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“What we know is not much. What we do not know is immense.”
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1 Abstract

Proteomic research made remarkable advances during the last two decades, enabling a
detailed analysis of proteins responsible for phenotypical changes in complex biological
systems. The capability to identify and quantify thousands of proteins in parallel allowed an
unbiased and more holistic view on the role of the proteome. Mass spectrometry-based in-
depth profiling of PTMs such as protein phosphorylation, a modification highly relevant for
protein activity, localization, or interaction, allow to further “functionalize” the measured
proteome and add additional layers of information relevant for causal interpretations.
Assessing the actual distribution of proteoforms for a protein present in a biological system
can give valuable insights and relevant information for the emergence and progression of
(patho-) physiological processes. In addition to proteins, the analysis of biochemically relevant
molecules such as amino acids, eicosanoids, lipids and organic acids can complement the
interpretation of proteome data by linking alterations on protein level to effects observed on
the metabolome level. Focusing on said effector molecules, important questions regarding
disease progression and metabolic impact of stromal tissue in multiple myeloma were
successfully addressed, supplementing genetic screening approaches. The analysis of plasma
cells from multiple myeloma patients in different disease stages, as well as probing of the tumor
microenvironment enabled insights which could have implications for patient stratification and
novel therapeutic concepts. In other disease models, the combination of MS-based screenings
with transcriptomics allowed the characterization of wound-healing signatures triggered by
antiseptic molecules, or elucidate intricate receptor signalling cascades via temporal
phosphoproteomics profiling which are relevant for disease escalation and metastatic
potential. Testing an environmental mycotoxin, the exogenous small molecule deoxynivalenol,
we explored potential dermotoxicity in an in vitro setup and applied a combination of imaging
techniques with phospho-/proteomics datasets to unravel potential implications relevant for
dermal exposure. These analysis strategies can also give vital information about clinical status
and elucidate disease mechanisms of patients with autoimmune diseases with no obvious
underlying genetic driver mutations. Complementary biomarkers from different molecule
classes can help to identify driving (patho-) physiological processes and possible interventions
in order to achieve not only phenotypical but also remission on a molecular level.
To summarize the in this thesis presented studies, the application of unbiased MS based
methods can aid the understanding of mostly postgenomically driven biological processes in
complex systems and reveal novel functional aspects. Furthermore, the versatility and power
of combination of said methods enabled the application to a diverse set of important scientific
questions, once more demonstrating the power of comprehensive mass spectrometry-based -

omics technologies.






1.1 Zusammenfassung

Das wissenschaftliche Feld der Proteomik machte in den letzten zwei Jahrzehnten
erstaunliche Fortschritte, welche eine detaillierte Analyse von Proteinen, verantwortlich fur
phanotypische Veranderungen in komplexen biologischen Systemen, ermdglichte. Das
Potential der Identifizierung und Quantifizierung von tausenden Proteinen in Parallel
ermdglichte eine unvoreingenommene und ganzheitliche Sichtweise auf die Rolle des
Proteoms. Die massenspektrometrische Analyse von post-translationalen Modifikationen wie
Protein Phosphorylierung, welche fiir Protein Aktivitat, Lokalisierung oder Interaktion auf3erst
wichtig ist, erlaubt eine weitere ,Funktionalisierung“ des gemessenen Proteoms und fligt eine
zusatzliche Ebene von Information, relevant fir eine kausale Interpretation, hinzu. Die
Beurteilung der Diversitat von vorliegenden Proteoformen, welche in biologischen Systemen
prasent sind, kdnnen wichtige Erkenntnisse und Informationen zur Entstehung und den Verlauf
von (patho-) physiologischen Prozessen liefern. In Ergédnzung zu Proteinen kann die Analyse
von biochemisch relevanten Molekilen wie Aminosauren, Fettsduren, Lipiden und
organischen Sauren die Interpretation von proteomischen Daten durch die Verknipfung von
Effekten mit metabolomischen Veranderungen komplementieren. