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Abstract:

The aim of the work presented herein was to re-evaluate the sample preparation pipeline for
mass spectrometry imaging (MSI) experiments focusing on metabolite distributions and drug
disposition. The work evaluated the steps from sample collection to quantitative interpretation
of the results. A major focus of the work was set on the integration of the evaluated and newly
developed workflows with orthogonal tissue imaging techniques. The work evaluated the
effects of sample collection in formalin and subsequent preparation into formalin-fixed, paraffin
embedded tissues. Overall, these treatments were found to substantially alter the tissue
metabolome and distort metabolite and drug distributions, validating the current ‘gold standard’
of fresh-frozen tissues for metabolite and drug disposition focused MSI studies. These high-
quality tissues require commonly cryo-sectioning to enable MSI analysis. Sample embedding
strategies were explored to allow simultaneous preparation and analysis of several tissue
specimens at once to increase technical reproducibility. To achieve highest preservation of the
specimens, a novel embedding medium based on a hydroxypropyl-methylcellulose and
polyvinylpyrrolidone hydrogel was developed. Within the frame of this work, strategies to
decontaminate prepared tissue sections prior to MSI analysis will be reviewed, to minimize the
infection risk when handling human tissues or specimen from infection models. Irradiation with
UV-C light was found to be a suited decontamination as it enables accurate elucidation of
endogenous biodistributions whilst only inflicting minor alterations to the tissue metabolome.
The utility of a novel DESI setup based on a triple-quadrupole mass spectrometer was
described and its application to elucidate drug disposition within tissues. The quantitative
relationship of DESI- and MALDI-MSI were explored and some of the newly developed and
established workflows were utilized in a multi-omics approach to elucidate the toxicokinetic

effects of polymyxin B1 in a model of drug induced nephrotoxicity.
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Chapter 1: Introduction

Scope of the Project

Mass spectrometric imaging (MSI) allows spatially resolved, qualitative and quantitative
determination of numerous molecular classes, including endogenous metabolites, lipids and
proteins™®. With the ability to detect a wide chemical scope in a single experiment, MSI
techniques are the method of choice for tissue-based metabolomics, proteomics, drug
distribution and toxicity studies®®.These new molecular imaging technologies allow
researchers to get a comprehensive view on the molecular content of tissue specimens and
generate metabolic maps of the same sample. The integration of this novel type of information
with established imaging modalities drives recent insights gained across fundamental
research, drug discovery and clinical disciplines. For this reason that MSl is regularly combined
with orthogonal analysis modalities such as morphological assessment through histological
staining, autofluorescence’, or immunofluorescence'’ immunohistochemistry (IHC)' 3,
imaging mass cytometry (IMC) as well as transcriptomics or genomics. These so called ‘multi-
omics’ studies performed at systems biology level are increasingly important to better
understand the pathomechanism of diseases such as auto-immune diseases™ and cancer'®.
The greater understanding of the driving disease pathways can subsequently be leveraged to

identify ‘druggable’ targets in the drug development process'® 7.

The existence of numerous established sample preparation protocols for each of the assays
limit the feasibility to integrate these protocols into a single sample preparation workflow for
the different analytical techniques. Integration attempts often result in either an inability to
acquire the full range on molecular and morphological information from a given sample or a
compromise in data quality. This is particularly pertinent when utilizing new molecular imaging
technologies that require methods to capture morphology yet also stabilize a rapidly changing
tissue metabolome™. The aim of this project was a systematic re-evaluation of sample

preparation procedures and the needs and requirements of the different techniques to work
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towards accurate and reproducible acquisition and interpretation of MSI data whilst offering

uncompromised adaption of the preparation workflows for orthogonal techniques.

Mass spectrometry

Mass spectrometry describes a set of techniques that take a given sample and analyze its
chemical composition based on the mass to charge ratio (m/z). Basically, all mass
spectrometers are combinations of an ion source that generates gas-phase ions, a mass
analyser that separates the formed ions based on their m/z values and a detector. The
fundamentals of the most commonly used ion sources and mass analyser relevant to this work

are described below.

lon sources
The ion source is the functional part of a mass spectrometer that liberates ions from the sample

which is usually introduced as liquid or in solid state depending on the nature of the ion source.

Secondary ion mass spectrometry (SIMS)

First described' in 1949 SIMS is one of the oldest ion sources which is still in use today. For
SIMS experiments a primary ion beam, which is generated in ion guns, is directed onto a solid
sample. The kinetic impact ablates the sample surface, liberating secondary analyte ions into
the vacuum chamber. These secondary ions get transferred into a mass analyser to determine
their m/z values. The ability to focus and pulse the primary ion beam allows to raster across
the sample surface and acquire spectral information whilst recording the coordinates of the
origin makes SIMS a suited setup for MSI experiments. As the primary ion beam constantly
ablates the sample surface it exposes deeper layers of the sample. Repeated analysis of the
newly exposed layers allows reconstruction of 3D chemical distribution maps?. The
introduction of instruments using large ion-cluster such as Cso" as primary ion beam reduce
fragmentation of organic compounds through distribution of the impact energy on a larger
surface area, but it remains a draw-back for the application of SIMS in biomedical research
and life sciences. A similar drawback is the low mass resolving power of most commercially

available SIMS instruments utilizing a time-of-flight mass analyser, but recent instrumental
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advancements allowed integration of SIMS with a higher resolution mass analyser?'. The

schematics of SIMS are displayed in Figure 1.1a.

Matrix assisted laser desorption/ionization (MALDI)

First reported?? in 1985, MALDI is one of the most commonly used ionization techniques for
analysis of large molecules such as intact peptides, proteins and synthetic polymers. The soft
ionization is promoted by an organic matrix which is either mixed with the analyte solution or
applied onto the sample surface and re-crystalized through evaporation of the solvent.
Irradiation of the matrix with ultra-violet light emitted by a pulsed laser and results in
spontaneous ablation, liberating matrix and analyte molecules into the vacuum chamber. The
analyte molecules undergo protonation or deprotonation in the ablation plume forming
molecular ion species that can be accelerated and introduced into a mass analyser. The choice
of the organic matrix compound and the wavelength of the laser enables selective ionization
of target analytes?®. As first described® in 1997, MALDI is well suited for MSI as it allows
collection of mass spectral information whilst recording the coordinates for the origin of the
spectra and has since emerged to be the most commonly used ionization technique for MSI.

The schematics of MALDI are displayed in Figure 1.1b.

Electrospray ionization (ESI)

ESI was first reported in 1984 as an ionization source for the continuous introduction of liquid
samples into a mass spectrometer?>. An aerosol is formed from the liquid sample through
emission of a charged droplet jet at the end of a capillary. High voltage applied between the
capillary and the collector plate of the mass spectrometer results in formation of a liquid cone
(Taylor cone) which emits the droplets. The droplets undergo desolvation to the extent that the
number of charges exceeds the Rayleigh limit resulting in Coulomb fission when the charge
repulsion exceeds the surface tension. The smaller droplets undergo further desolvation until
small molecular species ionize through ion evaporation mechanisms whilst large molecules
such as peptides and proteins form multiply charged gas phase ions through charge residue

mechanism upon full evaporation of the solvent.
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Desorption electrospray ionization (DESI)

First reported?® in 2004 DESI builds on the mechanisms of ESI and shares similar ionization
mechanisms. In contrast to ESI the beam of primarily charged solvent droplets is directed onto
the sample surface where it extracts analyte molecules which are desorbed in secondary
droplets that are aspirated into the mass spectrometer where they undergo desolvation and
formation of gas phase molecular ion species. As DESI is an ambient ionization technique, the
source is mounted onto the front plate of a mass spectrometer and operated under
atmospheric conditions. As DESI is fundamentally a surface sampling technique, if operated
in a continuous scanning mode with fixed scan times and lateral sample stage movements a
methodology for producing surface images can be derived. This operation mode allows
reconstruction of analyte distribution maps for MSI as first reported in?”. The schematics of

DESI are displayed in Figure 1.1c.

Inductively coupled plasma (ICP)

Inductively coupled plasma usually utilizes a stable argon plasma torch to atomize analytes
forming elemental cations. The plasma is confined by a coil generating an electromagnetic
field in which electrons are accelerated to initiate the plasma. The accelerated electrons ionize
argon through electron impact ionization thus further promoting the plasma generation until it
stabilizes into a steady state. ICP is commonly used for elemental analysis and determination
of heavy metals in samples which are introduced as liquid or aerosol. Organic components
disintegrate within the plasma, which normally has a temperature of approximately 10,000°K,
liberating even covalently bound elements. The schematics of ICP are displayed in Figure1.1d.
Recent advances in instrumentation allow the use of antibodies tagged with heavy metals to
perform affinity-based labelling of recognizable targets such as peptides and proteins. The
presence of the heavy metal tags and thus the abundance of the target can be analyzed in
cell suspensions through mass cytometric analysis or within tissues as described under laser

ablation - inductively coupled plasma — mass spectrometry (LA-ICP-MS).
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Figure 1.1, Basic schematics of the described ion sources: a) SIMS, b) MALDI, c) DESI and d) ICP.

Mass analysers

Once gas phase ions are formed, they are injected into a mass analyser to determine their
m/z ratio. A variety of different mass analyte technologies emerged over time with the most
relevant to this study, quadrupole, time of flight and Fourier transformation-based
technologies, i.e. Orbitraps and Fourier transformation ion cyclotron resonance (FT-ICR) mass

analysers being described in more detail in below.

Quadrupole

A quadrupole mass analyser consists of four cylindrical rods set parallel to each other. The
opposing rod pairs are electrically coupled and a radio frequency (RF) with an offset DC
voltage is applied between the pairs. Technically, quadrupoles are pure mass filter as they
filter the target ions bases on their m/z values from the bulk of ions entering the quadrupole.
The target ions are isolated through modulation of the applied voltages to create stable ion
trajectories through the quadrupole. The schematics of a quadrupole mass filter are displayed
in Figure 1-2 a. As a quadrupole is only a mass filter, a detector is required to ‘count’ the
isolated ions. Commonly an electron multiplier is used as a detector in purely quadrupole-

based instruments.

Time of Flight (ToF)

ToF mass analyser separate ions based on their m/z value by measuring their flight time
through a field-free region. The mass measurement is initiated by acceleration of the ions
through an electric field of known strength. The acceleration field supplies all ions of the same
charge state with the same kinetic energy resulting in differential acceleration of the ions

dependent on their m/z value. lons with small m/z values will travel with higher velocity through
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the field free region than those with higher m/z values. Differences in velocity separate the
ions in space, thus allowing detection of the individual ion packages traveling through the flight
tube. As the resolution of ions with different m/z values is dependent on the length of the flight
pass many modern instruments utilize a reflectron to re-focus the traveling ion packages and
invert their flight pass to allow for a second pass through the flight tube. As for quadrupoles,
ToF-based mass analysers only separate ions based on their m/z values and an electron
multiplier, usually in form of a multi-channel plate (MCP) is used as a detector to ‘count’ the

arriving ions.

Fourier transformation (FT) based mass analysers

FT- based mass analysers differ from the previously described ones in that ions are trapped
in a cell and the cell will act as mass analyser and detect all ion species simultaneously. In
Orbitrap-based instruments, the ions injected into the trap are attracted to the static voltage
applied to the spindle-shaped inner electrode. The trapped ions are stabilized in their m/z
specific orbit by their inertia opposing the electrostatic attraction of the inner electrode. The
formed ion packages travel along the axis of the inner electrode and the axial frequency is
detected as free induction decay at the grounded outer electrodes. The schematics of an
Orbitrap mass analyser are displayed in Figure 1.2 c. Fourier transformation - ion cyclotrons
resonance (FT-ICR) instruments detect ions in a similar way. The ions are injected into the
trapping cell with an externally applied electromagnetic field. The ions are excited by excitation
plates within the cell and stabilized on axial rotational orbits. During the rotations the traveling
ion packages pass detection plates on which the FID can be detected. The schematics of an
FT-ICR are displayed in Figure 1.2 d. The FIDs detected by Orbitraps or FT-ICRs can be
decoded into a frequency distribution through Fourier transformation and subsequently be
translated into m/z values. The resulting mass spectrum is created based on the oscillation
frequency which translates to m/z value and the amplitude of the FID which correlates with the
number of ions traveling in the trap. As in FT-based mass analyser the spectral resolution of

the peaks correlates with the number of oscillations inherently peaks in the small m/z range
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are detected with higher resolution than peaks in higher mass ranges. Equally, as the mass
resolution is based on the number of detected oscillations, the mass resolution of FT based

mass analyser increases the longer the FIDs are recorded.
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Figure 1.2, Schematics of different mass analysers: a) quadrupole, b) time-of-flight (ToF), c) orbitrap and d) Fourier
transformation — ion cyclotron resonance (FT-ICR)
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Combinations of mass analyser — Hybrid mass spectrometer

Mass analyser are often combined in so called ‘hybrid mass spectrometer’ to further study
molecular ion species in tandem-mass spectrometry (tandem-MS or MS/MS) experiments.
Usually a quadrupole is utilized to select an ion of interest and further characterize it. The ion
of interest, the precursor ion, is subsequently accelerated into a second quadrupole which is
filled with a gas, commonly argon or nitrogen. The quadrupole is operated in RF mode only
guiding the ions during the collision events between the ions and the gas. When colliding with
the gas, the kinetic energy of the ions is partly converted into elastic deformation of the
molecular orbitals, resulting in separation of bonds when the impact energy exceeds the
binding energy of the molecular orbitals. This principal of collision induced dissociation (CID)
is used to generate a spectrum of the product ions obtained from the selected precursor ion
(MS2 spectrum) when analyzed in a research grade mass spectrometer with a high-resolution
secondary mass analyser, i.e. ToF, orbitrap or FT-ICR. The generated product ion spectra can
be interpreted to elucidate the molecular structure or be used as a molecular fingerprint and
matched with a product ion spectrum of a reference standard. Though product ion spectra can
be recorded with mass spectrometers where the secondary mass analyser is a quadrupole
(triple quadrupole or TQ), but the low mass resolution of the quadruple and limited sensitivity
of these instruments when operated in multiple-reaction-monitoring (MRM) mode, make this

application obsolete. Today, TQs are mostly operated in static modes where Q1 is statically
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set to a specific precursor, Q2 is used as a collision cell and Q3 is statically set to a previously
identified product ion. Such static operation modes allow monitoring of one or more ions of
interest with high specificity based on the fragmentation and high sensitivity as most of the
chemical background noise will be removed by the dual mass filtering of Q1 and Q3. The high
sensitivity of these instruments over a wide dynamic range is commonly used for targeted

quantification of analytes.

Hyphenated mass spectrometry based technologies

The wide scope of applications and the wealth of information that provided by mass
spectrometers drives the combination of mass spectrometers with orthogonal techniques. The
aim of these orthogonal techniques is often to make samples accessible to mass spectrometric
analysis or to separate sample components from one another through chromatographic
separation techniques such as gas chromatography (GC) or liquid chromatography (LC) as
examples of mass spectrometer couplings relevant to the here presented work. The principles
of liquid chromatography — mass spectrometry (LC-MS) and laser ablation — inductively

coupled plasma — mass spectrometry (LA-ICP-MS) will be explained below.

Liquid Chromatography — Mass Spectrometry (LC-MS)

To reduce ion suppression effects arising from the sample matrix liquid chromatography uses
the principle of retention of analytes on a stationary phase to separate analytes in complex
mixtures. For the separation, liquid samples are loaded onto a column filled with a stationary
phase and the analytes are eluted with a mobile phase. In classical column chromatography
the mobile phase runs through the column driven by gravity. To increase the separation
efficiency and decrease the time demanded for full chromatographic separation, the mobile
phase is usually delivered with elevated pressures in (ultra) high performance liquid
chromatography (HPLC and UHPLC) setups. The chromatographic separation is based on
differential affinity of the analytes to the stationary phase and analytes will ideally elute fully
separated from one another under optimized chromatographic conditions. The stationary

phase usually consists of porous silica spheres with or without chemical surface modifications.
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Silica particles without surface modifications are commonly used in combination with aprotic
hydrocarbon based mobile phases such as chloroform or hexane in what is defined as normal-
phase chromatography to separate analytes soluble in non-aqueous solvents. The separation
mechanism in normal-phase chromatography is largely based on adsorption effects of
analytes on the stationary phase. Analytes usually elute from a normal-phase column in the
order of polarity, with lipophilic compounds eluting first and the most polar compounds last.
More commonly used for experimental procedures in life science and pharmaceutical research
is reversed-phase (RP) chromatography, which uses silica spheres with modified surface-
chemistry. The RP modifications include lipophilic groups such as octyl (C-8), octadecyl (C-
18), phenyl-hexyl or pentafluorophenyl (PFP) groups (Figure 1.3). The mobile phases in RP
chromatography usually consist of aqueous mixtures of polar-protic solvents such as
methanol, 2-propanol, acetonitrile which can contain modifiers such as formic, acetic and
trifluoroacetic acid or ammonium formate and acetate. The main mode of separation in
reversed-phased chromatography is surface interactions between non-polar residues of the
analytes and the stationary phase, retaining analytes with larger non-polar residues longer
than those with large polarized surface areas. This mechanism allows separation of analytes
over a wide chemical scope, covering biologically relevant analyte classes such as organic

acids, lipids, proteins and peptides.
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Figure 1.3: Schematics of an packed LC column: a) Column packed with stationary phase spheres surrounded by
the flowing mobile phas. b) Zoom on a stationary phase sphere composed of the polymer core surrounded by the
silica shell. c) Selection of common surface modifications used for reversed-phase liquid chromatography.

Laser ablation — inductively coupled plasma - mass spectrometry (LA-ICP-MS)

LA-ICP-MS is commonly used for direct elemental analysis of solid samples such as glass,
soil, car paints or bones and teeth without complicated sample preparation. In short, a laser is
used to ablate material from the sample surface and the ablation plume is introduced into the
ICP torch where elemental ions are formed and analyzed by a mass spectrometer to detect
and quantify elemental species within the sample. Recent advances in speed and sensitivity
of LA-ICP-MS instrumentation allow high spatial resolution analysis of tissue sections.
Commercially available LA-ICP-MS instruments, intended for the analysis of tissues, use
heavy metal tagged antibodies, as those used for mass cytometry, and stain the targets in situ.
Based on the principles of mass cytometry, this technique was adapted as imaging mass
cytometry (IMC). The tissues are analyzed by ablating the tissues pixel-wise with a laser. The
ablation plume is introduced into the ICP torch to remove organic molecules and ionize the
heavy metal tags, allowing for detection with a fast scanning ToF-based mass spectrometer.
The abundances of the detected metals for each pixel can then be reconstructed into ion
density maps visualizing the distributions of the reporter ions and thus the target of the used
antibody. Numerous antibodies against cellular targets are available and can be individually
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tagged and multiple targets can be detected in the same experiment. These highly multiplexed
experiments recode a wealth of information about tissue architecture and cellular populations
can be recorded at once. This information is often used to segment tissues based on different
cell and subtype population within the tissue. This segmentation approach, which was adapted
as phenotyping, refines the segmentations through continuous addition of defining cellular

marker thus continuously refining cellular and subtype annotations.

Histological techniques

Evaluation of tissues is commonly performed via histological analysis of stained sections of
frozen or fixed tissues. The tissue sections are commonly stained with dyes to assess tissue
morphology. Other approaches with higher information content are built around affinity-based

reactions to stain for specific proteins or ribonucleic acids (RNA).

Dye-based stains

Dye-based stains are commonly utilized to allow for morphological assessment of a given
tissue. Differences in the affinity of the dyes reveal the tissue structure. The tissues are often
counterstained to highlight nuclei to identify individual cells. Probably the most commonly used
dye-based stain uses hematoxylin and eosin (H&E). Eosin is a lipophilic red dye which
accumulates in lipid membranes whilst hematoxylin stains predominantly chromatin but also
the rough endoplasmic reticulum, ribosomes, collagen, myelin, elastic fibers, and acid mucins.
Combined both dyes allow assessment of the cellular tissue composition and overall

morphology. The stained tissue sections are evaluated with a brightfield microscope.

Affinity based stains
Affinity-based stains are commonly utilized to stain for specific peptides, proteins or RNA
strains with selective probes and are commonly counterstained by nuclear marker such as

hematoxylin, DAPI or Hoechst stain to visualize the underlying tissue morphology.
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Immunohistochemistry (IHC)

IHC utilized antibodies to selectively bind to peptides or proteins in the tissue section, thus
visualizing its expression. Usually a combination of a primary and a secondary antibody is
used for IHC - the primary antibody binds to the target structure within the tissue whilst the
secondary antibody, which is conjugated with alkaline phosphatase (AP) or horseradish
peroxidase (HRP), detects species specific epitopes on the primary antibody. The reporter
enzymes AP and HRP catalyze reactions forming a water insoluble dye which, depending on
the reporter molecule used, usually precipitate as brown or red-pink spots where the target
and thus the enzyme is present. The stained tissue sections are evaluated with a brightfield

microscope.

Immunofluorescence (IF)

In principle the basics of IF are the same as described in IHC with the difference that the
reporter molecule is a fluorescent dye which is conjugated to either the secondary antibody or
less commonly to the primary antibody. If the label is attached to the primary antibody no
secondary antibody is required. The stained tissue sections are evaluated with a fluorescence

microscope.

In-situ hybridization (ISH)

In contrast to IHC ISH is utilized to visualize the distribution of deoxyribonucleic acid (DNA)
and RNA. The probes are normally based on oligonucleotides that complementary hybridize
with the target DNA or RNA at elevated temperatures. Excess probes can be removed using
washing solutions. To only leave behind probes with full sequence binding to the target pH,
detergent addition, temperature and osmolarity of the solutions can be adjusted. The probes
can either be directly labelled or to increase specificity secondary reporter probes can be used.
This dual-probe approach increases sensitivity when multiple reporter probes can bind to the
primary probe. For detection of the target fluorescent dyes, alkaline phosphatase or less

commonly radionucleotides can be conjugated to the labeled probe. The distribution of the
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target DNA or RNA is determined via fluorescence microscopy, brightfield microscopy or

autoradiography.

Transmission Electron Microscopy (TEM)

TEM is commonly used to evaluate the subcellular structures of cells and tissues. To prepare
the specimens for analysis, the tissue’s ultrastructure needs to be preserved through fixation
in aqueous glutaraldehyde and osmium tetroxide solutions. Osmium tetroxides takes a dual
function in TEM as it efficiently crosslinks lipid membranes and contrasts them by acting as an
electron dense material. Tissue specimens are commonly further contrasted with agents such
as uranyl acetate and lead citrate to allow visualization of the ultrastructure in greater detail.
The specimens are then dehydrated, resin embedded, sections are collected at around 100
nm, placed on copper grits and analyzed. Electron microscopy shares the basic principles with
light microscopy. Where for light microscopy the achievable magnification is limited by the
wavelength of the photons, in electron microscopy the resolution is limited by the wavelength
of the emitted electrons. The wavelength of electrons traveling with high velocity is orders of
magnitude smaller that the wavelength of photons, allowing imaging down to atomic resolution.
The image acquisition in TEM is initiated by emitting electrons form a tungsten filament or
lanthanum hexaboride single crystal. The traveling electrons are focused and pass through
the specimen. The electrons travel nearly unimpaired through electron light areas in the tissue,
whilst they get slowed down or deflected in areas with accumulation of the contrast agents,
shading these electron dense areas. In cells and tissues, these contrasts allow visualization
of subcellular structures including visualization and differentiation of organelles such as

mitochondria, lysosomes, vacuoles, nuclei and even lipid single and bi-layers.

Mass spectrometry imaging (MSI)

MSI as a collective of techniques bridges advanced chemical surface analysis with classical
histology providing metabolite distribution maps for the different morphological features of a
tissue. The ability to directly link metabolomic and proteomic profiles to the underlying tissue

morphology makes MSI one of the most versatile tools in recent life science and
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pharmaceutical research settings. However, MSI inherits the sample requirements and
persisting problems from the bridged techniques. For example, mass spectrometry or nuclear
magnetic resonance (NMR) spectroscopy based chemical analysis is commonly performed on
tissue extracts to elucidate metabolomic and proteomic composition of the tissues or to identify
xenobiotics within. However, the analyzed extracts lack any information regarding the spatial
arrangement of the analytes within the tissue. The preparation protocols for these applications
usually focus on the integrity of the analytes from sample collection until analysis. On the other
hand, the main goal in sample preparation for histological analysis usually focus on
preservation of the tissue morphology. Preparation protocols often include fixation of the
tissues and cleansing of the tissues to increase optical transparency without any
considerations to preserve the integrity of endogenous metabolites. For MSI, the stability of
endogenous species is as important as the preservation of the tissue morphology to accurately
link the bioaccumulation of metabolites, proteins and xenobiotics to the underlying
morphological compartment. Impeccable histological preservation is of the essence when
attempting to link these profiles to the underlying individual cellular phenotypes. To study
spatial interaction maps on a wholistic level from small molecular species and metabolites over
peptides to the underlying cellular and tissue interactions requires careful selection of the right
sample specimens, processing protocols and MSI technique. The following paragraphs will
focus on reviewing the current standards of instrumentation, considerations for the selections

of sample specimens, processing protocols and the achievable data quality.

Selection of the ion source

The choice of the right ion source is dependent of the research question. Of the techniques
described above, SIMS has the highest achievable spatial resolution. It enables visualization
of elemental distributions on a nm scale and biomolecular distributions on a low um scale.
With respect to imaging of biological samples, commercial SIMS instruments are the only MSI
platforms allowing analysis of single cells and elucidation of sub-cellular analyte distributions.

However, the high energy ionization process induces severe fragmentation of molecular
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species. Whilst this inherent fragmentation is leveraged in material sciences for instance in the
analysis of synthetic polymers, it is a limitation to the chemical scope of biomolecules which
can be detected from tissues. Whilst detection of elements and small molecular species are
widely reported in the literature® 2°, applying SIMS to image the distributions of intact larger
molecular species such as lipids, peptides and proteins is possible®® 3!, but it has proven
difficult. The spatial resolution of commercially available MALDI sources is around 10 to 100
pMm and considerably lower than those achievable by SIMS. However, the chemical scope of
accessible analytes is much wider spanning from small molecular species such as
endogenous metabolites and lipids to intact peptides, proteins and other biological and
synthetic polymers. The detection rates of target analytes can be influenced by the choice of
the MALDI matrix as analytes incorporate differently into the crystal lattices of the matrices,
resulting in differences in desorption/ionization efficacy. Whilst these phenomena can be
leveraged to improve the detection of target analytes it can raise the need for time-consuming
protocol optimization procedures. This is especially the case for analytes of low molecular
mass analytes as their signals might be dwarfed or shaded by abundant matrix peaks.
Selection of a different matrix or use of a deuterated matrix®? compound might be necessary.
Though imaging resolutions of down to 20 um were reported for DESI-MSI®3, experiments are
most commonly performed with spatial resolutions of 50 to 200 ym. The genuinely lower spatial
resolution compared to MALDI and SIMS and the limited ability to detect peptides and proteins
in DESI experiments is balanced by the wide accessible chemical scope of small molecular
metabolites such as lactate, amino acids, organic acids, lipids without the spectral overlap
commonly observed in MALDI experiments. Though commercial MALDI instruments can
reach near single cellular resolution, the majority of MALDI and DESI experiments focus on
the elucidation of analyte distribution on a tissue level aiming to differentiate the

biodistributions across morphological features.
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Selection of samples for MSI

Fresh frozen tissues are the current gold standard for MSI applications. However, recent
reports focused on the analysis of archived tissue specimens such as formalin-fixed and
formalin fixed paraffin embedded (FFPE) samples®* 3°. These archived tissues are commonly
used for histological evaluation of the specimens, leveraging the high preservation of the tissue
morphology and easy sample storage at room temperature. The possibility to apply the same
sample collection and preparation protocols or even use of the same samples for MSI as for
histological evaluation would be beneficial. Streamlining of sample collection would reduce the
workload during sample collection and the easy storage of formalin-fixed samples at room
temperature eliminates the need to store samples in a -80°C or -150°C freezer for long-term

archival.

However, histological preparation protocols are optimized to increase the clarity of optical
images through removal of endogenous metabolites. Recent reports highlight the suitability of
FFPE tissues for MSl-based tissue classification®, proteomics®” and N-glycan® studies. The
sensitivity of the later applications is often limited in fresh-frozen tissue and tissue washes are
commonly utilized. The washes aim to overcome ion suppression effects arising from the
tissue metabolome and in particular from structural lipids3® 4°. Comparable increase in
sensitivity can be achieved through the preparation process for FFPE tissues, as the
preparation is optimized to remove small molecular species, in particular lipids*', from the
tissue. This will ultimately alter analyte concentrations and potentially distorting the detectable
distributions. The reproducibility of the preparation and evaluation of the general effects on the

tissue metabolome is often insufficiently evaluated in the existing reports.

Fixed tissues are generally considered as chemically stable, and it is often neglected that the
fixation in formalin is not an instantaneous step but progresses over time. Many enzymes show
remnant post-mortem activity for several hours. During the fixation process the formaldehyde
cross-linking disrupts enzyme activity, but only in fixed tissue compartments. Enzymes with

reported post-mortem activity include choline acetyltransferase (ChAT), glutamine synthetase
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(GS), glutamic acid decarboxylase (GAD), lactate (LDH) and glycerol-3-phosphate
dehydrogenase (GPDH), tyrosine- and dopamine-B-hydroxylase, monoamine oxidase (MAQ)
and phospholipases*?#°. Remnant enzyme activity in unfixed tissue compartments during the
slow fixation could be a contributing factor in the established degradation of proteins and long
DNA/RNA strands*® 47 and lipids*® “° in FFPE tissues and is likely to similarly impact

metabolites of the rapidly changing tissue metabolome.

Overall, the benefits of fixed tissues make them attractive substrates for MSI. The reduced
workload during sample collection and possibility to store collected samples at room
temperature would be beneficial for large scale MSI studies and creation of sample archives,
analogous to clinical sample archives. Additional benefits arise from the effective inactivation
of pathogens that might inherently be present in clinical samples and models for pathogen
infection. These benefits raised the question if samples collected in formalin are generally
suitable for MSI based drug metabolism and pharmacokinetic (DMPK) and metabolomics
studies. The scope of the here presented work includes this evaluation and the experimental

procedures and results can be found in Chapter 2.

Sample embedding strategies for MSI

Various embedding strategies have been reported in literature to improve the sample
preparation for diverse imaging techniques, especially for the preparation of small or fragile
samples as well as for whole animals® 5. These strategies are commonly based on
embedding in Optimal Cutting Temperature medium (OCT)®* %3, sodium-carboxy-methyl
cellulose (Na-CMC)** %5, gelatin®®, agarose® or poly(N-(2-hydroxypropyl)-methacrylamide)
(HPMA)%8, HPMA provides tissue support but also allows cold embedding (-8°C) reducing the
temperature difference between the frozen tissue specimens and the embedding medium thus
limiting thawing of the specimens during preparation. It is imperative for any embedding
protocol not to alter or thaw the samples to preserve the tissue morphology for histological
evaluation. Additionally, the embedding should not alter the distribution of analytes within the

tissue in order to allow accurate MSI results. Furthermore, the embedding medium should not
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leak polymers which would alter the mass spectrometric signal or contaminate the instrument.
Finally, the embedding should allow uncompromised integration of the sample preparation
workflow with orthogonal tissue-based imaging techniques such as IHC, imaging mass-
cytometry (IMC), fluorescence in-situ hybridization (FISH) or RNA-in-situ hybridization (RNA-
ISH). These affinity-based techniques rely on hybridization of the probe with the target antigen
or ribonucleic acid (RNA) and the ideal embedding medium does not show unspecific binding
of probes or interferes adversely with the binding to their targets. Regarding mechanical
requirements, the embedding medium must have sufficient viscosity and an adequate
adherence to specimens to enable precise positioning of specimens and to allow easy
sectioning without shifting or curling of sections. A systematic evaluation of the previously
reported media was performed based on the criteria set above, but none met the requirements.
For this reason, a new embedding medium was developed and evaluated as part of the here

presented work. The experimental procedures and results can be found in Chapter 3.

Decontamination of clinical samples

MSI analysis of human specimens is gaining increasing importance in basic research into
human tissue homeostasis in health and disease® *° ° as well as for drug disposition studies
during clinical drug trials®!. Clinically relevant material is often collected without further
screening for the presence of potentially infectious pathogens though it is inherently likely to
carry them due to the nature of the material. Clinical material can carry high viral loads which
might experience aerosolization of the pathogens during the preparation or the analysis of the
specimens. Whilst potentially infectious material needs to be handled in an air-flow controlled
environment, preparation for MSI analysis involves steps which often require handling outside
of such confinements. Sample preparation, especially cryo-sectioning and spray-deposition of
ultraviolet light (UV) reactive MALDI matrices as well as analysis by ambient ionization
techniques such as DESI or rapid evaporation ionization mass spectrometry (REIMS) may
result in formation of airborne particles and aerosols which might carry an infectious load. Of

particular interest for any chosen decontamination procedure is effective reduction of
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potentially present viruses with human pathogenicity. Most troubling in this context are blood
borne viruses and those with specific disease associations, such as Human Papilloma Virus
(HPV) 16 and 18 in cervical®®, rectal and oropharyngeal®® 4 cancer or Herpes viruses
associated with Burkitt's and Hodgkin lymphoma, Kaposi’s sarcoma, brain tumors, breast and
cervical cancer respectively®> . To minimize health risks for the operator which are
associated with the potentially infectious nature of the material part of the here presented work
was to find and evaluate a reliable decontamination procedure compatible with downstream

MSI analysis.

A wide variety of chemical, thermal or radiation-based decontamination strategies can be
applied to decontaminate solid surfaces and biological materials for optical analysis. However,
many of these strategies will impair subsequent MSI analysis as they might alter the chemical
composition of the material or alter their biodistributions. Chemical agents such as para-
formaldehyde (PFA), hypochlorite, hydrogen peroxide and organic solvents are highly
effective, but they are commonly used in liquid form and as such likely to alter the metabolite
distributions during the decontamination procedure. Heat treatment was previously reported
as an efficient decontamination procedure®” and downstream compatibility was shown for MSI
analysis, but at cost of the integrity of the tissue morphology®. UV-C radiation has proven to
be an effective germicide reducing viral, bacterial and fungal load. With a demonstrated
reduction of clinically relevant viruses®® and an active depth penetration of up to 40 um into
biological tissues’, UV-C radiation is suited to decontaminate tissue slices for MSI analysis
post cryo-sectioning whilst preserving the tissue morphology and biodistributions of
metabolites within. The impact of the UV-C decontamination on the stability of endogenous
metabolites and xenobiotics as well as other impacts on MSI analysis was evaluated as part
of the here presented work. The experimental procedures and results can be found in Chapter

4.
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Chapter 2 — Effects of sample collection protocols:

Aim/objective:

In this chapter MALDI- and DESI-MSI were used to evaluate the effects of formalin-fixation
and. Formalin-fixed liver specimens were additionally paraffin embedded to create a multi-
tissue FFPE block to evaluate the effects of downstream processing of the fixed tissues. The
effects of the different collection and preparation procedures on the endogenous and
xenobiotic tissue metabolome, including changes attributed to post-mortem enzyme activity,

were evaluated.

Material and Methods:

Chemicals.

2,5-dihydroxybenzoic acid (DHB), 9-Aminiacridin hydrochloride (9-AA), trifluoroacetic acid
(TFA), histology grade paraffin, terfenadine, dextromethorphan hydrobromide and
diphenhydramine hydrochloride were purchased from Merck (Darmstadt, Germany).
Methanol, water, iso-pentane, ethanol, xylene, 2-propanol and acetonitrile (ACN) were
obtained from Fisher Scientific (Waltham, MA, USA). Losartan-potassium salt was obtained
from Cambridge Bioscience (Cambridge, UK). All solvents used were of analytical grade or

higher.

Animals and dosing.

Adult male Hans Wistar rats (approximate weight 260 g) were obtained from Charles River
Laboratories (Margate, Kent, UK) and were acclimatized on site for a minimum of 3 days prior
to dosing. Compounds were administered by oral gavage as a cassette of terfenadine,
losartan, diphenhydramine and dextromethorphan, formulated in 5% dimethyl sulfoxide/95%
(30% w/v) Captisol in water. Animals were dosed with 25 mg/kg/drug and euthanized 2 h post-
dosing. Controls dosed with drug-free vehicle preparation were included in the study. Liver
and Kidneys of the animals were dissected and separated. One half of the left kidney and one
liver lobe were collected and stored in neutrally buffered formalin (Leica Biosystems, Nussloch,

Germany). The remaining liver was immediately snap frozen in dry ice chilled 2-methylbutane.
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To prevent fracturing of the kidney specimens, kidneys were snap frozen in dry ice chilled 2-
propanol followed by a wash in dry ice chilled 2-methylbutane to wash off excess 2-propanol.
The frozen tissue samples were stored at -80°C until further processing. All tissue dissection
was performed by trained AstraZeneca staff (project license 40/3484, procedure number 10).
To evaluate the effects of short-term fixation, vehicle dosed rat liver specimens were fixed in
formalin for 24 h and immediately prepared as described below. A total of n = 6 fresh-frozen
kidneys (3 dosed, 3 vehicle controls) and n = 5 formalin-fixed kidneys (3 dosed, 2 vehicle
controls) and n = 5 frozen liver specimen (2 dosed, 3 vehicle controls), n = 6 formalin-fixed
specimens (3 dosed, 3 vehicle controls), and n = 6 FFPE liver specimens (3 dosed, 3 vehicle
controls) were used to evaluate the effects of fixation and storage on the ENDOGENOUS AND
xenobiotic tissue metabolome. The effects of 24 h formalin fixation were evaluated on frozen

(n = 3) and formalin-fixed (n = 3) liver specimens collected from the vehicle control group.

Tissue preparation.

To enable cryo-sectioning of the formalin-fixed samples, the specimens were gradually
washed for 1 min in 70% ethanol followed by 1 min in 100% ethanol to remove the adherent
fixation buffer and subsequently snap frozen in dry ice chilled iso-pentane. Liver specimens
selected for formalin-fixation, paraffin embedding were dehydrated and cleansed as described

in Table 2.1 and subsequently co-embedded in a multi-tissue FFPE block.

Table 2.1: Preparation procedure for FFPE tissues

Treatment Duration [h] Temperature [°C]
10% Formalin 1 40
70% EtOH 1 40
EtOH 1 40
EtOH 1 40
Xylene 0.5 40
Xylene 0.5 40
Paraffin 1 63
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Tissue sectioning

Sectioning of frozen specimens was performed on a CM3050 S cryostat (Leica Biosystems,
Nussloch, Germany) at a section thickness of 10 um. The specimens were mounted with milli-
Q water on the sample holder. The chamber temperature was set to -20°C whilst the sample
was held at -16°C. For each animal, all matched tissue sections of formalin-fixed and fresh
frozen tissues were mounted adjacent on one slide to achieve highest comparability of the
results. Formalin-fixed, paraffin embedded tissues were sectioned to a thickness of 10 ym at
room temperature on a Microtome (Finesse ME+, Thermo Scientific, Waltham,
Massachusetts, USA) and straightened on a water bath held at 40°C. The sections were fixed
onto the slides by backing them for 1 h at 63°C. To enable MSI analysis of FFPE treated
samples the paraffin was removed by washing the slides for 1 min in xylene” followed by
immediate drying under nitrogen. Samples were prepared on non-conductive SuperFrost
microscope slides (Thermo Scientific, Waltham, Massachusetts, USA) for DESI experiments
and optical stains whilst samples prepared for MALDI experiments were mounted onto

conductive ITO slides (Bruker Daltonik, Bremen, Germany).

DESI-MSI.

Untargeted analysis was performed on a Q-Exactive plus mass spectrometer (Thermo
Scientific, Bremen, Germany) equipped with an automated DESI ion source (Prosolia Inc.,
Zionsville, IN, USA). Data was acquired in positive detection mode between m/z 100 to 1000
and between m/z 80-1000 in negative ion mode. The nominal mass resolution was set to
70,000. The injection time was fixed to 150 ms resulting in a scan rate of 3.8 pixel/s. A home-
built DESI sprayer? was operated with a mixture of 95 % methanol, 5 % water delivered with
a flow rate of 1.5 pyL/min and nebulized with nitrogen at a backpressure of 6 bar. The spatial
resolution was set to 100 um. The acquired .raw files were converted into .mzML files using
ProteoWizard msConvert’? (version 3.0.4043) and subsequently compiled to an .imzML file
(imzML converter”® version 1.3). All subsequent data processing was performed in SCiLS Lab

(version 2019c, Bruker Daltonik, Bremen, Germany). All ion images are displayed normalized
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to the total ion current (TIC) and with a weak denoising filter applied to compensate for pixel-

to-pixel variability of the data.

MS/MS experiments were performed with the same instrument parameters as listed above.
The data was acquired by running line scans across the tissue and collecting data with an
increasing collision energy to acquire a variety of product ions. Applicable spectra were
subsequently averaged and the resulting information rich product ion spectra were used for
structural elucidation of the precursor ions. The injection time was fixed to 250 ms for all

tandem-MS experiments. All precursor ions were isolated with an accuracy of £ 0.2 Da.

MALDI-MSI

To enable MALDI analysis, DHB was spray-deposited following a previously optimized
protocol™ . A TM-Sprayer sample preparation system (HTX Technologies, LCC, Carrboro,
NC, USA) was used to apply the matrix. DHB was dissolved in 50:50 v/v acetonitrile/water
containing 0.1% TFA giving a final concentration of 37.5 mg/mL. The matrix solution was
delivered with a flow rate of 80 uL/min and nebulized with a gas pressure of 10 psi. The nozzle
temperature was set to 75 °C. A total of 8 passes of matrix application were performed in

“criss-cross” pattern.

MALDI analysis was performed on a RapifleX Tissuetyper instrument (Bruker Daltonik,
Bremen, Germany). MALDI experiments were performed with a spatial resolution of 10 ym.
All MALDI experiments were performed in the mass range between m/z 100 and 1000 in
positive ion mode. A total of 100 laser shots were summed up per pixel to give the final spectra.
For all experiments the laser was operated with a repetition rate of 10 kHz. The acquired raw
data was directly uploaded and processed in Flexlmaging (Bruker Daltonik, Bremen,
Germany) or SCILS lab (Version 2019c) software packages. All MALDI data and images were
normalized to the total ion current (TIC) to compensate for spectra-to-spectra variation of the
data. In brief, TIC normalization is performed by dividing the abundance of each feature in a
given spectrum to the sum of all features of the spectrum (or the TIC). Fundamentally, TIC

normalization assumes that all spectra of a given experiment should have the same TIC and
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if the experimental setup delivers spectra that in approximation have the same TIC It can
efficiently compensate for variation in desorption/ionization efficiency. As in MALDI
experiments the matrix itself generates ion cluster that generate analyte ions through charge
competition it fundamentally fulfills the above criteria making TIC normalization particularly

applicable for MALDI data’®.

Statistical analysis.

Features discriminating between the different treatments were identified using the receiver-
operator-curve (ROC) function built-in in the SCILS lab software. Features with a ROC-values
above 0.75 were considered for further investigation. The results were manually filtered for
massfilter representing chemical background detected on the slide and the remaining featured
were annotated by accurate mass using databases such as METLIN
(https://metlin.scripps.edu), human metabolome database (http://www.hmdb.ca) and
LipidMaps (https://www.lipidmaps.org) were considered with a maximum error of 6 ppm
difference between the mean measured and the theoretical mass. Overall, this approach is
limited in its power for the identification of metabolites as it only relies on accurate mass
measurement and usually further validation through tandem-MS, LC-MS or NMR experiments
is required for full structure elucidation. However, it can still provide valuable information
pointing towards overall effect levels when comparing different treatment groups and
numerous metabolite annotations fall into the same group (e.g. oxy-lipids). Statistical
significance for the annotated features was determined from all pixel of each treatment group
and testing using the Kruskal-Wallis test followed by Dunn’s test for multiple comparisons

performed in GraphPad Prism (V. 8.0.1) (GraphPad Software, San Diego, CA, USA).

Results and Discussion

Formalin-fixation and formalin-fixation, paraffin embedding of fresh frozen specimens inflicts
significant alteration of the detectable tissue metabolome. Figure 2.1 shows representative
mean spectra of rat liver sections for the different treatment conditions. Fresh-frozen tissue

sections show a typical DESI spectrum with small molecules such as amino acids, organic
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amines, sugars and carnitine species in the low mass range between m/z 100-500, lysolipids
and diglycerides in the mass range between m/z 400-600 and glycerophospholipids such as
phosphatidylcholines (PCs), phosphatidylethanolamines (PEs), phosphatidylserines (PSs),
phosphatidylinositols (Pls), sterols and triglycerides in the mass range between m/z 600-1000.
Whilst the spectrum of the formalin-fixed specimens is superficially comparable to the fresh
frozen sample, the spectrum differs with overall reduced abundances and more visible peaks
in the low mass range of the spectrum and a shift towards lower masses in the lipid range.
The spectrum of the formalin-fixed, paraffin embedded sample was distinctively different with
a prominent lack of signals in the lipid range and broad enveloped signals in the mass range

between m/z 100-500.
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Figure 2.1, Representative mass spectra for the different sample collection conditions: a) fresh-frozen, b) formalin-
fixed and c) formalin-fixed, paraffin embedded rat liver specimens analyzed by DESI-MSI in positive ion mode. All
tissues were collected from the same animal.

The later are likely to be condensed formaldehyde oligomers’’. Closer investigation revealed
significant alterations of the endogenous tissue metabolome. The changes include washout of
small molecular species such as amino acids, fatty acids and organic amines, oxidation of fatty

acids (FAs) and lipids and reduced abundances of glycerophospholipids paired with increased
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abundances of lyso-lipids, indicative of lipid hydrolysis (Figure 2.2). The washout of small
molecular species was found to affect organic and inorganic species equally. The washout of
potassium ions was most noticeable through the differences in adduct formation. In agreement
with literature reports’, highly abundant potassium adducts of PCs, PEs, di- and triglycerides
observed in fresh-frozen tissues were significantly reduced leaving sodium adducts as the
main molecular ion species for these analyte classes in formalin-fixed samples. These
observations are consistent with the lower abundance of potassium chloride cluster in the fixed

samples (Figure 2.2).
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Figure 2.2, Effects of formalin fixation and formalin-fixation, paraffin embedding onto the tissue metabolome: Mean-
Fold changes of metabolite abundances of fresh-frozen and formalin-fixed rat kidneys and fresh-frozen, formalin-
fixed and formalin-fixed, paraffin embedded rat liver specimens respectively. Mean-fold changes were calculated
to the average of all analyzed specimens in all treatment groups of one organ Detailed information for the
annotations can be found in Table A1.1. Detailed information regarding statistical significance for the changes can
be found in Table A1.2.

The lack in detection of analytes which primarily form potassium adducts might be misleading

as it might be interpreted as absence of the analyte whilst it is likely that the predominant
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adduct ion is missing and the analyte of interest is detected as a different molecular ion
species. FFPE tissues showed overall a significant removal of a wide range of analytes from
small polar analytes such as amino acids and organic amines to structural lipids. Class specific
depletion of amine containing lipids upon formalin-fixation was previously reported*® and has
been linked to formylation of primary amine groups“® present in lipid classes such as PEs and
PSs. Tandem-MS experiments were performed to validate some of the annotations in Figure
2.2 and increase the understanding of the alterations formalin inflicts on the tissue

metabolome.
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Figure 2.3, Spectra of the tandem-MS based lipid identification and the distributions of the identified lipid species
in fresh-frozen and formalin-fixed tissues: MS/MS spectra of heatmap lipids in fresh-frozen (top) and formalin fixed
liver (bottom) for a) m/z 774.5 (negative ion mode), 856.5 (negative ion mode), 796.5 (positive ion mode), 824
(positive ion mode) and 885.5. The * labels the precursor ions in each spectrum.

In fresh-frozen samples, the m/z 774.534 was found to correspond to the M+1 isotope of
PG(36:2) detected as [M-H] identifiable through the strong abundance of isotopes of the fatty
acids e.g. m/z 282.250 as M+1 isotope of m/z 281.247 corresponding to FA(18:1). Isolation of

the same precursor mass on formalin-fixed liver led to the identification of PS(34:0)-methyl
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ester (Figure 2.3a,f). The methylation was elucidated from the neutral loss of 30 Da (m/z
774.530 to 744.513), which corresponds with the elimination of formaldehyde through
comproportionation of the methanol and the carboxylic acid into the corresponding aldehydes.
Isolation of m/z 856.500 from fresh-frozen tissue resulted in a product ion spectrum of a
molecule that could not be elucidated solely from the product ions. The neutral loss of 50 Da
(from m/z 856.500 to 806.529) indicates loss of CHsCl, which is indicative for
phosphatidylcholines ionized as [M+CI], however, no reasonable structure could be elucidated
matching the fatty acid chain composition (Figure 2.3Figure 2.3b). Isolated from formalin-fixed
liver the product ion spectrum is dominated by the neutral loss of 30 Da indicating as above
the formation of a methyl ester. The oxidation of the poly unsaturated FA(20:4), detected as
shift of 2*16 Da from m/z 303.231 to m/z 335.221 for the double oxidized fatty acid and m/z
317.211 for the corresponding to the [M-H>O-H] of FA(20:4(20H)). The oxidation complicates
the determination of the exact molecular species as the spectrum does not allow exclusion of
the possibility of the oxidized and N-formylated PS(38:4(CH.OH)(OH)). Overall, the tandem-
MS analysis validated putative lipid annotations confirming the presence of N-formylated PS
species in formalin-fixed tissues (Figure 2.3a,b). In addition to formylation, methylation of the
carboxylic acid moiety was observed. The methanol for the esterification is likely to originate
from the commercially sourced formalin solution, in which it is commonly added to prevent
spontaneous condensation reactions’ & and oxidation of the formaldehyde. The majority of
alterations in the lipidome were oxidation products of the unsaturated fatty acids in the lipids,
validating the lipid annotations in the heatmap. It is notable that the potassium adducts of lipids
in positive ion mode are close in mass to sodium adducts of the corresponding oxy lipid
species, i.e. PC(36:2) as [M+K]* has a theoretical mass of 824.557 whilst PC(36:2(0OH)) as
[M+Na]" has a theoretical mass of 824.577. As these species are too close in mass to be
resolved by a quadrupole in a tandem-MS approach, the resulting overlapping product ion
spectra needed careful deconvolution (Figure 2.3c,d). Both precursor ions isolated from fresh-
frozen tissue showed a neutral loss of 59 Da corresponding to the neutral loss of
trimethylamine and a product ion detected at m/z 162.955 corresponding to ethylene-
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cyclophosphane as [M+K]" ion® identifying the precursor as PC(34:2) and PC(36:2) detected
as [M+K]" respectively. The product ion spectra acquired from formalin-fixed tissue share the
same product ions as those from fresh-frozen tissue, but show an additional product ion at m/z
146.981 corresponding to the above described ethylene-cyclophosphane product ion detected
as [M+Na]*. The most reasonable explanation for the presence of the product ion is a shift
from PC(34:2) and PC(36:2) detected as [M+K]*to PC(34:2(OH)) and PC(36:2(OH)) detected
as [M+Na]* respectively. The annotation of the deconvoluted product ion spectra and their
respective distributions in fresh-frozen and formalin-fixed kidney and liver are displayed in
Figure 2.3c, d. With exception of product ion spectra obtained from Pls, the product ion spectra
acquired from formalin-fixed samples were overall more complex than even the MS/MS
spectra for the same masses obtained from fresh-frozen specimens. The significant alterations
of the lipidome resulted in numerous additional peaks in the spectrally complex mass range

between m/z 600-1000 which contains the structural lipids.

Pixel-wise Principal Component Analysis (PCA) performed on all samples found the largest
variance in PC1 (variance explained by PC1 = 16.08% (positive ion mode and 9.49% negative
ion mode) , for both positive and negative ion mode, to distinguish FFPE tissues from fresh-
frozen and formalin-fixed samples. Subsequent principal components were found to largely
account for the effects of the formalin-fixation (variance explained: positive ion mode: PC2 =
8.04%, PC3 = 6.07% and PC4 = 3.79%; negative ion mode: PC2 = 8.26%, PC3 = 4.63% and
PC4 = 3.21%). Overall, even the difference between fresh-frozen liver and kidney specimens
was lower than the variance introduced though the different sample treatments (Figure

2.4Figure 2.4). Little variance was found within the tissue sections by the spatial PCA maps.
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Figure 2.4: Pixel-wise PCA performed on tissue sections obtained from fresh-frozen, formalin-fixed and FFPE
tissues: a) shows the representative spatial PCA maps for fresh-frozen, formalin-fixed (FF) and FFPE liver as well
as fresh-frozen and formalin-fixed kidneys analyzed in positive ion mode. b) Corresponding scoring plots for all
samples, the left-hand side shows PC1 vs PC2 and the right-hand side PC2 vs PC3, respectively. Each datapoint
represents a single spectrum. c) Representative spatial PCA maps for fresh-frozen, formalin-fixed and FFPE liver
as well as fresh-frozen and formalin-fixed kidneys analyzed in negative ion mode. b) Corresponding scoring plots
for all samples, the left-hand side shows PC1 vs PC2 and the right-hand side PC2 vs PC3, respectively. All
displayed tissue sections originate from the same animal.

W Frozen Liver

To evaluate the suitability of fixed samples for drug distribution and spatially resolved
pharmacokinetic studies the effects of the sample collection and processing were evaluated
for the dosed drugs. The formalin-fixation did not significantly change the mean abundances
of diphenhydramine, dextromethorphan or terfenadine in liver or kidney sections whilst
losartan experienced significant washout from the liver specimens (Figure 2.5a, b). Elucidation
of drug distributions from FFPE samples was not possible as the drug abundances were close

to background levels.

45



b)

Diphenhydramine [M+H]" Dextromethorphan [M+H]*
* *

3 4000 3 . ns ey 15000 s x ns
L L
‘o 3000 ry
Liver — % § 100 °le
T 2000 ]
Fresh-Frozen 5 = 5 -.%
a % L2 5000 ‘
< 1000 <
- L ole -
o \ E 3 & &
Liver — /o ) J 8 3 0 T T * T T 0 T T * T T
Formalin- ] R E & @& @ @ & & & @@
Fixed PN A SN ,{;\é XS NAPA A X *;\b
e & & F o« RN N
<° <P < <«° < <
< <
Losartan [M-H] Terfenadine [M+H]*
* ns
3 30000 = ns — 4000 s * ns
8, S,
) 8 20000 g 3000
Kidney - & 5
Fresh-Frozen g g 2000
£ 10000 o
< < 10004 o
X 2 K] el
Kidney — [ o = e - o
Formalin- ’ et R ; ; N R ~I\ ~|\
. bl ) & ) \3 9 g
Fixed RSN -&°e -\ée SN e
S & F 8 EPAFOSR r
Q‘o"‘ & & < < & & <
<« <

Figure 2.5: Effects of the sample collection and preparation on drug distribution and abundance: (a) representative
distributions of the drugs and (b) mean abundance within the tissue sections for all biological replicates. Statistical
significance one-way ANOVA for liver samples, two-tailed t-test for kidneys. ns = p(>0.05), * = p(<0.05), ** =
p(<0.01), *** = p(<0.001)

Even though the mean abundances of the drugs were overall not significantly different,
formalin-fixed samples showed higher variability between the biological replicates compared
to the fresh-frozen samples. Whilst the mean abundances of diphenhydramine and terfenadine
showed little variation between the fresh-frozen samples, the mean drug abundances in the
formalin-fixed specimens were more variable with samples showing up to 3-fold higher
abundances compared to unfixed samples. The higher abundances might be rooted in
removal of organic and inorganic salts from the tissues reducing ion suppression effects®® 8",
In addition to the altered abundances, distortion of the elucidated drug distributions was
observed. The dosed drugs showed distinct zonation in the fresh frozen liver specimens, but
the zonation of the drug distributions was lost within the formalin-fixed specimens. High
resolution MSI experiments performed on fresh-frozen liver sections allowed elucidation of the
distribution of terfenadine and its active metabolite fexofenadine on the morphological level of
the liver (Figure 2.6). Terfenadine was detected in highest abundance in the periportal zone
(hepatic zone 1), in contrast the endogenous lipid PC(36:2) which showed highest abundances
in the centrilobular zone (hepatic zone 3) co-localizing with fexofenadine. Sections of the

formalin-fixed counterpart were analyzed in the same experiments, but the dry tissue sections
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were largely ablated during the data acquisition and no reasonable analyte distributions could

be elucidated from these tissue sections.

Rapid freezing of the tissues post collection preserved the distribution of analytes within the
specimens allowing accurate elucidation of rapidly changing analyte distributions. Formalin
fixed samples did not preserve the endogenous analyte distributions resulting in loss and
delocalization of analytes, making retrospective elucidation of accurate biodistributions

impossible.
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Figure 2.6, Distribution of terfenadine and its active metabolite fexofenadine in the rat liver: a) Hepatic lobule of a
fresh frozen liver section outlined by PC(36:2) b) Terfenadine (green) in relative distribution to Heme B c)
Distribution of Fexofenadine (active metabolite) compared to Heme B d) RGB overlay of Terfenadine, Fexofenadine
and Heme B. The box highlights the pixel used for the profile plot. e) Profile plot of the normalized mean abundances
of terfenadine, fexofenadine compared to PC(36:2) outlining the hepatic lobule and Heme B marking the central
vein. Data is represented as mean of 3 separate lines, normalized to the highest pixel and cubically smoothed over
3 neighboring pixels to compensate for pixel-to-pixel variability.

The primary objective of this study was to evaluate the effects of prolonged storage of
specimens in formalin solution at room temperature mimicking the treatment in a harmonized
sample collection protocol for both MSI and histological studies. The magnitude of many of the
observed alterations, especially of lipid hydrolysis, oxidation and washout are either reported
to or are likely to correlate with the storage duration of the specimens in formalin®. The
prolonged storage in formalin might lead to an overestimation of the effect level compared to
the results of fixing for histological evaluation, which are with 24-72 h significantly shorter, but
were not found to induce unprecedented effects observed in specimens fixed for 24 h. As the
specimens stored in formalin showed significant delocalization and washout of small molecular
species making elucidation of an analyte’s origin within the tissue difficult, specimens fixed for

24 h were used to evaluate effects of remnant enzyme activity within the tissues. Even after
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the shorter fixation, significant washout of low molecular weight analytes, especially around
the tissue edges, made evaluation of standard tissue integrity benchmarks, such as the
glutamine/glutamate ratios, difficult to evaluate. However, pixel-wise PCA revealed regional
differences with the abundance PC2 increasing from the tissue edge towards the tissue core
and PC3 fading from the tissue edge towards the core (Figure 2.7a). The gradual changes
were found to spatially correlate with the increasing abundance of lyso-lipids towards the tissue
core and the predominance of intact lipids at the tissue edges. The gradual differences within
the formalin-fixed specimens point towards hydrolysis of PEs, PCs and Pls into the
corresponding lyso-lipids and free fatty acids, as seen for PE(38:4) (detected as [M-H] at m/z
766.540), PC(38:4) (detected as [M+CI] at m/z 844.564), and PI1(38:4) (detected as [M-H] at
m/z 885.550) and the corresponding lyso-lipids LPE(18:0) (detected as [M-H] at m/z 480.310),
LPC(18:0) (detected as [M+CI] at m/z 558.334), and LPI(18:0) (detected as [M-H] at m/z
599.320) and free fatty acid FA(20:4), which is most likely arachidonic acid. Both, lyso-lipids
and free fatty acid were predominantly found in the center core of the fixed specimens and

less in proximity to exposed edges and areas around larger blood vessels (Figure 2.7b).

Combined

Precursor- Lyso-Lipid
Lipid (18:0) FA(20:4) Combined

Figure 2.7, Comparison of representative lipid distributions in fresh-frozen and formalin-fixed rat liver specimens:
a) Pixel-wise PCA of the tissue sections. PC1 (red) contributed 16.65 % PC2 (green) 9.38 % and PC3 (blue) 5.52%
of the total observed variance. b) The regional differences found within the PC1-3 were found to correlate with the
degradation of phospholipids in the tissue core and occurrence of the hydrolysis products lyso-lipids (18:0) and
FA(20:4).
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The localization of the lyso-lipids could be indicative of washout of the hydrolysis products from
the tissue edges or chemical hydrolysis, however, lower abundance of the originating
phospholipids and limited degradation of PS(38:4) (detected as [M-H] at m/z 810.528) into
LPS(18:0) (detected as [M-H] at m/z 524.299) point towards remnant activity of
phospholipases. In particular phospholipase A2 (PLAz) could be accountable for the
degradation, as it has been demonstrated to broadly accept PEs, PCs and Pls as substrates
and to lesser extend PSs® 84 The increased hydrolysis of lipids in the tissue core can be
explained through the fixation kinetics of formaldehyde, which penetrates the tissue fast as the
methanediol and reacts relatively slow as free aldehyde with amine and thiol groups within the
tissue. Whilst fixed tissues are generally considered as stable, the actual fixation is a slow
progressing process that can last several hours to fully fix the entire tissue as demonstrated

in Figure 2.8.

<z @uE

Figure 2.8, Progression of the fixation front in rat over time: a) Rat liver specimens of approximately 25 x 5 x 5 mm
before fixation. The specimen was cut to expose the fixation front after b) 15 min, c¢) 30 min, d) 60 min, e) 120 min
and f) 240 min in formalin. Arrowheads indicate the edge of the fixation front at the appropriate timepoints.

Analogue post-mortem alteration of the tissue metabolome and proteome through remnant
enzyme activity can be assumed for a variety of analytes in unfixed tissue compartments.
However, these changes might occur unnoticed even in controlled time-course experiments
when the affected metabolites are washed out of the tissue during the fixation or subsequent
sample treatments and were so far only reported for peptides®. If analyte distributions can be
elucidated from fixed tissues, post-mortem alterations should be considered, and analyte

distribution pattern should be thoroughly validated to avoid reporting of preparation artefacts.

Similar effects might arise from varying histological preparation protocols for the creation of

FFPE tissue blocks. The used protocols might be adapted for different tissue types or vary
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between automated platforms and laboratories. Varying preparation protocols are a source of
variability on the level of proteomic, genomic, transcriptomic and histological investigation of
tissues®® and have to be assumed for investigation on a metabolomic level. These variations
are difficult to control or retrospectively account for, especially in archived samples where the
meta-data for the preparation might be missing. Furthermore, varying shapes, sizes and
compositions of tissues introduce another source of variability which is difficult to control and
even more difficult to standardize, thus limiting reproducibility. FFPE tissue specific
preparation artefacts can arise from the cleansing steps to reducing endogenous metabolites
and increase optical transparency of the tissue. These steps involve gradual dehydration in
ethanol and rigorous washing in xylene and paraffin to remove endogenous lipids. Incomplete
removal of lipids due to shape, size or different tissue composition of samples can falsify

elucidated distribution patterns (Figure 2.9).

b
Fresh-Frozen )Formalin-Fixed

Figure 2.9, Visualization of the effects formalin-fixation and FFPE onto the distribution of endogenous lipid species:
Distribution of PI1(38:4) in a) fresh-frozen, b) formalin-fixed and c¢) formalin-fixed, paraffin embedded rat liver of the
same animal. Arrows indicate areas of altered abundance of the lipid around larger blood vessel in the FFPE
specimen.

Overall, the fresh-frozen samples were relatively easy to prepare with reasonable preservation
of the tissue morphology, whilst formalin-fixed samples were brittle and difficult to cryo-section.
Most formalin-fixed tissue sections were fragile and had low adherence to the glass slide
resulting in partial ablation during DESI and MALDI analysis. Most analyzed slides had no
relevant tissue remains suitable for histological evaluation. Even sections not analyzed by MSI
were virtually impossible to H&E stain and most tissue sections were severely damaged or
were removed from the slide during the staining procedure. However, the power of spatially
resolved analysis is the ability to directly correlate the metabolic information obtained by MSI

with the underlying morphology to draw conclusions about the underlying biological processes.
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Without the morphological information, interpretation of MSI data may at best inform about
high-level changes of the metabolome without enabling to link the metabolic information to the
underlying cellular phenotypes. Paraffin embedding of formalin-fixed tissues was found to
significantly improve tissue morphology, but at cost of analyte removal from the tissues. Taking
advantage of the superior morphological preservation, the use of FFPE tissues for optical
evaluation is well justified, however the use of such tissues for metabolomics and drug
distribution studies remains questionable. To reduce workload during sample collection for
prospective studies involving use of fresh-frozen and FFPE tissues, snap freezing of all tissues
during collection and subsequent branching of the tissue preparation workflows should be
considered.

a)

-t i { g

ezing and storage onto tissue morphology: H&E stained FFPE sections prepared from
tissue a) collected and stored in 10% formalin or b) snap-frozen upon collection and subsequently fixed in 10%
formalin for 24 h before paraffin embedding. Sections were cut at 10 ym thickness, analogous to the sections
analyzed by MSI. The arrowheads indicate processing artefacts within the tissue sections.

o~

Figure 2.10, Effects of fre

Snap freezing offers unparalleled preservation of endogenous biodistributions of analytes
without hampering the tissue morphology when freezing and storage are done correctly®: &,
Snap frozen samples can subsequently be processed into FFPE blocks through direct fixation
of the frozen tissues in formalin and subsequent embedding in paraffin. Although this approach
suffers the disadvantage that increased numbers of samples require storage at ultra-low
temperatures, it does benefit from the ability to decouple sample collection and processing.

Frozen samples can be stored at ultra-low temperatures without compromising quality®®. This
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allows one to schedule processing of tissues when capacity is available rather than having to
process the tissues as dictated by the sample collection and the subsequent timings of the
treatment protocols. Liver specimens collected and stored in formalin showed substantial
impairment of the tissue morphology whilst FFPE tissues prepared from frozen specimens
showed little hampering of the morphology by light microscopy (Figure 2.10) or on the
ultrastructure evaluated by transmission electron microscopy (TEM) as described in chapter

7. The current and adapted workflows are depicted in Figure 2.11.

a) Snap- MmsSI
Freezing

Formalin- Paraffin
Fixation embedding
b)
Snap- Formalin- Paraffin
Freezing Fixation embedding

Figure 2.11, Comparison of current vs the adapted sample collection workflow. a) The current workflow in which
the samples are divided, and the pieces processed according to the different protocols at the point of sample
collection compared to b) the adapted workflow in which all samples are snap-frozen upon collection and
subsequently processed for the different applications.

The observed decrease in tissue morphology of specimens stored in formalin is likely to arise
from osmotic damage due to the formalin®. However, the liver is a fairly homogenous organ
and the suitability of the suggested sample collection workflow for tissues comprised of a more
complex mixture of morphological features may require further validation.

Conclusions:

Existing reports outline the possibility to use archived tissues for tissue classification studies
and the availability of large tissue archives builds a basis for creation of background databases

for MSI guided histological determination of tumor margins. FFPE tissues are widely available
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in form of tissue micro arrays (TMAs), often containing 96 or more tissue cores. Analysis of
slides prepared from TMAs allow for analysis to scale and could be a powerful tool to generate
the underlying databases allowing robust tissue classification. However, potential loss of small
molecular metabolites, xenobiotics and lipids biases the biochemical information that can be
obtained from fixed tissues. Their use to probe molecular interaction networks responsible for
tissue function in health and disease should be carefully considered. Selective loss and
alteration of the tissue metabolome as well as potential introduction of artefacts during fixation
and subsequent preparation might bias results. Overall, fresh frozen samples should be
preferred substrates for MSI-based metabolomics and drug distribution studies to allow
accurate elucidation of biodistributions. However, if for whatever reason prospective studies
cannot source sufficient amounts of high quality fresh-frozen tissues for the entire study,
careful validation of preparation effects onto the specific tissues and target analytes should be

considered to limit the likelihood of drawing biased conclusions.
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Chapter 3 — Sample embedding and processing

Scope:

Once high-quality sample material is sourced it needs to be processed and sectioned to enable
analysis by MSI. Tissue sectioning of small, delicate specimens as well as preparation of
samples for large-scale studies can be challenging and time consuming. For the latter,
degradation of analytes during the time-course of the sectioning procedure can pose another
difficulty to when samples are individually processed and mounted on the same slide'®. To
reduce the time-requirements for such large-scale studies simultaneous processing of multiple
samples would be desirable. An alternative would be the use of TMAs in full first analogously
to their use in histological analysis of FFPE tissues. Any such multiplexed preparation
approach requires a scaffold that holds the samples in place during the preparation. Though
the paraffin in FFPE blocks and TMAs fulfills this requirement, the disadvantages of FFPE
tissues for use in metabolomics and DMPK studies is discussed in Chapter 2. For the reasons
discussed there, this chapter focusses on the development of embedding and processing
strategies for fresh-frozen samples to enable unimpaired MSI analysis. The mechanical
properties of such an embedding medium should include a viscosity which is high enough to
allow precise positioning of multiple tissue specimens. It is imperative for any embedding
protocol not to alter or thaw the samples, thus hampering the tissue morphology and causing
delocalization of analytes within the tissues. To enable unimpaired MSI analysis, the
embedding medium is expected not to contain polymers which could alter the resulting mass
spectra or contaminate the instrument. To maintain the ability to study tissues at a systems
biology level, directly linking metabolic results to tissue morphology and cellular phenotypes,
samples prepared for MSI should be compatible with probe or label-based techniques like IHC,
imaging mass-cytometry (IMC), fluorescence in-situ hybridization (FISH) or RNA-in-situ
hybridization (RNA-ISH) without interfering with the hybridization of the probes and the target

or through unspecific background stains.
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Aim/objective:

The work presented herin focused on the development of a sample embedding and processing
protocol that provides downstream compatibility with numerous different histological and
analytical techniques. The methodology is based on low temperature embedding of fresh
frozen tissue specimens into a hydrogel composed of hydroxypropyl methylcellulose (HPMC)
and polyvinylpyrrolidone (PVP) and subsequent processing on a standard cryo-microtome.
The newly developed protocol was assessed for its compatibility with various analytical

methods including MALDI- and DESI-MSI, IMC, IHC, RNA-ISH and standard histology.

Methods

Chemicals

Gelatin, poly N-(hydroxypropyl)-methacrylate, polyvinylpyrrolidone (PVP) (MW 360 kDa),
(Hydroxypropyl)-methylcellulose (HPMC) (viscosity 40-60 cP, 2 % in H.O (20 C), low and
medium viscosity Na-Carboxymethyl cellulose, 2,5-dihydroxybenzoic acid (DHB), 9-
aminoacridine hydrochloride (9-AA), (trifluoroacetic acid (TFA) and Triton-X 100 were
purchased from Merck (Darmstadt, Germany). Optimal Cutting Temperature medium,
methanol, water, 2-methylbutane, 2-propanol and acetonitriie (ACN) were obtained from

Fisher Scientific (Waltham, MA, USA).

Animals

Adult male Hans Wistar rats (approximate weight 260 g) were obtained from Charles River
Laboratories (Margate, Kent, UK) and were acclimatized on site for a minimum of 3 days. All
dissected organs were snap frozen free-floating in dry ice chilled 2-methylbutane except for
kidneys which were, to avoid fracturing of the samples, snap frozen in dry ice chilled 2-
propanol followed by a wash in dry ice chilled 2-methylbutane to remove excess 2-propanol.
All tissue dissection was performed by trained AstraZeneca staff and in agreement with the
procedures approved by institutional review board (AstraZeneca Project license 40/3484,

procedure number 10).
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Tissue sectioning

Sectioning was performed on a CM3050 S cryostat (Leica Biosystems, Nussloch, Germany)
at a section thickness of 10 ym. The specimen blocks were mounted with Milli-Q (Merck,
Darmstadt, Germany) water on the sample holder. For all sectioning, the chamber temperature
was set to -20°C whilst the sample was held at -18°C. Prior to sectioning for experiments
analysing RNA, the cryostat chamber and all consumables were thoroughly cleaned to remove
RNases using a commercially available cleaning agent (RNase away, Molecular BioProducts,
San Diego, CA, USA). Tissue sections for DESI-MSI, IMC, RNA-ISH and IHC were thaw-
mounted onto Superfrost microscope slides (Thermo Scientific Waltham, MA, USA), whilst
sections prepared form MALDI-MSI were thaw mounted onto conductive ITO coated slides

(Bruker Daltonik, Bremen, Germany).

Optimization of the tissue embedding protocol

Tissue embedding was performed using aqueous solutions of the investigated polymers. All
cellulose derivatives and PVP were carefully stirred into Milli-Q water (Merck, Darmstadt,
Germany) and stored at 4°C overnight to allow full dissolution. HPMA was dissolved at room
temperature and immediately used. Prior to tissue embedding, all gels were pre-conditioned
on ice for 30 min. Gelatin solution was prepared by dissolving 10% (w/w) gelatin in water at
70°C under constant stirring until gelatin was fully dissolved. The hot solution was immediately

used for the tissue embedding.

All tissue embedding was performed on ice to prevent warming up of the embedding medium
with exception of embedding experiments in gelatin. Embedding molds were filled with the

medium before tissue specimens were added.

For the evaluation of the embedding media, liver, spleen and kidney specimens were co-
embedded in one mold and frozen. The molds were either snap-frozen in dry ice chilled 2-
methylbutane or stored in the -80°C freezer as indicated until fully frozen. All blocks were
subsequently cryo-sectioned and corresponding sections of snap-frozen and freezer frozen

samples were mounted adjacently onto the same slide. Immediately after thaw mounting, the
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sections were dried under a stream of nitrogen, vacuum packed, and stored in the -80°C

freezer until evaluation by MSI.

DESI-MSI

DESI analysis was performed on a Q-Exactive mass spectrometer (Thermo Scientific,
Bremen, Germany) equipped with an automated 2D-DESI ion source (Prosolia Inc.,
Indianapolis, IN, USA). Data was acquired in positive and negative ion mode between m/z 100
and 1000 with a nominal mass resolution of 70,000. The injection time was fixed to 150 ms
resulting in a scan rate of 3.8 pixel/s. A home-built DESI sprayer?® was operated with a mixture
of 95% methanol, 5% water delivered with a flow rate of 1.5 yL/min and nebulized with nitrogen
at a backpressure of 6 bar. The spatial resolution was set to 100 um. The resulting .raw files
were converted into .mzML files using ProteoWizard msConvert’? (version 3.0.4043) and
subsequently compiled to an .imzML file (imzML converter” version 1.3). All subsequent data

processing was performed in SCILS Lab (version 2019b, Bruker Daltonik, Bremen, Germany).

MALDI-MSI

DHB was applied as MALDI matrix as described in Chapter 2. 9-AA was dissolved in 80%
methanol and spray-deposited following an adaption of the methodology used for DHB with
the difference that only 6 instead of 8 passes of matrix application were performed. analysis
was performed on a RapifleX Tissuetyper instrument (Bruker Daltonik, Bremen, Germany)
MALDI experiments in positive ion mode were performed with a spatial resolution of 50 or 10
pum in the mass range between m/z 200 and 2500. A total of 400 laser shots were summed up
per pixel to give the final spectra for experiments performed with a spatial resolution of 50 um,
whilst 125 spectra were summed up for experiments performed with a spatial resolution of 10
pm. MALDI experiments in negative ion mode were performed with a spatial resolution of 10
Mm in the mass range between m/z 200 and 1500. A total of 125 shots were averaged to give
the final spectrum for each pixel. For all experiments the laser was operated with a repetition
rate of 10 kHz. All raw data was directly uploaded and processed in Fleximaging (Bruker

Daltonik, Bremen, Germany) or SCILS lab (Version 2019b) software packages. All MALDI data
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and images were normalized to the total ion current (TIC) to compensate for signal variation

based on inhomogeneities in the applied MALDI matrix layer.

Imaging mass cytometry (IMC)

Tissue sections mounted on Superfrost slides were prepared manually according to a standard
protocol adapted from the manufacturer. In brief, the tissue sections were fixed for 10 min in
4% PFA solution (AstraZeneca Media Prep Lab, Macclesfield, UK) followed by 3 washes of 5
min each in PBS/A buffer. A blocking/permeabilization step was performed by treating the
tissue sections with 0.01% Triton-X100 in casein enriched PBS/A buffer for 10 min. The tissue
sections were washed 3 times for 5 min in PBS/A followed by blocking of unspecific binding
sites by incubation with a 1x casein-based blocking solution (prepared from 10x casein solution
(SP-5020, Vector Laboratories, Burlingame, CA, USA) diluted in PBS/A) for 30 min. A heavy
metal conjugated antibody panel, staining tissue architecture marker was used. Pre-labeled
anti-Vimentin (D21H3), Anti-Pan-CK (C11) and Collagen-1 (Polyclonal) (Fluidigm, San
Francisco, CA, USA) and anti-non-phospho-§-catenin antibody (D13A1) (purchased from Cell
Signaling Technology, Danvers, MA, USA and labelled in house) were pre-mixed in diluent,
spotted onto the tissue sections and incubated overnight at 4°C in a water filled incubation
chamber. The antibodies were used in the following dilutions: anti-Vimentin (1:100), anti-Non-
phospho-B-Catenin (1:50), anti-Pan-CK (1:100) and anti-Collagen-1 (1:200). After the
overnight incubation, the tissues were washed 3 times for 5 min in PBS/A and incubated for
30 min with an iridium-based intercalating agent. Excess of the intercalator was removed by 3
washing cycles in PBS/A for 5 min each, followed by a desalting step in milli-Q water for 1
minute. Tissue sections were analyzed by IMC once the tissues were fully dried. IMC analysis
was performed on a Hyperion Laser ablation module coupled to an inductively coupled plasma
(ICP)-TOF-MS analyser (Helios, Fluidigm, San Francisco, CA, USA). The laser ablation was

performed with a repetition rate of 200 Hz and a pixel size of 1 ym.

58



Immunohistochemistry (IHC)

10 ym frozen sections were fixed in 4% PFA (AstraZeneca Media Prep Lab, Macclesfield, UK)
for 10 min at room temperature and washed in PBS. Primary antibody Collagen | (AB758)
(Merck, Darmstadt, Germany) was manually applied at a concentration of 1:200 in Antibody
diluent (Roche Tissue Diagnostics, Tucson, Arizona, USA) and incubated for 1 h at room
temperature. IHC was performed on the automated Ventana Discovery Ultra, using
DISCOVERY ChromoMap DAB Kit (RUO) (Roche Tissue Diagnostics, Tucson, Arizona, USA)
and counterstained with Hematoxylin and Bluing Reagent (Roche Tissue Diagnostics, Tucson,
Arizona, USA). The stained slides were cover slipped and images were acquired with the
Nanozoomer scanner (Hamamatsu Photonics, Hamamatsu, Japan) at 20x magnification.
Negative controls without the primary antibody were performed for all samples to evaluate for

unspecific stains.

RNA-In Situ Hybridisation (RNA-ISH)

ISH for Rn-Gapdh (ACDbio, Newark, CA, USA) expression were performed on the automated
LeicaBond staining platform, using the RNAscope 2.5 LSx DAB kit (ACDbio, Newark, CA,
USA), according to the manufacturer’s instructions. Briefly, 10 ym slides were fixed in 10%
NBF, washed in PBS and subsequently dehydrated in 50%, 70% and 100% ethanol. Once
fully dry, the slides were loaded onto a Leica Bond automated staining system. The probes
PPIB and DapB (ACDbio, Newark, CA, USA) were run in parallel as positive and negative
control. Once stained, slides were cover slipped and images were analyzed with the
Nanozoomer (Hamamatsu Photonics, Hamamatsu, Japan) at 40x magnification. Negative
controls without the RNA probes were performed for all samples to evaluate for unspecific

stains.

Results

Evaluation of physical properties of different embedding media
OCT medium is widely used for histological purposes as it was developed for cryo-sectioning

of biological specimens. Designed for this purpose, it performed well during sample
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preparation and cryo-sectioning. Similarly, gelatin prepared as 10% (w/v) solution is commonly
used for sample embedding in histological workflows but was found to be suboptimal as it
requires elevated temperatures for the embedding process. In addition, volume contraction of
the medium during the freezing process resulted in poor adherence to the tissues and
detachment of entire specimen during sectioning (Figure 3.1a). Sodium-carboxymethyl
cellulose (Na-CMC) is commonly used to enable cryo-sectioning of fragile specimens in
histology labs. Typically, 2-3% (w/w) of a ‘medium viscosity’ Na-CMC are used for histological
applications, as it provides a sufficiently viscos solution for precise positioning of specimens.
However, the medium crumbled during cryo-sectioning and the medium separated from the
embedded tissues. This sectioning behavior is not desirable, especially when multiple
specimens are embedded in one mold. It was found that a minimum concentration of 10%
(w/w) Na-CMC was necessary as it allows sectioning of the medium as a single intact sheet.
The minimum required concentration of 10% was found to be translatable to other polymers
and was used as a starting point for concentration optimization of subsequently evaluated
polymers. The 10% solutions of ‘medium viscosity’ Na-CMC were very viscous and difficult to
handle, but solutions of ‘low viscosity’ Na-CMC were found to have excellent handling and
sectioning properties. HPMA was found to have acceptable sectioning properties. Though
frozen HPMA blocks were found to be brittle and sometimes difficult to section. The most
important advantages of HPMA include the quick preparation comprising the single step of
mixing with water and the reported possibility of cold embedding which was adapted in the
evaluation of all other potential embedding media. The main drawbacks of using this medium
are its price, limited availability and low viscosity. HPMA has a low capacity to bind water and
10% solution still has a low viscosity, making precise positioning of specimens challenging.
PVP prepared as 15% (w/w) aqueous solutions has a viscosity that allows precise positioning
of specimens in the medium. However, cutting temperatures as low as -30°C were required to
section the resulting blocks. The low temperatures resulted in fracturing of the tissue sections
during cryo-sectioning. Temperatures optimal for tissue sectioning were clearly above the
freezing point of the embedding medium. HPMC showed overall good sectioning performance
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except for its poor adherence to the tissue. During the development of the embedding protocol
this polymer was favored as no interference with mass spectrometry-based analysis was
found. The viscosity of a 10% solution was sufficiently high to allow precise positioning of
specimens in the hydrogel. To improve the poor tissue adherence of HPMC, mixtures of HPMC
and PVP were evaluated. A 7.5% HPMC + 2.5% PVP mixture was found to give the desired
viscosity and had the desired handling properties. The mechanical properties and sectioning

behavior of the evaluated media are summarized in Table 3.1.

Table 3.1 Summary of sectioning properties for the evaluated embedding media.

Embedding Preparation Viscosity? Possible to section Adherence to
medium tissue?

OCT medium Ready to use Acceptable Yes Very good

10% Gelatin Fast preparation Acceptable Yes Poor

10% HPMA Fast preparation Too low for precise Yes Acceptable

sample positioning

12.5% Na-CMC Swelling of polymer Very Good Yes Very Good
overnight

10% HPMC Swelling of polymer Very Good Yes Acceptable
overnight

15% PVP Swelling of polymer Good No Very Good
overnight

7.5% HPMC +2.5% Swelling of polymer Very Good Yes Very Good

PVP overnight

a Attributes for viscosity and tissue adherence were rated subjectively given lack of objective measuring criteria.

The classification categories were poor, acceptable, good, very good

Evaluation of the media for MSI purposes

OCT was frequently reported to be unsuitable for MSI purposes as both polyvinyl alcohol and
polyethylene glycol undergo ionization, resulting in polymer envelopes detected in positive ion
mode. During sectioning, these polymers tend to additionally spread across the tissue
sections, in a layer of varying thickness, dominating the resulting spectra, causing ion
suppression and instrument contamination. Due to this effect reported in multiple

publications®® 2, the medium was not evaluated here for MSI applications. For the remaining
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media, DESI-MSI analysis was performed to evaluate chemical background of the media and

analyte delocalization.
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Figure 3.1, Evaluation of the embedding media by DESI-MSI in positive ion mode: Sections from snap frozen (top)
and freezer frozen embedding blocks (bottom). The distribution of polar analytes (green) were compared to
structural lipids (red) and post MSI H&E stained sections to evaluate for analyte delocalization for a) gelatin, b) Na-
CMC, c) HPMA, d) HPMC and e) HPMC + PVP.

The evaluation of the background interference focused on chemical background interference
through ionizing polymers and content of endogenous metabolites. In positive ion mode
Gelatin showed chemical background and delocalization for choline, glycerophosphocholine
and arginine (Figure 3.1a). Samples embedded in Na-CMC showed no delocalization for
glycerophosphocholine detected as potassium adduct. The high sodium content of the
medium promoted formation of the sodium adduct which showed significant delocalization in
the freezer frozen samples (Figure 3.1b). Only limited delocalization of choline and
glycerophosphocholine as potassium adducts were observed when the samples were snap
frozen. The low viscosity of HPMA was found to promote delocalization of polar analytes into
the medium in both freezer and snap frozen samples (Figure 3.1c¢). Embedding in HPMC and
HPMC+PVP was found to result in significantly less analyte delocalization when the samples
were snap frozen whilst significant amounts of analytes leaked into the embedding medium
when the samples were frozen in the freezer (Figure 3.1d, e). Due to the well documented

appearance of the OCT compound in mass spectra all embedding media were evaluated for
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ionizing polymers. No obvious polymer signals could be detected in positive ion mode

gelatin, Na-CMC, HPMA, HPMC or HPMC+PVP (Figure 3.2a).
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Figure 3.2, Representative mass spectra obtalned from embedded rat liver sectlons Spectra were acquired in a)
positive and b) negative ion mode from liver sections embedded in the respective embedding medium as indicated.

Overall, little analyte delocalization was observed for snap frozen blocks whilst the freezer
frozen samples showed substantial leakage of polar analytes into the embedding medium in
negative ion mode. Gelatin showed substantial delocalization of polar metabolites as well as
structural lipids regardless of the freezing method (Figure 3.3a). Na-CMC showed comparable
analyte delocalization as observed for HPMC and HPMC+PVP, but deposition of the Na-CMC
on the sample surface resulted in partial ion suppression visible as darker shadows on the ion
images (Figure 3.3b, d and e). Additionally, strong background staining of the embedding
medium was observed on the H&E stained sections. HPMA was found to promote
delocalization of polar analytes which agrees with the findings in positive ion mode (Figure
3.3c). No obvious polymer signals could be detected for any of the embedding media (Figure

3.2b).
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Figure 3.3, Evaluation of different embedding media by DESI-MSI in negative ion mode: Sections from snap frozen
(top) and freezer frozen embedding blocks (bottom). The distributions of AMP (m/z 346.043) and glutathione (m/z
306.079) (GSH) (green) were compared to that of the structural lipid Pl (38:4) (m/z 885.849) (red) and post MSI
H&E stained sections embedded in a) gelatin, b) Na-CMC, c¢) HPMA and d) HPMC and e)HPMC + PVP. The
sprayer direction for all DESI-MSI experiments is indicated by the white arrow.

For all media the delocalization of small polar analytes such as choline,
glycerophosphocholine, adenosine-monophosphate (AMP), glutathione (GSH), through
diffusion out of the tissue, was found to be reduced when the specimen blocks were snap
frozen compared to slow freezing in the -80°C freezer. Phospholipid species such as
Phosphatidylinositol (PI) and phosphatidylcholine (PC) showed overall little delocalization and
the outlines of the ion images matched up with the stained tissue sections. Figure 3.4 illustrates
the concerning delocalization effects of the two different freezing approaches for the HPMC +
PVP based embedding medium. The relative amount of analyte delocalization and the
diffusion distance of AMP (m/z 346.053) and GSH (m/z 306.079) into the embedding medium
were evaluated by plotting the mean abundance over the distance to the tissue edge. The
tissue edges were defined as the outermost pixel of the ion images obtained for the structural
lipid PI (38:4) (m/z 885.549) overlaying with the H&E stained tissue section and were attributed
the distance 0. The plots were created by extracting the abundance of the analytes through
pixel-by-pixel radial expansion from the tissue edge for 10 pixels into the tissue section

(negative values) and up to 15 pixels out of the tissue (positive values).
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Figure 3.4, Evaluation of analyte delocalization in HPMC+PVP embedded tissue sections: (a) Pl (38:4) outlines the
tissue sections (red) visualizing the leakage of AMP into the tissue environment (green). b) The amount and
diffusion distance of AMP and GSH into the embedding medium were evaluated by plotting the mean abundance
over the distance to the tissue edge. The data is represented as mean of the tissue section and the error graphed
as 95% CI (red dots for PI (38:4), green dots for AMP or GSH respectively). c) The relative delocalization for each
tissue was estimated through the quotient of the analyte’s area under the abundance-distance-curve (AUC). d).
Diffusion distances into the medium for snap frozen and freezer frozen specimens.
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The relative delocalization for each tissue was estimated through the quotient of the analyte’s
area under the abundance-distance-curve (AUC) within the tissue (pixel -10 to 0) and outside
of the tissue (pixel 1 to maximum diffusion distance). Both analytes showed organ dependent
differences in the extend of the analyte delocalization with higher effects on the delocalization
of AMP from liver and kidney specimens compared to spleen, whilst kidneys showed a higher
leakage of GSH into the tissue environment than liver and spleen. The pooled relative analyte
delocalization for all organs was used to estimate the effect size of the freezing conditions
using Cohen’s d estimate. For both, AMP and GSH a large difference was found between the
means of snap frozen and freezer frozen samples (AMP d = 2.69, 95% CI -0.44 to 5.81; GSH
d = 0.90, 95% CI -1.48 to 3.28, n = 3 organs per group). The calculations of the AUCs from
the plots were additionally used to define the maximum diffusion distance of the analytes from
the tissue edge into the embedding medium. All freezer frozen specimens showed longer
diffusion distances into the medium compared to the snap frozen specimens. The increased
delocalization of AMP and GSH and the increased diffusion distance were attributed to the
prolonged time until full freeze of the embedding medium. In addition to the DESI analysis,
MALDI-MSI analysis was performed in positive ion mode to further evaluate chemical
background for ionizing polymers taking advantage of its capability to desorb/ionize abundant
large molecules such as peptides?* 87, proteins®: & and synthetic polymers %92, The evaluation
was performed in positive ion mode on the mass range up to m/z 2500 as it is commonly used
for small molecule and peptide focused studies. No obvious polymer signals that would

interfere with the analysis were observed on the tissue sections.

Though OCT medium and gelatin did not fulfill the requirements set for an ideal embedding
medium, however, both are standard embedding media for fresh frozen samples in histological
workflows, and as such they were included in the evaluation of other tissue-based techniques

serving as a reference quality standard.
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Effect of embedding and freezing procedure on tissue morphology
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Figure 3.5, Effects of the embedding on tissue Morphology: Representati stains of rat renal cortex sections
a) without embedding or embedded in b) OCT, c) gelatin or d) the newly developed HPMC+PVP hydrogel.

MSI techniques are powerful tools to record molecular distributions of metabolites, lipids and
proteins. These molecular maps, however, can only be properly interpreted if they are co-
registered with morphological information through histological evaluation of stained tissue
sections. Preservation of small morphological features such as small blood vessels or renal
tubules is crucial to accurately annotate tissues and link the metabolite information to the right
tissue compartments. Cold embedding in the presented HPMC+PVP hydrogel combined with
snap freezing was found to improve section morphology compared to specimens that were
sectioned without embedding. Similar to the section quality achieved through conventional
embedding in OCT, the HPMC+PVP medium showed sufficiently good preservation of the
tissue morphology and staining characteristics when the prepared sample molds were snap
frozen (Figure 3.5). Embedding followed by freezing in the -80°C freezer compromised section
morphology. The H&E stained sections showed significant freezing artefacts with fracturing of
the tissue and formation of large clefts by ice crystals hampering microscopic analysis of the
tissue structure. As the -80°C freezing of an embedding block takes about 15-20 min until full
freeze, compared to 1-2 min when snap frozen. The compromised tissue quality likely arises
from thawing of the samples followed by slow re-freezing resulting in formation of large ice
crystals which is damaging the embedded tissues. Snap frozen gelatin molds showed mixed
results regarding tissue morphology. Whilst the tissue cores showed good morphological
preservation (bottom part of the gelatin embedded H&E stain in Figure 3.5), the outer layers
showed substantial tissue damage induced by the hot embedding medium (top part of the

tissue section). Additionally, when gelatin embedded samples were subjected to H&E staining,
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the proteins and peptides in the medium were stained by eosin, resulting in masked tissue
edges (Figure 3.1b and Figure 3.3). Similar to gelatin, the Na-CMC matrix was stained by

eosin interfering with histological evaluation due to the masking of tissue contours.

Effect of the embedding media on affinity-based stains

Linking metabolite distribution maps elucidated by MSI with the underlying tissue morphology
is often the first step when probing the biology of healthy and diseased tissue specimens. In
multi-omics studies the next step is often to validate these metabolic phenotypes against
changes at the transcriptome and proteome level. Determination and validation of protein
expression patterns through single-plex IHC and more recently through multiplexed IMC
analysis are standard tools in histological workflows. An antibody panel targeting basic tissue
architecture was compiled for the evaluation of the effects the embedding media have on
antibody-based stains. The panel was tested using IMC and certain findings were
subsequently validated by traditional chromogenic IHC. No interference with antibody binding
was found for either HPMC+PVP or OCT embedded samples compared to an unembedded

control (Figure 3.6).

Figure 3.6, Effects of the media on immunochemical analysis. Rat renal cortex sectioned without embedding (a) or
after embedding in HPMC+PVP (a), gelatin (b) or OCT (c) and corresponding zoomed sections of the tissue edges
in the same order (d-f) analyzed by IMC. Arrows in ¢ and g indicate remaining gelatin stained for collagen-1. Data
acquired on pure gelatin confirms staining of the gelatin for collagen-1 (i) compared to the slide background (j).
Scale bar 200 pm

The extensive fixation and washing steps prior to antibody labelling removed the embedding

media in an analogous way reported for the proteomic analysis of OCT embedded samples
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by MSI®3. Gelatin did not directly interfere with the antibody binding, but it is formed of
hydrolyzed protein fragments and was found to contain active protein epitopes for collagen-1
visible as staining of the medium. This background masked tissue edges where gelatin
adhered to the tissues (Figure 3.6¢, g). The background staining problem was confirmed using
conventional chromogenic anti-collagen-1 IHC, although it was found to be less significant
than in case of IMC. This difference was associated with the different sample preparation
workflows. Overall, the manual staining procedures are quite gentle, whilst the harsher sample
preparation conditions on the automated IHC staining platform removed most gelatin from the
tissue edges and the glass slide. Those stained gelatin sheets occasionally covered the tissue
section, masking the optical scans (Figure 3.7). In agreement with the histological evaluation
of tissue sections obtained from embedded tissue specimens, the tissues embedded in OCT
and HPMC + PVP showed highest morphological preservation. The section obtained from
specimen which were processed without embedding as well as those obtained from gelatin

embedded specimens showed hampering of the morphology.
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Figure 3.7, IHC staining for collagen-1: Tissue section prepared in the newly developed HPMC+PVP medium
compared to OCT, gelatin and unembedded control samples. The top panel shows the entire tissue section whilst
the bottom panel displays a zoom on the cortical region indicated by the square on the full section. The collagen
stain (brown) is visualized within the tissue morphology which is outlined by a hematoxylin counter stain (blue). The
single panel for gelatin shows gelatin stained for collagen-1 which delocalized throughout the staining and ended
up on the tissue edge masking parts of the tissue. Scale bar zoom on gelatin = 100 pym

The integrity of mMRNA in embedded tissues and any interference of the medium with in-situ
analysis via probe-based stains was evaluated via chromogenic RNA-ISH. The analysis was
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performed to elucidate the expression pattern of Glyceraldehyde 3-phosphate dehydrogenase
(Gapdh) and peptidyl-prolyl cis/trans isomerase B (Ppib) in kidney tissue sections (Figure 3.8).
These housekeeping genes are expressed in most tissues and are commonly included in
assays as positive controls. Overall, no striking difference was found between specimens that
were embedded in OCT, HPMC + PVP medium or sectioned without embedding. Only
specimens embedded in gelatin showed lower amounts of Ppib and Gapdh mRNA across the
kidney sections. The reduced abundances are likely to be an artefact due to RNA degradation

during the embedding at elevated temperatures.
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Figure 3.8, Effects of the embedding media on the in-situ analysis of MRNA: Tissues were processed unembedded
or embedded in OCT, gelatin or HPMC+PVP and analyzed for a) Gapdh and b) Ppib. RNA-ISH showing the
distribution of expressed mRNA (brown) against the counterstained nuclei (blue). The squares in the full section
indicate the regions chosen for the zoomed panels. The scale bar for the full section view is 1 mm

The optimized processing protocol

A

Preparation of the HPMC+PVP hydrogel requires little effort. Both polymers are weighed out
and dissolved in deionized water to a final concentration of 2.5% (w/w) PVP and 7.5% (w/w)
HPMC. The mixture is kept at 4 °C overnight to allow complete dissolution of both polymers
and settling of any foam formed. Prior to tissue embedding, the medium is pre-conditioned on
ice for approximately 30 minutes. The ice-cold medium is transferred into conventional tissue
embedding molds and kept on ice. The prepared tissue specimens are positioned one by one
at the base of the mold, aligned by the intended sectioning plane. This step is time-critical and

should be performed as quickly as possible to keep the tissues frozen and prevent tissue
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damage and analyte delocalization. Blocks tend to fracture when directly snap frozen in dry
ice chilled 2-methylbutane due to the fast expansion of the hydrogel bound water. Snap
freezing in dry ice chilled 2-propanol was found to freeze the blocks at a slightly slower rate
(approx. 2 min instead of 1 min in dry ice chilled 2-methylbutane) and enable snap freezing
without fracturing the resulting blocks. Subsequent transfer into dry ice chilled 2-methylbutane
for approximately 30 seconds was found to be beneficial to wash off excess 2-propanol and
allow further rapid cooling to -80°C. The snap freezing creates substantial amounts of aerosol
due to escaping carbon dioxide and should be performed in a fume hood or if using biologically
hazardous samples an airflow-controlled bio-safety cabinet. Once the sample blocks are fully
frozen, they can be transferred onto dry ice to allow evaporation of the 2-methylbutane. The
frozen sample blocks can be sectioned on a conventional cryo-microtome. Immediately after
the sections are thaw-mounted on the target substrate they are dried under a stream of
nitrogen or compressed air, vacuum sealed in slide mailers and transferred into a -80° C
freezer for storage. Drying and vacuum-packing of the slides minimizes the risk of analyte

delocalization and allows for accurate elucidation of biodistributions.

The reproducibility of the achievable results were evaluated for samples embedded according
to the optimized protocol. Kidney, liver and spleen specimens were co-embedded and the
prepared molds snap-frozen. The variation between the individual preparations was evaluated
using DESI-MSI experiments performed with a spatial resolution of 100 um allowing global
evaluation of analyte distributions and delocalization of polar analytes into the tissue
environment. (Figure 3a). Consistent with the initial evaluation described above, only limited
delocalization of polar analytes such as glutathione and FA(18:2) (detected at m/z 279.234)
was detected outside of the tissues as indicated by PI(38:4) as non-diffusing lipid marker. To
minimize the likelihood of analyte delocalization into the tissue environment, the time between
placing of the first specimen and snap-freezing of the prepared mold should be kept as short
as possible, ideally below 1 min. For reference, the embedding procedures for the specimens

in Figure 3 took approximately 15 s per mold.
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Imaging experiments performed with a higher spatial resolution of 25 ym performed on an
adjacent sections confirmed the limited diffusion of polar analytes such as GSH or FA(18:2)
into the tissue environment whilst allowing clear identification of larger morphological features

such as the hepatic zonation of the red and white pulp of the spleen (Figure 3b).

Figure 3.9, Reproducibility evaluation of the optimized embedding protocol and achievable imaging resolution:
Replicates of co-embedded kidney, liver and spleen specimens analyzed using DESI-MSI at a spatial resolution of
a) 100 pm and b) 25 pm. The presented images show the distributions of PI(38:4) (red), FA(18:2) (green) and
Glutathione (blue). ¢) High-resolution MALDI-MSI experiments allowed elucidation of the analyte distributions at a
spatial resolution of 10 um compared to the post analysis H&E stained tissue section.

More complex tissues such as the renal cortex required higher imaging resolutions to identify
clear tissue structures. MALDI-MSI experiments performed with a spatial resolution of 10 um
allowed clear delineation of analyte distributions even into small morphological features such
as the tubular system of the renal cortex (Figure 3c) highlighting the excellent morphological
preservation of tissues and of the molecular distribution maps within. The impact of
condensation on the slide surface and strategies to overcome such phenomena are described

in the literature®.
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Conclusions

The presented embedding and sample processing protocol allows alignment of sample
preparation steps for histological and immunochemical analysis of frozen tissue specimens.
The use of the same sample for MSI as well as histology practice used in research, industrial
applications and clinical diagnostics allows for unparalleled data integration between
modalities. The significance of MSl is rooted in its untargeted nature allowing determination of
the biodistributions of thousands of features in a single experiment. Beyond the recording of
molecular distribution maps, this data carries invaluable information on metabolism. However,
these untargeted findings often require confirmation by orthogonal techniques such as
immunohistochemistry, immunofluorescence or in-situ hybridization to determine proteomic
and transcriptomic phenotypes and put the metabolic information into context of the underlying
biochemical pathways. Integrating data from different modalities allows to transition from a
descriptive approach to utilization of the data to gain mechanistic understanding of the
structure of molecular interaction networks responsible for tissue function in health and
disease. The feasibility of collecting these datasets in a co-registered manner is clearly

demonstrated by the here presented work.

The developed method carries equal importance regarding the practical implementation of MSI
studies. Currently most laboratories collect, store and analyze individual specimens. Not all
steps from sample collection to the end of an imaging experiment can be properly controlled
and reproduced. As a result, the individual imaging datasets often show pronounced batch
effects, which may mask the biological effects studied. Also, dependent on the instrumentation
used, imaging of a single tissue section may still require several hours (especially at high
spatial resolution). Data collection for well-powered studies may require several weeks, further
contributing to the introduced batch effects. In contrast, the proposed methodology enables
the construction of fresh frozen tissue microarrays, which allows identical sample treatment

and comparable analytical results across entire sample cohorts.
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Chapter 4: Evaluation of UV-C decontamination procedures for clinical tissue

sections

Aim/objective

Once tissue sections are prepared, they can usually be directly subjected to MSI analysis.
However, clinical tissue specimens and tissues from infection models may contain pathogens.
The preparation of such tissues for MSI analysis can cause aerosolization of particles
potentially carrying an infectious load. This chapter focusses on a decontamination approach
based on ultraviolet-C (UV-C) light to inactivate potential pathogens whilst preserving the

biodistributions of the endogenous tissue metabolome and xenobiotics within the tissue.

Material and Methods

Chemicals

Terfenadine, dextromethorphan hydrobromide and diphenhydramine hydrochloride were
purchased from Merck (Darmstadt, Germany). Methanol, 2-methylbutane and 2-porpanol were
obtained from Fisher Scientific (Waltham, MA, USA). Losartan-potassium salt was obtained
from Cambridge Bioscience (Cambridge, UK). All solvents used were of analytical grade or

higher.

Animals

Adult male Han Wistar rats (approximate weight 260 g) were obtained from Charles River
Laboratories (Margate, Kent, UK) and acclimatized on site for a minimum of 3 days prior to
dosing. Dosing was performed as cassette of terfenadine, diphenhydramine,
dextromethorphan and losartan at 25 mg/mg/drug. Compounds were formulated in 5%
dimethyl sulfoxide/95% (30% w/v Captisol in water) and administered orally. Animals were
euthanized 2 h post-dose. All tissue dissection was performed by trained AstraZeneca staff
(project license 40/3484, procedure number 10). Brain, liver and spleen samples were snap-
frozen in 2-methylbutane on dry ice, whilst kidneys were snap frozen in dry ice chilled 2-

propanol, to avoid fracturing of the samples, followed by a wash in dry ice chilled 2-
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methylbutane to wash off excess 2-propanol. All subsequent transfer of tissues was done on

dry ice, and samples were stored at —80 °C until tissue processing.

Cryo-sectioning

Cryo-sectioning was performed with a section thickness of 10 um on a CM1950 cryostat
(Leica, Nussloch, Germany). Analogous to a previously reported drying approach using a
stream of nitrogen to desiccate thaw-mounted tissue sections'®, each tissue was carefully
dried using the vacuum suction of the instrument to suck air across the tissue thus minimizing
formation of aerosols. All sections were either mounted onto conductive SuperFrost
microscope slides (Thermo Scientific, Waltham, Massachusetts, USA) or polypropylene (PP)
wafer which were cut from a larger PP sheet. All prepared slides were stored in vacuum-sealed

slide mailer at -80°C until further processing.

UV-C decontamination procedures

Decontamination experiments were performed using the built-in low pressure mercury arc
lamp of the CM1950 cryostat. The germicidal emission maximum of the lamp is at wavelength
253.7 nm. The effects of the instrument’s pre-programmed 30- and 180-min decontamination
cycles on the tissue metabolome were evaluated as their use ensures controlled and
reproducible irradiation experiments. For all experiments, samples were irradiated by placing
them on the sectioning table in direct line of sight to the UV lamp avoiding shading of the slides.
For the duration of the irradiation, the chamber temperature was kept at -20°C. For initial
evaluation of changes between irradiated samples and samples prepared according to a
standard workflow, control samples were kept in vacuum sealed slide mailer inside the cryostat
to mimic potential temperature effects. For all subsequent experiments control samples were
kept inside the cryostat chamber with the UV lamp switched off to account for all effects

inflicted by the storage in the cryostat chamber.

For experiments under inert atmosphere the cryostat was purged with approximately 50 L of
argon gas to allow argon to replace air before the samples were placed in the cryostat and

irradiated for 180 min. To prevent depletion of argon by seeping through openings in the
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bottom of the cryostat chamber, the cryostat was constantly re-supplied with argon at a flow
rate of 1 L/min delivered as laminar flow across the sample surface. Samples irradiated under
inert atmosphere were compared to identically prepared slides openly stored in the cryostat

for 180 min (controls) and samples irradiated for 180 min under normal conditions.

Kinetic experiments for photodegradation of the drugs were performed by spotting pooled drug
standard solutions onto non-dosed rat liver sections and the spots were irradiated for 0, 15,
30, 60, 120 and 180 min respectively. Once the irradiation times for the spots were reached
the respective tissue area was covered with a stainless steel MALDI target plate to avoid any
further exposure to the UV-C radiation. A BioSpot workstation (BioFluidix GmbH, Freiburg,
Germany) was used to deposit 50 nL droplets with a concentration of 4 ymol/L/drug. Each

timepoint was carried out in triplicate on the same tissue section.

DESI-MSI

DESI experiments were performed on a Q-Exactive plus mass spectrometer (Thermo
Scientific, Bremen, Germany) equipped with a 2D sampling stage (Prosolia Inc., Indianapolis,
IN, USA) and a home-built DESI sprayer®® operated with 95/5 (v/v%) methanol/water as
electrospray solvent. The solvent was delivered with a flow rate of 1.5 yL/min and nebulized
with a gas pressure of 7 bar. The mass spectrometer was operated in full scan mode between
m/z 80 to 1000 with alternating line-to-line acquisition in positive and negative ion mode. The
spatial resolution in the x dimension was fixed to 150 ym and the line-to-line offset was set to
75 um, resulting in 150x150 um interpolated pixel for each dataset. The resulting .raw files
were separated based on polarity, converted into . mzML files using ProteoWizard msConvert’
(V. 3.0.4043), subsequently compiled to .imzML files (imzML converter” V. 1.3) and uploaded

into SCILS lab (V. 2019c) (Bruker Daltonics, Bremen, Germany).

Tandem-MS experiments were performed with the same instrument parameters as listed
above. The data was acquired by running line scans across the tissue and collecting data with
an increasing collision energy to acquire a variety of product ions. Applicable spectra were

subsequently averaged and the resulting in information rich MS/MS spectra were used for
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structure elucidation of the precursor ions. The injection time was fixed to 250 ms for all

tandem-MS experiments. All precursor ions were isolated with an accuracy of + 0.2 Da.

Data analysis

Features discriminating between the different UV-C treatments were identified using the
receiver-operator-curve (ROC) function built-in in the SCILS lab software. Features with a
ROC-value above 0.75 were considered for further investigation. The results were manually
filtered for ions representing chemical background detected outside of the tissue sections and
the remaining features were annotated based on their accurate mass using established
databases (METLIN, human metabolome database (HMDB), LipidMaps) with a maximum
error of 5 ppm between the mean measured mass and the theoretical mass. Statistical analysis
for the features identified by the untargeted investigation as well as all subsequent
comparisons between the treatment groups were determined by comparing the abundances
of all pixels of each treatment group. Statistical significances were determined using the
Kruskal-Wallis test followed by Dunn’s test for multiple comparisons in GraphPad Prism (V.
8.0.1) (GraphPad Software, San Diego, CA, USA). All information regarding the metabolite
annotations and the statistical significance identified in the untargeted approach are

summarized in Table A2.1.

Pixel-wise principal component analysis (PCA) was always performed including all pixels from
all tissues and treatment groups. The data was analyzed without normalization but including

unit-variance scaling to compensate for bias based on the overall abundance of the features.

Results and discussion

To evaluate the impact of the proposed UV-C decontamination has on endogenous
metabolites and xenobiotics in prepared tissue sections, various rat organs were prepared on
microscope slides, irradiated using the 30- or 180-min decontamination cycle and analyzed
side-by-side to control samples in a single DESI-MSI experiment. The results of the untargeted
analysis revealed numerous changes in the tissue metabolome which are displayed in Figure

4.1.
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Figure 4.1, Alterations of the tissue metabolome inflicted by the UV-C irradiation: Mean-Fold changes of metabolite
abundances after 30 and 180 min respectively compared to unirradiated controls. The mean-fold change for each
organ was calculated for the mean of each simultaneously analyzed set or organs, i.e. Brain 1, brain 2, etc. AMP =
Adenosine monophosphate, GMP = Guanosine monophosphate, UMP = Uridine monophosphate, IMP = Inosine
monophosphate

The alterations of the tissue metabolome included, but were not limited to, decrease of (poly-
unsaturated) free fatty acids (FAs) and glycerophospholipids, increase of glycerophospholipid
and ribonucleotide fragments such as phosphocholine, glycerol-phosphate, ribose and
methyladenine. Furthermore, oxidation of FAs, glycerophospholipids and sterols was
observed. Whilst the decrease of FAs and glycerophospholipids and the appearance of
oxidized lipids increase with the irradiation duration. Some analytes in Figure 4.1 appear to have
increased abundances after 30 min of irradiation and decrease after irradiation for 180 min.
These analytes include nucleotides adenosine monophosphate (AMP), guanosine

monophosphate (GMP), uridine monophosphate (UMP) and inosine monophosphate (IMP) as
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well as the dosed drugs. However, this increase was not reproducible in subsequent
experiments and were attributed to non-reproducible drying effects of the tissues. These
effects likely depend on the overall residence time of the samples in the cryostat chamber

during sectioning and decontamination.

Pixel-wise PCA visualizes the discriminating alterations into spatial context of the analyzed
specimens, revealing distinct tissue-type specific impacts of the UV-C irradiation. Figure 4.2a
displays the RGB overlay of the first three principal components of the samples analyzed by
DESI-MSI in negative ion mode. Whilst the brain and spleen sections showed only moderate
deviation from the predominant PCs in the control sections, kidney and liver sections showed
gradual transition of the predominant PCs over the treatment conditions. The monochromatic
images for the principal components and the scoring plots can be found in Figure A2.1. The
map of the metabolome alterations drawn by the spatial PCA analysis closely resembles the
distributions of single metabolites such as the oxy-lipids PI(18:0/20:4(OH)) and
P1(18:0/20:4(OH)3) which most likely originate from PI(18:0/20:4) formed in an oxidative

environment. The Corresponding product ion spectra can be found in Figure A2.2.

a) 30 min 180 min b) PI(18:0_20:4) [M-H]- c) PI(18:0_20:4(0OH)) [M-H]- d) PI(18:0_20:4(OH3)) [M-H]
Control  yyv-c UVv-C
Spleen 1

Brain 1

Liver 1 .
Kidney 1

Kidney 2
Liver 2 -
Brain 2
Spleen 2

PC 1 lPC2 PC3

Figure 4.2, Spatial distribution of the metabolome alterations: a) RGB overlay of the first three principal components
of the pixel-wise (PCA) of all sections analyzed by DESI-MSI in negative ion mode. b) Distribution of the
P1(18:0/20:4) compared to the oxy-lipids c) PI(18:0/20:4(OH)) and d) P1(18:0/20:4(OH)3).

A strong scent of ozone emerged from the working chamber of the cryo-microtome after
decontamination of the samples, particularly after the 180 min UV-C cycle. UV light is known
to dissociate molecular oxygen (O2) into oxygen atoms, which can react with molecular O-
producing ozone (O3). Ozone in turn can react with olefins under formation of ozonides, which

hydrolyze into aldehydes, hydroxy-hydroperoxides and hydrogenperoxide® resulting in the
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subsequent formation of additional reactive oxygen species (ROS). To investigate the role of
atmospheric oxygen, and potentially identify a way to limit formation of oxy-species irradiation
experiments were performed under inert argon atmosphere. As UV-C light had the most
significant impact on liver and kidney sections, these samples were mounted onto standard
glass microscope slides and irradiated under an inert atmosphere. These samples showed
overall a significant formation of oxy-species which was for many molecular species
comparable to samples irradiated under normal atmospheric conditions (Figure 4.3 and Table
A2.2). The observed formation of oxy-species formation under inert atmosphere is a strong
indicator that atmospheric oxygen plays only a minor role in the underlying mechanism. When
these experiments were repeated with samples mounted on PP wafers, overall a significant
formation of oxy-species under inert and normal atmosphere was detected. Interestingly, both
irradiated samples showed only marginal formation of many oxy-species in kidney whilst larger

amounts could be detected in liver sections (Figure 4.3 and Table A2.3).
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Figure 4.3, Effects of the mounting substrate on lipid oxidation: Heatmap with Mean-Fold changes in abundance of
oxy-species and potential precursors after 180 min of irradiation and 180 min irradiation under inert atmosphere
compared to unirradiated controls. The samples were either mounted on standard microscope slides (left) or
polypropylene (PP) wafer (right and acquired in individual experiments and analyzed separately or b) analyzed and
processed simultaneously). The mean-fold change for each organ was calculated for the mean of each
simultaneously analyzed set or organs, i.e. Liver 1, Kidney 2, etc.

The reduced formation of oxy-species and the ability to observe these tissue-type dependent
differences on PP wafers indicated that the carrier material the samples were mounted on was
one of the main contributing factor for the formation of oxy-species. Liberation of reactive
oxygen species from the amorphous crystal lattice of the glass appeared to be a dominating
source of oxygen for the formation of oxy-species. However, side-by-side analysis of irradiated
samples prepared on standard glass slides and PP wafer showed significant differences in
abundance for many species. Interestingly, the differences were driven by the detection
polarity and not by the formation of oxy-species due to the mounting substrate. Overall,

analytes detected in negative ion mode showed higher abundances in samples mounted on
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glass slides whilst analytes detected in positive ion mode showed higher abundances in
samples mounted on PP wafers (Figure 4.3 and Table A2.4). These polarity-based effects are
likely driven by differences in surface charging and electrical capacitation of the substrates
during the desorption electrospray based ionization process®, thus limiting the ability to

directly compare the magnitude of oxy-species formation based on the substrate.

Secondary mechanisms of the oxidation could involve photo-activation of endogenous
metabolites or remnant tissue bound water still present after the desiccation of the tissues.
The underlying reactions can be as manifold as the complexity of the tissue metabolome itself
and full elucidation of the mechanisms would exceed the scope of this study. Potential
mechanisms could include indirect photo-degradation via photo-induced charge-transfer-
based formation of radicals which can subsequently react with either tissue-bound water or
oxygen-rich endogenous metabolites as it was reported indirect photodegradation of
pharmaceuticals in waste water”” or those reported for the oxidation of
ethylenediaminetetraacetic acid (EDTA) and methionine by riboflavin in anaerobic solutions®.
The tissue dependent effects between kidney and liver, which is rich in enzyme bound iron,
may point towards potential involvement of iron catalyzed photo-generation of reactive oxygen
species®: 1%, Qverall, the presence of atmospheric oxygen was found to be a minor factor in
the formation of oxy-species. Due to the strong promotion of oxy-species formation the use of
non-glass carrier materials such as stainless-steel targets for analysis by MALDI-MSI and non-
conductive plastic microscope slides for analysis by DESI-MSI could be of advantage. The
use of such non-glass materials additionally benefits from the sturdiness of these substrates
and the reduced risk of injury inherently associated with the use of glass consumables.
However, the drawback of these substrates is the incompatibility with optical microscopy
imaging techniques due to the lack in transparency or incompatibility with organic solvents
such as xylene. The use of standard glass microscope slides might be inevitable for classical

histological staining approaches such as evaluation of H&E stained tissue sections.
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Degradation of pharmaceuticals through photolysis under UV irradiation is widely reported and
the basic underlying mechanisms are well understood''-'%, Time-course experiments were
performed to characterize the degradation kinetics of the dosed drugs, terfenadine,
dextromethorphan, diphenhydramine and losartan. The mean relative abundances of the
drugs plotted over the irradiation time resulted in well fitted first order decay kinetics for the
four drugs (Figure 4.4). The coefficients of determination (R?) ranged from 0.946 for losartan
to 0.986 for terfenadine. Terfenadine and losartan had half-lifes of 22.2 min and 21.6 min whist
dextromethorphan and diphenhydramine displayed faster degradation with half-lifes of 11.6
min and 13.4 min respectively (Figure 5). As the decay showed first order kinetics the
degraded fraction of the drugs is proportional to the concentration of the drug and the exposure

time and thus the UV-C fluency.
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Figure 4.4, Decay of drugs under UV-C irradiation: a) terfenadine, b) dextromethorphan, c) diphenhydramine and
d) losartan under UV-C irradiation over time. Curves were fitted as first order decay with R? as the measure for
goodness of fit as well as the calculated half-life and decay constant k are given in each graph. Each datapoint is
given as mean abundance + SD of 3individual datapoints.

As in this relationship a drugs half-life is independent of the starting concentration it allows for
accurate elucidation of the drug’s biodistribution as the relative differences in concentration

will be preserved across a given tissue section. The time-dependent decay of the drugs
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resulted in decrease in abundances of 60.9% for terfenadine, 83.4% for dextromethorphan,
78.8% for diphenhydramine and 61.8% for losartan after 30 min of irradiation respectively. The
relative abundances for all four drugs were reduced by >99% after 3 h of irradiation and the
drugs effectively undetectable. The severe impact of the UV-C exposure onto the tissue
metabolome and xenobiotics raises the need to limit exposure times to a required minimum
and find a compromise that allows for safe handling of the samples outside an airflow-
regulated biosafety cabinet whilst still allowing one to elucidate molecular distributions from

the tissue sections.

The 3 h decontamination cycle of the instrument is certified for high level decontamination,
effectively inactivating surface pathogens such as bacteria, fungi including spores and
viruses'?. As effective as the high-level decontamination is to reduce potential pathogen load,
the decontamination cycle also leads to extensive degradation of the endogenous tissue
metabolome and xenobiotics detectable by MSI. The intermediate decontamination cycle of
30 min was found to be less destructive but at cost of lower decontamination efficiency. UV-C
resistant viruses such as adenovirus, hepatitis B virus and simian virus 40 are proven to show
less than 4 logqo units of reduction'® requested by official guidelines for testing of antiviral
surface decontamination procedures''®. Simian virus 40 (SV40) is a suited surrogate for
eradication of papovaviridae''® and is characterized by a particularly high resistance towards
a variety of decontamination procedures''. Successful reduction of the resistant SV40 is a
reliable surrogate for the reduction of the clinically more relevant Papovaviridae, including
human papilloma virus (HPV) 16 and 18. However, incomplete reduction of SV40 does not
necessarily reflect incomplete reduction of these clinically relevant strains, which explains why
SV40 is only included in the German guidelines but not included in the European guidelines
for surface disinfection''®"'2, The main safety concerns regarding the analysis of clinical
samples by MSI arise from the risk of transmitting clinically relevant pathogens through
aerosolization and the associated infection risk through contact with or inhalation of pathogen

carrying particles. Pathogens identified as relevant to our current work are blood borne viruses
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including HIV, Hepatitis B and C, and when examining cancer tissues, include high risk
carcinogenic viruses such as HPV 16 and 18 for their high prevalence in cervical and head
and neck cancer''3. Other risk pathogens include Herpesviridae such as Human Herpes virus
6 (HHV6), Herpes simplex virus 2 (HSV2) and Epstein-Barr virus (EBV) which have a high
prevalence in glioblastoma specimens®. Germicidal UV-C irradiation has proven to be an

effective measure against these strains®® 4. 115,

Germicidal UV-C decontamination is primarily a method suited for pathogen reduction on
surfaces as the light has a limited penetration depth in organic matter''®. However, UV-C
induced DNA damage could be detected up to 40 ym in xenograft tumor models measured as
53BP1 foci formation®. With the additional observation of formation of reactive oxygen species
from the glass substrate underneath the mounted tissue sections at least partial inactivation
of potential pathogens can be assumed throughout the 10 um thick tissue sections. The
proposed methodology is a means to reduce pathogen load and increase operator safety when
analyzing clinical samples by MSI but does not guarantee high level disinfection. The use of
tissue sections exceeding 40 um thickness are likely to limit the efficiency of the procedure

and further validation of the efficiency would be required.

Conclusions

Analysis of clinical tissue specimen to elucidate biodistributions of drugs in clinical trial settings
is gaining importance to build better understanding of the translational potential of pre-clinical
findings into man. The ability to analyze a drugs distribution within the context of the tissue
allows to differentially investigate the phenotypical differences of clinical outcomes, e.g. of
responder vs non-responder in cancer treatment therapy. The here proposed UV-C based
approach enables the pathogen load of clinical tissue specimens to be reduced prior to MSI
analysis, increasing operator safety and reducing the risk of aerosolization of tumor promoting
pathogens. The main drawback of the proposed procedure is the lack in control of the effective
UV-C fluency imposed onto the tissues and the alterations of the metabolome and xenobiotics

within treated tissues. The decontamination cycles of the cryostat used for the
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decontamination involve large safety margins to compensate for fluctuations in the UV-C
fluency across the chamber and are designed to allow for efficient irradiation of pathogens
across the whole working chamber. The here presented work clearly established the feasibility
to use UV-C radiation to treat clinical tissue specimens whilst still being able to subject these

tissues to MSI analysis.
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Chapter 5: Desorption electrospray ionization for targeted mass spectrometry

imaging

Introduction

Once high quality tissue sections are prepared and if applicable decontaminated, they are
ready for analysis by MSI. The majority of MSI studies employ expensive and complex mass
spectrometer, using TOF''7: 118 Orbitrap''® '2° or FT-ICR'2" 22 technology as mass analysers.
These experiments produce large datasets containing comprehensive information about the
spatial distribution of thousands of chemical constituents. The advantage of these large
datasets is that they carry broad information about the overall status of the tissue and this
information can further be interrogated to understand the undelying biochemical interactions.
However, for many purposes the vast maijority of the obtained information is not needed and
monitoring of relevant features would be sufficient. Triple quadrupoles (TQs) operated in
multiple reaction monitoring (MRM) mode are widely used for quantification purposes, taking
advantage of their stable signal over a broad dynamic range. At the same time TQs operated
in MRM mode show superior sensitivity and comparable specificity compared to other mass
analysers. These advantages make TQs highly suitable and robust for MSI analysis.
Furthermore, MRM based data acquired on a TQ mass spectrometer can increase throughput
whilst reducing the amount of data to the required minimum reducing costs for data analysis

and storage.

MSI based drug metabolism and pharmacokinetics (DMPK) studies are part of the early drug
development process and predominantly evaluate the distribution of drugs and their
metabolites within distinct tissues or whole body sections. The ability to monitor only selected
features by MSI for DMPK studies were previously demonstrated by coupling of a MALDI
source with an Q-trap mass spectrometer operated in MRM mode. Among others, this setup
was applied to map the distribution of moxifloxacin in tuberculosis-infected rabbit lungs 2.
Previous reports demonstrated the possibillity of urinary screening for illicit drugs and

quantitation of pharmaceuticals in plasma by coupling a DESI ion source to a TQ operated in
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MRM mode'?* 25 A recent report also highlights the ability to use such an approach for MSI

purposes'?.

Aim/objective

This chapter will demonstrate the suitability of DESI performed on a TQ for MSI analysis and
explore its applications in DMPK studies. Targeted data acquisition was used to determine the
desorption/ionization kinetics of the novel setup and demonstrate the use for elucidation of
drug distribution in tissue sections. The use of the setup to map biochemical pathways to

monitor toxicodynamic effects will be explored in Chapter 7.

Materials and Methods

Chemicals

Analytical grade acetonitrile and water were obtained from Fisher Scientific (Loughborough,
Leicestershire, UK). 2-Methylbutane, methanol and acetic acid were obtained from Sigma-
Aldrich (Poole, Dorset, UK). Test compounds for dosing were obtained in house from
AstraZeneca compound management group (Macclesfield, Cheshire, UK) with the exception
of moxifloxacin which was purchased from Sigma-Aldrich (Poole, Dorset, UK). MALDI-MS
grade 2,5-dihydroxybenzoic acid (DHB) was purchased from Sigma-Aldrich (Poole, Dorset,
UK).

Animals and dosing

Adult male Han Wistar rats (approximate weight 260 g) were obtained from Charles River
Laboratories (Margate, Kent, UK) and were acclimatized on site for a minimum of 3 days prior
to dosing. Compounds were formulated in 5% dimethyl sulfoxide/95% (30% w/v Captisol in
water) and administered orally. Control animals were dosed with vehicle via the same
administration route. The samples used were from a previously reported study exploring
cassette-dosing as a tool to increase throughput in DMPK studies 7. The animals were
cassette-dosed with moxifloxacin, olanzapine, erlotinib, and terfenadine at 25, 10, 10, and 25
mg/kg, respectively. Animals were euthanized either 2 or 6 h post dose. All tissue dissection

was performed by trained AstraZeneca staff (project license 40/3484, procedure number 10).
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Tissues (brain, kidneys, and liver) were snap-frozen in 2-methylbutane on dry ice, all
subsequent transfer of tissues was done on dry ice, and samples were stored at =80 °C until

tissue processing.

Tissue Processing for MSI

Tissue sections were cut at a thickness of 10 ym and thaw-mounted onto SuperFrost Plus
Glass slides (Thermo Fisher Scientific Inc., Waltham, MA, USA) for DESI-MSI experiments or
indium tin oxide (ITO)-coated MALDI target slides (Bruker, Bremen, Germany). For the drug
distribution and toxicity studies sections were taken where possible at approximately equal
depth from all organs to allow visualization of similar structures between samples. Slides with
mounted tissue sections were stored at —80 °C until analysis. Where applicable, organ tissue
sections from -dosed and vehicle control animals were mounted adjacent on the same slide
and were analyzed in one experiment to limit the risk of any observed variation in relative

abundance as a result in loss of analyser sensitivity during the course of the experiment.

DESI-MSI

DESI-MSI experiments were performed either on a Xevo G2-XS Q-TOF or a Xevo TQ-S
(Waters, Manchester, UK) equipped with a 2D sampling stage (Prosolia Inc., Indianapolis, IN,
USA) and a custom-built inlet capillary heated to 500°C. The nominal pixel size was set to
50x50 um. The Q-TOF setup was equipped with a commercially available DESI spray head
(Waters, Manchester, UK) operated with a mixture of 95%/5% (v/v) methanol/water, containing
1 ug/ml raffinose for lockmass correction. The solvent was delivered with a flow rate of 0.75
pI/min the nebulizer gas pressure was set to 4 bar. The regions for the imaging experiments
were selected and the resulting data processed in the High Definition Imaging software
(Waters, Manchester, UK). Data was acquired in positive ion mode over a mass range of m/z
50 to 1200 for TOF-MS mode and m/z 50 to 750 for TOF-MS/MS mode. The collision energies
for MS/MS acquisitions were manually optimized on the Q-TOF. The acquisition speed was

set to 1 scan/s.
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The TQ-setup was equipped with a home-built sprayer?® operated with the same
methanol/water mixture as used for the Q-TOF but without the addition of raffinose. The
solvent was delivered with a flow rate of 1.5 pl/min and nebulized with a gas pressure of 7 bar.
The stage movement was controlled through Omni Spray 2D (Prosolia Inc., Indianapolis, IN,
USA). The scan speed was set to 10 scans/s. Positive ion mode MRM transitions were
optimized for the drugs, their metabolites and endogenous metabolites. The latter were used
to establish the tissue outline. Drug standards were infused into the mass spectrometer
through the commercial ESI source and MRM transitions were optimized by running the auto-
optimization function in the operating MassLynx software. MRM transitions for the drug
metabolites were created based on their product ion spectra obtained from the MS® function
of the LC-MS based metabolite identification whilst transitions for endogenous metabolites
were established based on product ion spectra obtained by DESI-MS/MS analysis performed
on a Q-TOF. The final transitions are given in Table 5.1. The collision energies were for both
species were subsequently manually optimized on the TQ to achieve optimal MS response.
Separate line scans were performed over the imaging area and the resulting data files were
processed in an in-house developed tool box operating in MATLAB (Mathworks, Natick, MA,
USA) environment. The different functions were relatively scaled and overlaid where

applicable to allow visualization of the drugs and metabolites within the tissue section.

Table 5.1: MRM transition used for the targeted DESI-MSI experiments:

Compound Transition
Olanzapine 313.15>256.9
Erlotinib 394.18>278.09
Moxifloxacin 402.18>261.10
Terfenadine 472.32>436.30
PC(34:1) [M+K]* 798.54>739.47
PC (36:2) [M+K]* 824.55>765.48
PC(38:4) [M+K]* 844.53>785.46
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Re-alignment of the individual line scans

The individual line scans acquired on the TQ setup showed an instrument dependent offset
between start of the stage movement and the data acquisition. The offset results in horizontal
shifts of the individual line scans in the compiled image. The offset is increasingly noticeable
with increasing scan rates, resulting in significant distortion at 10 scans/s. To compensate for
the shifts, the individual line scans were re-aligned to reduce the blurriness of the images. To
perform the re-alignment, the tissues were identified by k-means clustering (2 cluster)
performed on the whole dataset (Figure A3.1). The first line scan of the tissue was manually
selected, and subsequent lines were re-arranged by average smoothing of the tissue edge
over 15 neighbouring lines (Figure 5.1b). The smoothed TIC image of the tissue section is

displayed in Figure 5.1d.

a) b) c) d)
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clustering
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Figure 5.1, Re-alignment of the imaging data: a) Original total ion current (TIC) image of a rat liver section. b) K-
means clustering (2 cluster) was used to distinguish between tissue (yellow) and background (blue). c) After manual
selection of the first pixel, all subsequent lines were re-arranged by average smoothing over 15 adjacent line scans.
d) The TIC image of the liver section after re-alignment.

