characteristic of the atherosclerotic aorta plaque itself, LPI 18:0 was mainly localized in the

necrotic core of the plaque.
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Introduction

Cardiovascular diseases are the leading cause of death globally, and atherosclerosis is the
major contributor. It is a chronic lipid-driven inflammatory disease characterized by
atherosclerotic plaques formation in the arterial wall [227, 234, 333].

Atherogenesis is initiated by endothelial dysfunction and activation followed by
subendothelial lipoprotein accumulation and subsequent recruitment of immune cells. The
resulting atheroma plaque consists of a lipid core and is covered by a plaque-stabilizing
fibrous cap. Destabilizing factors such as cell death or calcification can result in rupture of
this atheroma, thereby exposing the lipid content to the bloodstream, which can for instance
lead to myocardial infarction or stroke [227, 234, 333]. Lipid composition, localization, and
alteration along the arterial wall are considered to play a crucial role in the progression of
atherosclerosis and the stability of the atheroma [96]. However, lipids constitute an extremely
heterogeneous and abundant molecular class, which-combined with the spatial complexity of
an atheroma-makes their in situ investigation extremely difficult.

In this context, mass spectrometry imaging (MSI) enables analyzing and visualizing
hundreds of lipid molecules without labeling while each lipid’s specific location in ex vivo
biological tissue specimens is recorded [18]. Specifically, matrix-assisted laser
desorption/ionization (MALDI)-MSI with its flexibility in spatial resolution (down to 10 pm)
and in molecular classes (metabolites, proteins, lipids, glycans...) is increasingly applied in
biomedical research. MALDI-MSI has demonstrated its unique capability of directly
accessing a tissue’s molecular content in an unlabeled manner in many studies [30], among
them several in the field of cardiovascular diseases [334]. In atherosclerotic research,
however, MALDI-MSI remains an underexplored technique with only a few studies, which
have so far have focused on the optimization of the experimental conditions and data
processing [335-337].

Previous studies of early atherosclerosis using MALDI-MSI in apolipoprotein E deficient
(apoe™") mice and in rabbits have already confirmed the presence of cholesterol in lipid-rich
areas of the artery [338], and have led to the identification of several lipid classes in the
atheroma, respectively [339]. Nevertheless, these studies either suffer from a low number of
samples or did not account for the volumetric complexity of atheromas.

In this study, we therefore address both issues using high spatial resolution 2-dimensional
(2D) and three-dimensional (3D) MALDI-MSI to identify aortic plaque-specific lipids in two
of the most widely studied mouse models for atherosclerosis. In a first phase, we investigate
plaque-specific lipids in 15 low-density lipoprotein receptor deficient (Idlr~) mice and four
apoe”” mice on a two-dimensional level involving several longitudinal replicates.
Subsequently, we verify the volumetric plaque specificity of those lipids by 3D MALDI-MSI
in an apoe™" mouse to confirm the universal presence of these lipids along the plaque.

43



Chapter 2

Materials and methods
Animal models

Fifteen Idlr”~ male mice and six apoe™~ male mice were studied. Both models were on a
C57BL/6 background to the 10th generation (Jackson Laboratory, Bar Harbor, ME, U.S.A.)
and developed aortic atherosclerotic lesions under specific dietary conditions. Twelve-week-
old IdIr”~ mice were fed a high-fat diet containing 16% fat and 0.15% cholesterol (AB Diets,
Hope Farms, Woerden, The Netherlands) for 16 weeks. Forty-week-old apoe™" mice had
been fed a chow diet. All animals were housed under standard environmental conditions with
a 12:12-h light-dark cycle. The mice were sacrificed and their aortic roots were fresh-frozen
in OCT compound (Shandon, Veldhoven, The Netherlands) and stored at —80 °C until cryo-
sectioning. All animal care and experimental procedures were in compliance with the
Guidelines of the Maastricht University Animal Ethics Committee and the EU regulations
for animal experimentation.

MSI sample preparation

Fifteen Idlr’ and four apoe” mice aortic roots were sectioned at 7 pm thickness and
perpendicular to the direction of blood flow using a cryo-microtome (Leica CM3050 S, Leica,
Wetzlar, Germany), thaw mounted onto indium—tin oxide (ITO) coated glass slides (CG-
40IN-S115, Delta Technologies, Loveland, CO, U.S.A.), and stored at —80 °C until further
analysis. For the Idlr’~ and apoe™~ mice, five sections were collected per mouse, each
separated by 160 and 130 um, respectively, to obtain a total of 115 tissue sections for a 2D
analysis of the atheroma plaque.

For 3D MALDI-MSI of the whole aortic root from one apoe™~ mouse, 130 consecutive
sections at 10 pm thickness were collected, where odd and even numbered sections were
measured in negative and positive polarity, respectively. For posterior lipid identification, an
additional apoe ™" mouse aortic root was sectioned at 10 pm thickness and thaw mounted on
membrane PEN slides (Leica Microsystems, Wetzlar, Germany).

All ITO slides were dried in a vacuum desiccator for 10 min and fiducial markers (Tipp-EX,
BIC, France) were applied to the ITO slide prior to matrix deposition. A 7 mg/mL
norharmane matrix solution was prepared in 2:1 chloroform:methanol (v:v) and
homogeneously deposited onto the slides using an automated, temperature-controlled
spraying system (TM-sprayer, HTX Technologies, Chapel Hill, NC, U.S.A.). Briefly, 15
layers were sprayed at 30 °C with a constant flow rate of 0.12 mL/min and at a speed of 1200
mm/min combined with 30 s drying time between each layer. Samples were measured
immediately after matrix application. 2D and 3D MALDI-MSI Analysis. MSI lipid data
within a mass range of m/z 400—2000 were acquired on a rapifleX MALDI Tissuetyper
(Bruker Daltonik, Bremen, Germany) operating in reflector mode with 200 laser shots
accumulated per pixel in both ion modes. For the 2D analysis, 115 sections were measured
with a pixel size of 15 x 15 pum? (12 x 12 um? beam scan region) as follows: 55 sections from
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11 IdIr~~ animals and 20 sections from 4 IdIr™~ mice in negative and positive polarity,
respectively, and 20 sections from 4 apoe™~ animals for each polarity. For the 3D apoe™~
analysis, 75 and 55 tissue sections were measured with a pixel size of 20 x 20 um? (16 x 16
um? beam scan region) in negative and positive ion mode, respectively. The instrument was
calibrated using red phosphorus before the imaging measurement. Data acquisition and
visualization were performed using FlexControl 4.0 and FlexImaging 5.0, respectively (both
from Bruker Daltonik).

Histological characterization

After MSI measurements, all ITO slides were washed with 70% methanol for 30 s to remove
matrix before hematoxylin and eosin (H&E) staining. The samples were dried in a vacuum
desiccator for 10 min, followed by rinsing in hematoxylin (Merck, Darmstadt, Germany) for
1 min, 10 min in tap water, 1 min in distilled water, and another 3 min in eosin (Merck,
Darmstadt, Germany). Then, all sections were dehydrated in a graded ethanol series (70%, 2
x 96%, 2 x 100%, 2 min each) and finally rinsed for another 2 min in xylene. Coverslips
were mounted onto the slides using a Tissue-Tek SCA 4764 Coverslipper (Sakura Finetek,
The Netherlands). After air drying overnight at room temperature, the H&E stained slides
were scanned using a digital slide scanner (Mirax Desk, Zeiss, Jena, Germany) and
coregistered in Flexlmaging to the MSI data using the previously applied fiducial markers.
Then, an expert in vascular pathology annotated plaque regions digitally in the scanned
images.

Data analysis and 3D reconstruction

For an optimal spectral comparison, all data sets were first recalibrated using FlexAnalysis
v3.4 (Bruker Daltonik). Recalibration for the negative ion mode data sets was performed in
linear correction mode using m/z 885.6 as calibrant with a 1000 ppm peak assignment
tolerance. Recalibration for the positive ion mode data sets was performed in quadratic mode
using m/z 496.3, 524.4, 734.6, 758.6, and 782.6 as calibrants with a 500 ppm peak assignment
tolerance. All recalibrated MSI data, coregistered H&E images, and plaque annotations were
imported for every polarity separately to SCIiLS Lab 2020a (Bruker Daltonik) for further
analysis.

In SCILS Lab, every spectrum was normalized to its root mean square value. The average
spectra from each data set were exported to mMass 5.5.013 for peak-picking with the
following parameters: (1) S/N > 7.0, peak-picking height = 90%; (2) baseline correction
precision: 35 for negative ion mode data sets and 5 for positive ion mode data sets with
relative offset = 0; (3) Deisotoping: maximum charge = 1, isotope mass tolerance m/z = 0.1,
isotope intensity tolerance = 70% and isotope mass shift = 0.0.

Matrix-derived peaks were removed via the loading plot of the principal component 2 (on
tissue), resulting in 153 and 164 m/z species with a £ 200 ppm mass interval for the 2D data
sets in positive and negative ionization modes, respectively.
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Plaque specificity of m/z species was determined using the Pearson correlation coefficient in
SCILS lab with a minimum correlation coefficient of 0.4. 3D reconstruction and visualization
of the apoe™~ MSI data was accomplished in SCILS Lab by manually coregistering each pair
of consecutive H&E images using prominent morphological features of the tissues as
matched reference points.

Lipid identification

Laser capture microdissection (Leica LMD7000, Leica Microsystems, Wetzlar, Germany)
was used to accurately isolate the aortic plaques from 10 apoe™~ mouse aortic root sections
to obtain the identities of the plaque specific m/z signals as found by MALDI-MSI. Laser
capture microdissection was performed using the following parameters: wavelength = 349
nm, power = 40, aperture = 11, speed = 10, specimen balance = 1, head current = 100%, and
pulse frequency = 310 Hz. All plaque tissues were directly collected in an empty centrifuge
tube.

The lipids from the collected plaque regions were extracted using 30 pL of matrix solution
(7 mg/mL norharmane in 2:1 chloroform:methanol). The supernatant was spotted on an
empty ITO slide for subsequent MALDI-MS/MS measurements using a Q-Exactive Hybrid
Quadrupole-Orbitrap Mass Spectrometer (Thermo Fisher Scientific, Bremen, Germany)
coupled to a MALDI source (Spectroglyph, Kennewick, U.S.A.). MS1 spectra from both
mouse models were acquired within the mass range m/z 400—1000 in both ion modes with
the following settings: mass resolution = 240,000 (@m/z 200), laser repetition rate = 1000
Hz, HPF pressure = 7.5 Torr, and velocity = 2 mm/sec. MS2 measurements were performed
on supernatant from lipid extraction by using normalized collision energy in a range of 25—30
eV and a + 0.5 Da isolation window while continuously moving the stage, with 25 scans
averaged for each precursor. The online ALEX123 database
(http://alex123.info/ ALEX123/MS.php) was used for lipid assignments by matching the MS1
values and where available also the MS2 fragments with a mass tolerance of 3 and 5 ppm,
respectively.

Result
Plaque-specific Lipids

To identify lipids specifically confined to the plaque, we analyzed atherosclerotic aortic roots
from 15 high-fat diet fed Idlr mice and four chow-diet fed apoe™" mice using MALDI-
MSI in both polarities. In total, 317 m/z species were detected in both data sets with a signal-
to-noise >7. Spatial correlation analyses were used to find plaque colocalized m/z species
with a Pearson coefficient >0.4 between the MSI images and the histology-based annotations
of the atheroma plaque regions. This was done separately for the two mouse model data sets
and resulted in 33 plaque specific m/z species for the IdIr~~ mice (Figure 2.1a, Supplementary
Table 2.1) and 43 for the apoe” mice (Figure 2.1a, Supplementary Table 2.2).
Representative MSI images of plaque colocalized m/z species in Idlr”~ mice in negative (n
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= 10) and positive (n = 23) ion mode are shown in Supplementary Figures 2.1 and 2.2,
respectively. MSI images of plague-colocalized m/z species in the apoe™ mice in negative
(n=24) and positive (n = 19) ion modes are shown in the Supplementary Figures 2.3 and 2.4,
respectively.

(a) (b)

Neg (n=11): 10 m/z species
IdIr” mice {
(n=15) Pos (n=4): 23 m/z species
2D-MSI IdIr”- IdIr”- N apoe” apoe”
Neg (n=4): 24 m/z species n=e P:(=)20501 n=18
apoe’ mice { :
(n=4) Pos (n=4): 19 m/z species

Figure 2.1. Study design and results of common plaque-specific lipids. Two-dimensional (2D) MALDI mass
spectrometry imaging (MSI) was performed on aortic roots from 15 IdIr’- and four apoe” mice in positive (Pos)
and negative (Neg) ionization modes, which resulted in 33 and 43 m/z species spatially correlated to the plaque for
the IdIr*-and apoe mouse models, respectively (a). The overlap of these plaque-specific m/z species between both
mouse models was 25, which was statistically significant (P < 0.001) using a hyper-geometric test (b).

Both mouse models had 25 plaque-specific m/z species in common (Figure 2.1b). All of these,
except m/z 496.6, were identified using high-mass resolution MS1 and M2 experiments and
belong to 18 lipids, as detailed in Table 2.1. All MS/MS spectra are shown in Supplementary
Figures 2.5-2.22. Five m/z species were found to correspond to mixtures of lipids based on
MS1 and MS2 levels, leaving 11 unambiguously identified lipids (Table 2.1), comprising 1
sphingomyelin (SM) and 10 lysolipids. Lysolipids correspond to 3 lysophosphatidic acids
(LPA), 4 lysophosphatidylcholines (LPC), 2 lysophosphatidylethanolamines (LPE), and 1
lysophosphatidylinositol (LPI).

Table 2.1. Twenty-five plaque-specific m/z species in both, ldIr’~ and apoe ™, mouse models.

Pearson lon  |Mass error
correlation MS .
Ob;er¥i()ij/Z coefficient Obbseor\r/si(:rr;/z Lipid assignment experiment mode (in ppm)
4 Y P level for ID
Idir” | apoe™"
409.3 0.47 0.61 409.2366 [LPA 16:0-H] MS1 NEG +1.3
459.2 0.50 0.46 459.2476 [LPA 18:1+Na]* MS1 POS -1.3
463.3 0.41 0.54 463.2839 [LPA 20:1-H] MS1 NEG +1.9
464.3 0.44 0.59 464.3142 [LPE O-18:1-H] MS1 NEG -1.0
[LPE 18:0-H]/
480.3 0.52 0.62 480.3099 MS2 NEG +0.6
[LPC 16:0-CHy]
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[LPC 0-16:0+H]*/ [LPE

4823 055 | 050 | 482.3600 0-190+H]" MS1 POS -1.0

4873 047 | 044 | 487.2790 [LPA 20:1+Na]* Ms1 POS -1.0

4963 058 | 062 | 496.3398 [LPC 16:0+H]* MS2 POS +0.0

496.6 0.60 | 0.49 / / / POS /
[LPC 18:1-CHy]/

506.3 043 | 041 | 5063257 Ms1 NEG +1.0

[LPE 20:1-HJ"

[LPC 17:0+H]*"/
510.4 0.59 | 055 510.3554 MS1 POS +0.0
[LPE 20:0+H]*

518.3 059 [ 0.63 518.3216 [LPC 16:0+Na]* MS2 POS -0.2
520.3 0.63 | 0.63 520.3400 [LPC 18:2+H]* MS2 POS +0.4
522.4 0.56 | 0.59 522.3557 [LPC 18:1+H]* MS2 POS +0.6
524.4 0.45 ] 052 524.3706 [LPC 18:0+H]+ MS2 POS -0.9
534.3 057 | 057 534.2951 [LPC 16:0+K]* MS2 POS -0.9

[LPC 19:0+H]*/
538.4 043 | 053 | 538.3862 Ms1 POS -1.0
[LPE 22:0+H]*

542.4 058 | 057 542.3213 [LPC 18:2+Na]* MS1 POS -0.8
544.4 059 [ 057 544.3389 [LPC 18:1+Na]* MS2 POS +2.8
546.4 056 | 0.49 546.3540 [LPC 18:0+Na]* MS2 POS +1.8
560.3 0.49 | 045 560.3123 [LPC 18:1+K]* MS2 POS +0.0
562.3 0.49 | 0.49 562.3278 [LPC 18:0+K]* MS2 POS +0.0
599.3 041 | 052 599.3216 [LPI 18:0-H] MS2 NEG +2.4
689.6 0.42 | 053 689.5620 [SM d18:0_16:0-CHs] MS2 NEG +0.7
727.6 040 | 0.44 727.5731 [SM 34:0;2+Na]* MS2 POS +1.0
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Representative MSI images of plaque co-localized lipids LPA 16:0 and LPC 18:2 in both
mouse models in negative and positive ion mode are shown in Figures 2.2 and 2.3,
respectively. These images show that the in situ localization and plaque correlation of these
common lipids are very similar in both animal models (Supplementary Figures 2.1-2.4).
Interestingly, we observed m/z 599.3 (LPI 18:0) to be nonhomogeneously distributed within
the plaque. Using annotations of characteristic plaque features, we found LPI 18:0 to be
specifically localized in the necrotic core region (Figure 2.4). This was observed consistently
in both animal models.

IdIr’-mice apoe™ mice

Replicates
o
3

@

2mm

Intensity (arb. unit)

A : A
0% 85% 100%

m/z 409.3 ( [LPA 16:0 — H]-)

Figure 2.2. Visualization of m/z 409.3 (LPA 16:0) in aortic roots of IdIr’- mice and apoe™ mice in negative ion
mode. On the left, the MALDI mass spectrometry imaging visualization of LPA 16:0 is shown for 55 different tissue
sections of 11 IdIr”- mice, and on the right for 20 different tissue sections of 4 apoe~ mice, showing specific plaque
localization in all aortas. Magnifications of two representative tissue sections are depicted on the lower right together
with their coregistered, hematoxylin and eosin (H&E)-stained images (plaque circumferences are indicated in
yellow).
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IdIr’”- mice
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m/z 520.3 ( [LPC 18:2 + H]*)

Figure 2.3. Visualization of m/z 520.3 (LPC 18:2) in aortic roots of IdIr’- mice and apoe ™ mice in positive ion mode
(with weak denoising). On the left, the location of LPC 18:2 in 40 different tissue sections of four mice from every
mouse model is shown as detected by MALDI mass spectrometry imaging. Magnifications of selected tissue sections
and their coregistered, hematoxylin and eosin (H&E)-stained images are shown in the right-hand side (plaque
circumferences are indicated in yellow).

IdIr’-mouse

arb. unit)

m/z 599.3 ([LPI 18:0 — H]")

Figure 2.4. Visualization of m/z 599.3 (LP1 18:0) in aortic roots of apoe™ and IdIr’- mouse in negative ion mode.
On the left, the location of LPI 18:0 is shown as detected by MALDI mass spectrometry imaging in both mouse
models. On the right, the coregistered hematoxylin and eosin (H&E)-stained images demonstrate that LPI 18:0 is
particularly confined to the necrotic core regions within the plaques (plague and necrotic core circumferences are
indicated in yellow and dark blue, respectively).
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Volumetric evaluation of plaque-specific lipids

To investigate the volumetric distribution of the 11 plaque-specific lipids along the plaque’s
length, 55 and 75 20 um-spaced tissue sections from an aortic root of one apoe™" mouse
were measured by MSI in positive and negative ion mode, respectively. Spatial correlation
analysis to plague annotations across all sections of the 3D MSI data was performed for the
25 m/z species belonging to the 11 lipids of interest. Twenty two m/z species (Supplementary
Table 2.3), which represent 10 unambiguously identified lipids, were found to have a
correlation coefficient of at least 0.4 across the whole plaque. This analysis hence confirmed
that 10 (LPA 18:1, LPA 20:1, LPE 0-18:1, LPE 18:0, LPC 16:0, LPC 18:0, LPC 18:1, LPC
18:2, LPI1 18:0, and SM 34:0;2) out of the 11 lipids can be considered plaque-specific in all
three dimensions of the plaque. The 3D spatial distributions of selected lipids along the
bloodstream direction are shown in longitudinal view in Figure 2.5a, where the signals
belonging to m/z 480.3 (LPE 18:0/LPC 16:0) and m/z 599.3 (LPI 18:0) delineate the plaque
and necrotic core areas, respectively. Supplementary Video 2.1 shows the 3D reconstruction
of m/z 480.3 (LPE 18:0/LPC 16:0) in rotation. Furthermore, the spatial correlation analysis
was performed individually for every section of the 3D MSI data set to obtain a more detailed
view on the specificity of these lipids for plaque and necrotic core areas along the third
dimension. Figure 2.5b shows the variation of the correlation coefficients of m/z 480.3 (LPE
18:0/LPC 16:0) to the plaque area and of m/z 599.3 (LPI 18:0) to the necrotic core area, and
Supplementary Figure 2.23 shows the remaining lipids.

(a) 3D-MSI longitudinal view of apoe™ mouse

s e

m/z 480.3 (LPC 16:0/ LPE 18:0)

Intensity (arb. unit)
"""
m/z 599.3 (LPI 18:0) & S 1855

(b)

NN 28YR5832C88332¢eTs
RS EE D B EEE ] FEl& IS o
DDODDDDBDDODD

=—=m/z 480.3 (LPC 16:0/ LPE 18:0) correlation to plaque

~==mifz 599.3 (LPI 18:0) correlation to necrotic core Plaque topography

Figure 2.5. Three-dimensional longitudinal visualization of the plaque-specific lipids m/z 480.3 (LPE 18:0/LPC
16:0) and m/z 599.3 (LPI 18:0) as detected by 3D MALDI mass spectrometry imaging in an aortic root of an apoe™~
mouse (a). Spatial correlation analysis was performed for m/z 480.3 (LPE 18:0/LPC 16:0) on the annotated plaque
area and for m/z 599.3 (LPI 18:0) on the annotated necrotic core area, respectively, on a section-by-section basis.
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This allows showing the variation of the correlation of two lipids to the respective annotations along the z-direction
of the plaque (b). The blood flow direction is from left to right.

Discussion

In this study we aimed to identify aortic plaque-specific lipids by high-spatial-resolution
MALDI-MSI and 3D MALDI-MSI in high-fat-diet-fed low-density lipoprotein receptor
deficient (Idlr~") mice and chow-fed apolipoprotein E deficient (apoe™") mice. These two
mouse models are the most-widely investigated mouse models in cardiovascular research. As
the pathogenesis and manifestation of atherosclerosis in both models is slightly different
[239], identifying common molecular mechanisms harbors the potential to better understand
key processes in the development of atherosclerosis.

Previous studies have already used MALDI mass spectrometry imaging to study the lipidic
composition of the atheroma plaque in human [336, 337, 340] or apoe™~ mouse model
samples [338]. We could confirm the observation of most LPCs (Table 2.1), several ceramide
species (Supplementary Table 2.2), cholesteryl esters (CEs), and oxysterols to be localized
in the plaque (Supplementary Figures 2.24—2.25), although the latter two did not pass our
peak picking thresholds. Our study complements these results by confirming the presence of
those lipids also in IdIr”~ mice and adding to that list other plaque-specific lysolipids such
as several LPAs, LPEs, and LPIs. Using a higher spatial resolution (15 pm) than previous
studies allowed us to spot certain lipid species in subcompartments of the plaque.
Furthermore, all lipid identifications are based on high-mass resolution MS1 (Robserved ~
120,000@m/z 800) or MS2 measurements, thereby providing a higher certainty of the
molecular identities.

Using an additional 3D approach allowed us to investigate the specificity of the detected
lipids along the third dimension of the plague. That we analyzed the entire plaque can be seen
in Figure 2.5b where the plaque’s hill-shaped topography is shown on the basis of the size of
the annotated plaque areas in each section. This analysis also shows that the lipids’ spatial
specificity remains stable along the z-direction of the plaque and is independent of the blood
flow direction.

Most of our identified lipids are lysophospholipids, including LPA, LPC, LPE, and LPI
species, suggesting that in both mouse models the plaque lipid pool is mainly composed of
different lysophospholipids. Lysophospholipids are bioactive lipid-derived metabolic
intermediates in biodegradation of membrane phospholipids and act as extracellular
mediators involved in development and progression of atherosclerosis [341]. LPCs are major
plasma lipids that are highly enriched in oxidized low-density lipoprotein (oxLDL), a highly
proatherogenic modified lipoprotein [342]. Although a recent MSI study by Diehl et al. has
shown the presence of LPCs at the highest vulnerable plaque regions in humans [340], to the
best of our knowledge, we have shown for the first time that LPC 16:0, LPC 18:0, LPC 18:1,
and LPC 18:2 are specifically and exclusively located in the atheroma plaque and not in the
rest of the artery in both mouse models. Interestingly, these lipid species have been related
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with a higher incidence of cardiovascular diseases in serum and plasma samples [343-345],
where serum levels have been related to different grades of calcification in coronary artery
disease [346]. Serum LPC 18:2 has also been proposed as myocardial infarction biomarker
[347]. This makes an interesting link between highly abundant blood circulating lipids and
plaque-specific lipids that should be further studied.

Several LPA species including 16:0, 18:1, and 20:1 were detected in the plaques of both
mouse models. The relation of LPAs with atherosclerosis and specifically with the atheroma
plaque has been studied earlier by us [348, 349] and others [350] concluding that there is
strong evidence that LPAs participate in formation and rupture of the plaque [348, 350].
LPAs have been previously found to accumulate in the central atheroma in human and mouse
plaques [351]. Indeed, LPA 16:0 and LPA 18:1 have been detected before in carotid mice
plaques [349]. However, LPA 20:1 has not been related before to atherosclerosis, neither has
it been specifically located within the atheroma plaque. The presence of both, LPAs and LPCs,
has been related with highly vulnerable plaques and poor prognosis [340, 351]. It has been
suggested that plaque rupture exposes these lysophospholipids, which in turn activate
platelets. This results in an increase of aggregates and thrombogenic potential, leading to a
fatal event.

In the present work, we identified specific LPAs (LPA 16:0, 18:1, 20:1) and LPCs (LPC 16:0,
18:0, 18:1, 18:2) in the plaque area. The specific characterization of these LPAS/LPCs is a
step forward because there is evidence that the fatty acid composition and the linkage of the
fatty acid to the glycerol backbone may affect this platelet activation [352] and subsequently
affect the stability of the plaque. LPEs and LPIs in atherosclerosis have been less studied
than other lysolipids, which might be attributed to their lower abundance. Different species
of LPE have been detected in plasma in association with incident cardiovascular disease but
without statistical significance [345]. We have identified and correlated the specific presence
of LPE 18:0 and LPE O-18:1 in the atheroma plaque. In this respect, it is also the first time
that LPI 18:0 has been found particularly localized in the necrotic core of plaques in both
mouse models, but its role in necrosis is presently unknown. However, we can hypothesize
that the presence of LPI in the necrotic core is related to poor prognosis. The necrotic core is
not only one of the most vulnerable plaque components, but also appears to be the most
thrombogenic component. Moreover, high levels of LPI have been related with a poor
outcome in acute myocardial infarction [353]. Nevertheless, the specific role of this LPI in
necrosis still has to be explored with other techniques.

The high levels of the lysolipids identified here in the plaques can be related with different
mechanisms. On the one hand, LPI, LPE, and LPC are generated from their correspondent
phospholipid (i.e., phosphatidylinositol, phosphatidylethanolamine, and phosphatidylcholine)
[354, 355]. On the other hand, LPA is mainly produced from LPC by autotaxin [350]. In that
line, LPA accumulation has been related to an increase of LPC as precursor of LPA [349].
The high abundance of LPC 16:0 and 18:1, LPA 16:0 and 18:1 suggests an intraplaque LPA
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production which would be in agreement with previous findings [348, 349]. Besides, the
participation of minor lysophospholipids may be also involved in the in situ synthesis [350],
and in this sense the presence of LPA 16:0 together with LPC 16:0 and LPA 18:1 together
with LPC 18:1 could be related with this lysolipids interchange mechanism. However, more
experiments and research on this in situ formation or direct accumulation should be done.

Another lipid class that has been associated with plaque is sphingomyelin (SM) [96, 337,
356]. SMs are a subgroup of sphingolipids, which are formed via derivation of palmitoyl-
CoA and Lserine [357]. We detected two SM species (SM 34:0;2 and SM 34:1;2) in both
ionization modes of which only SM 34:0;2 was significantly localized in plaques of both
mouse models (Supplementary Figure 2.26). Interestingly, no other MSI study has ever
reported SM 34:0;2 to be plaque specific. While in our study SM 34:1;2 was only found in
plaques of apoe™ mice (correlation coefficient >0.5) and to lower extent in ldlr”’" mice
(correlation coefficient = 0.35), others have found this lipid in human coronary arteries [337,
356]. In plasma, several studies have found SM levels in human plasma to be indicative of
coronary heart diseases [357, 358]. The role of SMs has been investigated in animal models,
which showed that atherosclerotic lesions progressed with a SM-rich diet [359].

The use of mouse models limits the certainty by which results can be translated directly to
the human disease condition. In this study, we have focused our analysis and discussion on
the commonalities of two of the most common and understood mouse models in
atherosclerosis. The fact that our results are consistent across the two different models is
promising and indicates that they could be extended to the study of human plaque and plasma
samples.

Conclusion

2D and 3D MALDI mass spectrometry imaging was used to comprehensively investigate the
lipid profile of murine atherosclerotic plaque tissue, in two distinct mouse models using
technical and biological replicates. The study identified 11 plaque-specific lipids present in
both atherosclerotic mouse models. All the results presented in this study suggest that
lysolipids and sphingomyelins are integral constituents of the plaque in atherosclerosis. More
specifically, LPI 18:0 was concentrated in the necrotic core of plaques. These novel results
unravel the molecular complexity of the atherosclerotic plaque enhancing not only our
understanding of plagque composition but also the identification of potential plaque lipid
species related with plaque stability.
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Abstract

Failure of fascial healing in the abdominal wall can result in incisional hernia, which is one
of the most common complications after laparotomy. Understanding the molecular healing
process of abdominal fascia may provide lipid markers of incisional hernia or therapeutic
targets that allow prevention or treatment of incisional hernias. This study aims to investigate
temporal and in situ changes of lipids during the normal healing process of abdominal fascia
in the first postoperative week. Open hemicolectomy was performed in a total of 35 Wistar
rats. The midline fascia was closed identically for all rats using a single continuous suturing
technique. These animals were sacrificed with equal numbers (n = 5) at each of 7-time points
(6, 12, 24, 48, 72, 120, and 168h). The local and temporal changes of lipids were examined
with mass spectrometry imaging and correlated to histologically scored changes during
healing using hematoxylin and eosin staining. Two phosphatidylcholine lipid species (PC O-
38:5 and PC 38:4) and one phosphatidylethanolamine lipid (PE O-16:1_20:4) were found to
significantly correlate with temporal changes of inflammation. A phosphatidylcholine (PC
32:0) and a monosialodihexosylganglioside (GM3 34:1;2) were found to correlate with
fibroblast cell growth. In summary, glycerophospholipids and gangliosides are strongly
involved in the normal healing process of abdominal fascia and their locally fluctuating
concentrations are considered as potential lipid markers and therapeutic targets of fascial
healing.
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Introduction

Incisional hernia (IH) is one of the most common complications after laparotomy, caused by
failed healing of abdominal fascia [398-400]. The incidence of IH following laparotomy is
around 13% within two postoperative years [401] and related costs are estimated at billions
of Euros for Europe alone [402, 403]. Despite the significant importance of normal fascial
healing in preventing IH, few studies have illustrated the temporal healing process, especially
on the molecular level, in the early post-surgery period.

Generally, cellular and molecular events proceed sequentially with four stages: haemostasis,
inflammation, proliferation, and remodelling. Despite wound healing of virtually all soft
tissues passing through these stages, cells and molecules in fascial healing differ from other
specific tissues [404]. Previous studies have illustrated that the healing rate of abdominal
fascial incisions varies from skin wounds [405-407]. Controversy exists with regard to the
healing rate between these two injured tissues. Lemonnier et al. have reported that fascial
fibroblasts in culture have longer cell-doubling times, larger cell volume, and higher glucose
requirements, compared to dermis fibroblasts [407]. European Hernia Society guidelines
recommend the use of slowly absorbable sutures for the closure of abdominal fascial incision
versus rapidly absorbable sutures because of the high risk of incisional hernia occurrence
when using rapidly absorbable sutures [408, 409]. In contrast, sutures supporting skin
wounds can be removed within one to two weeks postsurgery. However, Michael and Dubay
have concluded that abdominal fascial incisions regain tensile strength faster than the
cutaneous wound in a rat model [405, 406].

Lipids, acting as signalling molecules, as well as structural components of cell membranes,
play a critical role in cell structure and function [410, 411]. Lipid mediators can affect the
cellular biology related to wound healing. For example, diacylglycerol is essential for cellular
processed during wound healing [412]. Lysophosphatidic acid (LPA) enhances the
reepithelialisation in the early healing stages of the ear skin in a mouse model [413].
Arachidonic acid (AA) promotes skin wound healing in in vitro experiments [414], and
eicosanoids derived from arachidonic acid may modulate inflammatory reactions during the
healing process [415].

Analysis of lipid profiles during wound healing has benefited from recent developments in
mass spectrometry [416]. Matrix-assisted laser desorption/ionization-time of flight (MALDI-
TOF) mass spectrometry imaging (MSI) can analyze and localize lipids directly from their
native tissues and enables label-free visualization of lipid spatial distribution [417, 418].
Compared to commonly used methods of lipid analysis, like thin-layer chromatography or
high-performance liquid chromatography, MALDI-TOF MSI for lipid analysis is less time-
consuming while conserving the spatial distribution of molecules [419]. Furthermore,
compared to electrospray ionization, MALDI is more sensitive and less affected by impurities
[419]. A previous study has employed MALDI-TOF MSI to identify lipids in the skin wound
healing process [420].
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This study aims to investigate temporal lipid changes correlated with cellular changes during
normal fascial healing in the first postoperative week in rats. Rat models have been chosen
in this study to mimic human healing as they are genetically similar to humans [421] and it
is ethically impossible to isolate functionally healed fascia from patients.

Materials and methods
Animal experiment

A total of 35 adult male Wistar rats (n = 35), weighing 250-300 g, were obtained from Harlan
UK Ltd (Biscester, UK). The animal experiment was approved by the Dutch Central
Committee (2014-120), complying with the Dutch Animal Experimental Act. Two animals
were housed in one Macro cage (EU type IV, 1800 cm2) filled with hygiene animal bedding
with enrichments of cardboard and wooden blocks, fitted with a 12-hour light-night circle
and maintained at 25 °C. Animals were permitted to access food (10 mm Sniff rat/mouse
sterilized food compressed into pellets) and drink (acidified water) ad libitum. Surgeries were
performed in a standard operation room in a randomized manner starting the morning of each
operation day. All animals were healthy and did not receive any medication or treatments
prior to the experiment. Following at least one week of acclimatization, animals were
anesthetized with 2% isoflurane (IsoFlo®, zoeris) and disinfected with 2% iodine solution.
Buprenorphine 0.05 mg/kg was administered to all animals prior to the surgical procedures.
A midline incision around 5 cm was made on the abdominal skin and then, separately, a 5
cm midline incision was made on the fascia until the peritoneal cavity. After ascending colon
resection and anastomosis, the fascia was closed continuously with Vicryl TM 4-0 suture
(Ethicon Inc; Johnson&Johnson, Somerville, NJ). Buprenorphine 0.05 mg/kg was
subcutaneously applied to all animals for pain relief every 8 to 12 h until no signs of pain
were observed. The welfare of all animal was evaluated using a 12 item welfare sheet,
including activity, behavior, gait, posture, physical condition, fur/skin, hydration, breathing,
faeces/urine, surgical wound, edema, and necrosis. At each of seven time points (6, 12, 24,
48,72, 120, and 168 h), five animals were sacrificed by cardiac puncture with complete blood
draw under anaesthesia. Buprenorphine 0.05 mg/kg was subcutaneously administered to all
animals half an hour prior to sacrifice. All animals received the identical surgical procedure.
Samples from rats, including fascial incision, sutures and surrounding muscle, were
immediately snap frozen with liquid nitrogen and stored at —80 °C until measurement.

Sample preparation

A cryo-microtome (Leica CM 1860 UV, Leica Biosystems, Wetzlar, GE) was pre-
equilibrated to —20 °C more than half an hour before cutting. Samples were sectioned at 10
pum thickness and thaw mounted on pre-cooled Indium Tin Oxide coated (ITO) slides. Slides
were dried in desiccator for 15 min prior to matrix application.

Twelve layers of 7 mg/ml norharmane matrix solution (2: 1 chloroform/methanol (v: v)) were
applied to the tissue sections using a HTX TM-sprayer (HTX Technologies, Chapel Hill, NC)
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ata 30 °C nozzle temperature and 0.120 mL/min flow rate. Norharmane and chloroform were
obtained from Sigma Aldrich (Zwijndrecht, the Netherlands). Methanol was obtained from
Biosolve BV (Valkenswaard, the Netherlands).

MSI data acquisition

All sections were measured with Bruker Rapiflex MALDI-TOF/TOF Tissuetyper (Bruker
Daltonik GmbH, Bremen, Germany) in reflector mode, in both ionization modes scanning a
mass range of m/z 400-2000 at pixel size of 50 pum x 50 um. First, tissue sections were
analysed using a 20 um x 20 um scan pixel area with a 50 um x 50 um spacing in the negative
ionization mode without offset, and subsequently, measured in the positive ionization mode
with an offset of 20 um x 20 um, using the same spacing. Red phosphorus spots were pipetted
on each individual slide to calibrate the instrument. Calibration was conducted prior to each
analysis.

Two consecutive sections from a 120-hour sample with sufficiently different cell types were
chosen to perform high spatial resolution (10 pum) mass spectrometry imaging experiments
in both ionization modes, separately, using the same matrix application and MSI instrument
as mentioned above. The scan area measured 8 um x 8 um per pixel.

MALDI-MS/MS lipid identification was performed on selected consecutive sections from
the 120-hour group using a Q-Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer
(Thermo Fisher Scientific, Bremen, Germany) coupled to a MALDI source (Spectro-glyph,
Kennewick, USA). MS1 spectra in both ionization modes were acquired at a mass range of
m/z 400-2000 with 550 ms of injection time. MS2 data of seven masses was acquired at
120,000 mass resolution while moving the stage continuously, with 30 scans averaged for
each precursor. The normalized collision energy ranged from 20 to 30 eV with an isolation
window of + 0.7 Da. The matching of MS1 values and MS2 fragments (when available) for
lipid assignments was conducted with the online ALEX123 database
(http://alex123.info/ ALEX123/MS.php), using a mass tolerance of 3 ppm and 5 ppm,
respectively.

Histological staining after MSI

All measured tissue sections were stained with haematoxylin and eosin (H&E) and mounted
with coverslips. After air-drying overnight, digital H&E image was recorded using a Mirax
digital slide scanner (Zeiss, Jana, Germany). The inflammatory score and fibroblast score
were determined by an experienced pathologist of Maastricht University (M.G.) without
knowledge conditions to which the tissues were subjected. The microscopically assessed
inflammation and fibroblast scores were described using a 0-5 scale (0, not present; 1,
slightly present; 2, more than slightly present; 3, moderately present; 4, more than moderately
present; 5, abundantly present). The inflammation scores refer to the total amount of
granulocytes and macrophages. The histological scores were tested with linear regression or
generalized linear model, when applicable. Statistical analysis of histological scores was

75



Chapter 4

conducted using IBM SPSS Statistics for Windows (version 25.0, Armonk, NY, USA, IBM
Corp.).

MSI data processing

Recalibrations for both the negative and positive ionization mode datasets were performed
using FlexAnalysis v3.4 (Bruker Daltonik GmbH, Bremen, Germany) in linear correction
mode using m/z 885.6 and m/z 782.6 as calibrants, respectively. H&E images were co-
registered with the MSI data using FlexImaging 4.1 software (Bruker Daltonik GmbH,
Bremen, Germany), and connective tissues in the fascial incision and adjacent partial muscles
were annotated with histological structure. After recalibration, co-registration, and
annotation, all data were imported into the SCILS Lab 2019b (SCiLS GmbH, Bremen,
Germany) and root mean square normalized.

The average spectra from each dataset was exported to mMass 5.5.0 for peak-picking with
the following parameters: (1) signal-to-noise (S/N) ratio of 7.0, peak-picking height of 75
and 90 for positive and negative ionization mode, respectively; (2) baseline correction
precision of 35 for both positive and negative ionization mode with relative offset at 0; (3)
Deisotoping: maximum charge of 1, isotope mass tolerance of 0.1 m/z, isotope intensity
tolerance of 70%, and isotope mass shift of 0.0. Linear regression analysis (P value threshold
= 0.05) was performed in R (v3.5) to model the relationship between the intensity of any m/z
species and the healing time. P-values were corrected for multiple testing using the
Benjamini-Hochberg method.

Pearson correlation analysis (threshold > 0.4) among different annotated cell regions (typical
clusters of smooth muscle cells, granulocytes and macrophages, and fibroblasts) in 10 um
high spatial resolution MSI datasets were conducted using the significant masses we found
in the linear regression analysis to obtain m/z species co-localised to inflammation and
fibroblast regions.

Results
Animal experiment

No complications, including dehiscence of the fascial incision and skin wound, anastomotic
leakage, and wound infection, were identified after surgery in 34 out of 35 rats. One rat from
the 120-hour group developed ileus, which potentially can affect normal fascial healing
negatively because of increased abdominal pressure, and was subsequently excluded from
further MSI and histological analysis.

Linear regression analysis for 50 um spatial resolution MSI data

Representative MSI and H&E images are displayed in Figure 4.1. A total of 33 MSI negative
mode MSI datasets and 31 MSI positive mode datasets were included for MSI data analysis.
Three samples were excluded from further MSI data analysis, including one sample from the
168-hour group in both negative and positive ionization MSI data, one from the 48-hour
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group and one from the 72-hour group in positive ionization mode due to sample
contamination. On average, 174 and 176 of the m/z species were detected after peak picking
in negative and positive ionization modes, respectively. A total of 18 and 35 of the m/z species
were identified using linear regression analysis to identify consistent trends over time (P
value threshold = 0.05) in negative and positive ionization modes, respectively
(Supplementary Figure 4.1). Representative m/z values identified with a temporal increase
and decrease are presented in Figure 4.2. The identification of these m/z species are shown
in Supplementary Table 4.1.
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Figure 4.1. Representative MSI and H&E images.Visualization of m/z 722.5 (PE O-16:1_20:4) at different time
points in negative ionization mode (A). Magnifications of two representative tissue sections from 6-hour (B) and
168-hour group (C). Co-registered, hematoxylin and eosin stained (H&E) images with yellow lines representing
MALDI-TOF scanned regions and green dashed lines representing regions of fascial incision (D and E). Average
spectra in negative ion mode and magnification at mass range m/z 700-810 (F).
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Figure 4.2. Representative m/z values identified with a temporal increase and decrease. The x-axis represents time
in hours, and the y-axis represents the relative intensity of the m/z species.

Statistical analysis of histological score data

The inflammation scores and the fibroblast score increased significantly over time using
linear regression (slope, 0.017, P < 0.001) and generalized linear model (P < 0.001),
respectively (Figure 4.3).
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Figure 4.3. A, representative H&E images at each time point. B, inflammation and fibroblast scores at each time
point. Bar plot, mean * standard deviation.

Correlation coefficient analysis based on 10 um MSI data

A total of eight out of 53 of the m/z species were found to correlate with inflammation scores
or fibroblast cells with a correlation coefficient of at least 0.4. All of those eight m/z signals,
except m/z 838.7, were identified using high-mass resolution MS1 and MS2 experiments,
leaving five unambiguously identified lipids, comprising three PC lipid species (PC 32:0, PC
0-38:5 and PC 38:4), one PE lipid (PE O-16:1_20:4) and one sphingolipid (GM3 34:1;2).
Table 4.1 and Table 4.2 show the lipid identifications in detail. All MS/MS spectra are shown
in Supplementary Figures 4.3 and 4.4. Two PC lipid species (PC 0-38:5 and PC 38:4) and a
PE lipid (PE O-16:1_20:4) were correlated with inflammation scores. PC 32:0 and GM3
34:1;2 were found to correlate with fibroblast cells. Representative MSI images of PE O-
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16:1_20:4 and PC O-38:5 in negative and positive ionization mode are shown in Figure 4.4.
MSI images of the other three lipids are shown in Supplementary Figure 4.2.