MALDI-MSI

As the slides used in this chapter were not stored in a vacuum sealed slide mailer, they were
immediately dried under a stream of nitrogen when removed from the -80°C freezer to prevent
water condensation on the sample surface. DHB was applied as MALDI matrix as described
in Chapter 2. MALDI imaging was performed using a rapifleX MALDI Tissuetyper (Bruker
Daltonics, Bremen, Germany) system equipped with a smartbeam 3D laser. Data acquisition
was controlled through Bruker’s Fleximaging software. The resulting data was converted into

imzML files and processed in mslQuant '?’. The pixel size was set to 50 ym and 400 laser
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shots were collected per pixel with a laser repetition rate of 5 kHz. The data was acquired in

positive ion mode over a mass range from m/z 200 to 1000.

LC-MS based metabolite identification

Single tissue sections were transferred into extraction tubes and zirconia beads and 0.5 mL of
ice-cold methanol were added. To break up the tissue structure tubes were vortexed for 1 min
and subsequently transferred for 5 min in a sonic bath. The suspension was centrifuged for 10
min at 12000 rpm under refrigeration and the supernatant was transferred into a new extraction
tube and stored on ice. The remains were twice re-suspended in 0.5 ml ice cold methanol,
mixed in the vortex, centrifuged and the supernatant pooled with the previous supernatant of
the sample. Pooled supernatants were dried under nitrogen and reconstituted in 150 pL
25/75% (v/v) methanol/water. The samples were again centrifuged under refrigeration for 20
min at 12000 rpm to ensure quantitative removal of all particles. The supernatant was
transferred into 300 pL glass insert vials and stored at -80°C until used. To identify the drug
metabolites present in the different tissues, tissue extracts were analyzed by LC-MS.
Separation of the drugs and their metabolites was carried out on an UPLC system (Waters
Acquity System, Manchester, UK) equipped with a BEH C18 column with the following
dimensions: 100 mm x 2.1 mmi.d., 1.7 ym particle size (Waters, Manchester, UK). The column
was heated to 55°C and operated with a mobile phase flow rate of 0.5 mL/min. Eluent A was
0.1% aqueous acetic acid and eluent B was 0.1% acetic acid in methanol. 5 pL were injected
per sample and separated with the following linear gradient initially 5% B, T=0.5 min 5% B,
T=8.00 min 90% B, T=8.01 min 100% B, T=8.50 min 100% B, T=8.51 min 5% B, T=9.00 min
5% B. The mass spectrometric analysis was performed with a Xevo G2-XS Q-TOF (Waters,
Manchester, UK) operated in positive ToF-MS mode over a mass range from m/z 50 to 1200.
Additionally, an MS® function was acquired to obtain MS/MS spectra for the compounds eluting
from the column. The collision energy for the MS® acquisition was ramped from 25 to 40 V to

obtain a broad variety of product ions.
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Results and discussion

After the optimization of the MRM transitions for the drugs and endogenous lipid
species, the effect of the dwell time was evaluated. Relative abundances of the 4 drugs
and 3 endogenous lipids were compared at dwell times of 59, 27, 9 and 3 ms
corresponding to acquisition rates of 1, 2, 5 and 10 pixel/s respectively (Figure 5.2a).
For all experiments the stage movement was adapted to the scan speed and every
spectrum represents 100 um of scanned sample. For each dwell time 25 consecutive
line scans were performed. The raw files were processed in Matlab environment. For
each dwell time the spectral information was exported as the mean of 36 pixels.
Interestingly, for the highly abundant endogenous lipids and terfenadine the relative
abundances increased with shorter dwell times, whilst the abundances for erlotinib and
olanzapine showed no direct dependence on the dwell time. With a maximum of 190
counts at a dwell time of 59 ms and no clear corresponding ion image for the drug
moxifloxacin abundances are mainly below the limit of detection even on the longest
dwell time tested. The ion abundance values reported by the instrument were
normalized to the dwell time, thus the abundances of each analyte should be constant
across all scan speeds. To explain the deviation from a linear relationship of signal-
response to dwell time, the kinetics and dynamics of the DESI part were evaluated
taking advantage of the fast scan rates of the setup. Desorption kinetics acquired under
static conditions for the monitored drugs and lipids showed an initial delay in detection
when the spray was directed onto a tissue section, followed by an increase in signal

intensity, plateauing and subsequent decline (Figure 5.2c).
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Figure 5.2, Evaluation of the desorption kinetics and dynamics of the DESI-TQ setup: a) Relative abundances of
endogenous compounds and cassette-dosed drugs over dwell times of 59, 27, 9 and 3 ms/transition. PC-
phosphatidylcholine. Data represents the mean of 3 randomly chosen ROls per data-point. b) Desorption dynamics
for the monitored compounds for stage movement of 100, 200, 500 and 1000 pm/s acquired at a constant dwell
time of 9 ms resulting in a scan rate of 5 scans/s. Data represents the mean of 3 independent experiments. c)
Kinetics experiment monitoring the same transitions were performed with a dwell time of 59 ms resulting in a scan
rate of 1 scans/s. The zoomed panel shows the static kinetics of the first 5 seconds acquired with a dwell time of 3
ms resulting in a scan rate of 10 scans/s. All data represents the mean of 3 independent experiments.

The distinctive phases can be correlated with the steps of the desorption/ionization
process depicted in Figure 5.3: The initial delay is based on the required re-hydration
of the tissue section and dissolution of the compounds in the spray solvent. With
increasing excess spray solvent present on the tissue surface, the desorption/ionization
becomes more efficient as more of the analytes are dissolved at a given time resulting
in signal increase with a slope defined by the dissolution kinetics of the compound in
the spray solvent. The plateau marks the point for the process when the dissolution
kinetics becomes the rate-limiting step for the process. The final decline of the signal
demonstrates exhaustion of the tissue section and depletion of analytes that can be

desorbed/ionized.
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Figure 5.3, Schematic visualization of the steps involved in the desorption/ionization process: (I) Re-hydration of
the tissue section through primarily charged electrospray solvent (Il) Accumulation of excess spray solvent in the
tissue section and dissolution of analytes (lll) Analytes are increasingly dissolved in excess spray solvent and (IV)
desorbed in secondary droplets which enter the mass spectrometer. For easier accessibility of the schematic not
visualized is step (V) depletion of analytes from target tissue.

For an imaging application with a high scan rate the initial steps are particularly
significant as they most closely represent the conditions in MSI experiments. The
desorption dynamics for the initial seconds of spray solvent reaching the tissue were
monitored with a scan rate of 10 scans/s (Figure 5.2c). The compounds showed
different time onsets for the signal detection with terfenadine, erlotinib and olanzapine
displaying the fastest desorption/ionization with first maxima observed between 1 to 2
s whilst the structural lipids display a slower desorption/ionization with maxima
observed between 2 to 3 s. Interestingly, all compounds show an oscillating pattern.
Terfenadine and olanzapine tend to show maxima at similar times whilst erlotinib
anticorrelates and displays highest response when olanzapine and terfenadine valley,
suggesting potential charge competition/suppression. The abundance of compounds
observed in DESI-MSI experiments is not just dependent on the desorption kinetics but
on the speed of stage movement. Additional experiments with constant scan rate and
differential stage movement speed were performed to investigate the contribution of the
dynamic stage movement to the detected signal. When increasing the stage movement
speed from 100 ym/s to 200 um/s the detected signal for all compounds doubles as
expected, as twice the amount of tissue was analyzed. However, when the stage

movement was increased to 500 um/s the signal for most compounds dropped slightly,
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most likely due to a shift of the detection from the exhaustion phase into the plateau
phase observed in the kinetics experiments. Further increase of the stage movement
results in a further decrease of the monitored lipids whilst the signal detected for the
drugs increases to a maximum, consistent with a shift into the dynamic front region of
the kinetics experiments, the phase in which the desorption/ionization is dependent on
the dissolution speed of the target compound. This behavior allows careful optimization
of the setup for target analytes, especially when they show differential dissolution
kinetics than the main tissue components. As the shortest dwell time resulted in highest
sensitivity for the xenobiotics, subsequent imaging experiments were performed with a
dwell time of 3 ms corresponding to an acquisition rate of 10 scans/s. Figure 5.3 shows
the distribution of terfenadine in rat liver sections 2 h post dose. The images obtained
on the Q-TOF and TQ setup show comparable distributions of terfenadine within the
organ. Terfenadine accumulates predominantly in the periportal zone (zone 1) with
distinct separation from the endogenous lipid PC (36:2) highlighting centrilobular areas

(zone 3).

Terfenadine PC (36:2) Combined

a) ) b)
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Figure 5.4, Comparison of image quality achieved with a conventional DESI-qToF and the experimental DESI-TQ
setup: lon images for terfenadine (a,d) and endogenous lipid PC (36:2) (b,e) obtained by DESI-MSI performed on
a Xevo G2-XS or a Xevo TQ-S. Figures c and f show the combined ion images of the drug and the endogenous
lipid. The zoomed view displays the tissue edges.

The feature resolution of the images obtained on the TQ appears lower even though
both data sets were acquired with a spatial resolution of 50 um. This distortion arises
from an instrument dependent de-synchronization between stage movement and the

start of the data acquisition. The de-synchronization results in line-to-line jitter by a few
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pixels. The effect is more pronounced with increasing scan rates. The shifts were
compensated in Figure 5.4 by re-aligning the individual line scans as described under
“Re-alignment of the individual line scans” in the methods, the original images are
displayed in Figure A3.1. Data on the biodistributions of olanzapine, erlotinib and
terfenadine as well as selected endogenous species could be acquired with high
sensitivity and specificity using the TQ setup. The resulting data file size, for a whole
microscope slide holding 3 liver sections, was reduced from around 100 GB for the Q-
TOF data to below 1 GB (873 MB) for the 16 acquired MRM transitions on the TQ.
Additionally, the data acquisition rate could be increased from 1 scan/s on the Q-TOF
to 10 scans/s on the TQ. To evaluate the sensitivity of the new setup, the detection
level of olanzapine and its metabolite hydroxy-olanzapine in sagittal rat brain sections
were compared between instrumental setups. The TQ setup was compared to a Q-TOF
and a MALDI-TOF. As anticipated, the MALDI created images with high spatial
resolution and sharp outlines of the tissue structures (Figure 5.5) but neither olanzapine
nor the hydroxy-metabolites could be detected within brain tissue sections, even though
the matrix and its application were previously optimized for the detection of the dosed

drugs.

MALDI-TOF DESI-TOF DESI-TQ
Control 2h 6 h Control 2h 6h Control 2 h 6h

PC (38:6)

Olanzapine

Hydroxy -
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Figure 5.5, Evaluation of the compound coverage of a MALDI-ToF, DESI-qToF and DESI-TQ setup: Distribution of
endogenous lipid PC(38:6), olanzapine and its metabolite hydroxy-olanzapine in sagittal rat brain sections collected
2 and 6 h post dosing compared to a vehicle control. Distributions were determined by MALDI and DESI-MSI. DESI-
MSI experiments were performed on a standard Q-TOF or a TQ-setup respectively. All data was acquired with a
spatial resolution of 50 um. Scale bar = 4 mm CTX = frontal cortex, CC = corpus callosum, HP = hippocampus, V
= ventricle
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The DESI-Q-TOF setup delivered similar sharp ion images for endogenous compounds
acquired in full scan mode. Through the reduction of chemical background, data
acquired in MS/MS mode showed clearly the presence of olanzapine within the tissue
section but based on the limited sensitivity a clear identification of areas with drug
accumulation was not possible. The improved sensitivity of the DESI-TQ setup enabled
to elucidate the biodistribution of the olanzapine and its hydroxy-metabolite. The TQ
data revealed accumulation of olanzapine in the frontal cortex (CTX) and hippocampus
(HP) whilst it could not be detected in the corpus callosum (CC). The overlay with the
endogenous lipid PC(38:6) located the drug in the ventricle (V), where it most likely
accumulates in the choroid plexus. The observed inability of hydroxy-olanzapine to
penetrate the blood-brain barrier and accumulate in the brain tissue is consistent with
previous reports’?,

Conclusions

The acquisition speed, instrumental robustness and the small size of the resulting data
files make the presented DESI-TQ setup the perfect fit for large scale imaging studies
with high sample throughput, allowing cost effective data acquisition, storage and
processing. These advantages leave room to envision the potential of a semi- or fully
automated setup - loading prepared slides, performing MSI analysis, staining the slides
for histological evaluation and presenting the optical scans alongside the MSI results.
Such an automated setup could equally be used for high-throughput elucidation of drug
and drug metabolite distribution within biological samples. This could be advantageous
as first line in vivo screening for candidate selection in the pharmaceutical development
process to evaluate a compound’s properties, e.g. target engagement or blood-brain-
barrier penetration and help select the most promising candidates for further
optimization. As described in Chapter 7, the ability of the setup to monitor the effects a
drug causes within a tissue allows to directly link the drugs distribution to its
toxicodynamic or pharmacodynamic effects. Creation and curation of biomarker
libraries would allow to specifically evaluate the biodistribution of a drug alongside
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readouts for efficacy and toxicity in early drug development pipelines. The channel-
based structure of the TQ data would allow to handle the generated data as images
and align the data processing pipelines with those already used for optical high
throughput imaging approaches and present the combined datasets. Such an approach
would allow for MSI analysis to scale supporting the early drug development process
with high throughput drug distribution studies informing on efficacy and toxicity of the
drug candidate on the molecular and histological level. Lower throughput imaging
modalities based on high mass resolving analyser technology can then be utilized
efficiently to study pharmacodynamic or toxicodynamic effects in-depth.

In clinical settings, high resolution mass analysers are well suited for investigative
studies gathering a wealth of information in physiological, disease and fundamental
research. Utilizing this knowledge combined with the availability of in vivo diagnostics
(IVD) certified triple quadrupole mass spectrometers, TQs are routinely used for clinical
screenings such as newborn screening (NBS). Integrated in an MSI approach, TQs
could be utilized for MSI guided histopathological evaluation of tissues. The guidance
of the MSI data would allow histopathologists to further characterize flagged regions of
interest rather than having to annotate the whole slide, reducing workload and thus

further increasing sample throughput.
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Chapter 6: Correlating mass spectrometry imaging and liquid chromatography-

tandem mass spectrometry for drug disposition studies

Scope

Quantification of drugs present in tissue samples by liquid chromatography followed by tandem
mass spectrometry (LC-MS/MS) is a standard tool in pharmacokinetics and drug disposition
studies'®13!. The ability to use standardized sample preparation and analysis protocols make
LC-MS/MS analysis highly quantitative and reproducible. However, the results always
represent the average of the analyzed specimen and all spatial information is lost during
sample preparation. In contrast, recent MSI studies demonstrate near cellular resolution
imaging allowing resolution of small morphological tissue features'3?-'**, The achievable high
spatial resolution enables one to follow the distribution of endogenous metabolites and
xenobiotics into small morphological tissue compartments. The impact of high spatial
resolution imaging could be demonstrated in recent studies evaluating blood-brain barrier
permeation in rodents® or studying the distribution of endogenous and xenobiotics along the

villi-crypt axis in rat intestines™®.

Aim/objective

This chapter explores the use of LC-MS/MS and MSI to study the drug disposition of 4 orally
co-administered off-the-shelf-drugs in the rat intestine. To facilitate rapid sample preparation,
the sample embedding- and preparation-protocol described in Chapter 3 was used to prepare

15 intestine specimens at a time for MSI analysis.

Methods and materials

Chemicals

Polyvinylpyrrolidone (MW 360 kDa) (PVP), (Hydroxypropyl)-methylcellulose (viscosity 40-60
cP, 2 % in H20 (20 C)) (HPMC), 2,5-dihydroxybenzoic acid (DHB), trifluoroacetic acid (TFA),
terfenadine, terfenadine-d3, dextromethorphan hydrobromide, dextromethorphan-d3,
diphenhydramine hydrochloride and diphenhydramine-d3 were purchased from Merck

(Darmstadt, Germany). Methanol, water, 2-methylbutan, 2-propanol and acetonitrile (ACN)
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were obtained from Fisher Scientific (Waltham, MA, USA). Losartan-potassium salt was
obtained from Cambridge Bioscience (Cambridge, UK). Losartan-d4 was purchased from
Toronto Research Chemicals (Toronto, Canada). All solvents used were of analytical grade or

higher.

Animals and dosing

Adult male Han Wistar rats (approximate weight 260 g) were obtained from Charles River
Laboratories (Margate, Kent, UK) and were acclimatized on site for a minimum of 3 days prior
to dosing. Compounds were administered by oral gavage as a cassette of terfenadine,
losartan, diphenhydramine and dextromethorphan, formulated in 5% dimethyl sulfoxide/95%
(30% wi/v Captisol in water). Animals were dosed with 25 mg/kg/drug and euthanized at 1, 2,
4 or 6 h post-dosing. Vehicle control animals were euthanized at the latest sampling time at 6
h post dose. The first 20 cm of the small intestine were cut into four pieces each and snap
frozen free-floating in dry ice chilled 2-methylbutane. For each animal, 3 intestine pieces were
randomly selected for this study. The pieces were each split into half, one half was extracted
for LC-MS/MS quantification, the other half was embedded and subjected to MSI analysis. All
tissue dissection was performed by trained AstraZeneca staff in agreement with project license

40/3484, procedure number 10.

Preparation of intestine specimens for MSI analysis

The specimens were embedded and prepared according to the workflow described in chapter
3. In brief, the intestine specimens were co-embedded in a HPMC+PVP hydrogel to enable
time efficient sectioning under comparable conditions for all specimens analyzed in one
experiment. A total of 15 specimens was placed upright in peel-a-way molds (Thermo
Scientific, Waltham, Massachusetts, USA) pre-filled with ice cold embedding medium. Snap
freezing of the filled molds was performed in dry ice chilled 2-propanol followed by a wash in
dry ice chilled iso-pentane to wash off the excess of 2-propanol. The frozen molds were kept
on dry ice to allow evaporation of the adherent iso-pentane before they were sectioned on a

cryostat. Sections of 10 um thickness were cut at -18 ‘C and thaw mounted on either
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SuperFrost slides (Thermo Scientific, Waltham, Massachusetts, USA) for DESI or ITO coated
slides (Bruker Daltonik, Bremen, Germany) for MALDI experiments respectively. To preserve
the analyte integrity, samples were desiccated under nitrogen immediately after the thaw

mounting, packed in vacuum sealed slide mailer and stored in a -80 “C freezer until analysis'®.

DESI-MSI

DESI analysis was performed on a Q-Exactive mass spectrometer (Thermo Scientific,
Bremen, Germany) equipped with an automated 2D-DESI ion source (Prosolia Inc., Zionsville,
IN, USA) operated in positive ion mode between m/z 100 to 900 with a nominal mass resolution
of 70,000. The injection time was fixed to 50 ms resulting in a scan rate of 3.7 pixel/s. A home-
built DESI sprayer? was operated with a mixture of 95 % methanol, 5 % water delivered with
a flow rate of 1.5 pyL/min and nebulized with nitrogen at a backpressure of 6 bar. The spatial
resolution was set to 75 um. The resulting .raw files were converted into .mzML files using
ProteoWizard msConvert’? (version 3.0.4043) and subsequently compiled to an .imzML file
(imzML converter”® version 1.3). All subsequent data processing was performed in SCiLS Lab

(version 2019b, Bruker Daltonik, Bremen, Germany).

MALDI-MSI

DHB was applied as MALDI matrix as described in Chapter 2. MALDI analysis was performed
on a RapifleX Tissuetyper instrument (Bruker Daltonik, Bremen, Germany) operated in positive
ion mode. Drug distribution studies on intestines were performed with a spatial resolution of
10 ym in the mass range between m/z 200 and 1000. A total of 100 laser shots were summed
up per pixel to give the final spectra. For all experiments the laser was operated with a
repetition rate of 10 kHz. All raw data was directly uploaded and processed in Flexlmaging
(Bruker Daltonik, Bremen, Germany) or SCILS lab software packages (Version 2019b). All
reported MALDI data and images were normalized to the total ion current (TIC) to compensate

for spectrum-to-spectrum variation’®.
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LC-MS/MS - sample preparation and analysis

Tissues were weighed into extraction tubes and 15 pyL of mixed deuterium labeled drugs
prepared in ACN (1 pmol/L/drug) were added as internal standards into each tube. After
addition of zirconia beads and 0.75 mL ice cold ACN, the tissues were homogenized using a
tissue homogenizer (Precelllys 24, Bertin Technologies SAS, Montigny-le-Bretonneux,
France). The homogenization was performed in 3 cycles, each consisted of 45 s of shaking at
4600 rpm followed by 30 s of pause and another 45 s of shaking. To allow samples to cool
down, tubes were stored on ice for 15 min in between cycles. Samples were centrifuged at
14,000 g for 20 min under refrigeration (PrismR, Labnet international Inc., Edison, NJ, USA)
and the supernatant was transferred into a new extraction tube. The residue was reconstituted
in 0.75 mL ice cold ACN followed by centrifugation for 20 min at 14,000 g under refrigeration.
The supernatants for each sample were pooled. Aliquots of the supernatant were diluted 3-
fold with HPLC-MS grade water and further diluted 1:10 in 25 % ACN in water. Calibration
standards were prepared from vehicle dosed control specimens as described above.
Appropriate concentration of the drug standards prepared in ACN were added to the extraction
tube before homogenizing the tissues. The calibration curves used for the drug quantification

can be found in Figure A4.1.

Chromatographic separation was performed on an UPLC system (Waters Corp., Milford, MA,
USA) equipped with a BEH C18 column (Waters, Milford, MA, USA) with the following
dimensions: 100 mm x 2.1 mm i.d. and a particle size of 1.7 ym. The column was operated at
a temperature of 55 °C. 0.1% formic acid in water was used as aqueous mobile phase (A)
whilst ACN was used as organic phase (B). The flow rate of the mobile phase was 0.5 mL/min
throughout the gradient. 5 uL of each sample were injected and separated with the following
gradient: T = 0 min 5% B, 0.5 min 5% B, 0.51 min 50% B, 4.5 min 80% B, 4.51 min 99% B till
T =5 min 99% B. The approximately 2 min lasting injection cycle of the LC system was used

to re-equilibrate the column to 5% B for the next injection.
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A Xevo TQ-XS (Waters, Wexford, IE) triple quadrupole instrument was used for mass
spectrometric detection. MRM transitions for all compounds were optimized on standards
using IntelliStart and used as provided by the software (Table 6.1). The other instrument
settings were used as followed: capillary voltage: 3.5 kV (+ve), nebulizing gas 1200 L/h,

desolvation temperature 350 °C, cone gas 150 L/h.

Table 6.1: MRM transitions for the drugs and respective internal standards. The peak area of the quantifier trace
was used for the quantification whilst the qualifier trace was used to verify the identity of the integrated peak.

Compound Quantifier transition Qualifier transition
Diphenhydramine 256.3>167.0 256.3>165.0
Diphenhydramine-d3 259.3>167.0 259.3>165.1
Dextromethorphan 272.4>147.0 272.4>215.1
Dextromethorphan-d3 275.4>215.1 275.4>147.0
Losartan 423.5>207.0 423.5>179.9
Losartan-d4 427.5>211.1 427.5>184.0
Terfenadine 472.1>91.0 472.7>436.3

Terfenadine-d3 475.7>91.0 475.7>438.4

Results

The intestine is a complex organ consisting of multiple morphological compartments such as
the muscularis, submucosa, the mucosa with the mucosal crypts and villi as well as the
intestinal lumen (Figure 6.1). Whilst high resolution MSI allowed the determination of spatial
distribution of analytes and correlation with small morphological features such as mucosal villi,
homogenization and extraction of the drugs for LC-MS/MS analysis destroys the tissue
morphology and retrospective linkage of the determined concentrations to distinct

compartments is impossible.
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Histology

Figure 6.1, Visualization of the achievable high resolution in comparison to the underlying morphology of the
intestine: Annotated H&E scan compared to combined ion image obtained from an adjacent tissue section analyzed
by MALDI-MSI (endogenous lipids PC (34:2) [M+K]* (m/z 796.53) (red) and PC (34:1) [M+K]* (m/z 798.54) (blue).
Histological annotation on the H&E stained tissue: arrows = serosa, outside blue line = outer muscularis, between
blue and green line = inner muscularis, between green and yellow line = submucosa with mucosal crypts, between
yellow and turquoise line = mucosal crypts, within turquoise line = mucosal villi and intestinal lumen (lu).

Even though the obtainable data is limited to absolute concentrations and lacks any spatial
information, to date LC-MS/MS quantification of tissue extracts remains alongside quantitative
whole-body autoradiography (qQWBA) a standard tool in drug disposition studies'’-'%°. The
absolute drug concentration for all four drugs showed overall a rapid decline from the 1 h to
the 2 h post dose samples and a slower decline for the later timepoints. Terfenadine shows a
slower decline with no remaining drug 4 h post dose in two out of 3 animals (Figure 6.2a). For
all four drugs the absolute intra and inter animal concentrations showed little variation with
only single specimens showing higher concentrations. Compared to the later time-points, the
inter animal variability 1 h post dose was much larger with around 5-fold higher for

diphenhydramine concentrations for animal 1 compared to animal 3 (Figure 6.2d).
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Figure 6.2, Tissue pharmacokinetics of the dosed drugs measured by LC-MS/MS: Pharmacokinetic profiles for drug
tissue concentrations for a) terfenadine, b) losartan, c) dextromethorphan and d) diphenhydramine for the different
time points post-dosing obtained by LC-MS/MS analysis. The data is presented as individual marker for the
technical replicates and mean + SD of the animal. As the sample collection was terminal, animals 1-3 represent
individual animals for each timepoint. One specimen from Animal 2, 4 h post dose was excluded as it exceeded
the upper limit of the calibration range.

In contrast to LC-MS/MS analysis, MSI allowed elucidation of the biodistribution of the dosed
drugs. Both MSI techniques allowed detection of all 4 dosed drugs. Whilst terfenadine,
diphenhydramine and dextromethorphan were detected as [M+H]* species (at m/z 472.32,
256.17 and 272.20 respectively) with either technique, losartan however, was detected as
[M+H]" species at m/z 423.17 by MALDI-MSI and as [M+K]"* species at m/z 461.129 by DESI-
MSI. The drug abundances observed by MSI followed the trend observed for the absolute
concentrations with highest concentrations in the early timepoints and a rapid decline over
time. The control sections analyzed by DESI-MSI showed little interference through chemical
background signals. Overall, the highest drug abundances were detected at 1 h post dose
followed by a decline over time. The MALDI data followed the trend with the difference that
Losartan had some chemical background for the selected mass window on none-dosed control

sections. A relatively low spatial resolution of 75 ym was chosen for the performed DESI-MSI
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experiments as it allowed analysis of each slide, holding 15 specimens, in an overnight

experiment of approximately 12 h (Figure 6.3a).

Intensity correlation

Drug =

PC (34:2) [M+K]*

PC (34:1) [M+K]*

6h

Endogenous
Terfenadine

Losartan

Dextro-
methorphan

Diphen-
hydramine T

Figure 6.3, Tissue pharmacokinetics determined by MSI: Representative spatial distribution of the cassette dosed
drugs determined by DESI- and MALDI-MSI: a) Panorama view on a whole slide as it was analyzed in one
experiment by DESI- (left) and MALDI-MSI (right). The optical image in the middle is the post-DESI H&E stained
slide. The scale bar is 2 mm. The spatial distribution of all 4 dosed drugs is shown in one representative replicate
for all timepoints in relation to endogenous species outlining the tissues. The left-hand side of the figure shows the
results of (b) DESI-MSI experiments performed with a spatial resolution of 75 ym whilst the right-hand side of the
figure shows the results of (c) MADI-MSI experiments acquired with a spatial resolution of 10 pm.

The spatial resolution of the DESI-MSI experiments allowed localisation of the majority of the
drugs in the mucosa/lumen and just small amounts in the submucosa/muscularis. However, it
did not allow to greatly distinguish between mucosal villi and the intestinal lumen (Figure 6.3b).
In the same time frame the slides could be analyzed by MALDI-MSI with a spatial resolution
of 10 ym. The high spatial resolution of the experiments allowed differentiation between

intestinal lumen and mucosal villi (Figure 6.3c).

To evaluate if the superficial agreement between the absolute concentrations and the ion
images obtained by MSI were based on a quantitative nature of the MSI data, a “Gold
standard” comparison was performed between the concentrations determined by LC-MS/MS
and the mean tissue abundances determined by DESI- and MALDI-MSI respectively (Figure

6.4). For the linear regression, the concentration of each specimen was plotted against the
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mean tissue abundance of the corresponding section analyzed by MSI. The data for all

timepoints and replicates was pooled for the comparison.

Both techniques showed a comparably good correlation between the drug abundances
determined by MSI and the absolute drug concentration across all samples. Both imaging
techniques had a particularly good correlation for terfenadine (Figure 6.4a, e) and
diphenhydramine (Figure 6.4d, h) with coefficients of determination (R?) ranging between
0.886 and 0.945. Dextromethorphan showed a slightly lower correlation with R? values of
0.636 for MALDI and 0.789 for DESI-MSI respectively (Figure 6.4c, g). Only losartan showed
just a moderate correlation (R? = 0.532 for MALDI and R? = 0.585 for DESI respectively) due
to the low sensitivity for the drug with either imaging technique (Figure 6.4b, f). Overall, both
MSI techniques showed a lower sensitivity for the drugs than LC-MS/MS analysis, manifesting

in the offset on the x-axes in most graphs in Figure 6.4.

108



—

.3_.) Terfenadine .5. Losartan
: .
] S, 0.
'% 200 R2=0926 . . R? = 0.532
1.5 e
g o0 s 0. L4
S 1.0 P S o %o,
= . 3 0.
2 0.5 D 2
< L' <. » . °
?; 0.0 T T 1 o 0.00- T T T 1
o 50 100 150 o 0 50 100 150 200
Tissue Concentration [umol/L] Tissue Concentration [umol/L]
.E_? Dextromethorphan .9_.) Diphenhydramine
3 3
857 5, S, 0.5 .
Q4 R“=0.636 2 0.4
S 3 S 0.3
2 =
5 2 . 5 0.2
<1 2 0.1
T; 0 LT e T 1 2 0.0 T T |
X 0 20 40 60 80 100 0 50 100 150

Tissue Concentration [umol/L]

Tissue Concentration [umol/L]

.S.) Terfenadine .2. Losartan

S

J S, 800

<, 250000 oo _ 556 > R? = 0.585

3 200000 . S 600

5 g

K] 150000 3 400{

S 100000 5

2 50000 < 200

® 0 . . . s 0

o 50 100 150 ox 0 50 100 150 200
Tissue Concentration [umol/L] Tissue Concentration [umol/L]

._.9) Dextromethrophan l_'.) Diphenhydramine

3 3

S, 300000 8,

° R? =0.789 . > 800007 22 _ 0,045

(%} (%)

S 200000 € 40000

© =

g c

3100000 3 20000

< . <

3 0 —— < 0 . ,

o 0 20 40 60 80 100 o 0 50 100 150

Tissue Concentration [umol/L]

Tissue Concentration [umol/L]

Figure 6.4, Gold standard comparison of drug tissue concentrations determined by LC-MS/MS and MSI: Correlation
of drug tissue concentrations measured by LC-MS/MS and MALDI-MSI (a-d) and DESI-MSI (e-h) respectively.
Relative abundances for MSI data are represented by the mean abundance of the whole tissue section.

However, the correlation proves a basis to use the MSI data for relative quantification of the
drugs within and between specimens even without spray-depositing internal standard across
the slide to compensate for local ion suppression effects. Spatial clustering of the MSI data

(Figure 6.5) allowed extraction of the drug abundances in the resolved tissue compartments
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and the intestinal lumen. This approach estimated the mean absorbed fraction of the drugs to

range between 56% for terfenadine and 66% for Losartan (Figure 6.5e).

a) Histology Endogenous

Endogenous + 2 Spatial
Dextromethorphar segmentation

e) Absorbed drug fraction [%]
Drug M;?.g * Min Max
Terfenadine 56 + 23 8 89
Losartan 66 + 24 12 93
Dextromethorphan 57 +22 10 92
Diphenhydramine 64 + 21 18 93

Figure 6.5, Segmentation of the MSI data into the morphological compartments: Extraction of the region-specific
drug abundances in the different morphological features of the intestine: a) The H&E stained tissue shows the
typical morphology of a representative intestine section. b) Shows the tissue outline determined by MALDI-MSI
performed on an adjacent tissue section (endogenous lipids PC (34:2) [M+K]* (m/z 796.53) (red) and PC (34:1)
[M+K]* (m/z 798.54) (blue). C) Shows the relative localization of dextromethorphan (green) within the tissue. d)
Shows the result of the spatial segmentation bisecting K-means clustering of the tissue performed on features
detected between m/z 750 to 850. Yellow = intestinal lumen, blue = mucosal villi and red = unresolved mix of
mucosal crypts, submucosa and muscularis respectively. e) Displays the absorbed fraction of the 4 different drugs.
The drug abundance of the tissue was extracted from the combined blue and red cluster seen in the spatial
clustering. The data is presented as mean + SD and range of all analyzed specimens. The individual values for
each specimen can be found in Figure A4.2.