MSI (negative ionization mode)

aaltiE —
=09 >

Figure 4.4. Representative MSI images of [PE O-16:1_20:4-H]™ (A) and [PC 0-38:5 + H]* (B) with weak denoising
at 10 um x 10 pm spatial resolution in negative and positive ionization mode, respectively. Magnification of these
tissue sections, and their co-registered hematoxylin and eosin stained (H&E) images, are shown in C and D.
Representative inflammation regions are indicated in yellow.

Table 4.1. Four m/z species were correlated to temporal changes of the inflammation.

Pearson Observed MS lon Mass
Observed . . . . error
m/z by TOF correlation m/z by Lipid assignment experiment | mode (in ppm)
y coefficient Orbitrap level for ID PP
7225 0.57 722.5146 [PE O-36:5-H] MS2 NEG +2.2
794.7 0.66 794.6037 [PC 0-38:5+H]" MS2 POS 2.7
832.6 0.46 832.5811 [PC 38:4+Na]+ MS2 POS -1.9
838.7 0.46 / / / POS /
Table 4.2. Four m/z species were correlated to temporal changes of the fibroblasts.
Pearson Observed MS Mass
Observed ) - . . lon error
m/z by TOF correlation m/z by Lipid assignment experiment mode | (in ppm)
Y coefficient Orbitrap level for ID PP
734.6 0.80 734.5685 [PC 32:0+H] MS2 POS -1.3
756.6 0.81 756.5505 [PC 32:0+Na]’ MS2 POS -1.2
772.6 0.75 772.5236 [PC 32:0+K]" MS2 POS 2.2
1151.7 0.45 1151.7059 [GM3 34:1;2-H]- MS2 NEG +0.0
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Discussion

Molecular changes in abdominal fascia caused by surgical injury are essential for fascial
regeneration [422, 423]. Due to very limited comparability within previously published
animal models mimicking incisional hernia in patients [424], revealing the molecular
changes in normal fascial healing over time could provide a better understanding of IH. This
study illustrates the temporal changes of lipids correlated to inflammatory response and
fibroblast growth in acutely injured fascia. These lipids are potential lipid markers of IH in
further animal IH models, or therapeutic targets to promote fascial healing and prevent IH.

Virtually all wound healing passes through similar healing stages [425]. In skin wound
healing, the inflammatory response begins within a few hours after an acute injury, and the
proliferative stage occurs from 4 to 21 days [426]. In our study, focused on fascial healing,
the inflammation score increased over time and fibroblast proliferation started to increase at
the middle of the first postoperative week. This indicates that the healing stages of
inflammation and proliferation in the early fascial healing are comparable to skin wound
healing stages. At the molecular level, several studies have revealed growth factors [427,
428], chemokines [429], cytokines [428, 430], and various phospholipid membrane-derived
lipid mediators that are involved in the skin wound healing process, including LPA [431],
sphingolipids [432], and eicosanoids [433]. Still, much remains unknown about the
molecular mechanism of fascial healing. It is reported that an abdominal fascial incision heals
separately from the adjacent skin wound [262]. Dubay et al. have demonstrated that
abdominal fascial fibroblasts have a significant increase in cell proliferation compared to
dermis fibroblasts in a seven-day cell culture [406]. Swarming-like collective cell migration
of fibroblasts is exclusive and requires N-cadherin upregulation in fascia, which is lacking in
upper skin wound healing [434]. Therefore, the underlying molecules activated during
inflammation and proliferation stages during fascial healing should be different from skin
wound healing.

The important role of lipids in initiating an acute inflammatory response is widely
acknowledged [435]. PCs are one of the most abundant biological components in cell
membrane, belonging to a class of phospholipids with choline as a head group [436, 437].
PE can be converted to PC through PE methyltransferases and is involved in the biosynthesis
of PC [438, 439]. PC and PE, as two major phospholipids, are key players in cell survival
and development. Abnormal variation of PC, PE, or the PC/PE ratio can influence the energy
metabolism of organelles, and is linked to various pathological progressions [440]. In our
study, the two PC lipid species (PC 0-38:5 and PC 38:4) and PE O-16:1 20:4 increased
significantly during the first postoperative week, in parallel with an increase in the
inflammation score during the normal fascial healing. The correlation coefficients of these
lipid species that correlate with inflammation scores exceeded 0.4, suggesting that these
lipids are indicators of the inflammatory response in fascial healing. Furthermore, previous
evidence has shown that exogenous PC treatments can promote mucosal healing in ulcerative
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colitis in patients [441, 442] and may promote surgical wound healing [443]. PCs can be
isolated from natural sources or obtained using synthetic or semi-synthetic methods and have
excellent biocompatibility [444]. PCs correlated to the inflammatory response in our findings
could be applied directly to promote fascial healing in the early postoperative period,
although further studies are needed.

Fibroblasts contribute significantly to wound healing, creating extracellular matrix
components and contracting the wound [445]. Lipid signaling can affect fibroblast
proliferation [446, 447]. The plasma membrane of fibroblasts contains micrometer-scale
patches enriched with sphingolipids that can metabolise to signalling molecules regulating
cell survival and proliferation [448, 449]. Prostaglandin F2a can stimulate fibroblast
proliferation via the prostaglandin receptor, separately from growth factor-beta [450]. In our
study, PC 32:0 and GM3 34:1;2 were linked to temporal changes of the fibroblasts, indicating
that these two lipids could be fibroblast biomarkers in fascial healing. Additionally, a study
has demonstrated that proliferating fibroblasts prefer exogenous lipids as the source of
membrane lipids rather than de novo synthesis [451]. GM3 analogues can be synthesized
conveniently from commercially available substances [452]. Application of PC 32:0 or GM3
34:1;2 could be a novel strategy to promote fibroblast growth in fascial incision, although
further research is needed. It should be noted that GM3, belonging to gangliosides, is
involved in mediating growth factor signalling in human skin. GM3 is observed to be a driver
of impaired wound healing, and depletion of GM3 can result in improved wound healing in
diabetic mice [453, 454]. However, in our studies, GM3 34:1;2 increased over time,
positively linked to an increase in fibroblasts. This could be explained by tissue-specific
involved molecules that differ between fascial healing and skin wound healing.

Animal models have intrinsic limitations. However, a previous study has demonstrated the
molecular comparability between rats and humans regarding healing and scarring using a
gene expression comparison [421]. Furthermore, regarding an IH model, histological results
between rats and humans are comparable [455]. Therefore, it is possible that the present
results could be translated to humans, however further in vivo human confirmation and
validation would be necessary.

Conclusion

In summary, five lipids, including PE O-16:1_20:4, PC 0-38:5, PC 38:4, PC 32:0, and GM3
34:1;2, were found to be significantly involved in fascial healing and have the potential to be
lipid markers and/or therapeutic targets for the prevention of IH in patients, although further
studies evaluating the functional effect of these lipids in fascial healing are needed.
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Abstract

Metabolic reprogramming is a common phenomenon in tumorigenesis and tumor progression.
Amino acids are important mediators in cancer metabolism, and their kinetics in tumor tissue
are far from being understood completely. Mass spectrometry imaging is capable to
spatiotemporally trace important endogenous metabolites in biological tissue specimens. In
this research, we studied L-[ring-*3C¢]-labeled phenylalanine and tyrosine kinetics in a
human non-small cell lung carcinoma (NSCLC) xenografted mouse model using matrix-
assisted laser desorption/ionization Fourier-transform ion cyclotron resonance mass
spectrometry imaging (MALDI-FTICR-MSI). We investigated the L-[ring-**Cg]-
Phenylalanine (**Cs-Phe) and L-[ring-1Cg]-Tyrosine (**Cs-Tyr) kinetics at 10 min (n = 4),
30 min (n = 3), and 60 min (n = 4) after tracer injection and sham-treated group (n = 3) at
10 min in mouse-xenograft lung tumor tissues by MALDI-FTICR-MSI. The dynamic
changes in the spatial distributions of 19 out of 20 standard amino acids are observed in the
tumor tissue. The highest abundance of *3Cg-Phe was detected in tumor tissue at 10 min after
tracer injection and decreased progressively over time. The overall enrichment of 3Ce-Tyr
showed a delayed temporal trend compared to 3Cs-Phe in tumor caused by the Phe-to-Tyr
conversion process. Specifically, 1*Cs-Phe and *Cs-Tyr showed higher abundances in viable
tumor regions compared to non-viable regions. We demonstrated the spatiotemporal intra-
tumoral distribution of the essential aromatic amino acid *Ce-Phe and its de-novo
synthesized metabolite *Ce-Tyr by MALDI-FTICR-MSI. Our results explore for the first
time local phenylalanine metabolism in the context of cancer tissue morphology. This opens
a new way to understand amino acid metabolism within the tumor and its microenvironment.
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Introduction

Cancer cells are known to exhibit unusual metabolic activity to sustain their proliferation
[456]. A well-known example is the non-essential amino acid glutamine, which is associated
with neoplastic proliferation [457]. It is also known that phenylalanine consumption
correlates with the growth of tumor cell lines and negative patient outcomes [458-467].
Plasma phenylalanine concentrations are elevated in patients with cancer [467].
Phenylalanine is an indispensable amino acid and phenylalanine flux in the body is entirely
derived from the diet and cellular protein turnover. It is also needed to synthesize the amino
acid tyrosine (Tyr) by the phenylalanine hydroxylase enzyme mainly in the liver and kidney
[468]. Isotopically labeled phenylalanine has been used in tracer studies as a measure of
protein synthesis [469, 470] and liver function [81, 471]. Phenylalanine metabolism, however,
in relation to the morphology of cancer tissue has not been explored yet.

The molecular and cellular heterogeneity in a tumor plays a crucial role in cancer treatment
efficacy and outcome [472, 473]. Current strategies to personalize treatment response use
genomics data [474] which is not able to reflect the dynamics of metabolic processes in the
context of the spatial intratumor heterogeneity. Mass spectrometry imaging (MSI) enables
the in situ visualization of metabolites in biological tissue specimens. Adding isotopically
labeled versions of target compounds allows the quantitative study of spatiotemporal
metabolic dynamics in these tissues [81]. Multi-isotope imaging mass spectrometry (MIMS)
has been applied to study the heterogeneity of glucose and glutamine utilization in murine
tumors recently [475]. However, matrix-assisted laser desorption/ionization (MALDI), a
softer ionization technique without suffering from extensive fragmentation and complexity
of interpretation of mass spectra, is increasingly applied in biomedical research [18]. We
have recently used this method to track the hepatocellular incorporation of L-[ring-*3Ce]-
Phenylalanine (*3C¢-Phe) and its metabolite L-[ring-'*Cs]-Tyrosine (*3*Ce-Tyr) [81].

In this study, we used our previously developed MALDI-MSI method of *Cs-Phe [81] to
construct spatial and dynamic metabolic flux maps in relation with spatial tumor
heterogeneity in a human non-small cell lung carcinoma xenograft model.

Materials and methods
Animal experiments

A total of 14 adult female immune-compromised Crl:NU-Foxnlnu nu/nu nude mice (Charles
River, Den Bosch, The Netherlands) were used. Human NCI-H460 non-small cell lung
carcinoma (NSCLC) cells suspended in matrigel (BD Biosciences, Breda, The Netherlands)
were injected subcutaneously into the flank region of each mouse. Tumor volume was
monitored 3 times per week using a Vernier caliper. All animals had unrestricted access to
food and water before injection. They received a regular chow diet, which contains 12% fat,
27% protein, and 61% carbohydrate based on calories. Eleven mice were injected with 3Cs-
Phe (Cambridge Isotope Laboratories, Andover, MA, USA) at a dose of 1.0 micromole/g
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body weight, and 3 additional mice were injected with normal saline into the lateral tail vein
when the tumors reached 1000 mm?®. The tracer-infused mice were subsequently sacrificed at
10 min (n = 4), 30 min (n = 3), and 60 min (n = 4) after injection, and sham-treated mice (n
= 3) were sacrificed after 10 min. Tumors were rapidly dissected, snap-frozen with liquid
nitrogen, and stored at —80 °C until cryo-sectioning. All experimental procedures were
approved by the Animal Ethical Committee of the Maastricht University.

Tissue sectioning

Tumor tissues were sectioned at 10 pm using a cryotome (Leica, Rijswijk, The Netherlands)
at —20 °C, thaw-mounted onto indium—tin oxide coated glass slides (CG-40IN-S115, Delta
Technologies, Loveland, CO, USA), and stored at —80 °C until further measurement.

On-tissue derivatization and matrix application

P-N,N,N-trimethylamonioanilyl N-hydroxysuccinimidylcarbamate iodide (TAHS) on-tissue
derivatization was applied to tissue sections prior to matrix application as described by Arts
et al. [81] with slight modifications: fresh frozen tissue sections were dried in a vacuum
desiccator for 15 min. Subsequently, a TAHS solution of 1.25 mg/mL in acetonitrile was
sprayed onto the sections using an automated, temperature-controlled spraying system (TM-
sprayer, HTX Technologies, Chapel Hill, NC, USA). Six layers were sprayed at 55 °C with
a constant flow rate of 0.1 mL/min and at a speed of 1200 mm/min. Next, all tumor sections
were incubated at 55 °C in a humid environment (methanol to water = 1:1, v/v) for 24 h.

A 30 mg/mL 2,5-dihydroxybenzoic acid (DHB, Sigma-Aldrich, St. Louis, MO, USA) matrix
solution in methanol/water (7:3, v/v) containing 0.2% trifluoroacetic acid was applied in six
layers with the HTX sprayer at 85 °C with a fixed flow rate of 0.1 mL/min, followed by
immediate mass spectrometry imaging measurements.

Mass spectrometry imaging experiments

High mass resolution (R = 1.5E® at m/z 200) matrix-assisted laser desorption/ionization
Fourier-transform ion cyclotron resonance mass spectrometry imaging (MALDI-FTICR-
MSI) experiments were performed with a Solarix 9.4 T (Bruker Daltonics, Bremen,
Germany). MSI data were acquired within a mass range of m/z 100-1200 (1Es data points)
in positive ionization mode and in magnitude mode with a 75-pm spatial raster width. The
laser operated at a laser power of 18% and a frequency of 2000 Hz with 50 shots accumulated
per pixel. Data acquisition was controlled using ftmsControl and Fleximaging 4.1 (Bruker
Daltonik, Bremen, Germany).

LC-MS and GC-C-IRMS measurements

The enrichment of free amino acids (*3C¢-Phe and 3Cg-Tyr) and protein-bound **Cs-Phe were
measured in tumor tissue homogenates with liquid chromatography—mass spectrometry (LC-
MS) [476] and gas chromatography combustion isotope ratio mass spectrometry (GC-C-
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IRMS) [477] using the same protocols as described by Van et al. and Arts et al., respectively
to complement and validate the MSI data.

Histological staining

After MSI measurement, all tissue sections were washed with 70% ethanol for 30 s to remove
the matrix prior to hematoxylin and eosin staining (H&E). The samples were rehydrated in
MilliQ water, followed by 3 min in hematoxylin (Merck, Darmstadt, Germany), 1 min in
distilled water, and 30 s in eosin (Merck, Darmstadt, Germany). Then, all sections were
dehydrated in a graded ethanol series and followed by clearance for 2 min in xylene.
Coverslips were mounted onto the slides with Entellan mounting medium (Merck, Darmstadt,
Germany), and all sections were air-dried overnight at room temperature. The H&E stained
slides were scanned using a digital slide scanner (Mirax Desk, Zeiss, Jena, Germany) and a
pathologist annotated viable tumor and non-viable tumor regions digitally in the scanned
images. Next, the digitalized H&E images were manually co-registered to the MSI data using
FlexImaging 4.1 (Bruker Daltonics, Bremen, Germany).

Data analysis

The tracer-to-tracee ratio (TTR) and the molar percentage excess (MPE) values of 3Cg-Phe
and ¥Ce-Tyr, and ratios of MPE (Tyr) to MPE (Phe) were calculated for every pixel
individually using a custom MATLAB script (MATLAB R2014b, Mathworks, Natick, MA,
USA) as described by Arts et al. [81]. This resulted in tabular ASCII files that can be imported
for heatmap reconstructions in Flexlmaging 4.1 (Bruker Daltonics, Bremen, Germany).

In parallel, all MSI data, their co-registered H&E images combined with the tumor
annotations, were imported to SCIiLS Lab 2020a (Bruker Daltonics). There, the peak interval
width was set to 5 mDa and each pixel was normalized to its root mean square value. The
average intensity (“maximum mean value”) data of annotated regions were exported.

Metabolite identification

The human metabolome database (www.hmdb.ca) was used for assignment of identities to
m/z values with a maximum mass tolerance of 2 ppm. Underivatized molecules were
identified assuming single protonation (M = m/z - H*), while derivatized molecules ([M +
TAHS]*) were identified based on subtracting the monoisotopic mass value of TAHS to
obtain the neutral molecular weight (M = m/z - 177.1022394).

Results

We performed MALDI-FTICR-MSI analysis of mouse-xenograft lung tumor tissues 10 min
(n=4), 30 min (n = 3), and 60 min (n = 4) after tracer injection and after 10 min in a sham
group (n = 3) to study 3Cg-Phe and *3C¢-Tyr kinetics (Figure 5.1).
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Figure 5.1. Eleven mice were injected with ring-**Ce-Phe and three additional mice were injected with normal saline
into the lateral tail vein when the tumors reached 1000 mm?. The tracer-infused mice were subsequently sacrificed
at 10 min (n = 4), 30 min (n = 3), and 60 min (n = 4) after injection, and sham-treated mice were sacrificed after

10 min.
Standard amino acids

Nineteen out of 20 standard amino acids were detected in all tumor sections and *Cs-Phe and
13Cq-Tyr were exclusively detected in tracer-injected mice samples. MSI images of labeled
and unlabeled amino acids in a representative tumor tissue at 30 min after **Cg-Phe injection
are shown in Figure 5.2. All amino acids exhibit heterogeneous distributions, which correlate
with the different morphological components of the tumor (mainly viable tumor and non-
viable tumor). Most of unlabeled amino acids as well as *Cqs-Phe and *Ce-Tyr showed
similar spatial distributions with a higher abundance in viable tumor compared to the non-
viable regions in the core of the tumor.

2mm
0 gL
Viable tumor

O Non-viable tumor
(necrosis)

O Non-viable tumor
(haemorrhage)

Figure 5.2. Distributions of 19 detected standard amino acids in a representative mouse-xenograft lung tumor tissue
at 30 min after **C¢-Phe injection. All pixels were normalized to their root mean square value. The co-registered,
hematoxylin and eosin stained (H&E) image shows the different histomorphological components of the tissue: viable
tumor (yellow), non-viable tumor fraction (necrosis, green), and non-viable tumor region (hemorrhage, red).

13Cq-labeled Phe and Tyr

TTR and MPE values were used to assess the spatial enrichment of both 3Cs-Phe and *3C¢-
Tyr in the tumor samples. The visualizations of TTR (Phe) and TTR (Tyr) across all tumor
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sections are shown in Figure 5.3a and c, respectively. A differentiated quantitative analysis
of TTR (Phe) and TTR (Tyr) in the annotated viable tumor and non-viable tumor fractions at
every time point are shown in Figure 5.3b and d, respectively. MPE (Phe), MPE (Tyr), ratio
of MPE (Tyr) to MPE (Phe) in representative tumor tissues at 10, 30, and 60 min after tracer
injection and at 10 min of control group are shown in Figure 5.4. MPE values of Phe and Tyr
in plasma samples from the same mice over the same time course were measured by GC-C-
IRMS and are shown in Supplementary Figure 5.1.

10 min 30 min 60 min 10 min 30 min 60 min
n=4 n=3 n=4 n=4 n=3 n=4

TTR (Phe) TTR (Tyr)

m/z 348.2014 + 5 mDa m/z 364.1963 + 5 mDa

0.5 1 0.12
0.4 I 0.1
03 0.08

- 0.06
02 1 0.04
01 I 0.02 .

0 e 0 |
Sham 10 min 30 min 60 min Sham 10 min 30 min 60 min
= Viable tumor  ® Non-viable tumor Viable tumor  ®Non-viable tumor

Figure 5.3. Distributions of **C¢-Phe (a) and *Cs-Tyr (c) in mouse-xenograft lung tumor tissues (N = 11) at 10,
30, and 60 min after tracer injection and at 10 min of control group (n = 3). Tracer-to-tracee (TTR) images for
phenylalanine (a) and tyrosine (c) were calculated by normalizing the labeled amino acid signals to the intensities
of their respective unlabeled versions. TTR values of Phe (b) and Tyr (d) were then differentiated annotated viable
tumor and non-viable tumor regions for every time point.

The highest enrichment for 3C¢-Phe was detected at 10 min after bolus injection followed by
a decreasing trend over time. The overall enrichment of 3Cs-Tyr was substantially lower than
13C4-Phe, and it had a delayed temporal trend compared with *Cs-Phe with its peak at 30 min.
Additional experiments on plasma of the same mice show that both, *3Cs-Phe and **Cs-Tyr,
reached their highest level at 10 min after bolus injection followed by a decreasing trend over
time (Supplementary Figure 5.1).

The MSI enrichments of *Cs-Phe and 3Cg-Tyr were further complemented by LC-MS data
acquired from homogenized tumor tissues, which showed a similar trend over time as the
spatially convolved MSI data (Figure 5.5a and b). Furthermore, the incorporation of *3C¢-Phe
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into proteins in tumor tissue homogenates was investigated with GC-C-IRMS. The highest
protein bounded *3Cg-Phe was detected at 30 min and decreasing over time (Figure 5.5¢).

sham 10min 30min 60 min
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Figure 5.4. Visualizations of the molar percentage excess (MPE) for *3Cs-Phe and **Ce-Tyr and the ratio of MPE
(Tyr) to MPE (Phe) in representative tumor tissues at 10, 30, and 60 min after tracer injection and at 10 min of sham
group. Their co-registered, hematoxylin and eosin stained (H&E) images are shown on the top. A magnification of
the ratio of MPE (Tyr) to MPE (Phe) in one representative tissue section at 60 min and its co-registered H&E image
is shown on the right.
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Figure 5.5. Overall enrichment of tissue free *Cs-Phe (a) and *Cs-Tyr (b) by MSI (blue) and LC-MS (orange), and
13C¢-Phe protein enrichments (c) in homogenized tumor tissues by GC-C-IRMS. Enrichment is shown as mean MPE
+ SE (%)

Discussion

In this study, we used MALDI-FTICR mass spectrometry imaging (MSI) to study *3Cg-Phe
and 3Cs-Tyr kinetics in mouse-xenograft lung tumor tissues at four different time points after
injection. The use of MSI allowed us to detect all unlabeled and labeled amino acids
simultaneously.
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All observed amino acids exhibit heterogeneous distributions, which correlate with the
different morphological components of the tumor (Figure 5.2). For example, branched-chain
amino acids (leucine, isoleucine, and valine) are most pronounced in the necrotic region, and
all amino acids are much less abundant in the hemorrhagic region. This indicates the
necessity to investigate amino acid kinetics in a spatially differentiated fashion using imaging
technologies.

Looking at the labeled amino acids of interest, **Cs-Phe and *3Cq-Tyr were found exclusively
localized in the viable tumor region in contrast to their non-labeled equivalents, which are
additionally present in necrotic regions.

When calculating the TTR and MPE values for both labeled amino acids for viable and non-
viable tumor regions, the highest enrichments for *Ce-Phe and 3Ce-Tyr were detected at
10 min and at 30 min after bolus injection, respectively, followed by a decreasing trend over
time. Additional experiments on plasma of the same mice show that both, 3C¢-Phe and *3Cs-
Tyr, reached their highest level at 10 min after bolus injection followed by a decreasing trend
over time (Supplementary Figure 5.1). This together with the observation that the highest
enrichment for *Cs-Tyr in the tumor was delayed indicates that 3Ce-Tyr was subsequently
transported to the tumor tissue after a Phe-to-Tyr conversion process, which is assumed to
predominantly occur in the liver [468]. Moreover, viable and non-viable tumor fractions
showed similar enrichment trends over time, but the viable tumor exhibited greater
enrichment of both labeled amino acids than non-viable tumor at every time point (Figure
5.3). This might be related to the higher metabolic activity of viable tumor cells and their
higher perfusion over non-viable tumor tissue. Interestingly, the ratio of MPE (Tyr) to MPE
(Phe), representing the Phe-to-Tyr turnover (in the tumor or elsewhere in the organism) was
significantly higher in the outer rim of the viable tumor region (Figure 5.4). This is a
reflection of the intra-tumor heterogeneity within the viable tumor fraction, which might be
attributed to spatial variation in perfusion, vascularization, cell growth, viability, or
differences in metabolic activity [478].

These MSI enrichments of **Ce-Phe and *3Ce-Tyr were further complemented by LC-MS and
GC-C-IRMS data acquired from homogenized tumor tissues. The LC-MS data showed a
similar trend over time as the spatially convolved MSI data, and thereby validated the
accuracy of the MSI approach (Figure 5.5a and b). Interestingly, the GC-C-IRMS data
indicated a delayed incorporation of *Cg-Phe in the tumor protein synthesis as compared to
the unbound labeled amino acids (Figure 5.5), which might correlate with a lower clearance
rate of **Cs-Phe in the tumor as compared to the liver where both *3Cg-Phe and *Cs-Tyr were
already cleared at 30 min and 60 min post-inoculation [81]. MALDI-MSI showed that
clearance of both amino acids in the tumor was delayed compared to the liver, consequently
delaying the incorporation of $3Cs-Phe into the proteins synthetized in the tumor (Figure 5.5c).
Based on this, we can hypothesize that the incorporation of *Cs-Phe in the tumor protein
synthesis presents a different kinetic compared to the liver progressive incorporation from 10
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to 60 min. Nevertheless, while the liver tissue is fully viable and reasonably homogeneous,
the heterogeneous tumor tissues were composed of both viable and non-viable parts. Only
the viable tumor cells contribute to metabolic activities and so to protein synthesis in the
tumor. Therefore, as the tumor tissue homogenates do not benefit from an estimation of the
proportion of viable and non-viable parts, the protein incorporation results from homogenates
should be interpreted with caution.

This again underlines the necessity to study kinetics in a spatially resolved manner. In that
sense, this study demonstrates the usefulness of MSI to investigate spatial *C¢-Phe and 3C¢-
Tyr kinetics in tumor and also reflects inter-organ amino acid shifts. The translation to human
samples will offer new insights in diagnostic molecular markers and tumor treatment.

Conclusions

In this work, we demonstrated for the first time the spatiotemporal intra-tumoral distribution
of the aromatic amino acid L-phenylalanine and its derivative L-tyrosine by MSI in tumor
tissue. Furthermore, we showed the distribution of these molecular targets in relation to the
tumor morphology, allowing us to monitor altered local amino acid metabolism in tumor
cells and their microenvironment. Our approach can enhance our understanding on inter-
organ amino acid metabolism and provide further insights to improve and develop novel
strategies for cancer therapy.
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In this thesis, MALDI mass spectrometry imaging (MSI) has been applied to study the local
metabolism of atherosclerosis, abdominal fascia healing, and non-small cell lung carcinoma
in several different animal models. It is important to realize not only the underlying scientific
impact, but also other non-academic benefits such as societal and economic relevance, arising
from this scientific research. In the following sections, | will briefly discuss aspects of the
impact of the studies described in this thesis.

Scientific impact

In chapter 2, | systematically investigated lipids in atherosclerotic plaques formed in the two
most widely used atherosclerotic mouse models using MALDI-MSI. Since the differences
between these two models are poorly understood and well-standardized comparative studies
are scarce, the systemic characterization of atherosclerotic lipids in these two models could
have a significant impact on preclinical atherosclerosis research. Fellow researchers and
research firms can benefit from this published work for selecting mouse models for their
future atherosclerotic studies. Moreover, one aorta root was imaged comprehensively by 3D-
MALDI-MSI to investigate the volumetric distribution of the plaque-specific lipids along the
plaque’s length. Expanding 2D-MSI to a three-dimensional rendered volume enables a closer
representation of the native 3D biological structure and yields new insights of the molecular
complexity and heterogeneity of biological systems, and thereby demonstrates its potential
value for clinical 3D imaging application.

Following the same line, in chapter 3, | combined non-targeted MALDI-MSI metabolomics
of mouse aortic tissue with targeted metabolomics of human plasma using SRM-LC-MS/MS.
Combining the plasma, which represents the systemic state of the organism with the local
metabolism of the disease, offers a more comprehensive, holistic strategy to understand
atherosclerosis mechanisms. Moreover, this novel integration workflow not only strengthens
MALDI-MSI as a discovery tool but also widely complements the mechanistic study already
performed by MSI towards a novel tool for diagnosis, because clinicians routinely assess an
individual's overall health status by measuring certain metabolites in biofluids. Additionally,
the investigation of the individual’s metabolic conditions in both tissue and plasma has a
profound effect upon precision or personalized medical initiatives.

In chapter 4, the local lipids alterations of fascial healing revealed by MSI were correlated
to histologically (H&E) scored changes captured by microscopic imaging. This correlative
study required a close cooperation among surgeons, MSI researchers, and pathologists,
leading to a better understanding of molecular and cellular changes during acute fascia
healing, as well as novel therapeutic targets that allow prevention or treatment of incisional
hernias.