The high variability in the absorbed drug fraction was found to be largely based on differences
in the amount of drug containing bowel content present in the specimens, depending on the
thoroughness when removing the bowel content during necropsy. The here observed
interference of the bowel content with LC-MS/MS analysis is commonly observed due to
contamination of tissues with blood, measuring drugs from the circulation'#? '*! rather than
pure tissue disposition. Such interferences highlight the value of spatially resolved MSI

experiments to enable precise localization of the drugs within even small morphological
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features of the tissue. The understanding of the drug distribution within the tissue can help to
build better understanding of a compound’s PK properties and draw the right conclusions from

extract-based quantification approaches.

Conclusions

The here presented work successfully applied the in Chapter 3 described sample embedding
and preparation protocol to co-embed and prepare multiple intestine specimens at a time. The
used protocol allowed simultaneous preparation of up to 15 specimens per mold, significantly
reducing the time required to section the samples. All samples analyzed in an experiment were
prepared at the same time and under the same conditions, reducing the possibility of time-
course effects due to analyte degradation/alteration observed when samples remain in the
cryostat for extended periods of time. Preservation of the tissue morphology allowed to use
the obtained tissue sections for high resolution MSI experiments and histological evaluation.
The good correlation between MSI and absolute drug concentrations demonstrated minimal
interference through the manipulation of the tissues during the embedding process and
allowed determination of accurate, quantitative results. The correlation also proves the basis
for mass spectrometry based spatial analysis of tissues and segmentation of the resulting
distribution maps into the underlying morphological tissue compartments. Reasonably, the
correlation holds up if the chemical composition of the different morphological compartments
is not vastly different. Fundamental changes in the chemical composition are likely to result in

drastic changes in local ion suppression effects, distorting the elucidated biodistributions.
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Chapter 7: Spatially resolved profiling of Polymyxin B induced kidney injury

Introduction

The rise of multidrug resistant (MDR) pathogens pose a serious global health problem.
Particularly Gram-negative bacteria such as Pseudomonas aeruginosa, Acinetobacter
baumannii and Klebsiella pneumoniae have become a serious problem as infections can result
in sepsis with high mortality rates'2. For life-threatening infections with MDR pathogens, i.e.
carbapenem- and third generation cephalosporin-resistant Enterobacteriaceae, treatment with
cationic polypeptide antibiotics of the polymyxin class are often used as a last-line therapy for
combating Gram-negative sepsis caused by P aeruginosa, A. baumannii, K. pneumoniae and
Escherichia coli'** 44, However, the efficacy of polymyxin B (PMB) and colistin (Polymyxin E)
as the clinically used representatives of the class is linked to severe neuro- and nephrotoxicity.
The clinical nephrotoxicity manifesting as acute kidney injury (AKI) often limits the treatment
regime as therapy may be withdrawn when elevated kidney injury markers are observed, even

when patients exhibited a clinical response to therapy.

The increasing understanding of novel urinary biomarkers for AKI offers better understanding
for drug induced nephrotoxicity during treatment with polymyxin antibiotics compared to serum
creatinine (Cr) as a traditional marker for renal function which has limited sensitivity for the
direct evaluation of acute disease'®. These novel biomarkers for AKI focus largely on
functionality and damage of the proximal tubular epithelial cells (PTECs) and include Kidney
Injury Molecule-1 (KIM-1), albumin, a-glutathione-S-transferase (a-GST), clusterin,
osteopontin, renal papillary antigen-1 (RPA-1) and neutrophil gelatinase-associated lipocalin
(NGAL) and less on marker for damage of the distal tubules such as glutathione S-transferase-
yb1 (GSTYDb1)"6 %7 Particularly the phosphatidylserine receptor KIM-1 which confers a
phagocytotic phenotype on PTECs'*® clearing cellular debris created by apoptotic and necrotic
cell from the tubular lumen showed good predictive properties for AKI in preclinical models'.
For the good predictive nature of these biomarkers, their translational value in the clinic was

previously investigated'*®. However, even for a last-line therapy, reducing the risk associated
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with the treatment through monitoring of biomarkers is only a temporary option which does not
eliminate the need for novel treatment options with better therapeutic index. In attempts to
develop safer derivatives to the currently used polymyxins, great efforts were made to
understand the structure-activity based relationship between clinical efficacy and toxicity.
Many derivatives with modifications of the cyclic peptide and reduced numbers of cationic
charges as well as modification on the lipophilic N-terminal acyl-chain were synthesized and
evaluated’®'%*, Though many of these derivatives were found to have decreased in vitro
toxicity, they were often deprived of their antimicrobial properties, following the polymyxin B
nonapeptide (PMBN) as precursor of many of these derivatives'™>. Even though these
derivatives often lack antimicrobial activity they can increase potency when co-administered

with other antibiotics % 157,

Due to the limited success developing novel polymyxins with a better therapeutic index than
the ones currently used in the clinic, the focus shifted back to increase the understanding of
the molecular mechanisms underlying the nephrotoxicity. The main focus of many of these
studies was to understand the renal drug disposition through direct and indirect imaging
approaches’™ % 1% and monitoring the toxicodynamic effects induced by polymyxin
accumulation in PTECs'. The here presented work utilized a combination of clinical
biomarker evaluation and a multimodal tissue analysis approach comprised of classical
histopathological evaluation, mass spectrometry imaging (MSI) and transmission electron
microscopy (TEM). This approach was aimed to understand the impact of renal drug
disposition on the phenotypical and metabolic appearance of the tissues and to understand
the influence of pathological findings onto urinary biomarkers. The integrated results build a
better understanding of the toxicodynamic mechanisms that limit the clinical potential of such
a fundamentally important class of antibiotics and will hopefully aid the development of novel

polypeptide antibiotics.
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Aim/objective

This chapter aims to demonstrate the benefits of using some of the working practices
evaluated in this thesis to subject samples to multimodal tissue analysis. The samples used in
this chapter were part of a toxicity study investigating Polymyxin B induced acute kidney injury
in rats. The kidney specimens were snap frozen upon collection and either embedded and
processed as described in chapter 3 and subjected to DESI- and MALDI-MSI analysis and
histopathological evaluation. Independent pieces of the specimens were additionally prepared

for histopathological evaluation of FFPE tissues and analysis by TEM.

Material and Methods

Chemicals

2,5-dihydroxybenzoic acid (DHB), Polyvinylpyrrolidone (PVP) (MW 360 kDa) and
(Hydroxypropyl)-methylcellulose (HPMC) (viscosity 40-60 cP, 2 % in H20 (20 C) were
purchased from Merck (Darmstadt, Germany). Methanol, 2-methylbutane and 2-porpanol were
obtained from Fisher Scientific (Waltham, MA, USA). Polymyxin B1 sulfate and PMBN were
supplied by AstraZeneca compound management group (Macclesfield, Cheshire, UK). All

solvents used were of analytical grade or higher.

Animals and dosing

Adult male Han Wistar rats (approximately 10 weeks old, weight 300 to 325 g) were obtained
from Charles River Laboratories (Raleigh, NC, USA) and were acclimatized on site for a
minimum of 3 days prior to dosing. Compounds were administered through subcutaneous
injection in the intrascapular region at 8 mg/kg/day (PMB Low dose), 25 mg/kg/day (PMB High
Dose) or 22 mg/kg/day (PMBN). Total daily dosings were equally distributed over 4 injections
per day (QID), approximately every 6 h, for 3 days. For animal sacrificed on treatment day 3,
final doses were administered 1 to 3 h prior to necropsy. Recovery group animals for the PMB
high dose and PMBN groups were dosed for 3 days and sacrificed, after a recovery period of
21 days, on treatment day 24. Control animals were dosed with saline vehicle via the same

administration route and sacrificed at the appropriate time points on treatment day 3 or 24
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respectively. All dosing was performed on 4 animals/group and timepoint. All tissue dissection
was performed by trained AstraZeneca staff (project license 40/3484, procedure number 10).
Tissues were snap-frozen in 2-methylbutane on dry ice, all subsequent transfer of tissues was

done on dry ice, and samples were stored at —80 °C until tissue processing.

Processing of frozen tissues for MSI and histological evaluation

To achieve highest morphological preservation of the frozen tissue specimens whilst
maintaining the ability to freely analyze the tissues with a broad range of analytical techniques,
the samples were embedded and processed as described in Chapter 3. Cryo-sectioning of the
frozen blocks was performed on a CM3050 S cryostat (Leica Biosystems, Nussloch, Germany)
at a section thickness of 10 ym. The chamber temperature was set to -20°C whilst the sample
was held at -16°C. Samples were prepared on non-conductive SuperFrost microscope slides
(Thermo Scientific, Waltham, Massachusetts, USA) for DESI experiments and optical stains
whilst samples for MALDI experiments were mounted onto conductive ITO slides (Bruker
Daltonik, Bremen, Germany). All samples were immediately died under a stream of nitrogen
and stored in vacuum sealed slide mailer at -80°C to avoid analyte delocalization and

degradation’®.

MALDI-MSI

MALDI analysis was performed on a RapifleX Tissuetyper instrument (Bruker Daltonik,
Bremen, Germany). DHB was used as the MALDI matrix and spray deposited as described in
Chapter 2. MALDI experiments were performed with a spatial resolution of 10 or 50 um
respectively. All MALDI experiments were performed in the mass range between m/z 200 and
1500 in positive ion mode. To give the final spectra a total of 100 laser shots were summed
up per pixel for experiments performed at 10 uym spatial resolution whilst 400 shots were
summed up per pixel for experiments performed at 50 um spatial resolution respectively. For
all experiments the laser was operated with a repetition rate of 10 kHz. All raw data was directly

uploaded and processed in Fleximaging (Bruker Daltonik, Bremen, Germany) or SCIiLS lab
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(Version 2019c) software packages. All MALDI data and images were TIC normalized to

compensate for spectra-to-spectra variation of the data’®.

DESI-MSI

DESI-full scan experiments were performed on a Q-Exactive (Thermo Scientific, Bremen,
Germany) mass spectrometer equipped with a home-built sprayer?® operated with 95/5 (v/v%)
methanol/water as spray solvent. The solvent was delivered with a flow rate of 1.5 yL/min and
nebulized with a gas pressure of 7 bar. The mass spectrometer was operated in full scan mode
between m/z 100 to 1000. The resulting .raw files were converted into .mzML files using
ProteoWizard msConvert’? (version 3.0.4043) and subsequently compiled to an .imzML file
(imzML converter” version 1.3). The data was processed in MSiReader (v0.09)'®" where
regions of interest (ROIs) were annotated for the renal cortex, the outer and inner stripe of the
outer medulla and the inner medulla and mass spectral data was extracted with 0.1 Da binning.
Univariate statistical analysis (two-tallied t-test, p < 0.05) were performed in GraphPad Prism
(V. 8.0.1) (GraphPad Software, San Diego, CA, USA) to find the significant changes between
control and treatment groups. Features with significantly different abundances were identified
by DESI-MS/MS analysis performed on the Q-Exactive mass spectrometer with a nominal
mass resolution of 70,000. To elucidate the biodistributions of identified metabolites, targeted
DESI-MSI experiments were performed on the DESI-TQ setup described in chapter 5 where
all details regarding the experimental setup, optimization of the experimental parameters and
data handling can be found. Detailed information on the multiple-reaction-monitoring (MRM)
transitions used can be found in Table A6.1. Experiments were performed with a dwell time of
4 ms/transition resulting in a total acquisition rate of 3 pixels/s. Targeted imaging experiments

were performed with a spatial resolution of 75 um.

Transmission Electron Microscopy (TEM)
The evaluation of the ultrastructure was performed by Dr Linda Moran at the EM Unit at the

Charing Cross Hospital (NHS — Northwest London Pathology).
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Snap frozen tissue specimens were directly thawed in cold 3% glutaraldehyde prepared in
0.1M sodium cacodylate buffer (EM fixative; pH 7.4) for 3 h in the fridge. Once fully thawed,
the samples were trimmed to a maximum diameter of 1 mm and transferred into fresh EM
fixative. Samples were then fixed for 24 hours at 4°C before further processing. Fixed tissue
samples were processed and embedded in Spurr resin. In brief, the tissue samples were
rinsed twice in 0.1M sodium cacodylate buffer (pH 7.4) before post-fixation in 1% aqueous
osmium tetroxide, rinsing in distilled water and en bloc staining in 2% aqueous uranyl acetate.
Samples were subsequently dehydrated through graded alcohols to absolute alcohol before
immersion in propylene oxide. The samples were let to be infiltrated in 1:1 mixture of propylene
oxide and Spurr resin and subsequently transferred into fresh Spurr resin. Samples were
transferred into polypropylene embedding capsules containing fresh Spurr resin and

polymerized at 100°C for 90 minutes.

Semi-thin sections of 1um were cut and stained with toluidine blue-pyronin Y to select regions
of interest. Ultrathin sections of approximately 120nm thickness were cut, mounted on Gilder
200 copper grids and contrasted in Reynolds lead citrate before imaging on a Hitachi H-7650

Transmission Electron Microscope.

Histopathology and clinical chemistry
The evaluation and interpretation of histopathological findings, urine and clinical chemistry as
well as urinary biomarker was, if not specified otherwise, performed by Dr Kimberley Maratea

(AstraZeneca) as the responsible study pathologist.

Urine collection

Animals were housed in metabolic cages for 6 h of a 24 h cycle. Though longer urine collection
times can yield more accurate values, based on previous clinical observations with polymyxin
analogues, a 6 h collection period was used in order to balance animal welfare concerns with

data integrity considerations.
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Clinical pathology, urine chemistry and urinary kidney injury biomarker.

Routine hematology, urine chemistry and urinary kidney injury biomarker were performed as
previously reported#6. All analytical methods were fully validated for rat samples. The reported
mean changes were considered noteworthy because of the magnitude of change relative to
vehicle controls. All other results were considered to fall within normal biological variation and
any apparent differences were considered isolated or minor. Approximate % or fold changes

were calculated against mean of the vehicle control group values.

Results and discussion

Pathological examination of fixed samples as per the case pathologists report:

Kidneys from all rats were examined histologically. The tissues were fixed in 10% neutrally-
buffered formalin for approximately 48 h and subsequently processed, paraffin embedded and
sectioned at 4 um thickness. Sections were mounted onto glass slides, deparaffinized and
stained with hematoxylin and eosin (H&E). Sections of kidney from rats treated with PMB or
PMBN were evaluated by light microscopy on Day 3 and Day 24. Microscopic changes were
graded semi-quantitatively as follows: 1 = minimal; 2 = mild; 3 = moderate; 4 = marked; 5 =
severe. The histopathological grading scheme for degeneration was defined as follows:
minimal: occasional degenerate (brightly eosinophilic) cells with pyknotic nuclei; mild:
occasional degenerate cells with pyknotic to karyorrhectic nuclei and sloughed cells within
tubular lumina (protein casts); moderate: small clusters of 2—4 degenerate cells with pyknotic
nuclei and protein casts; marked: larger clusters and chains of degenerate cells, some with
complete loss of chromatin, affecting numerous tubules; severe: majority of tubules affected

by chains of degenerate cells, or entire tubular segments affected by degeneration.

Histological evaluation

Fixed kidney sections from all rats were examined histologically. Minimal tubular degeneration
and necrosis was present in animals treated with PMB at 8 mg/kg/day on Day 3. Degenerative
changes, particular single cell necrosis, were more pronounced in rats treated with PMB at 25
mg/kg/day. On Day 24, rats showed minimal to mild tubular degeneration consisting primarily
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of vacuolated tubular epithelial cells. One of the vehicle control rats also had minimal tubular
degeneration and interstitial fibrosis. In all affected rats, tubular changes were most prominent
in the superficial cortex, and characterized by one or more of the following changes:
vacuolated tubular epithelial cells, single cell necrosis, increased cell mitoses, and
mononuclear cell infiltrates. Minimal tubular degeneration was present in PMBN treated rats
on Day 3. Changes were resolved by the Day 24. A summary of the histopathological findings

can be found in Table 7.1.

Table 7.1: Summary of histopathology findings showing incidence and median severity of salient changes.
Incidence (Median score)
PMB PMB

Compound 2/5'::::; (Low  (High PMBN
Dose) Dose)

Dose

(mglkg/day) 0 8 25 22

Day 3

Cyst, cortex 174(2)  1/4(1) 0/4 0/4

Degeneration,

tubular 0/4 174(1) 4/4(2.5) 2/4(1)

Fibrosis,

interstitial 0/4 0/4 1/4(1) 0/4

Infiltrate,

mononuclear 0/4 1/4(1) 1/4(2) 0/4

cells

Mineralization,

tubular 1/4(1) 0/4 1/4(1) 0/4

Day 24

Degeneration,

tubular 1/4(1) - 2/4(1.5) 0/4

Fibrosis,

interstitial 1741 ) 04 04

Infiltrate,

mononuclear 0/4 - 0/4 0/4

cell
Incidence = number affected/number examined

Clinical chemistry

Dose-related decreases in total protein (TP) (-12 to -24%), albumin (ALB) (-25 to -42%), and
Albumin to Globulin (A/G) ratio (-30 to -44%) were observed upon PMB dosing on Day 3. The
group dosed with 25 mg/kg/day also had increases in aspartate transaminase (AST) (3-fold),
alanine transaminase (ALT) (+63%), urea (2.3-fold), and creatine (53%). All changes were
resolved by Day 24. No meaningful changes were present on Day 3 or Day 24 in animals

dosed with PMBN. Salient findings of the clinical chemistry are summarized in Figure 7.1.
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Figure 7.1: Summary of salient clinical chemistry parameters in rats on day 3. Data are expressed as Mean + SD.

Urine Chemistry

On Day 1, animals of both PMB dosing groups had decreased urine volume (-63 to -
73%) and increased urine creatinine (+21 to +40%), total protein/creatinine ratio (+69
to +120%), and glucose/creatinine ratio (~255-fold). Urine volume was variably
increased on day 2, by approximately 3.5-fold in animals dosed with 8 mg/kg/day, and
+21% in animals dosed with 25 mg/kg/day. Total protein/creatinine ratio was
decreased (-34%) in the group dosed with 8 mg/kg/day and increased (2.5-fold) in the
group dosed with 25 mg/kg/day. Glucose/creatinine ratios were increased up to 6.5-
fold. On Day 23, urine volume remained somewhat elevated (+56%) in the group
dosed with 25 mg/kg/day. Urine volume of PMBN dosed animals was increased on
Days 1-2 (+36 to +38%), and mildly increased (+25%) on Day 23. Other changes

included increased urine creatinine (+30 to +39%), and total protein/creatinine ratio
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(+90 to +109%) on Days 1-2. These changes were reversed by Day 23. Salient

findings of the urine chemistry are summarized in Figure 7.2
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Figure 7.2: Summary of salient urine chemistry parameters in rats on Days 1, 2 and 23. Data are expressed as
Mean + SD. *Normalized to urine creatinine (UCRE); ** Repeated analysis was required due to instrument related
issues. Only sufficient urine left from one animal to allow for repetition of the experimental procedures.
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Acute Kidney Injury (AKI) Urine Biomarkers

The most notable elevations on day 1 in the PMB dosed animals relative to vehicle controls
were noted in proximal tubule injury markers a -glutathione s-transferase (a-GST) (6-fold) and
albumin (8-fold) in the 8 mg/kg/day dose group, and clusterin (15-fold) and albumin (4-fold) in
the 25 mg/kg/day group. Lesser elevations (up to 3-fold) were also present in glutathione S-
transferase-yb1 (GSTYb1) and clusterin in the 8 mg/kg/day group, a-GST, osteopontin, and
kidney injury molecule-1 (Kim-1) in the 25 mg/kg/day group, and d renal papillary antigen-1
(RPA-1) and neutrophil gelatinase-associated lipocalin (NGAL) in both groups. On Day 2, the
most significant elevations in both dose groups was the proximal tubule injury marker NGAL
(380 to 1030-fold), with lesser elevations in a-GST (6 to 12-fold), RPA-1 (5-fold), clusterin (9
to 34-fold), albumin (<2 to 13-fold), osteopontin (5 to 14-fold), and Kim-1 (5 to 19-fold). On Day
23, slight increases (up to 2-fold) were present in RPA-1, clusterin, NGAL, and osteopontin.
The most notable change upon dosing with PMBN was increased osteopontin on Day 1 (3-
fold) and Day 2 (4.5-fold) in the 200 mg/kg/day group. Additional mild elevations (up to 3-fold)
in a-GST, GSTYb1, RPA-1, albumin, and NGAL were present in one or both dose groups on
Days 1 and 2. On Day 23, mild elevations (up to 2-fold) in GSTYb1 and osteopontin were

present. Salient changes in urinary biomarkers are summarized in Figure 7.3.
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Figure 7.3: Summary of salient kidney injury biomarkers normalized to urinary creatinine on Days 1, 2 and 23. Data
are expressed as Mean £ SD.

Conclusions of clinical and histopathological evaluation

In brief, clinical pathology abnormalities and microscopic lesions attributable to the dosing
were present in animals treated with PMB. Collectively, these changes were consistent with
acute kidney injury and were most pronounced in the group treated with 25 mg/kg/day.
Consistent with histopathologic findings, the greatest changes in kidney biomarkers were
noted in markers of proximal tubular injury, including NGAL, Kim-1, and albumin, and to a
lesser extent the distal tubule marker GSTYb1. Transient glucosuria on Day 1 was also
suggestive of proximal tubule damage. The most adverse change, single cell necrosis, was

reversed following recovery on Day 24. Data to support PMBN-related changes in treated rats
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were equivocal. Increases in kidney biomarkers were generally less than 2-fold, and

histopathologic changes detected by light microscopy were absent or minimal.

Drug distribution — MALDI

Based on the histological findings and urinary biomarker the location of PMB induced kidney
injury was assumed to be primarily located in the proximal tubules. To further validate the
precise location, MALDI-MSI was employed to directly elucidate the biodistribution of PMB and
PMBN within the kidney sections. The kidney has a complex morphology and can be
superficially divided into cortex, the outer medulla which can be sub-divided into the inner and
outer stripe and the inner medulla. The cortex largely comprises convoluted proximal and distal
tubules interspersed with glomeruli, the outer stripe of the outer medulla largely comprises
straight proximal and distal tubules, the inner stripe of the outer medulla is composed of
collection ducts and the descending and ascending arms of the loop of Henle and the inner
medulla which is composed of large collection ducts, interstitial tissue and vascular capillaries.

Bisecting k-means clustering was applied to segment the MSI data to into the underlying

morphological compartments.
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Figure 7.4, Distribution of PMB and PMBN in representative tissue sections in relation to the underlying tissue
morphology: a) Global distribution of PMB, PMBN and heme in relation to each other and the spatial segmentation
map (top to bottom) in whole kidney sections acquired at 50 uym resolution. b) Relative abundances of PMB and
PMBN after background subtraction in the renal cortex (CX), the outer stripe (OS) and inner stripe (IS) of the outer
medulla and the inner medulla (IM). Data are presented as mean + SD. Statistical significance was determined by
Kruskal-Wallis followed by Dunn’s test considering all pixel for each region obtained from the spatial clustering,
*P<0.05, **P<0.01, ***P<0.001
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Even when the MSI experiments were performed with a spatial resolution of 50 um, the
segmentation maps allowed to distinguish between the different morphological zones and
allowed the extraction of PMB and PMBN disposition within the organ (Figure 7.4a). PMB
showed dose dependent differences in the drug disposition between the low and high dosed
groups. Whist the low dosed group showed preferential drug disposition in the superficial
cortex, the high dose group showed additionally drug disposition in the adjacent outer stripe
of the outer medulla. Sections from both, vehicle controls and PMBN dosed animals show little
background signals for the drug. In animals dosed with PMBN, it showed preferential
accumulation in the renal cortex. PMBN has previously been identified as one of the main
metabolites of PMB detectable in the kidney’. In animals dosed with PMB, the biodistribution
of PMBN was found to correlate with the distribution of PMB. PMBN showed preferential
disposition in the superficial cortex in the low dose group and significantly higher disposition
in the cortex and outer stripe of the outer medulla in the high dose group (Figure 7.4). Overall
both, PMB and PMBN showed in all dosing groups preferential disposition in tissue and low
abundances were detected in correlation with heme as marker for blood suggesting
accumulation and retention of the compounds in the renal tissue. These findings were
supported by high resolution imaging experiments performed at 10 uym spatial resolution.
Leveraging the increased detail of the images, it was possible to distinguish between renal
tissues and small morphological features such as blood vessels or collection ducts which are
clearly visible on the spatial segmentation maps. Only low abundance of PMB and PMBN were
detected in blood vessels and collection ducts (Figure 7.5). Neither PMB or PMBN could be

detected in specimens from animals of any of the recovery groups (data not shown).
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Figure 7.5, Disposition of PMB and PMBN in the kidney: Distribution of PMB, PMBN and heme in selected areas
of sections from the same animals as in acquired at a spatial resolution of 10 ym.

Metabolic changes — DESI

Spatially resolved analysis of the tissue sections by DESI-MSI allowed to extract region-
specific metabolic information. Consistent with the accumulation of PMB and PMBN, metabolic
changes were overall most pronounced in the renal cortex and to a lesser extend in the outer
stripe of the outer medulla. The inner stripe of the outer medulla and the inner medulla showed
overall only minor changes and were excluded for the subsequent analysis to allow focusing
on metabolic changes in the areas with drug accumulation. The most striking changes were
found in the high dosed group. These alterations of the tissue metabolome included increased
abundances of free poly-unsaturated fatty acids (PUFA) and changes in abundances of lipid
species (Figure 7.6). The increase in free fatty acids such as FA(20:4) (Figure 7.6a) which is
endogenously likely arachidonic acid (AA), and FA(22:6) (Figure 7.6b), which is endogenously
likely docosahexaenoic acid (DHA) was most pronounced in the high PMB high dose group.
The changes in the lipidome were more complex and showed dependency on class and acyl-
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chain composition of the lipids. Phosphatidylcholine species (PCs) carrying predominantly
unsaturated or monosaturated C16 and C18 fatty acids, resulting in an overall carbon-count
of C32-C36, were significantly increased in the high dose group (Figure 7.6e-g). In turn, PCs
with longer chains that are potentially carrying arachidonic acid showed a mild reduction
(Figure 7.6h). Bridging lipid classes, this reduction was consistent with the reduced abundance
of phosphatidylethanolamine (PE) PE(18:0_20:4) (Figure 7.6i) whilst phosphatidylserine (PS)
and phosphatidylinositol (Pl) species with comparable fatty acid substitution showed increased
abundances (Figure 7.6k and p). In agreement with the histopathological evaluation, these
changes describe an inflammation driven metabolomic phenotype characterized by tissue
infiltration with mononuclear cells such as macrophages and leucocytes. Macrophages have
reportedly a lipidome dominated by lipids composed of C16 and C18 fatty acids'®?. Upon
activation cytosolic phospholipase A (PLA) is translocated onto the outer envelope of the
asymmetrically distributed nuclear membrane, which are enriched with PCs and PEs but no
Pls or PSs, mediating hydrolysis of the membrane lipids and release of free fatty acids.
Released arachidonic acid is the precursor for biologically highly active pro-inflammatory lipid
mediators, eicosanoids, of the prostaglandin-2-, tromboxan-2- and leukotriene-4-series. These
eicosanoids are generated through oxidation of arachidonic acid by 5-Lipoxigenase (5-LO) for
leukotrienes and cyclooxygenases (COX) for prostaglandins respectively. However, as these
are highly active molecules, their generation and effect mediation are highly regulated to limit
the likelihood of excessive immune reactions either through modulation of the primary stimuli
or modulation of downstream effects such as the conversion of arachidonic acid into
eicosanoids. DHA was found to suppress primary macrophage inflammation'®® and to
attenuate immune responses from activation of Toll-like receptors (TLR)'™ through
metabolism into anti-inflammatory eicosanoids of the prostaglandin-3-, thromboxane-3- and
leukotriene-5-series'®. Modulation of inflammatory responses was also reported for ionic
cholesterol esters such as cholesterol phosphate and cholesterol sulfate which were found to
limit the activity of 5-LO in polymorphonuclear leukocytes'®® and thus limit the production of
chemotactic leukotrienes which would further promote inflammation. Together the observed
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increased abundances of DHA and cholesterol sulfate (Figure 7.6d) and FA(20:6) (Figure
7.6b) could be part of the regulatory mechanisms leading to the accumulation of free FA(20:4).
Accumulation of arachidonic acid was reported to lead to increased formation of arachidonoyl-
CoA and subsequently to formation of PC and PE species containing adrenic acid (FA(22:4))
in lysophosphatidylcholine acyltransferase 3 (LPCAT3) deficient mice'®’. The lipids are likely
synthesized after elongation of arachidonic acid to adrenic acid and incorporation into lipids
such as PE(16:0_22:4) (Figure 7.6j). Increased formation of PCs with such a fatty acid
composition is likely in the given in the samples, however differentiation of the acyl-chain
substitution was not possible under the analytical conditions in positive ion mode due to a lack
of product ions created through a loss of the acyl chains. As promising as these insights are
to utilize MSI in future studies to investigate the spatial interaction networks of inflammation in
tissues, they here only further confirmed the inflammatory phenotype characterized by
apoptosis/necrosis and mononuclear cell infiltration already established through the
histological examination. The depletion of anti-oxidants such as ascorbic acid (Figure 7.6c)
further validate this phenotype as it is characterized by increased formation of reactive oxygen

species (ROS).
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Figure 7.6, Toxicodynamic effects of PMB and PMBN in the kidney: CX = cortex, OS = outer stripe of the outer
medulla. Data are expresses as mean * SD, Statistical significance as determined by Kruskal-Wallis followed by
Dunn’s test testing all treatment groups against vehicle controls, n = 3-4 animals/group (5 ROl/animal), *P<0.05,
**P<0.01, ***P<0.001

Mechanistically more insightful in the mechanisms underlying the PMB induced nephrotoxicity
was the increase of bis-(monoacylglycerol)phosphates (BMPs) which are also known as
lysobisphosphatic acid (LBPA). BMPs were previously associated with phospholipidosis (PLD)
induced by cationic amphiphilic drugs (CADs) such as amiodarone or aminoglycoside
antibiotoics'®. Though not previously associated, with a multi-basic headgroup and lipophilic
terminus, PMB shares the characteristics of typical CADs. Interestingly all BMP species
showed overall similar or higher abundances in the low dosed group except for
BMP(20:4_20:4) which showed higher abundances in the outer stripe of the outer medulla in
the high dosed group (Figure 7.6m-0). BMP(22:6_22:6) was described to be the major BMP
species involved with the PLD defining formation of multi-lamellar bodies (myeloid bodies) in
tissues'®®, however it only showed a significant increase in the renal cortex of the low dosed

group (Figure 7.60). The differences in the abundances of BMP species could be linked to the
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previously observed modulation of the lysosomal lipid profile and represent the gradual
transition from phagosomes to phagolysosomes and subsequently late endosomes. Though
the molecular mechanisms of these transitions are not well understood, evidence suggests
that the accumulation of BMPs in lysosomal fractions arise from an inherent degradation
resistance towards PLA,, based on a sn-1/sn-1 configuration of the acyl chain substitution on
the glycerol moieties with a lack of sn-2 substitution. With this inherent resistance towards
degradation, BMPs are assumed to be required for the containment of the catabolic conditions
in lysosomes and promote digestion of the acidified lysosomal contents through invagination
of the lipid membranes.BMP containing lipid vesicles were found to spontaneously form multi-
lamellar bodies when a physiological pH gradient is established between the inside and the

surrounding medium?®°,

Ultrastructural changes — TEM

The most reliable tool for the validation of drug induced PLD is through confirmation of the
presence of multi-lamellar bodies in tissues by transmission electron microscopy (TEM).
Specimens are commonly prepared for TEM by fixation with agents such as osmium tetroxide.
These agents have a dual functionality by crosslinking lipid membranes stabilizing the cellular
ultrastructure and by posing an electron-dense material thus contrasting crosslinked lipid
layers and allowing differentiation between vacuoles with diffuse electron light lumen,
lysosomes with an electron dense lumen and multi-lamellar late-endosomes. Evaluation of the
ultrastructural changes of the PTECs upon dosing with PMB and PMBN revealed presence of
multi-lamellar structures in all dosing groups (Figure 7.7). Whilst vehicle controls showed no
multi-lamellar bodies (Figure 7.7a), PTECs from PMB dosed animals were characterized
through the presence of multi-lamellar bodies indicative of PLD. However, the shape and
number of the pathological alterations showed a dose-dependency. PTECs from the PMB low
dose group showed presence of large bodies with well-defined parallel membrane
invaginations which appear to be removed from the cells through ejection into the tubular

lumen (Figure 7.7b). In contrast, PTECs from the PMB high dosed group were characterized
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by vacuoles with diffuse lumen and numerous small lamellar bodies filled with electron-dense
agglomerates Figure 7.7c). It has been postulated that these vesicle agglomerates commonly
observed in PLD arise from lysosomal trapping of CADs where the cationic group interacts
with negatively charged lipids, disrupting the lysosomal membrane. This disruption can result
in leakage of lysosomal content into the cytosol triggering encapsulation of the affected areas
in autophagosomes in which CADs interact with anionic lipids, resulting in perpetuating
lysosomal leakage and encapsulation, manifesting in the observed agglomerates of multi-
lamellar bodies. In contrast to most identified CADs, PMB has an intentional design allowing
to bind negatively charged residues with its multiple cationic centers and a hydrophobic tail to
disrupt lipid membranes. As such, it is easily imaginable that PMB can bind to BMPs enriched
in the lysosomal membrane and disrupt membrane integrity when accumulating in sufficient
concentrations. This concentration dependency would explain the maturation of the lysosomes
into stable multi-lamellar late-endosomes in the low dose group whilst the lysosomes in the

high dose group rupture, resulting in the observed pathological phenotype.

: : i ; Zumn N agm Y g e zﬂ
Figure 7.7, Ultrastructural changes of the renal cortex: Electron micrographs of renal tubules from a) vehicle control,
b) PMB low dosed, c) PMB high dosed and d) PMBN treated animals in panorama view of whole tubules (top) and
zoomed sections allowing clear visualization of subcellular organelles (bottom). N = nucleus, B = brush border,
MLB = multi-lamellar bodies, V = vacuoles, BEL = basal extra-cellular labyrinth, * = swollen mitochondria, Arrow

heads = tubular basal membrane

Tubules of PMBN treated animals showed pronounced multi-lamellar structures at the basal

side of the cells that appear to be part of the extracellular basal labyrinth (BEL). These
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structures penetrate further into the cellular space than observed in the vehicle controls (Figure
7.7Figure 7.7d). Swelling of the BEL was previously observed as a result of osmotic pressure
inflicted onto labyrinth'® 71, These reports discussed the possibility that the content of
endosomes might be ejected into the BEL through fusion of the endosomal and BEL
membranes to allow for efficient recycling of the contents. Fusion of endosomal membranes
with the BEL would explain the accumulation of BMPs in the PMBN dosed group without the
presence of PLD indicating multi-lamellar bodies. In agreement with the histological evaluation
of the tissues no major pathological findings on the ultrastructural level were found in the PMB
dosed animals. All impairment was found to be reversed after the recovery period and no

increased pathological findings were found compared to controls.

Overall, the presented results set the frame for the clinically observed toxicodynamic effects
of PMB observed as dose-dependent impairment of the kidney function and acute kidney
injury. After active uptake of the PMB into PTECs via receptor-mediated endocytosis promoted
by cell-surface receptors such as megalin (also known as low-density-lipoprotein-related
protein 2 [Lrp2])!"?2, PMB accumulates in endosomes which mature into phagolysosomes
through merger with lysosomes which contain catabolic enzymes to digest the phago-
lysosomal contents. Though the PMB can partly be degraded into PMBN by peptidases, the
cyclic headgroup is vastly resistant towards degradation. The cationic cyclic peptides are likely
to evade degradation through ionic interaction with anionic lipids which are enriched in
lysosomal membranes. This close interaction and static attraction binds the PMB to the
lysosomal membranes enabling the lipophilic tail to interact with the phospholipids of the
membrane, increasing its permeability. Doses with subacute toxic effects can be compensated
through increasing accumulation of lipids increasing the surface of the endosomes to facilitate
the digestion of the contents and likely provide additional capacity to bind PMB and PMBN.
These multilamellar bodies are then excreted into the tubular lumen and removed with the

forming urine (Figure 7.8a).
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Figure 7.8, Schematics of dose dependent effects of PMB in PTECs: a) sub-toxic doses of PMB are taken up into
epithelial cells and partly digested through fusion of the phagosomes through merger with lysosomes. These
phagolysosomes mature to multi-lamellar bodies and are excreted into the tubule lumen. b) Acute-toxic exposure
of PTECs to BMP results in uptake of critical amounts of PBM into phagosomes resulting in creation of vacuoles.
The destabilization of the vacuole membrane by the PMB results in rupture or leakage of the content into the cytosol
triggering encapsulation in autophagosomes. Exposure to vacuolar content and formation of ROS damages
mitochondria and nuclei triggering apoptosis/necrosis of the affected cells and formation of apoptotic bodies/cellular
debris. Receptor-mediated phagocytosis facilitates uptake into adjacent PTECs, exposing these to toxic amounts
of PMB in a self-perpetuating progression along the tubules.

Uptake of acute toxic doses into PTECs manifest in acute kidney injury through endocytosis
and trapping of osmotic active PMB concentrations manifesting in vacuolization of the
epithelial cells. The amphiphilic nature of the PMB to destabilizes the vacuoles triggering auto-
phagocytosis and formation of the small encapsulated MLBs observed in the electron
micrographs of the high dosed rats. The leaking of lysosomal contents into the cytosol results
in formation of ROS stressing the cells leading to mitochondrial swelling and nuclear
degradation, triggering cell death manifesting in the observed single cell necrosis. The high
abundance of PBMN in the renal cortex of PMB dosed animals indicates retention of the PMBN
in the tissue which is unprecedented in PMBN dosed animals. The PMBN in the PMB dosed

animals is likely formed in-situ through hydrolysis of the amide bond linking PMBN and the
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lipophilic tail and is indicative of enzymatic degradation under conditions found in

phagolysosomes.

When the cellular debris of the necrotic cells in the tubular lumen is recognized by scavenging
receptors such as KIM-1 which recognize intracellular effectors such as phosphatidylserines,
they promote a phagocyting phenotype in PTECs. Under physiological conditions this
phenotype is assumed to facilitate the clearance of the cellular debris and promote
regeneration of the affected tubular epithelium. Upon PMB dosing, the increased endocytosis
of the cellular debris originating from dying PTECs results in a self-perpetuating feedback loop
of increased internalization of PMB and PMB containing cellular debris into adjacent cells
exposing these to acute-toxic concentrations of the polypeptide causing single cell necrosis.
With excretion of toxic components into the tubular lumen, the flow of the primary urine
transports the toxic components downstream causing progressive cell damage down the
tubules from proximal to distal explaining the mild increase in GSTYb1 as biomarker for distal

tubule damage (Figure 7.8b).

Conclusions

To date, the inherit link between toxicity and clinical efficacy observed for polymyxin antibiotics
remains a treatment limitation for these last-resort treatment options. The possible necessity
to withdraw treatment before the pathogens are successfully eradicated poses a direct health
tread for the affected patients and increases the likelihood of adaption of additional antibiotic
resistance mechanisms antagonizing the effects of polypeptide antibiotics. This acquisition of
such resistance mechanisms, especially in MDR pathogens, further perpetuates the lack of
treatment options. Understanding the root-cause of the treatment-limiting acute kidney injury
caused by polymyxin antibiotics can help inform better treatment regimens for patients in
critical condition until new polypeptide antibiotic with better therapeutic index are available.
The active uptake of PMB into phagosomes initiates the chain of events leading towards the
clinically observed acute kidney injury when spiking concentrations destabilize the endosomal

membranes leading to single-cell necrosis, tubular degeneration, immune infiltration and
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eventually organ failure. The active uptake can equally be considered as a target point to
design new polypeptide antibiotics. The gradual pH changes of the phagosomes when
merging with early/late endosomes and lysosomes could be leveraged to design compounds
which change their 3D structure in acidic conditions in a way that the hydrophobic tail is
immobilized and unable to destabilize lipid membranes. Another approach could be to design
polypeptides which are degradable by lysosomal enzymes to allow detoxification and prevent
accumulation of the lysing antibiotics in epithelial cells. Such digestible PMBs or variants
without lysing properties under acidic conditions could be starting points for the development

of new treatment options in the fight against MDR pathogens.
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Chapter 8: Conclusions and future perspective

To generate accurate and reproducible results, any analytical technique relies on combination
of optimized sample preparation protocols as well as extensive understanding of influences of
analytical conditions onto the resulting data. As a combination of chemical surface analysis
and tissue-based imaging, MSI inherits sample requirements of both fields. High-quality
samples for MSI purposes require both, preservation of the integrity and distribution of
chemical species as well of the tissue morphology. To meet these requirements, tissue
specimens collected for MSI purposes are commonly snap frozen but other strategies were
explored in the literature. These strategies are often based on fixation of the tissue specimens
in formalin or formalin-fixing and paraffin embedding. Such tissues meet the requirement of
morphological preservation as evident by their routine use for histological evaluation.
However, the here presented work found severe alteration of the tissue metabolome through
the fixation process, especially washout of analytes posing a severe problem. Subsequent
processing such as paraffin embedding further alter the chemical scope detectable from the
tissues as well as their biodistributions. For these reasons when fixed tissues are used for MSI
purposes, the elucidated metabolite distribution maps should be interpreted carefully and
evaluated for preparation artefacts. However, the presented work validates that snap frozen

tissues should be the preferred starting material in MSI workflows wherever possible.

The collected high-quality specimens need to be prepared and cryo-sectioned to make them
accessible for MSI analysis. To ensure highest preservation of the tissue morphology,
embedding strategies are often utilized in classical histology workflows as well as in those for
MSI. However, the choice of the embedding material is critical to ensure combability with MSI
and other tissue-based analysis techniques. As discussed above, OCT as the benchmark
embedding medium for histology is equally the prime example of an embedding medium which
is incompatible with MSI analysis. The HPMC+PVP based embedding developed as part of
the here presented work is compatible with a wide range of analytical techniques, enabling

unhindered multimodal tissue analysis with the techniques of choice. At the same time, the
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discussed workflow was optimized to achieve highest preservation of tissue morphology and
analytes within. The presented work builds a strong framework to prepare samples for MSI
purposes to scale, enabling fast turnaround of large-scale studies with numerous tissue
samples whilst reaching the highest sample requirements. To further facilitate and adapt the
methodology for large scale MSI studies, preparation protocols for the creation of tissue micro
arrays, analogue to FFPE TMAs used in high-throughput histological analysis, should be
explored in future studies. One existing problem the presented methodology does not address
is the issue of potential analyte degradation and delocalization during the thawing of the cut
tissue sections. Future work could investigate the possibility to keep sections frozen at all times
from collection to and during analysis. Such strategies could involve cold mounting of tissue
sections on adhesive substrates or the use of cryogenic sample stages comparable to those

used in ToF-SIMS instruments.

Tissue sections prepared according to the discussed protocols are genuinely ready for MSI
analysis, however, varying safety standards in different laboratories might require some level
of decontamination to inactivate potential pathogens within the samples. The presented work
clearly demonstrates the ability to use UV-C decontaminated tissues for MSI purposes as the
procedures allow accurate elucidation of the biodistributions of endogenous metabolites and
xenobiotics. Future work should focus on strategies to apply UV-C in a controlled manner.
Utilizing sensor-based control of the applied UV-C fluency could allow the reliable and
reproducible reduction of pathogens by at least 99% whilst limiting the degradation of analytes
within treated tissues. Reducing the UV-C fluency to defined amounts required for increased
operator safety will reduce photodegradation of xenobiotics and endogenous analytes, thus
increasing sensitivity and accuracy of the achievable results. Further rigorous validation of the
pathogen inactivation would allow determination of the exact UV-C fluencies required and
would allow for better adaption of the values reported in the literature to the exact conditions

used for decontamination.
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Tissue sections prepared and analyzed in accordance with the developed workflows show
unparalleled preservation of tissue morphology and analytes within. The compatibility of the
sample preparation workflows with a wide range of analytical techniques allows to choose
orthogonal tissue imaging techniques based on information needed for a project. Some
analytical techniques remain still inaccessible for tissues prepared with the workflows
described in this work. Analytical techniques such as TEM have vastly different sample
preparation requirements such as fixation and are for these reasons incompatible with MSI.
For compatible techniques, the ability to use adjacent sections for the different analytical
techniques helps to reduce variation based on selection of specimens and allows for easier
comparison and integration of the results. In the example investigation of polymyxin B induced
nephrotoxicity, DESI- and MALDI-MSI could be used in conjunction with optical stains and IF
fluorescence to elucidate the toxicodynamic effects of polymyxin B in the kidney. The
multimodal integration of the sample preparation workflows enabled to use the initial results of
the metabolomic profiling and follow-up with targeted analysis of protein distribution pattern in
context of the tissue morphology. The gained insights into the toxicodynamic effects of
polymyxin B will hopefully aid the development of novel antibiotics of this clinically crucial class
of antibiotics and highlights the importance of unparalleled multimodal integration of imaging

techniques.
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Appendix 1: Supplementary information to Chapter 2

Table A1.1: Annotation details for the heatmap features

Annotation Adduct Measured Theoretical Error Molecular formula  MS/MS
m/z m/z [ppm]
Serine [M-H20-H]- 86.024 86.025 5 C3H;NO;
Leucine [M+CI]- 166.064 166.064 0 CesH13NO;
Hydroxyleucine [M-H]- 146.082 146.082 0 CesH13NO;
Methionine [M-H]- 148.044 148.044 1 CsH11NO,S
Acetyl-valine [M-H]- 158.083 158.082 4 C7H13NO;
Phenylalanine [M-H]- 164.072 164.072 0 CoH11NO;
Asparagine [M+CI]- 167.024 167.023 4 C4sHsN2O3
N-Acethylhistidine [M+Na]+ 220.070 220.069 2 CsH11N3O3
GABA [M-H]- 102.056 102.056 2 CsHygNO,
Glutathione [M-H]- 306.077 306.077 0 C1oH17N306S
Hypoxanthine [M+K]+ 175.002 175.002 1 CsHsN4O
Xanthine [M-H]- 151.026 151.026 2 CsHaN4O,
Dimetyluric acid [M-H]- 195.052 195.052 0 C7HgN4O;
Dimethylxanthine [M+CI]- 215.034 215.034 0 C7HgN4O,
Methylguanidine [M-H20-H]- 146.047 146.047 1 CsH7NsO
Uridine [M-H]- 243.063 243.062 3 CoH12N20g
Inosine [M-H]- 267.072 267.073 5 C1oH12N4O5
Methyluridine [M+CI]- 293.055 293.055 0 C1oH14N206
UMP [M-H]- 323.029 323.029 2 CoH13N204P
AMP [M-H]- 346.056 346.056 0 C1oH14NsO7P
FA(16:2) [M-H]- 251.203 251.202 5 C16H2802
FA(18:3) [M-H]- 277.216 277.217 5 C1sH3002
FA(20:5) [M-H]- 301.217 301.217 0 C20H3002
FA(20:4) [M-H]- 303.233 303.233 0 C20H320,
FA(22:6) [M-H]- 327.235 327.233 5 C2:H320,
FA(22:5) [M-H]- 329.250 329.249 5 C2:H340,
FA(22:4) [M-H]- 331.266 331.264 4 C2:H3602
FA(12:1(0)) [M+Na]+ 235.130 235.130 1 C12H2003
FA16:2(0H)) [M-H]- 267.196 267.197 2 C16H2803
FA(18:3(0OH)) [M-H]- 293.213 293.212 3 C1sH3003
FA(18:2(OH)) [M-H]- 295.229 295.228 3 C1sH3203
FA(18:1(OH)) [M-H]- 297.244 297.244 3 C1sH3403
FA(18:3(OH3) [M-H]- 325.203 325.202 4 C1sH300s
FA(18:1(OH3)) [M-H]- 329.235 329.233 4 C1sH340s
FA(20:2(OH)) [M-H]- 323.258 323.259 5 C20H3603
FA(20:4(0OH2)) [M-H]- 335.223 335.223 2 Ca0H3204
FA(20:3(0H2)) [M-H]- 337.239 337.238 2 C20H3404
FA(20:2(0H2)) [M-H]- 339.255 339.254 2 C20H3604
FA(20:5(0H3)) [M+Na]+ 373.197 373.198 2 C20H300s5
FA(20:4(0OH3)) [M+Na]+ 375.213 375.214 1 C20H3205
FA(22:6(OH)) [M-H]- 343.228 343.228 0 C2H3203
FA(22:5(0H)) [M-H]- 345.243 345.244 0 C2H3403
FA(22:4(OH)) [M-H]- 347.259 347.259 0 C22H3603
FA(22:5(0H2)) [M-H]- 361.241 361.238 6 C22H3404
Phosphate [M-H]- 96.970 96.970 3 Hs;PO,
KCI [M+CI]- 108.902 108.903 5 KClI
KCI [M+K]+ 112.896 112.895 5 KCI
Lactate [M-H]- 89.025 89.024 2 C3HeO3
:Ziimxymethy'b“ty”c [M-H]- 117.055 117.056 4 CsH1oOs
Hydroxynonenoic acid [M+Na]+ 195.100 195.099 5 CoH1603
Mevalonolactone [M-H]- 129.056 129.056 2 CsH1003
Citrate [M-H20-H]- 173.008 173.009 4 CeHgO7
Ascorbic acid [M-H]- 175.024 175.025 5 CeHgOs
Ascorbic acid sulfate [M-H]- 254.983 254.982 3 CsHgOsS
Pantothenic acid [M-H]- 218.102 218.103 6 CoH17NOs
Taurine [M-H]- 124.007 124.007 1 C,H/NO5S
Choline [M+H]+ 104.107 104.107 3 CsHisNO
Phosphocholine [M+H]+ 184.074 184.073 2 CsH14NOLP
Betaine [M+H]+ 118.087 118.086 4 CsH11NO,
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Creatine
Carnitine
Acethylcarnitine
Butyryl-carnitine
Deoxyglucose
Glucosamine
Glucose
Glucose-phosphate
LPE(18:0)
LPE(20:1)
LPE(20:0)
PE(36:2)
PE(36:3)
PE(36:4)
PE(38:6)
PE(38:5)
PE(38:4)
PE(38:2)
PE(40:4)
PE(34:0(CH2))
PE(44:10(0H))
PE(44:9(0H))
LPC(16:1)
LPC(16:0)
LPC(18:2)
LPC(18:1)
LPC(18:0)
LPC(20:4)
PC(34:2)

PC(40:8)
LPC(18:2(0H))
LPC(20:4(OH)
PC(25:0(COOH))
PC(34:2(OH))
PC(36:4(OH))
PC(36:3(OH))
PC(36:2(OH))
PC(38:4(OH))
LPS(20:0)
PS(36:4)
PS(36:2)
PS(38:4)
PS(40:6)
PS(34:0)-Me
PS(38:4)-Me
LPI((16:0) [M-HI
LPI(18:1) [M-H]
LPI(18:0) [M-H[
PI(36:4) [M-HI
PI(38:4) [M-HJ

Sphingosine (d16:1-P)

Ceramide (d42:1)
SM(d34:1)
Cortisol
Dihydrocortisol
Cholesterol sulfate

Taurodeoxycholic acid

Taurocholic acid

Hydroxycholecalciferol

CE(20:4)

(M+H]+
[M+K]+
M+H]+
M+H]+
[M+CI]-
[M+CI]-
[M+K]+
M-HJ-
[M+Na]+
M-HJ-
[M-HJ-
[M+K]+
[M-HJ-
[M+K]+
[M-HJ-
[M-HJ-
M-HJ-
[M+K]+
[M+K]+
[M+Na]+
M-HJ-
M-HJ-
[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+
[M+K]+
M+H]+
[M+K]+
[M+K]+
[M+K]+
[M+K]+
[M+K]+
[M+K]+
[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+
[M+Na]+
M-HJ-
M-HJ-
M-HJ-
M-HJ-
M-HJ-
[M-HJ-
[M-HJ-
[M-HJ-
[M-HJ-
[M-HJ-
[M-HJ-
[M-HJ-

[M-H20-H]-

[M+K]+
[M+K]+
[M+CI-
[M+CI-
M-H}-
M-H]-
M-H]-
[M+Na]+
[M+K]+

132.077
200.069
204.123
232.154
199.037
214.048
219.026
259.021
504.305
506.325
508.340
782.508
740.525
778.476
762.511
764.526
766.542
810.539
834.539
754.533
854.536
856.551
516.305
518.320
542.320
544.336
546.352
582.294
758.568
792.491
796.523
798.538
824.554
848.555
868.527
558.315
582.314
688.415
796.544
820.544
822.560
824.575
848.576
552.332
782.500
786.532
810.533
834.531
774.531
822.534
571.288
597.305
599.321
857.522
885.555
332.198
688.599
741.529
397.177
399.193
465.305
498.290
514.283
423.322
711.545

132.077
200.068
204.123
232.154
199.038
214.049
219.027
259.022
504.306
506.325
508.341
782.509
740.524
778.478
762.508
764.524
766.539
810.540
834.540
754.535
854.534
856.550
516.306
518.321
542.321
544.337
546.352
582.295
758.569
792.493
796.525
798.540
824.557
848.556
868.525
558.316
582.316
688.415
796.546
820.546
822.561
824.577
848.577
552.331
782.498
786.529
810.529
834.529
774.529
822.529
571.289
597.305
599.320
857.519
885.550
332.200
688.600
741.532
397.179
399.194
465.304
498.289
514.284
423.323
711.547
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C4HoN3O;
C7H1sNO;
CoH17NO4
C11H21NO,
CeH120s5
CeH13NOs
CsH1206
CeH1300P
Ca23H1sNO;P
Ca2sHe2NOP
Ca1H7sNOgP
Ca1H76NOgP
Ca1H74NOgP
Ca3H7aNOgP
Ca3H7eNOgP
Ca3H7sNOgP
Ca3Hg2NOgP
C4sHs2NOgP
CaoH7sNOgP
CagH7sNOgP
CasHsoNOoP
C24H4gNOP
C24HsoNO-P
Ca6HsoNO7P
Ca6Hs2NO7P
C26Hs4NOP
CasHsoNO7P
Ca2HgoNOgP
C42H76NOgP
C42HsoNOgP
C42Hg2NOgP
C44HeaNOgP
Ca6HsoNOsP
CasHsoNOsP
Cs33HesNO1oP
Ca2HgoNOoP
CaqHgoNOoP
CaqHg2NOGP
C44HeaNOoP
CasHsaNOoP
CasH52NOgP
C42H74NO1oP
C42H76NO1oP
Ca4H7eNO4oP
CeH7eNO1oP
Ca1H7eNO1oP
CasH7eNO1oP
CasHa9012P
C27H51042P
Ca27Hs3012P
CsH79013P
C47Hg3043P
Ca2HgzNO3
CaoH79N206P
C21H3005
C21H3205
C27H46048
C26HasNOeS
C26HasNO-S
C27H1402
Ca7H7602

Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes

Yes
Yes
Yes
Yes
Yes
Yes

Yes
Yes
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MG(18:1)
MG(18:0)
DG(32:0)
DG(34:2)
DG(34:1)
DG(36:4)
DG(36:3)
DG(38:4)

[M+K]+
[M+K]+
[M+K]+
[M+K]+
[M+K]+
[M+K]+
[M+K]+
[M+K]+

395.255
397.270
607.472
631.468
633.485
655.467
657.484
683.499

395.255
397.271
607.469
631.469
633.485
655.469
657.485
683.501

NDNWOWRADNO

Ca21H4004
Ca21H4204
CasHesOs
Ca7HesOs
Ca7H700s
CaoHesOs
CaoH7005
C41H7205
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Table A1.2: Statistical information for annotated heatmap features

Median Abundances [a.u.]*

Statistical significance P**

Fresh- Fresh-
Formal
Frozen Frozen .
i i Formal Formal Fresh- in-
Annotation  Polarity  Fresh- == = Fresh-— =5, = pppp v Y Frozen Fixed
Frozen . Frozen . . Formal Formal
Kidney F_|xed Liver Fllxed liver in- in- v IfFPE \'
Kidney Liver Fixed Fixed Liver I:IFPE
Kidney Liver tver
Serine - 2968 0.000 1445 0000 0000 <0.001 <0.001 <0.001  <0.001
Leucine ; 2192 0000 5368 0000 0000 <0.001 <0.001 <0.001 <0.001
:ﬁ:g:y - 4940 0000  0.000 0000 18802 <0.001 <0.001 <0.001  <0.001
Methionine . 4382 1697  0.000 2938  0.000 <0.001 <0.001 <0.001  <0.001
Acetyl-valine ; 5350 1974 1741 2938 71950 <0.001 <0.001 <0.001  <0.001
Phenylalanine - 2689  0.000 2528  0.000 0000 <0.001 <0.001 <0.001 <0.001
Asparagine ; 8127 8740 20272 0000 1591  <0.001 <0.001 <0.001  <0.001
/;‘;:m'e + 0.000 3347  0.000 1603  0.000 <0.001 <0.001 <0.001  <0.001
GABA - 40195  0.000 3147 0000  0.000 <0.001 <0.001 <0.001  <0.001
Glutathione - 14495  0.000 33063  0.000  0.000 <0.001 <0.001 <0.001 ns
Hypoxanthine + 5631  0.000 1447  0.000  0.000 <0.001 <0.001 <0.001 <0.001
Xanthine - 86253 20129 42701 2938  0.000 <0.001 <0.001 <0.001  <0.001
aD(':'izety'“r'c - 38836 18278 232805 0.000  0.000 <0.001 <0.001 <0.001 <0.001
r'?;methy'xa”th' - 337022 26728 501221  0.000  0.000 <0.001 <0.001 <0.001 <0.001
Methyl-
y- - 427032 2636 27990 1741 2093  <0.001 <0.001 <0.001  <0.001
guanidine
Uridine - 15874 3755 5165  0.000  0.000  <0.001 <0.001 <0.001  <0.001
Inosine - 33698 12791 13512 5736 0.000  <0.001 <0.001 <0.001  <0.001
Methyluridine - 7744 8340 5075 1057 2463  <0.001 <0.001 <0.001  <0.001
UMP - 8795  0.000 10529  0.000  0.000  <0.001 <0.001  <0.001 ns
AMP - 59441  0.000 14343  0.000 0000 <0.001 <0.001  <0.001 ns
FA(16:2) - 7151 4578 6194 3894  0.000 <0.001 <0.001 <0.001  <0.001
FA(18:3) - 45320 42495 162445 66291  0.000  <0.001  <0.001 <0.001  <0.001
FA(20:5) . 29111 34088 109682 44199  0.000 <0.001 <0.001 <0.001  <0.001
FA(20:4) . 422356 1000000 458781 1240522 2480  <0.001 <0.001 <0.001 <0.001
FA(22:6) . 109054 65832 188029 139123  0.000  <0.001 <0.001 <0.001  <0.001
FA(22:5) . 47151 27765 131519 54772  0.000  <0.001 <0.001 <0.001  <0.001
FA(22:4) . 27475 37325 80100 31703  0.000  <0.001 <0.001 <0.001  <0.001
FA(12:1(0)) + 0000 7757  0.000 18471 281386 <0.001 <0.001 <0.001  <0.001
FA16:2(0H)) - 1575 12791 6185 5736 1056  <0.001 <0.001 <0.001  <0.001
FA(18:3(OH)) - 9043 197702 116059 206160  0.000  <0.001  <0.001 <0.001  <0.001
FA(18:2(OH)) - 11335 283032 87898 309557 1798  <0.001 <0.001 <0.001  <0.001
FA(18:1(OH)) - 8015 174157 26568 162739 2370  <0.001  <0.001 <0.001  <0.001
FA(18:3(OH3) - 1270 10004 7600 10763 9325  <0.001 <0.001 <0.001  <0.001
FA(18:1(OH3)) ; 2738 54362 1776 35624 2481  <0.001 <0.001 0.0339  <0.001
FA(20:2(OH)) ; 0000 8612 2299 12265 0.000 <0.001 <0.001 <0.001  <0.001
FA(20:4(OH2)) ; 2554 67268 6589 63020  0.000  <0.001 <0.001 <0.001  <0.001
FA(20:3(OH2)) ; 0.000 44502 3647 43371 1978  <0.001 <0.001 <0.001  <0.001
FA(20:2(OH2)) ; 0000 12600 2319 11590  0.000  <0.001 <0.001 <0.001  <0.001
FA(20:5(0H3)) + 0000 5263  0.000 5122  977.9  <0.001 <0.001 <0.001  <0.001
FA(20:4(OH3)) + 0000 12986  0.000 13915 1824  <0.001 <0.001 <0.001  <0.001
FA(22:6(0H)) - 1989 16678 9480 22441 9165  <0.001  <0.001 ns  <0.001
FA(22:5(0H)) - 7988 7505 6577 10046 2270  <0.001 <0.001 <0.001  <0.001
FA(22:4(0H)) - 0.000 4272 2519 4190  0.000  <0.001 <0.001 <0.001  <0.001
FA(22:5(0H2)) - 0.000 7833 3964 8265  0.000 <0.001 <0.001 <0.001  <0.001
Phosphate - 132675 318868 48681 111410 3935  <0.001 <0.001 <0.001  <0.001
KCL - 10452 0.000 4815  0.000  0.000  <0.001 <0.001  <0.001 ns
KCl + 8183  0.000 6827  0.000  0.000 <0.001 <0.001 <0.001 ns
Lactate ; 693776 67077 1445  0.000 101149 <0.001 <0.001 <0.001  <0.001
Hydroxymethyl - 4450  997.3 1549 9037 198339 <0.001 <0.001 <0.001  <0.001
butyric acid
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Hydroxy-
nonenoic acid
Mevalono-
lactone
Citrate
Ascorbic acid
Ascorbic acid
sulfate
Pantothenic
acid

Taurine
Choline
Phospho-
choline
Betaine
Creatine
Carnitine
Acethyl-
carnitine
Butyryl-
carnitine
Deoxyglucose
Glucosamine
Glucose
Glucose-
phosphate
LPE(18:0)
LPE(20:1)
LPE(20:0)
PE(36:2)
PE(36:3)
PE(36:4)
PE(38:6)
PE(38:5)
PE(38:4)
PE(38:2)
PE(40:4)
PE(34:0(CH2))
PE(44:10(0OH))
PE(44:9(CH))
LPC(16:1)
LPC(16:0)
LPC(18:2)
LPC(18:1)
LPC(18:0)
LPC(20:4)
PC(34:2)

PC(40:8)
LPC(18:2(0H))
LPC(20:4(OH)
PC(25:0(COO
H))
PC(34:2(OH))
PC(36:4(OH))
PC(36:3(OH))
PC(36:2(OH))
PC(38:4(OH))
LPS(20:0)
PS(36:4)
PS(36:2)

+

+ 4+ + 4+ o+ o+ o+ o+ o+

+

+ 4+ + + o+

38836

8838

38616
279919

22250

87613

337618
761457

5767

95027
4120
12371

28411

4274

38836
39800
18691

22250

0.000
0.000
0.000
4575
0.000
11714
2547
6734
24856
2597
0.000
15214
0.000
0.000
0.000
18841
3861
986.7
15366
7049
0.000
1910
200785
191030
117896
264530
0.000
0.000
0.000

4267

0.000
439050
0.000
0.000
0.000
0.000
5036
3698

18278

5717

0.000
0.000

0.000

1536

849.1
230829

2293

34383
0.000
0.000

1964

0.000

0.000
521.0
3195

1201

4565
2036
10506
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
35923
2773
4656
4616
4616
35390
31479
187504
0.000
0.000
0.000
0.000
0.000
0.000
0.000
9511
3241
3657

14295

17205
16217
14655
7235
8147
2064
0.000
0.000

232805

6452

24215
181887

13496

4556

24886
259560

3939

162982
0.000
5185

26494

4620

1833
85146
45633

12719

0.000
0.000
0.000
9697
2617
13751
5732
5851
14418
7455
11536
9618
0.000
0.000
0.000
8692
18841
986.7
7399
39714
12030
7768
461328
179388
254702
411929
0.000
15031
47405

0.000

0.000
0.000
0.000
0.000
0.000
0.000
1936
2155

0.000

601.1

0.000
0.000

366720

0.000

601.1
239633

0.000

18829
0.000
0.000

0.000

0.000

0.000
0.000
1858

366720

0.000
2485
1116
0.000
0.000
0.000
0.000
0.000
0.000
266048
0.000
0.000
2330
2330
5377
5377
4616
31479
151606
55627
0.000
3482
0.000
0.000
35028
0.000
11310
4260
55627