In the last chapter of this thesis (chapter 5), using stable isotope (**C) labeling and MALDI-
MSI revealed the spatiotemporal intra-tumoral distribution of the essential aromatic amino
acid phenylalanine and its de novo synthesized metabolite tyrosine. It is important to mention
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that this study is based on a previous study [81] where the same mice were used but which
focused on the liver. Moreover, the plasma data from the same mice provided the additional
value of inter-organ metabolism (**Ce-Tyrosine was subsequently transported to the tumor
tissue after a hepatic Phe-to-Tyr conversion). Chapter 5 hence gives evidence for the
potential of studies that involve different organs together with plasma from the same
individual to not only obtain a better understanding of the systemic nature of diseases, but
also for improving animal welfare by achieving the highest research value by using as much
material from a subject as possible. It is important to mention the widespread international
3R-concept (Replacement, Reduction, Refinement) for studies involving the use of animals
[479] which aims at minimizing the number of animals while maximizing animal welfare
and quality of research. Therefore, the preclinical studies conducted in the current thesis point
out the noteworthiness to give a more comprehensive and valuable answer to a scientific
question with a limited number of animals.

Socio-economic relevance

My PhD research projects mainly focused on atherosclerosis, cancer and wound healing.
Among them, atherosclerosis and cancer are the two main dominant causes of deaths all over
the world [480]. Patients with atherosclerosis and cancer are strongly affected both physically
and mentally. Along with illnesses, patients and their families, caregivers and the social
security system are also suffering economically from long-standing treatment expenses. Also
wound healing and its care constitute another major source of total healthcare budget [481].
There are many health consequences of failed wound healing, such as infection, septicaemia,
osteomyelitis, chronic morbidity or even mortality [482]. Moreover, there is a pronounced
demand for wound care products in the wound-dressing markets.

Metabolomics-based preclinical studies on these diseases in this thesis could point to
potential new treatments, which might merit further translational studies in humans, as well
as greatly save the screening time and funding needed in clinical trials. Moreover, it might
indirectly alleviate economic burden for patients and society, as well as improve quality of
life for patients in the long run. For instance, in chapter 2, several specific lysolipids were
found exclusively localized in the atherosclerotic aorta plaque. Diagnostics could benefit
from this study for targeting these lipids using nuclear medicine and molecular contrast
agents. Likewise, the metabolic alterations induced by high cholesterol and high fat diet
observed in the chapter 3 could inspire fitness enthusiasts, nutritionists, food industry and
medical doctors. For example, a healthy diet plan with less cholesterol and fat could be
strongly recommended for fitness enthusiasts, clients of nutritionists, as well as patients and
their caregivers. Additionally, food manufacturers and marketers could provide healthier
food products for public health and help customers make health choices. In similar fashion,
the findings from chapter 4 might bring a big value for wound-dressing markets. Similarly,
the amino acids metabolism research in chapter 5 might have a great impact for targeted
delivery of therapeutics in cancer.
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More broadly speaking, the strategies developed in this thesis could also be applied to other
health conditions such as current coronavirus disease 19. Coronavirus patients show varying
levels of severity in lung tissues and MSI-based local metabolomics could be used to identify
specific metabolic signatures, and thus predict the consequence of the disease with a higher
level of certainty. A subsequent successful application of potential metabolomics-based
markers could dramatically reduce the test cost (e.g. point-of-care testing) and assist
clinicians in prognosis evaluation. Likewise, similar approaches could also apply to other
different settings or fields. For example, toxicology, which shows great interest for many
pharmaceutical companies, MSI could aid in assessing the metabolic effects of potential drug
candidates before clinical trials. In addition, the metabolomics-based strategies can also be
used for examination of phenotypic changes in genetically modified products for public
consumption in agriculture and food field. Moreover, it might also confer a powerful tool to
investigate metabolomics alterations induced by global issues such as environmental
pollution, and mental health problems.

Lastly, across my PhD projects, | mainly worked with MALDI-MSI instruments from Bruker
Daltonics (Bremen, Germany). In the meantime, | was also responsible for the maintenance
of one of Bruker Daltonics’ flagship MALDI-MSI instruments (rapiflex) in the lab. Thus |
had the privilege of working with Bruker Daltonics for trouble shooting, as well as giving
feedbacks to Bruker Daltonics in order to improve their instrumental performance. This
extraordinary experience allowed me to improve my knowledge and insight from both a
scientific researcher’s perspective as well as from a commercial viewpoint.

96



Chapter 7

Chapter 7

General discussion & Outlook

97



Chapter 7

Over the last decade, MALDI-MSI has been the most widely applied MSI modality for the
untargeted molecular imaging of endogenous and exogenous molecules such as proteins,
peptides, glycans, metabolites and drugs in biomedical research. It is a valuable and powerful
tool for the investigation of molecular processes underlying diseases on a spatial level. The
work in this thesis demonstrated how MALDI-MSI can be applied to in situ metabolomics
studies in several different preclinical disease models of atherosclerosis, cancer and wound
healing. However, MALDI-MSI on a metabolomics level also faces multiple challenges that
need overcome to fully exploit its potential in future studies.

7.1 Challenges and opportunities in sample preparation
Tissue preservation

Fresh frozen samples are typically used for metabolite studies [65], which is also true for all
of the studies in this thesis. However, most of the collected tissue samples by researchers and
clinicians around the world is archived as formalin-fixed and paraffin embedded (FFPE)
material for its long-term preservation and histological examination [65, 483]. Buck et al.
have recently shown that a large fraction of the metabolites in FFPE tissues are chemically
and spatially conserved and are suitable for MSI analysis [483]. Consequently, MALDI-MSI
metabolomics studies using FFPE tissues are currently on a rising trend [484, 485]. In parallel,
new preservation compounds are being developed that bridge the necessities in biomedical
research with established clinical workflows. Such an example is PaxGene, which has already
been used in MSI studies for the investigation of proteins, peptides and metabolites [486] and
shows good compatibility with the requirements from clinical practice [487]. The further
investigation of such alternatives for tissue preservation also carries huge potential for the
broadness and depth of molecular information that can be extracted from preserved tissues
using MSI.

Derivatization of metabolites

However, irrespective of the tissue preservation, the detectability of some metabolites still
presents a challenge due to their low ionization efficiency, the level of background
interferences caused by the MALDI matrix, the lack of chromatographic separation, and
resulting ion suppression effects, combined with low abundances of these metabolites [488].
To increase ionization efficiency of molecules, derivatization can be used [489]. Therefore,
in chapter 5, | used on-tissue TAHS derivatization for improving the ionization efficiency
of the target amino acids in the mouse tumor samples [490]. The specificity for detecting
targeted amino acids in MALDI-MSI has been dramatically improved by on-tissue TAHS
derivatization. However, for optimal on-tissue TAHS derivatization and to prevent side-
reactions of TAHS with the hydroxyl group attached to the phenol group of Tyr, samples
have to be incubated at 55 °C for 24 hours in a humid environment [491]. The whole process
is time-consuming, and it is limited to temperature-insensitive molecules and tissues. For
example, I could not apply on-tissue TAHS derivatization to OCT embedded aortic tissues
in chapter 3 since OCT can melt at higher temperatures, leading to the contamination of the
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tissue. Moreover, slight delocalizations can be observed at a higher spatial resolution, such
as 25 pm [491]. Thus, the chosen derivatization method should be compatible with the scale
of achievable MSI spatial resolution and type of embedding [221]. Furthermore, the
development of effective matrices for MALDI but with reduced matrix background, as well
as better derivatization strategies that are less time-consuming and compatible with high
spatial resolution MSI are highly required. This can increase the throughput especially for
previously undetectable compounds or molecules not yet investigated by MSI and will allow
obtaining valuable molecular profiles from single cells.

3-dimensional mass spectrometry imaging

To date, most of the MALDI-MSI studies are performed at the 2D level. It has pushed its
frontiers to three spatial dimensions in the past decade for investigating the volumetric
distribution of molecules across the sample structure [103, 492]. In chapter 2, 3D-MALDI-
MSI was used to verify the volumetric distribution of plaque-specific lipids in an aortic root
of one apoe™~ mouse to confirm the general presence of these lipids along the plaque. This
3D-MSI analysis shows that the lipids’ spatial specificity remains stable along the z-direction
of the plaque and is independent of the blood flow direction. While 3D-MSI is able to provide
additional contextual information on the molecular distributions in the biological tissue [103],
it is important to note that the sample preparation for 3D-MSI faces more challenges
compared to 2D-MSI. Several practical considerations need to be highlighted for a successful
3D-MSI study, especially for tiny tissues such as mouse aorta encountered in chapter 2.
These crucial aspects include careful sectioning to maintain the sample’s integrity and
consistency in the sample’s spatial orientation, fully randomizing the sections and samples
across the different slides and within the same slide, as well as carefully and gently
performing the staining for all sections since every section is unique and therefore not
replaceable. In addition to sample preparation, 3D-MSI data processing and analysis remains
challenging, as recently reviewed by Vos et al. [103]. This includes image registration,
volumetric reconstruction, the application of stereologic approaches, 3-dimensional
annotation, and spatial statistics. With respect to the first, overlaying 3D-MSI data with other
3D imaging techniques such as magnetic resonance imaging will lead to new challenges in
the biomedical field in the future but also carries huge potential as recently reviewed by
Maynard and Hart for pharmaceutical studies [493].

7.2 Stable isotope labeling in MALDI-MSI to trace metabolic changes

While MALDI-MSI dramatically increases the specificity of metabolites detection [221], it
is, due to its invasiveness, limited to providing a single and static snapshot of highly dynamic
systems in which molecules are constantly synthesized and consumed [81]. Using stable
isotope labeling of compounds such as lipids [123, 494], amino acids [490, 491, 495] and
glucose [496, 497] in MALDI-MSI combined with longitudinal animal studies allows tracing
metabolic processes in which the labeled molecules are involved in a time-resolved manner.
This is achieved by detecting the mass-shifted signals containing the isotopic tracer or the
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products of its metabolic conversion, and thus adds an extra dimension to the understanding
of both normal metabolic processes and pathological processes [221]. MALDI-MSI has been
used to map the uptake and metabolism of stable isotope labeled nutrients and other
compounds in endophytic bacterium [495], radish plants [498], cultured hippocampal
neurons [499], mouse lungs [494], mouse spleen [500], mouse liver [491], mouse brain [497,
501], non-small cell lung carcinoma in mice [490], atherosclerotic mouse aorta [123], acute
myocardial ischaemic mouse heart [497], and normal bovine lenses [496].

In chapter 5, I studied L-[ring-'3Cs]-labeled phenylalanine and tyrosine kinetics in a human
non-small cell lung carcinoma xenografted mouse model using MALDI-FTICR-MSI. This
approach also harbors huge potential for my work on atherosclerosis, which is reported in
chapters 2 and 3. In continuation of the results reported in chapter 2, | investigated the
presence and detectability of the discovered plaque-specific lipids in mice plasma using
regular MALDI-MS profiling. Interestingly, despite the complexity of plasma samples, most
of plaque-specific lipids were detectable in both normal diet and high-fat diet IdIr~~ mice
plasma without further chromatographic separation or purification of the samples, thereby
suggesting their potential as atherosclerotic markers in a minimally-invasive fluid. For the
measurement, 0.5uL plasma from every mouse was spotted on a conductive glass slide and
later the matrix norharmane was applied by sublimation. However, the quantification and
thereby the validation these plaque-specific lipids in plasma failed due a strong "coffee-ring"
effect, which led to a bad reproducibility. This can be seen in Figure 7.1 which shows the
plasma-matrix spots belonging to representative 4 plaque-specific m/z species as measured
by MALDI-TOF-MSI in negative ionization mode in 8-week high-fat-diet (HFD) IdIr~"~
mice (n=14), 16-week HFD IdIr~~ mice (n=12), and 16-week chow-diet (ND) IdIr~”~ mice
(n=14). While the results suffer from a huge variation, their detectability still makes an
interesting link between highly abundant blood circulating lipids and plaque-specific lipids,
which should be further pursued. For instance, it would be very interesting to incorporate
stable isotope of these plaque-specific lipids into the diet of the mice, and trace these
molecules from their ingestion over their travel through the blood stream to the incorporation
into the atheroma. It has to be noted that the similar approach has already been successfully
applied by Castro-Perez et al. to investigate the incorporation of an orally dosed (2,2,3,4,4,6-
d6)-cholesterol over 3 weeks into atherosclerotic aorta plaques in a apolipoprotein E-knock-
out mouse model [223]. It showed dietary d6-free cholesterol is heterogeneously distributed
within the plaque while the relative intensity is much lower compared to the unlabeled free
cholesterol [223]. This work demonstrated the possibility to spatially trace isotopically
labeled lipids with MALDI-MSI to characterize dietary lipid accumulation and localization
within the atheroma. As | observed in chapter 2, not only cholesterol, but also certain
lysolipids and sphingomyelins are integral constituents of the plaque in atherosclerosis.
Tracing these by the labeled approach would be very interesting as well as other plaque-
specific lipids besides cholesterol, such as lysophospholipids, which have also been reported
by other MSI studies [223, 336, 502]. This will enable a better understanding of the
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pathogenesis of atherosclerotic plaque and a novel strategy for management of cardiovascular
diseases.
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Figure 7.1. Visualization of representative four m/z species in spotted plasma of 8-week HFD IdIr~”~ mice (n=14),
16-week HFD IdIr”~ mice (n=12) and 16-week ND IdIr - mice (n=14) by MALDI-TOF-MSI in negative ionization
mode. These 4 m/z species correspond to plaque specific lipids that | have previously identified in chapter 2.

In the light of tracing the dynamics of targeted endogenous molecules, the isotope labeling
together with MALDI-MSI could also be extended to other different diseases (e.g.
neurological disorders and cardiovascular conditions) and in different living biological
systems ranging from human and animals to cultured cells or organoids. For instance,
imbalances in the levels of tryptophan and its metabolites (e.g. kynurenines) have been
implicated in Alzheimer's disease, cancer, malaria and neoplasia among many others [503].
Consequently, isotope labeling of tryptophan together with MALDI-MSI could be applied to
study in situ metabolism of tryptophan in the aforementioned diseases. Likewise, labeling of
carboxyl-containing metabolites such as bile acids [504] and fatty acids [505] or their
precursors could be used to investigate metabolic disorders including chronic kidney disease
among others [506]. The presented approach could also be employed in a healthy biological
system to spatially map general metabolic processes such as citrate cycle, nucleotide
metabolism, and glycan biosynthesis and metabolism on a microscopic level, which has so
far never been done in a systematic fashion.