36881

31331
26043
35028
21394
0.000
0.000
0.000
0.000

0.000

454411

2633
0.000

0.000

0.000

1018
37457

0.000

0.000
0.000
0.000

0.000

0.000

0.000
0.000
795.3

0.000

0.000
0.000
0.000
0.000
23232
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
7647
18841
2664
10504
0.000
0.000
0.000
0.000
1738
0.000
0.000
0.000
0.000
0.000

0.000

1738
0.000
0.000
0.000
0.000
0.000
0.000
0.000

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
ns
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

ns
ns
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
ns
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001

<0.001
<0.001

<0.001

<0.001
ns
<0.001

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
ns
ns
ns
<0.001
ns
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
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PS(38:4)
PS(40:6)
PS(34:0)-Me
PS(38:4)-Me
LPI((16:0)
LPI(18:1)
LPI(18:0)
PI1(36:4)
PI1(38:4)
Sphingosine
(d16:1-P)
Ceramide
(d42:1)
SM(d34:1)
Cortisol
Dihydrocortisol
Cholesterol
sulfate
Taurodeoxy-
cholic acid
Taurocholic
acid
Hydroxy-
cholecalciferol
CE(20:4)
MG(18:1)
MG(18:0)
DG(32:0)
DG(34:2)
DG(34:1)
DG(36:4)
DG(36:3)
DG(38:4)

+ o+ + + + + + 4+

+

24856
0.000
0.000
0.000
0.000
0.000
1900
6808
49327

0.000

4371

65823
0.000
0.000

46542

0.000

0.000

0.000

3893
11166
31310
25206
25206
13657

6643

5526

6654

0.000
0.000
1082
2066
22761
3894
97652
3104
25104

1990

0.000

2373
2121
3560

64394

3605

3417

18286

0.000
0.000
3196
3657
0.000
0.000
0.000
0.000
0.000

14418
4317
0.000
0.000
0.000
0.000
1082
10013
59462

0.000

0.000

18846
0.000
0.000

4659

3710

10605

0.000

2569
69541
23976
4254
4254
11047
6227
12291
12291

0.000
550.8
2284
3126
10239
10239
10239
3065
18567

1817

36881

0.000
1388
3424

1920

2485

2233

14418

0.000
0.000
2801

0.000
0.000
0.000
0.000
0.000
0.000

0.000
0.000
0.000
0.000
1850
0.000
23232
0.000
3092

0.000

0.000

0.000
0.000
0.000

0.000

0.000

0.000

0.000

0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000

<0.001
ns
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
ns
<0.001

<0.001

<0.001

<0.001

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001

<0.001

<0.001

<0.001

ns
<0.001
<0.001

ns

ns
<0.001
<0.001
<0.001
<0.001

* Median abundances determined from all pixel for each treatment group

** Statistical significance determined using Kruskal-Wallis followed by Dunn’s test for multiple comparisons, a = 0.05, n =
Frozen Kidney 29587, Formalin-Fixed Kidney 22650, Frozen Liver 36374, Formalin-Fixed Liver 55233 and FFPE Liver 35543
considered pixel (Positive ion mode)/ Frozen Kidney 32300, Formalin-Fixed Kidney 25517, Frozen Liver 37022, Formalin-
Fixed Liver 60958 and FFPE Liver 38569 considered pixel (Negative ion mode), ns = not significant

158



Appendix 2: Supplementary information to Chapter 4

Table A2.1: Statistical information for annotated heatmap features

Statistical significance (P)*

Average

Annotation Adduct measured Theoretical Error Molecular Control Control UV-.C 30
m/z m/z [pPpm] formula v UV-C v UV-C min v
30min  180min Ve
180 min
Threonate [M+K]* 175.000 175.000 0 C4HsO6 <0.001 <0.001 <0.001
Acetylneuraminic acid [M-H] 308.098 308.099 1 C11H19gNOg <0.001 <0.001 <0.001
Acetylmuramic acid [M+CL] 328.081 328.080 0 C11H1gNOg <0.001 <0.001 <0.001
Phosphocholine [M+Na]* 206.055 206.055 0 CsH14NO,4P <0.001 <0.001 <0.001
Glycerol-phosphate [M-H20-H] 152.995 152.996 5 C3HgOeP <0.001 <0.001 <0.001
Thiamine [M+H]* 265.111 265.112 2 C12H47N,OS <0.001 <0.001 <0.001
Cysteine [M-H] 120.013 120.012 0 C;H/NO,S <0.001 <0.001 <0.001
Glutamine M-HJ 145.062 145.062 0 CsH1oN203 <0.001 <0.001 Ns
Glutamate [M-H] 146.046 146.046 0 CsHgNO4 <0.001 <0.001 <0.001
Tryptophan [M-HJ 203.083 203.083 0 C11H12N20, <0.001 <0.001 Ns
Ethylguanidine [M+H]* 88.087 88.086923 4 C3H9N; <0.001 <0.001 <0.001
Pentose (Ribose) [M-H] 149.045 149.046 5 CsH100s <0.001 <0.001 <0.001
Hypoxanthine [M+Na]* 159.028 159.028 0 CsH4N4,O <0.001 <0.001 <0.001
Adenine [M+H]* 136.062 136.062 0 CsHsNs <0.001 <0.001 <0.001
Thymine [M+CL] 161.012 161.012 0 CsHsN2O2 <0.001 <0.001 <0.001
Cytosine [M+H]* 112.051 112.051 0 C4HsN3O <0.001 <0.001 <0.001
Guanine [M-H20-H] 132.032 132.032 0 CsHsNsO <0.001 <0.001 <0.001
Uracil [M-H] 111.020 111.020 0 C4H4N20, <0.001 <0.001 <0.001
Adenosine [M+H]* 268.104 268.104 0 C10H13N504 <0.001 <0.001 <0.001
Methyladenosine [M-H] 280.104 280.105 5 C11H15N504 <0.001 <0.001 <0.001
Guanosine [M+Na]* 306.081 306.081 0 C10H13Ns0s5 <0.001 <0.001 <0.001
Uridine [M-H] 243.062 243.062 0 CoH12N206 <0.001 <0.001 <0.001
AMP [M-HJ 346.056 346.056 0 C10H14NsO;P <0.001 <0.001 <0.001
GMP [M-H] 362.051 362.051 1 C10H14NsOgP <0.001 <0.001 <0.001
UMP [M-H] 323.029 323.029 0 CoH13N2,0gP <0.001 <0.001 <0.001
IMP [M-H] 347.039 347.040 3 C10H13N4OsP <0.001 <0.001 <0.001
FA(20:4) [M-H20-HT 285.222 285.222 2 CooH3202 <0.001 <0.001 <0.001
FA(20:4) [M-H] 303.233 303.233 0 CoH3202 <0.001 <0.001 <0.001
FA(24:5) [M-H] 357.280 357.280 1 CasH3802 <0.001 <0.001 <0.001
FA(24:4) [M-H] 359.295 359.296 1 CasH4002 <0.001 <0.001 <0.001
FA(22:2) [M-H] 307.264 307.264 1 Co4H4402 <0.001 <0.001 <0.001
FA(22:6) [M-H] 327.232 327.233 2 C22H3,0, <0.001 <0.001 <0.001
FA(22:5) [M-H] 329.249 329.249 0 C22H340, <0.001 <0.001 <0.001
FA(22:4) [M-H] 331.265 331.264 1 C2oH3602 <0.001 <0.001 <0.001
FA(18:3)-ethanolamide [M+K]* 362.245 362.245 0 C20H37NO, <0.001 <0.001 <0.001
FA(20:4)-ethanolamide [M+Na]* 370.271 370.271 1 C22H37NO, <0.001 <0.001 <0.001
FA(20:4)-ethanolamide [M+K]* 386.245 386.245 1 C2H37NO, <0.001 <0.001 <0.001
FA(18:2(0OH)) [M+K]* 335.198 335.198 1 C1sH3203 <0.001 <0.001 <0.001
FA(18:2(0OH)) [M+CL] 331.204 331.205 2 C1sH3203 <0.001 <0.001 <0.001
FA(18:2(0OH2) [M+K]* 351.193 351.193 1 C1sH3204 <0.001 <0.001 <0.001
FA(18:2(0H)2) [M+CL] 347.199 347.200 2 C1sH3204 <0.001 <0.001 <0.001
FA(18:1(OH)2) [M+CL] 349.214 349.216 4 C1sH3404 <0.001 <0.001 <0.001
FA(18:0(0H)3) [M-H] 331.248 331.249 2 C1gH3605 <0.001 <0.001 <0.001
FA(18:2(0H)3) [M+CL] 363.194 363.195 2 C1sH3205 <0.001 <0.001 <0.001
FA(18:2(0H)3) [M+K]* 367.188 367.188 0 C1sH3205 <0.001 <0.001 <0.001
FA(18:3(OH)3) [M+K]* 365.172 365.172 1 Ci1sH300s5 <0.001 <0.001 <0.001
FA(18:1(OH)4) [M-H] 345.228 345.228 0 C1sH3406 <0.001 <0.001 <0.001
FA(18:2(0OH)4) [M-H] 343.212 343.213 1 C1gH3206 <0.001 <0.001 <0.001
FA(20:2(0OH)) [M-H20-H] 305.248 305.249 3 Ca2oH3603 <0.001 <0.001 <0.001
FA(20:4(0OH)) [M-HJ 319.228 319.228 0 C20H3203 <0.001 <0.001 <0.001
FA(20:5(0OH)) [M-H] 317.212 317.212 1 CaoH3003 <0.001 <0.001 <0.001
FA(20:2(0OH2) [M+K]* 379.225 379.225 0 Ca20H3604 <0.001 <0.001 <0.001
FA(20:0(0)) [M-H] 325.275 325.275 1 CaoH3803 <0.001 <0.001 <0.001
FA(22:6(OH)) [M+K]* 383.198 383.198 1 C2H3,03 <0.001 <0.001 <0.001
FA(22:6(OH)) [M-H20-HJ 325.218 325.217 1 CaoH303 <0.001 <0.001 <0.001
FA(22:5(0H)2) [M-H20-H] 343.227 343.228 2 C2oH3404 <0.001 <0.001 <0.001
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FA(20:2(0OH)3) [M-HI 355.249 355.249 C20H360s <0.001 <0.001 <0.001

0

FA(24:1(0H)) [M+K]* 421.308 421.307 1 CaHiOs  <0.001  <0.001  <0.001
LPA(18:3) [M-HI 431.220 431.220 0 CoHzOP  <0.001  <0.001  <0.001
LPG(16:0) [M-HI 483.272 483.273 1 CuHisOP  <0.001  <0.001  <0.001
LPG(18:0) [M-HP 511.304 511.304 1 CauHiOP  <0.001  <0.001  <0.001
LPS(18:1) [M-HI 522.284 522,284 0 CauHiNOsP  <0.001  <0.001  <0.001
LPS(18:0) [M-HI 524.300 524,299 1 CauHiNOsP <0001  <0.001  <0.001
LPI(20:4) [M-HI 619.289 619.289 0 CaHiOP <0.001  <0.001  <0.001
LPE(18:3) [M-HI 480.310 480.310 1 CauHeNOP <0001 0003  <0.001
LPC(20:4) [M+K]* 582.295 582.296 2 CaHsoNOP <0001 <0.001  <0.001
LPC(22:6) [M+K]* 606.297 606.295 3 CaHsoNOP <0001 <0.001  <0.001
PA(P-32:1) [M-HJ 629.456 629.455 1 CisHzOP  <0.001  <0.001  <0.001
PA(0-32:0) [M-HJ 633.486 633.487 1 CssHnOP  <0.001  <0.001  <0.001
PG(38:4) [M-HI 797.534 797.534 0 CuHiOnP  <0.001  <0.001  <0.001
PC(32:0) [M+H]* 734.567 734.569 3 CiHwoNOsP  <0.001  <0.001  <0.001
PC(36:4) [M+K]* 820.525 820.525 0 CuHgNOsP  <0.001  <0.001  <0.001
PC(36:3) [M+K]* 822.538 822.541 3 CuHuNOsP  <0.001  <0.001  <0.001
PC(36:2) [M+K]* 824.555 824.557 2 CuHuNOsP  <0.001  <0.001  <0.001
PE(38:6) [M+Na[* 814.535 814.536 0 CisHiNOsP  <0.001  <0.001  <0.001
PI(38:4) [M-HI 885.549 885.550 1 CaHgOP <0001  <0.001  <0.001
PC(34:1(OH)) [M+H]* 776.578 776.579 2 CuHuNOsP  <0.001  <0.001  <0.001
PC(36:4(0H)) [M+K]* 836.515 836.520 5 CuHsgNOsP  <0.001  <0.001  <0.001
PC(36:3(0H)) [M+K]* 838.531 838.535 5 CuHuNOsP <0001 <0.001  <0.001
PC(36:2(0H)) [M+K]* 840.548 840.551 4 CuHuNOsP  <0.001  <0.001  <0.001
PC(36:4(0H)2) [M+K]* 852.511 852.515 4 CuHwNOwP  <0.001  <0.001  <0.001
PC(36:3(0H)2) [M+K]* 854.528 854.530 3 CuHzNOwP  <0.001  <0.001  <0.001
PC(36:2(0H)2) [M+K]* 856.542 856.546 5  CuHuNOwP  <0.001  <0.001  <0.001
PC(36:4(0H)3) [M+K]* 868.508 868.510 2 CuHeNOuP <0001 <0.001  <0.001
PC(36:3(0H)3) [M+K]* 870.522 870.525 4 CuHuNOuP <0.001  <0.001  <0.001
PC(36:2(0H)3) [M+K]* 872.540 872.541 1 CuHuNO4P  <0.001  <0.001  <0.001
PS(24:1(OH)) [M-HP 664.385 664.383 2 CaHeNOusP <0001  <0.001  <0.001
PI(38:4(OH)) [M-HP 901.544 901.545 1 CaHgOuwP <0001  <0.001  <0.001
PI(38:4(0H)2) [M-HP 917.541 917.540 1 CuaHgOsP <0.001  <0.001  <0.001
PI(38:4(0H)3) [M-HP 933.536 933.535 1 CuaHgOP <0.001  <0.001  <0.001
Hydroxycholesterol [M+Na[* 425.339 425.339 0 CoHixO:  <0.001  <0.001  <0.001
Hydroxycholesterol [M+KT* 441.311 441.313 4 CoHiO:  <0.001  <0.001  <0.001
Ketocholesterol [M+K]* 439.297 439.297 0 CoHuO,  <0.001  <0.001  <0.001
Dihydroxycholesterol [M+NaJ* 441.333 441.334 3 CoHiOs  <0.001  <0.001  <0.001
Dihydroxycholesterol [M+K]* 457.307 457.308 2 CoHiOs  <0.001  <0.001  <0.001
Trihydroxycholesterol [M+CLJ" 469.308 469.309 1 CoHiOs  <0.001  <0.001  <0.001
Hydroxycholestendione [M+K]* 453.276 453.277 2 C27H4203 <0.001 <0.001 <0.001
Hydroxycholestdione [M+K]* 469.271 469.271 1 CaHzOs  <0.001  <0.001  <0.001
Trihydroxycholestenone [M+K]* 471.287 471.287 0 CoHuOs  <0.001  <0.001  <0.001
Trihydroxycholesterol [M+K]* 473.303 473.302 1 CaHiOs  <0.001  <0.001  <0.001
Pregnanolone [M+K]* 357.218 357.219 3 CoHuO;  <0.001  <0.001  <0.001
Tetrahydroxy- [M+K]* 487.282 487.282 0 CoHuOs <0001  <0.001  <0.001
cholecalciferol

Calcitriol [M+Na]* 439.317 439.318 2 CoHuOs  <0.001  <0.001  <0.001
Calcitriol [M+KT* 455.292 455.292 1 CxH#40;  <0.001  <0.001  <0.001
Diphenhydramine [M+H]* 256.169 256.170 3 CiyHxNO  <0.001  <0.001  <0.001
Dextromethorphan [M+H]* 272.200 272.201 4 CigHsNO  <0.001  <0.001  <0.001
Losartan [M-HJ 421.155 421.155 1 CoHaCINGO  <0.001  <0.001  <0.001
Terfenadine [M+H]* 472.320 472.321 1 CxHsNO,  <0.001  <0.001  <0.001

* Statistical significance determined using Kruskal-Wallis followed by Dunn’s test for multiple comparisons, a = 0.05, n = considered pixel
(Positive ion mode)/ considered pixel (Negative ion mode), ns = not significant

160



PC1 (8.44% Variance) PC2 (6.71% Variance)
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Figure A2.1, Monochromatic images and scoring plots of the pixel-wise PCA: Mﬁonochromatic images of a) PC1, b)
PC2 and C) PC3 for the pixel-wise PCA of the whole dataset and d) the corresponding scoring plots.
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Figure A2.2: Tandem-MS validation of oxy-lipids: In-Situ MS/MS spectra of a) PI(38:4) with the fatty acid chains
FA(18:0) at m/z283.262 and FA(20:4) at m/z 303.231, b) PI(38;4(OH)) with the fatty acid chains FA(18:0) and the
hydroxy fatty acid FA(20:4((OH)) at m/z 319.226 and c PI(34:4((OH)3) with FA(18:0) and FA(20:4(OH)3) at m/z
351.215 and subsequent product ions due to water loss. * labels the isolated precursor ions.
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Table A2.2: Statistical evaluation of samples prepared on glass slides

Median Abundances*

Statistical significance (P)**

Annotation Polarity Control vs UVC vs
Control uvc UVC+Argo  Controlvs ;o arg0  UVCHArgo
n uvc n n
FA(20:4) - 409051 22939 38179 <0.001 <0.001 <0.001
FA(22:2) - 12797 870.5 1907 <0.001 <0.001 <0.001
FA(22:6) - 88403 3793 6265 <0.001 <0.001 <0.001
FA(22:5) - 34106 1527 2593 <0.001 <0.001 <0.001
FA(24:5) - 2174 0.000 0.000 <0.001 <0.001 <0.001
FA(24:4) - 1095 0.000 0.000 <0.001 <0.001 <0.001
FA(18:1(OH)4) - 0.000 2098 1916 <0.001 <0.001 <0.001
FA(18:1(0OH)2) - 0.000 1777 1879 <0.001 <0.001 <0.001
FA(18:2(OH)) + 0.000 6157 5958 <0.001 <0.001 ns
FA(18:2(0OH)3) - 0.000 2015 1952 <0.001 <0.001 ns
FA(18:2(OH2) + 0.000 10423 10307 <0.001 <0.001 ns
FA(18:3(0OH)3) + 0.000 6024 7205 <0.001 <0.001 <0.001
FA(18:2(0OH)3) + 0.000 4053 4513 <0.001 <0.001 <0.001
FA(20:2(0OH2) + 0.000 1781 1704 <0.001 <0.001 ns
FA(20:2(0OH)) - 42615 2425 4204 <0.001 <0.001 <0.001
FA(20:0(0)) - 0.000 1490 1609 <0.001 <0.001 <0.001
FA(18:2(0OH)) - 0.000 1591 1898 <0.001 <0.001 <0.001
FA(18:0(0OH)3) - 0.000 1490 1609 <0.001 <0.001 0.0026
FA(18:2(0OH)4) - 2037 6583 6158 <0.001 <0.001 <0.001
FA(20:2(0OH)3) - 0.000 2767 2568 <0.001 <0.001 <0.001
PA(P-32:1) - 0.000 0.000 0.000 <0.001 <0.001 ns
PA(P-32:1) - 0.000 0.000 0.000 <0.001 <0.001 ns
PE(38:6) + 0.000 5732 5857 <0.001 <0.001 0.0004
PC(36:4) + 106085 7096 4266 <0.001 <0.001 <0.001
PC(36:3) + 27734 0.000 0.000 <0.001 <0.001 <0.001
PC(36:2) + 36112 8258 6299 <0.001 <0.001 <0.001
PG(38:4) - 0.000 0.000 0.000 <0.001 <0.001 ns
P1(38:4) - 39709 5114 9825 <0.001 <0.001 <0.001
PC(34:1(0OH)) + 0.000 0.000 0.000 <0.001 <0.001 <0.001
PC(36:3(0OH)) + 0.000 0.000 0.000 <0.001 <0.001 ns
PC(36:2(0OH)) + 0.000 0.000 0.000 <0.001 <0.001 <0.001
PC(36:4(0H)2) + 0.000 0.000 0.000 <0.001 <0.001 ns
PC(36:3(0H)2) + 0.000 0.000 0.000 <0.001 <0.001 ns
PC(36:2(0OH)2) + 0.000 3510 3534 <0.001 <0.001 0.0017
PS(24:1(0H)) - 0.000 3078 3043 <0.001 <0.001 ns
P1(38:4(OH)) - 0.000 0.000 0.000 ns <0.001 <0.001
P1(38:4(CH)2) - 0.000 0.000 0.000 <0.001 <0.001 <0.001
P1(38:4(0OH)3) - 979.4 0.000 1349 <0.001 <0.001 <0.001

* Median abundances determined from all pixel for each treatment group

** Statistical significance determined using Kruskal-Wallis followed by Dunn’s test for multiple comparisons, a = 0.05, n = 19007
(Control), 18723 (UVC) and 17965 (UVC+Argon) considered pixel (Positive ion mode), n = 20490 (control), 19135 (UVC) and

19812 (UVC+Argon) considered pixel (Negative ion mode), ns = not significant
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Table A2.3: Statistical evaluation of samples prepared on PP wafers

Median Abundances*

Statistical significance (P)**

Annotation Polarity Control vs UVC vs
Control uvc UVC+Argo  Controlvs \\ye ara0  UVCHArgo
n uvc n n
FA(20:4) - 205743 7855 9780 <0.0001 <0.0001 <0.0001
FA(22:2) - 8820 0.000 0.000 <0.0001 <0.0001 <0.0001
FA(22:6) - 61211 1291 1787 <0.0001 <0.0001 <0.0001
FA(22:5) - 25320 0.000 517.1 <0.0001 <0.0001 <0.0001
FA(24:5) - 0.000 0.000 0.000 <0.0001 <0.0001 <0.0001
FA(24:4) - 0.000 0.000 0.000 0.0015 0.00003 ns
FA(18:1(OH)4) - 0.000 0.000 0.000 ns ns ns
FA(18:1(OH)2) - 0.000 994.1 915.8 <0.0001 <0.0001 <0.0001
FA(18:2(OH)) + 0.000 5357 5155 <0.0001 <0.0001 0.0002
FA(18:2(OH)3) - 0.000 622.4 508.0 <0.0001 <0.0001 <0.0001
FA(18:2(OH2) + 0.000 7044 6735 <0.0001 <0.0001 <0.0001
FA(18:3(OH)3) + 0.000 5084 4710 <0.0001 <0.0001 <0.0001
FA(18:2(OH)3) + 0.000 3559 3373 <0.0001 <0.0001 <0.0001
FA(20:2(0OH2) + 0.000 1607 2195 <0.0001 <0.0001 <0.0001
FA(20:2(0OH)) - 0.000 1607 2195 <0.0001 <0.0001 <0.0001
FA(20:0(0)) - 0.000 6099 5129 <0.0001 <0.0001 <0.0001
FA(18:2(0OH)) - 0.000 1485 1416 <0.0001 <0.0001 ns
FA(18:0(0H)3) - 0.000 0.000 0.000 <0.0001 <0.0001 ns
FA(18:2(0OH)4) - 0.000 0.000 0.000 <0.0001 <0.0001 <0.0001
FA(20:2(0OH)3) - 0.000 0.000 0.000 <0.0001 <0.0001 <0.0001
PA(P-32:1) - 0.000 0.000 0.000 0.0097 ns ns
PA(P-32:1) - 0.000 0.000 0.000 <0.0001 <0.0001 ns
PE(38:6) + 0.000 5164 4435 <0.0001 <0.0001 <0.0001
PC(36:4) + 151839 4128 12137 <0.0001 <0.0001 <0.0001
PC(36:3) + 41787 0.000 2364 <0.0001 <0.0001 <0.0001
PC(36:2) + 54424 5091 7983 <0.0001 <0.0001 <0.0001
PG(38:4) - 0.000 0.000 0.000 <0.0001 <0.0001 ns
PI1(38:4) - 75096 3354 6389 <0.0001 <0.0001 <0.0001
PC(34:1(0OH)) + 0.000 0.000 0.000 <0.0001 ns <0.0001
PC(36:3(0OH)) + 0.000 0.000 0.000 <0.0001 <0.0001 <0.0001
PC(36:2(0OH)) + 0.000 0.000 0.000 <0.0001 <0.0001 <0.0001
PC(36:4(0OH)2) + 0.000 0.000 0.000 <0.0001 <0.0001 <0.0001
PC(36:3(0CH)2) + 0.000 1322 0.000 <0.0001 <0.0001 <0.0001
PC(36:2(0CH)2) + 0.000 3157 2770 <0.0001 <0.0001 <0.0001
PS(24:1(0H)) - 0.000 2929 2561 <0.0001 <0.0001 <0.0001
P1(38:4(CH)) - 0.000 0.000 0.000 <0.0001 <0.0001 <0.0001
P1(38:4(0OH)2) - 0.000 0.000 0.000 <0.0001 <0.0001 <0.0001
P1(38:4(0OH)3) - 2002 0.000 824.6 <0.0001 <0.0001 <0.0001

* Median abundances determined from all pixel for each treatment group
** Statistical significance determined using Kruskal-Wallis followed by Dunn’s test for multiple comparisons, a = 0.05, n =
18181 (Control), 18965 (UVC) and 18734 (UVC+Argon) considered pixel (Positive ion mode), n = 19435 (control), 19431
(UVC) and 19562 (UVC+Argon) considered pixel (Negative ion mode), ns = not significant
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Table A2.4: Statistical evaluation of samples prepared on glass compared to samples prepared on PP wafers

Median Abundances* Statistical significance (P)**
Annotatio Polarit
n y Glass PP Glass vs PP Gla:: ve
Kidney Liver Kidney Liver Kidney Liver

FA(20:4) - 29034 17138 9931 7973 <0.0001 <0.0001
FA(22:2) - 0 1482 0 0 <0.0001 <0.0001
FA(22:6) - 3010 5010 1033 2444 <0.0001 <0.0001
FA(22:5) - 0 2287 0 1065 <0.0001 <0.0001
FA(24:5) - 0 0 0 0 <0.0001 ns
FA(24:4) - 0 0 0 0 <0.0001 ns
FA(18:1(OH)4) - 1671 4662 0 1529 <0.0001 <0.0001
FA(18:1(0OH)2) - 1791 2640 0 1042 <0.0001 <0.0001
FA(18:2(0OH)) + 6075 11370 3938 8617 <0.0001 <0.0001
FA(18:2(0OH)3) - 1945 3391 0 1242 <0.0001 <0.0001
FA(18:2(0H2) + 8588 20385 5613 15267 <0.0001 <0.0001
FA(18:3(0OH)3) + 7911 13353 4813 9752 <0.0001 <0.0001
FA(18:2(0OH)3) + 3700 7439 2912 6175 <0.0001 <0.0001
FA(20:2(0H2) + 0 2585 0 1867 <0.0001 <0.0001
FA(20:2(0OH)) - 2773 2670 786.8 1065 <0.0001 <0.0001
FA(20:0(0)) - 1636 3592 0 1586 <0.0001 <0.0001
FA(18:2(0OH)) - 1164 2561 0 0 <0.0001 <0.0001
FA(18:0(0H)3) - 0 0 0 0 <0.0001 <0.0001
FA(18:2(0OH)4) - 5630 16702 2644 6199 <0.0001 <0.0001
FA(20:2(0OH)3) - 3734 9385 1336 3570 <0.0001 <0.0001
PA(P-32:1) - 0 0 0 0 ns ns
PA(P-32:1) - 0 0 0 0 ns ns
PE(38:6) + 11162 15776 7802 13838 <0.0001 <0.0001
PC(36:4) + 5021 7756 2812 4698 <0.0001 <0.0001
PC(36:3) + 0 0 0 0 <0.0001 <0.0001
PC(36:2) + 6100 18004 3515 11466 <0.0001 <0.0001
PG(38:4) - 0 0 0 0 <0.0001 0.0032
PI1(38:4) - 5006 14679 3034 10599 <0.0001 <0.0001
PC(34:1(0OH)) + 0 0 0 1741 <0.0001 <0.0001
PC(36:3(0OH)) + 0 6062 0 4489 <0.0001 <0.0001
PC(36:2(0OH)) + 0 6220 0 5283 <0.0001 <0.0001
PC(36:4(0OH)2) + 0 2793 0 1768 <0.0001 <0.0001
PC(36:3(0H)2) + 2015 9088 0 6753 <0.0001 <0.0001
PC(36:2(0H)2) + 5127 18049 3043 14140 <0.0001 <0.0001
PS(24:1(OH)) - 9560 14629 2215 4237 <0.0001 <0.0001
P1(38:4(CH)) - 0 0 0 0 0.0002 ns
P1(38:4(CH)2) - 0 0 0 0 <0.0001 <0.0001
P1(38:4(0CH)3) - 0 0 0 0 <0.0001 <0.0001

* Median abundances determined from all pixel for each treatment group

** Statistical significance determined using Kruskal-Wallis followed by Dunn’s test for multiple comparisons, a = 0.05, n =
11543 (Glass - Kidney), 11640 (PP - Kidney), 9378 (Glass — Liver) and 9601 (PP — Liver) considered pixel, n = 11389
(Glass - Kidney), 11209 (PP - Kidney), 8638 (Glass — Liver) and 9647 (PP — Liver) considered pixel (Negative ion mode)
ns = not significant
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Appendix 3: Supplementary information to Chapter 5

Terfenadine PC (36:2) Combined
L) . b)

Figure A3.1, Comparison of the image quality before re-alignment: lon images for terfenadine (a,d) and endogenous
lipid PC (36:2) (b,e) obtained by DESI-MSI performed on a Xevo G2-XS or a Xevo TQ-S. Figures ¢ and f show the
combined ion images of the drug and the endogenous lipid. The zoomed view displays the tissue edges. Images
d-f are the original images prior re-alignment of the individual line scans.
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Appendix 4: Supplementary information to Chapter 6

a) Diphenhydramine
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Figure A4.1, Calibration lines for the drug quantification by LC-MS/MS analysis: Linear regressions for the internal

standard

(IS) normalized peak areas over the standard concentration for (a) diphenhydramine,

(b)

dextromethorphan, (c) losartan and (d) terfenadine. Data is presented as mean * SD, n = 4 replicates pear

measurement
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Figure A4.2, Estimation of the absorbed drug fractions: for a) terfenadine, b) Losartan, c¢) Dextromethorphan and
d) diphenhydramine. As the sample collection was terminal, animals 1-3 represent different animals for each

timepoint. The assignment of the symbols is identical with the assignment in Figure 6.2.
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Appendix 5: Supplementary information to Chapter 7

Table A5.1: Accurate masses of the features identified from the exploratory full scan experiments performed on the
DESI-Q-Exactive setup and the resulting precursor and product ions chosen for the MRM transition on the DESI-
TQ setup

Compound Adduct m/z  Measured Accurate Error Precursor Product
bin mass mass [ppm] ion [m/z] ion [m/Z]
[m/z] [m/z]
FA(20:4) [M-H]- 303.256 303.232  303.233 -3 303.23 285.22
FA(22:6) [M-H]- 327.25 327.232  327.233 -3 327.23 283.24
Ascorbic acid [M-H]- 175.05 175.024 175.025 -6 175.02 115.002
Cholesterol- [M-H]- 465.35 465.304  465.303 2 465.3 96.96
sulfate
PC(32:0) [M+K]* 77255 772525 772.525 0 772.53 162.96
PC(34:1) [M+K]* 798.55 798.540  798.541 -1 798.54 739.47
PC(36:2) [M+K]* 824.55  824.557  824.557 0 822.54 763.46
PC(38:4) [M+K]* 848.55 848.556  848.557 -1 848.53 789.48
PE(18:0_20:4) [M-H]- 766.55 766.537  766.539 -3 766.54 303.23
PE(16:0_22:4) [M-H]- 766.55 766.537  766.539 -3 766.54 255.23
PS(38:4) [M-H]- 810.55 810.526  810.529 -4 810.53 283.26
PS(18:0_18:2) [M-H 786.55 786.527  786.527 0 786.53 283.26
BMP(20:4_20:4) [M-H]- 817.55 817.501 817.501 0 817.5 767.54
BMP(20:4_22 6) [M-H]- 841.55 841.502  841.503 -1 841.5 327.23
BMP(22:6_22:6) [M-H]- 865.55 865.501 865.503 -2 865.5 327.23
P1(18:0_20:4) [M-H]- 885.55 885548  885.550 -2 885.55 303.23
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