Furthermore, with recent developments addressing some instrument-related limitations in
MALDI-MSI will broaden the applications of stable isotopes in MALDI imaging [221]. One
example is, MALDI-2 [507], a post-ionization technique that utilizes a second tunable
wavelength laser to initiate a secondary ionization process in the desorbed gas plume caused
by the original MALDI laser. It has been shown that this can significantly improve the
sensitivity and ionization efficiency of numerous classes of molecules including drugs and
lipids [221, 508]. Moreover, trapped ion mobility spectrometry (TIMS) [509] is a high-
performance gas phase separation technique that has also been recently incorporated into
MALDI-MSI instruments. This additional layer of separation for molecules according to
their cross-section area has the potential to overcome the challenges of molecular complexity
associated with tissue imaging and assisting with molecular identification at a rate compatible
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with the acquisition rate of imaging experiments [509]. This approach could be extremely
powerful for isotope labeling in MALDI-MSI studies due to separate the label from an
isobaric and therefore confounding compound.

7.3 Local and systemic metabolomics
Systemic nature of diseases

In all studies reported of my thesis, | studied the local metabolism of diseases by mainly
focusing on one primarily affected organ (aorta, fascia, and tumor) and the metabolites
involved in the disease. However, many of these diseases, such as atherosclerosis and cancer,
can be considered systemic diseases. Taking atherosclerosis (chapters 2 and 3) as an example,
several organ systems including the vascular system, the endocrine system, adipose tissue,
the liver, the gastrointestinal tract and the kidneys were found to be involved in the
pathogenesis of atherosclerosis [510], as reviewed by Ramsey et al. [510]. For instance,
Kleemann et al. illustrated that high doses of dietary cholesterol result in hepatic
inflammatory response, which contribute to early atherosclerotic lesion formation [511].
Additionally, renal insufficiency is a recognized risk factor for cardiovascular disease (CVD)
[512]. Following the same context, Karlsson et al. suggested alteration of the gut
metagenome is associated with symptomatic atherosclerosis [513]. Moreover, intestinal
microflora metabolism of the dietary lipid phosphatidylcholine (PC) has been linked to
predict CVD risk in humans [390]. The dietary PC lipids are metabolized to choline in the
small intestine, and then the resulting choline produces trimethylamine (TMA) in the large
intestine. TMA later diffuses into the bloodstream and converts into trimethylamine N-oxide
(TMADO) in the liver (Figure 7.2) [390]. TMAO has been observed to be strongly related with
atherosclerosis [390, 514]. Furthermore, Koeth et al. demonstrated intestinal microbiota
metabolism of dietary L-carnitine also produces TMAO and promotes atherosclerosis in mice
[395]. The link between the gut microbiome, the diet, and cardiovascular diseases has been
a hot topic over the past few years [515]. In that line, there are many other metabolites
(especially uremic toxin) involved in atherosclerosis [515] and most of them have not been
studied with respect to the different involved organs (inter-organ metabolism). Integration of
information from different sources and technologies could aid in understanding those
systemic diseases and their spatial, inter-organ involvedness.
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Figure 7.2. Schematic intestinal microflora metabolism of the dietary phosphatidylcholine (PC) linked with
atherosclerosis. The dietary lipids PC are metabolized to choline in the small intestine, and then the resulting choline
produces trimethylamine (TMA) in the large intestine. TMA later diffuses into the bloodstream and converted into
trimethylamine N-oxide (TMAO) in the liver. This image has been reproduced from [516].

Dynamic nature of diseases

Although the underlying cause of a disease is often of a systemic nature, the disease’s
progression is also dynamic such as atherogenesis (Figure 7.3) as previously described in
chapter 1. It would be very interesting to extend the studies done in atherosclerosis over time
as | have observed already in similar experiments in chapter 4 (fascia wound healing) and
chapter 5 (tumor). However, MSI is invasive and therefore it is difficult to study dynamic
changes over time continuously. In vivo imaging techniques are therefore needed to
complement the molecular information by MSI in order to be able to capture the different
steps in atherogenesis (Figure 7.3a) [517].
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Figure 7.3. Multiple imaging modalities addressing different processes in atherosclerosis (3a). Ultrasound can be
used to measure artery endothelial function (3a, upper left) as well as vessel wall thickness (3a, lower left). MRI is
able to obtain plaque composition (3a, upper right and lower middle). FDG-PET can evaluate plaque inflammation
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(34, lower right) while CT scan can visualize plaque calcification. Additionally, MSI as an ex vivo imaging technique
can be applied to define specific molecular patterns in atherosclerotic tissue (3b, I, M, and P refer to intima, media
and plaque, respectively). The figure 3a has been reproduced from [517] and the figure 3b has been reproduced from
[242].

Integration of MSI with other imaging modalities

In other fields of research than presented here, it has been shown that MSI can also be
integrated with other complementary imaging technologies, such as microscopy [518],
Raman spectroscopy, optical molecular imaging (fluorescence imaging and bioluminescence
imaging), MRI [519] and Positron emission tomography (PET), to take advantage of the
different strengths of the techniques [520]. For example, M. Abdelmoula et al. aligned 3D
MSI to MRI data non-linearly using a new computational approach [519]. Additionally, the
sensitivity of fluorescence was combined with the specificity of MALDI-MSI to investigate
the spatial distribution of the anti-angiogenic drug sunitinib (to treat liver cancer) and its
metabolites after hepatic transarterial administration in situ [329]. MALDI-MSI was also able
to corroborate the invivo imaging MRI signals and enabled in situ quantification of a
collagen-targeted MRI contrast agent (Gadofluorine M) in a mouse model of myocardial
infarction [521]. Moreover, MALDI-MSI has also been used for mapping commonly
employed PET ligands raclopride (a D2 dopamine antagonist) and SCH 23390 (a D1
dopamine antagonist) in rat brain tissue sections [522]. Even though these are not
metabolomics based studies, they still demonstrate enormous potential of ex vivo MSI
combined with other in vivo noninvasive imaging modalities for future in situ metabolomics
and other omics studies.

For example, ultrasound allows assessing the geometry of vessel walls (thickness) and
plaques (size and volume) as well as the risk for rupture of the plaques [523]. Magnetic
Resonance Imaging (MRI) can characterize plaque composition (e.g. lipid rich core, fibrosis,
calcification, and intraplaque haemorrhage deposits) and define arterial thrombus age [524].
1BF-fluordeoxyglucose positron emission tomography (‘®F-FDG-PET) is able to track
changes in plaque inflammation over time [525]. Therefore, a combination of MSI (Figure
7.3b) with other in vivo techniques (Figure 7.3a) is necessary to offer new insights underlying
the dynamics of disease progression.

So far, Lohofer and coworkers have used MSI to visualize the localization and quantify the
MRI probe Gadofluorine P in plaque tissue ex vivo with high spatial resolution and thus adds
novel and more target specific information to molecular MR imaging of atherosclerosis [526].
Another example for the integration of MSI data with images from other optical modalities
has recently been given by Iskander-Rizk et al., who used MALDI-MSI as reference for the
less-invasive catheter-based photoacoustic imaging of lipids in human carotid
endarterectomy samples [527].

In this context, integration of MSI with other imaging technologies could also be employed
in my research in this thesis. For instance, ®F-FDG-PET could be incorporated with 3D-MSI
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data in chapter 2 to provide information on the local inflammation status at a 3D level, which
could be correlated with specific lipid compositions of the plaque. Ultrasound can be used
for the work presented in chapter 3 to measure the artery’s endothelial function and vessel
wall thickness for both control and atherosclerotic mice which might replenish the biological
information for correlation with the metabolic alterations observed in aorta by MSI. In
addition, fluorescence imaging could be applied to monitor different activities such as
inflammation and cellular metabolic state to better determine the actual phase of wound
healing in chapter 4, which might be valuable to link them with in situ lipids changes
observed by MSI. In chapter 5, MRI could be employed to provide information on the
tumor’s vascular structure to better understand the heterogeneous distributions of the
different amino acids in the tumor.

To sum up, the few aforementioned examples and the many from other research fields show
that multimodal imaging will open new doors for numerous biomedical research and
pharmaceutical applications and yield important new insights into different biological and
pathophysiological processes as well as create new opportunities for disease detection and
treatment [528].

Integration of MSI with other omics technologies

As hybrid technology, MSI cannot only be integrated with other imaging modalities but also
with data from other molecular omics modalities (DNA mutations, mMRNA sequencing and
protein abundances). For example, Capolupo et al. recently integrated MALDI-MSI
lipidomics data with single-cell mRNA sequencing to investigate the metabolic and
transcriptional heterogeneity of individual dermal human fibroblasts [529]. Combination of
postmortem MALDI-MSI and genetic analysis revealed that very long-chain acyl-CoA
dehydrogenase deficiency may have accounted for a case of infant death with liver steatosis
[530]. S¢upakova et al. correlated lipid features by MALDI-MSI with gene expression data
in nonalcoholic fatty liver disease [531]. In another example, Kazdal et al. combined
MALDI-MSI proteomic analysis with genetic mutations data in a single pulmonary
adenocarcinoma tissue section [532]. Xie et al. applied MALDI-MSI combined with LC-
MS/MS-based metabolomics to investigate an environmental pollutant (Bisphenol S)
induced proliferation of 3D breast cancer cell spheroids [533]. Taken together,
complementation and integration of MSI features with other omics data permits obtaining a
more comprehensive understanding of many diseases as well as identification of new
diagnostic and prognostic biomarkers.

Likewise, along with lipidomics and metabolomics, the other omics including genomics,
transcriptomics, and proteomics, play crucial roles in unravelling and understanding complex
molecular mechanisms in atherosclerosis, cancer, and wound healing, among others.
Therefore, integration of multi-omics approaches could also be applied to these fields of
research. For instance, different plasma lipid species were found to be regulated by genetic
mechanisms in different way in cardiovascular disease [534, 535]. Integrating genomics with
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lipidomics could hence potentially identify genetic variants associated with different lipid
species (e.g. lysolipids in chapters 2 and 3) participating in atherosclerosis. Similarly, a
variety of proteins such as lipoproteins are also key players in atherogenesis. Therefore, the
combination of proteomics and metabolomics at cellular level could illuminate the related
proteome responsible for the metabolome’s alteration in atherosclerosis [536].
Unsurprisingly, not just lipids, alteration of gene signatures [537] as well as proteins [538]
(e.g. inflammatory mediators, cytokines, among others) have also been observed across the
different phases of wound healing. Correspondingly, similar multi-omics approaches could
also be used to investigate wound healing in chapter 4. Moreover, in cancer research, it is
well recognized that genetic [539] and transcription factors [540] hugely influence the
cancer’s metabolic pathways [541] such as aerobic glycolysis, lipogenesis, amino acid
metabolism and tricarboxylic acid cycle. In this regard, integrating genetic or transcriptomic
information with metabolomics on a spatial level may open an avenue for a better
understanding of cancer metabolism in chapter 5.

Spatial omics

An intermediate way to the integration of MSI with in vivo imaging or with other non-
imaging omics techniques is spatial omics. Since, GC-MS and LC-MS offer the broadest
coverage of metabolites (often over 10,000 features for untargeted metabolomics) [515],
recently MALDI-MSI has been used to guide a laser microdissection system (LMD) to
microdissect tissue areas as defined by the MSI data. The dissected material was then
submitted to follow-up proteomic analysis by high-performance liquid chromatography-mass
spectrometry (HPLC-MS) on the same MS instrument (timsTOF fleX, Bruker Daltonik,
Bremen, Germany) [542]. This approach enables broader molecule coverage without losing
the spatial molecular information highlighted by MALDI-MSI on the exact same tissue
section. The same approach could be applied for the studies (chapters 2-5) in this thesis. For
example, in chapter 3, | observed spatially altered metabolites in the different regions in the
aorta tissue. However, the metabolites that | could unambiguously identified were limited,
which might relate to the size of the mouse aorta as well as to ion suppression effects both
leading to not sufficiently intense signals. Another example is chapter 5, where | observed
that all detected amino acids exhibited heterogeneous distributions in the tumor. Therefore,
MSI could provide the spatial segmentation maps to highlight these distinct areas for a
subsequent dissection by the LMD for follow-up untargeted or targeted extract-based
metabolomics or other types of omics analysis.

To conclude, | envision that MSI together with other different imaging modalities and other
non-imaging omics technologies is likely to provide new insights into many disease
mechanisms.
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7.4 Translational science: from animal to human

Animal models have been a fundamental tool in the preclinical studies for many years [543].
Rodents, usually mice and rats, have been the most commonly used animals in biomedical
research for a variety of reasons, including their manageable small size, generally mild-
tempered and docile, ease of housing and maintenance, short reproductive cycle and lifespan,
abundant genetic resources and similarities to the human anatomy, physiology, and genetic
setup [544]. Moreover, larger size animals such as rats and pigs are the preferred models for
studies involving surgical procedures. This is due to the fact that surgery is generally easier
and causes less tissue damage in a larger animals [545]. In this thesis, mice were used in
chapter 2 (atherosclerosis), chapter 3 (atherosclerosis), and chapter 5 (cancer). In chapter
4 (abdominal fascial healing), rats were used due to the performance of a surgical open
hemicolectomy.

Even though laboratory rats and mice serve as the preferred animal models for biomedical
research due to the advantages mentioned earlier, they cannot sufficiently reflect human
disorders owing to several limitations in some aspects (e.g. immunology differences among
others) [546]. For instance, in atherosclerosis, lesions prefer to present in coronary arteries in
humans compared to the aorta and carotids in rodents [547]. Moreover, the commonly used
atherosclerotic mouse models do not reflect the instability and rupture of lesions as seen in
humans [548]. In oncology, the xenograft animal models offer many advantages, such as the
reduction of inter-subject variability while producing a realistic heterogeneity of tumor cells
[549]. However, xenograft animal models are unable to fully mimic the complex tumor
microenvironment in humans, partially owing to these animals are usually immune-
compromised and cannot induce the same immune responses as human [549]. Therefore,
translational studies from animal models to human are indispensable in both oncological and
cardiovascular diseases.

Atherosclerotic plaque-specific markers in human tissues

In chapter 2, we aimed to identify common plaque-specific lipids in IdIr~~ mice and apoe ™"~
mice, the two most widely used animal models for atherosclerosis research, by MALDI-MSI.
This study identified ten lysolipids and one sphingomyelin as integral constituents of the
plague in both Idlr”’~ and apoe™ mouse models. These novel results help to unravel the
molecular complexity of atherosclerotic plaques. The fact that our results are consistent
across the two different models is promising and indicates that they could be extended to the
study of human plaque and plasma samples. Moreover, it is important to note that during my
PhD, | also analyzed one fresh frozen human carotid plaque sample with the same method as
described in chapter 2. | detected and verified all 11 plaque specific lipids in human carotid
plaque (Figure 7.4). | also observed that human plaque is far more complex than a typical
mouse plaque and that some lipids showed distinct spatial distributions within the plaque as
compared to the mouse samples. This shows again the necessity to perform translational
studies in human samples to investigate their validity and potential as biomarkers.
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Figure 7.4. Visualization of 11 (6 in negative ion mode and 5 in positive ion mode) plaque-specific lipids from
IdIr”~ mice and apoe "~ mice in a human carotid plaque. Their coregistered, hematoxylin and eosin stained (H&E)
images are shown at the bottom (necrotic core region, fibrous region, macrocalcification region and intimal
xanthoma containing foam cells region are indicated in red, yellow, pink and blue, respectively).

Furthermore, even though the pathologic development of atherosclerotic lesions in Idlr~~
and apoe™~ mouse models is similar to the human as described in chapter 1 [550], there are
still some distinct differences compared to human atherosclerosis. The primary site for
clinically significant atherosclerotic disease in humans is the coronary arteries, with
progression to atherothrombotic events leading potentially to a myocardial infarction [551].
However, lesions in mice mainly develop in the aorta and carotids regions where disturbed
blood flow occurs [550]. Moreover, the mouse models rarely show evidence of lesion rupture
[550], while around 3/4 of heart attacks in humans result from plaque rupture followed by
thrombosis [550]. In addition, most of atherosclerotic mouse models were performed on a
single genetic background C57BL/6J (chapter 2 and chapter 3), which limits to fully
represent the genetics of human atherosclerosis [550]. Because of these reasons, it is
necessary to translate my findings from the animal models to human studies, especially since
there is the potential to derive from these studies novel diagnostic or therapeutic biomarkers
for this global health problem.

From understanding fascia wound healing in a rat model to improve clinical
wound care in humans

Fascial wound healing is a dynamic and complex biological process interfered by a multitude
of local and systemic factors, such as oxygenation, invasive infection, age, sex,
stress, nutrition, smoking and a variety of diseases (e.g. atherosclerosis, obesity) [552].
Failure of laparotomy fascia healing can cause incisional hernias, which is one of the major
complications after open abdominal surgery and significantly affect overall life quality of
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patients [553]. Despite the fact that acute wounds generally go through the normal stages of
the healing process namely hemostasis, inflammation, proliferation, and remodeling [249],
the underlying cellular and molecular interactions of fascia wound healing are still poorly
understood. Moreover, developing effective wound healing agents and therapeutic
approaches to wound management remains a scientific challenge for medical societies [554].
Since it is ethically and practically impossible to isolate functionally healed fascia from
patients, animal models such as rats are extensively used in wound healing studies. They also
offer the advantage of an accelerated wound healing process in days compared to weeks in
humans. Furthermore, Occleston et al. demonstrated that the gene expression identified
across all key stages of the healing and scarring process is comparable between rat and man
[421]. This is the reason why in chapter 4, rats were chosen to model human normal
abdominal fascial healing. The study demonstrates the temporal changes of lipids correlated
to inflammatory response and fibroblast growth in acutely injured fascia.

However, it is important to note that there are numerous dissimilarities when comparing rats
to humans. For instance, the rodents’ skin anatomy and physiology is significantly different
from that in humans [555, 556]. For instance, rodents have the ability to produce
endogenously vitamin C in the liver which is vital for the whole healing process [556], while
for humans this is not the case. Therefore, these differences must be taken into account for a
better translation to the human condition and for improving clinical wound care.

Local phenylalanine metabolism in human samples

Following the same argumentation for my work reported in chapter 5, this study
demonstrates the usefulness of MSI to investigate spatial kinetics of Phe and Tyr in a mouse-
xenograft model of non-small cell lung carcinoma. In this study, the MSI data from the tumor
was integrated with the data from the live and the plasma [491] collected from the same mice.
Therefore, this study also reflects inter-organ amino acid metabolism. However, it has been
reported that the kidney is also contributing to the production of Tyrosine from Phenylalanine
[557], it would be interesting to also apply MSI to kidney tissue from the same mice to get
the full view on inter-organ amino acid metabolism in this study or to perform whole body
MSI [558]. Following the same line, integrating MSI with in vivo techniques such as MRI or
micro-PET could facilitate the extension of the results to dynamics of inter-organ metabolism.

With respect to the mouse model used in this study, it is noteworthy to bear in mind that
mouse Phenylalanine hydroxylase (PAH) exhibits multiple potentially significant differences
to human PAH despite profound resemblance between them, as presented by Ledley et al.
[559]. In addition, it is known that preclinical cancer models show limitations for
representing the real human tumor microenvironment [560]. Moreover, tumor cells in mice
are limited in space to grow compared to a human and are therefore limited to produce the
variety of genetic mutations and subpopulations found in humans [560]. Nevertheless, the
translation of the results to humans can deepen the knowledge on metabolic events driving
oncogenesis, as well as offer new options in tumor treatment. With respect to the latter, the
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isotopic labeling approach of chapter 5 could be applied to cancer patients to assess the
effectiveness of chemotherapy based on the incorporation of 3C-Phe in biopsies from
patients. This way might be faster and cheaper than the three months required by the RECIST
response evaluation criteria [561] or the computed tomography scans done in clinics.

Outlook

In summary, the work in this thesis demonstrates that MALDI-MSI is a valuable tool for in
situ metabolomics of biological tissue specimens encountered in many preclinical studies.
Advances in sample preparation and MS instrumentation to increase sensitivity, spatial
resolution, mass resolution, and the molecular coverage of metabolites, together with the
integration of MSI with other imaging modalities and other omics techniques, will bring
MALDI-MSI metabolomics research to the next level and allow a deeper understanding of
complexity of biological and pathological processes at a single cell scale. While animal
models offer many advantages for preclinical research, they cannot perfectly model the
human condition, which makes the translation of the research results from the preclinical
studies to the human necessary. In the same context, multicenter preclinical studies together
with clinically well-recognized extraction-based MS techniques (e.g. LC-MS) to evaluate the
robustness and reproducibility of MSI data could improve the translatability of preclinical
studies.
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MALDI mass spectrometry imaging is an attractive technique for in situ visualization of
metabolites directly on tissues, which is essential for a better understanding of complex
mechanisms underlying heterogeneous diseases. The work presented in this thesis focuses on
the investigation of the local metabolism in atherosclerosis, wound healing and cancer in
animal models using metabolomics-based MALDI mass spectrometry imaging.

In chapter 2, | applied high-spatial-resolution 2D and 3D MALDI-TOF-MSI to identify and
verify aortic plague-specific lipids in two of the most widely used animal models for
atherosclerosis, including high fat diet-fed low density lipoprotein receptor deficient (Idir")
mice and chow-fed apolipoprotein E deficient (apoe™") mice. In a first phase, | investigated
plaque-specific lipids in IdIr”~ mice and apoe™ mice on a two-dimensional level involving
several replicates. Subsequently, I verified the volumetric plaque specificity of those lipids
by 3D-MALDI-MSI in an apoe™ mouse to confirm the universal presence of these lipids
along the plaque. All the results presented in this study suggest that lysolipids and
sphingomyelins are integral constituents of the plaque in both atherosclerotic mouse models.
More specifically, LPI 18:0 was concentrated in the necrotic core of plaques. These novel
results are helping to unravel the molecular complexity of the atherosclerotic plaque thereby
enhancing not only our understanding of the plaque’s composition but also the identification
of potential lipid species related to the plaque’s stability.

In chapter 3, | performed untargeted MALDI-FTICR-MSI metabolomic analysis on
atherosclerotic aortic tissues from high fat diet compared to normal diet Idlr~~ mice to
characterize metabolic alterations associated with an earlier stage of atherosclerosis
(compared to Chapter 2) while locating them within the aortic structure. For metabolites of
interest, additional targeted LC-MS/MS in selected reaction monitoring mode was performed
in human plasma in order to evaluate the potential of the tissue findings as atherosclerotic
plasma markers. This study indicates an altered lipid metabolism occurring in atherosclerosis,
which affects both, the aorta as well as the adjacent heart tissue. Moreover, it demonstrates
that the combination of untargeted in situ metabolomics of atherosclerotic aortic tissue with
complementary targeted metabolomics of plasma offers a holistic strategy to better
understand systemic and local metabolic processes involved in the onset and progression of
atherosclerosis and to discover novel minimally-invasive markers with diagnostic potential.

In chapter 4, | studied temporal and in situ lipids alterations during the normal healing
process of abdominal fascia in rats during the first postoperative week using MALDI-TOF-
MSI. Later, the observed lipids alterations were correlated with histologically scored changes
(inflammation and fibroblast scores) based on hematoxylin and eosin staining.
Glycerophospholipids and gangliosides were found significantly involved in the normal
healing process of abdominal fascia and their locally fluctuating concentrations are
considered as potential lipid markers and/or therapeutic targets for the prevention of
incisional hernia in patients.
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And finally in chapter 5, | investigated L-[ring-*Ce]-labeled phenylalanine and tyrosine
kinetics in a human non-small cell lung carcinoma xenografted mouse model using MALDI-
FTICR-MSI. Using MSI of tumor tissue and MS of plasma, | was able to study the local and
systemic phenylalanine metabolism in the tumor itself and its near environment and
systemically in the blood levels. Moreover, this study together with the results from a
previous study focusing on liver enabled to understand inter-organ amino acid metabolism
and shifting effects. The translation to human samples will offer new insights in diagnostic
molecular markers and develop novel strategies for cancer therapy.

In summary, all studies in this thesis highlight the importance to study the metabolism of
diseases locally in the tissue of origin. Mass spectrometry imaging facilitates in the form of
a spatial metabolomics approach. In addition, both non-targeted and targeted metabolomics-
based MALDI-MSI studies provide not only new biomarkers for clinical trials but also novel
insights into metabolic mechanism of diseases that complement morphological observations
in the diseased tissues.
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MALDI-beeldvorming massa spectrometrie is een aantrekkelijke techniek, geschikt voor de
in situ visualisatie van metabolieten in weefsels. Metabolische visualisatie is essentieel voor
onderzoek naar complexe mechanismen die ten grondslag liggen aan heterogene ziekten. Het
onderzoekt, beschreven dit manuscript, focust zich op de lokale metabolisme van
atherosclerose, wondheling en kanker in diermodellen met behulp van MALDI-
beeldvorming massa spectrometrie.

In hoofdstuk 2 heb ik hoge ruimtelijke resolutie 2D en 3D MALDI-TOF-MSI toegepast om
aortaplaque specifieke lipiden te identificeren en te verifiéren. Hiervoor werden twee van de
meest onderzochte atherosclerose diermodellen gebruikt, waaronder muizen met een
deficiénte lage-dichtheid lipoproteine receptor (ldlr”") die een vetrijk dieet ondergingen.
Daarnaast ook apolipoproteine E (apoe ") deficiénte muizen die een normaal (chow-fed)
dieet ontvingen. Tijdens de eerste fase werden plagque-specifieke lipiden onderzocht in IdIr~~
en apoe™” muizen op een tweedimensionaal niveau in replica's. Vervolgens heb ik de
plaquespecificiteit van die lipiden geverifieerd met 3D-MALDI-MSI in een apoe™~ muis om
de aanwezigheid van de lipiden rondom de plaques te bevestigen. De resultaten die in deze
studie worden gepresenteerd, suggereren dat lysolipiden en shingomyelines zich in de plaque
beide atherosclerotische muismodellen bevinden. Deze nieuwe resultaten helpen de
moleculaire complexiteit van de atherosclerotische plaque te ontrafelen, waardoor niet alleen
onze kennis van de plaque samenstelling wordt verbeterd, maar ook de identificatie van
potentiéle lipidensoorten die verband houden met de stabiliteit van de plague.

In hoofdstuk 3 heb ik ongerichte MALDI-FTICR-MSI metabolische analyses uitgevoerd op
atherosclerotische aortaweefsels van Idir~~ muizen met een vetrijk dieet in vergelijking met
een normaal dieet. Deze metingen werden uitgevoerd om metabolische veranderingen,
geassocieerd met atherosclerose, te karakteriseren en ze binnen de aortastructuur te
lokaliseren. Aanvullende werd gerichte LC-MS/MS uitgevoerd voor specifieke metabolieten
in humane plasma door middel van ‘selected reaction monitoring’. Deze analyse werd
uitgevoerd om de mogelijkheid van de weefselbevindingen als atherosclerotische
plasmamarkers te evalueren. Deze studie toont aan dat de combinatie van ongericht in situ
metabolisch onderzoek aan atherosclerotisch aortaweefsel, door middel van gericht
metabolisch onderzoek een holistische strategie biedt om systemische en lokale metabole
processen, betrokken bij de progressie van atherosclerose in een vroeg stadium, beter te
begrijpen en om nieuwe minimaal-invasieve markers met diagnostisch potentieel te
ontdekken.

In hoofdstuk 4 heb ik tijdelijke en in situ lipidenveranderingen bestudeerd tijdens het
normale genezingsproces van abdominale fascia bij ratten in de eerste postoperatieve week.
Dit onderzoek werd uitgevoerd met behulp van MALDI-TOF-MSI. Later werden de
waargenomen lipidenveranderingen gecorreleerd met histologische veranderingen
(ontstekingen en fibroblastscores) op basis van hematoxyline- en eosine-kleuring.
Glycerofosfolipiden en gangliosiden bleken significant betrokken te zijn bij het normale
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genezingsproces van abdominale fascia. Hun lokaal fluctuerende concentraties worden
beschouwd als potentiéle lipidenmarkers en/of therapeutische indicatoren voor de preventie
van incisionele hernia bij patiénten.

Tot slot, in hoofdstuk 5, heb ik de kinetiek van L-[ring-*C¢] -gelabelde fenylalanine en
thyroxine onderzocht in een humaan, niet-kleincellig longcarcinoom xenogetransplanteerd,
muismodel met behulp van MALDI-FTICR-MSI. Door middel van de MSI-analyses van
tumorweefsel en MS-analyse van plasma kon ik het lokale en systemische
fenylalaninemetabolisme in de tumor, de nabije omgeving en in de bloedspiegels bestuderen.
Bovendien maakte deze studie, samen met de resultaten van een eerdere studie gericht op de
lever, het mogelijk om het aminozuurmetabolisme tussen organen en verschuivende effecten
in kaart te brengen. De vertaling naar menselijke samples zal nieuwe inzichten bieden in
diagnostische moleculaire markers en strategieén voor kankertherapie ontwikkelen.

Samengevat, zowel niet-gerichte als gerichte op metabolisch gebaseerde MALDI-MSI-
onderzoeken bieden nieuwe bio-markers voor klinische onderzoeken. Daarnaast biedt dit
inzichten in het metabole mechanisme van ziekten die een aanvulling vormen op
morfologische waarnemingen in de ziekteweefsels.
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The supplementary materials of Chapters 2-5 can be found through the respective links or
QR codes below:

Chapter 2
https://pubs.acs.org/doi/10.1021/jasms.0c00070?goto=supporting-info

Chapter 3:
https://www.dropbox.com/sh/xb8fecwvI1li33f/AAALKO4Cal8wQi3VGZ1imdNtua?dl

Chapter 4:
https://www.sciencedirect.com/science/article/pii/S2667145X21000110?via%3Dihub#
s0090

Chapter 5:

https://cancerandmetabolism.biomedcentral.com/articles/10.1186/s40170-021-00262-
9#Sec16
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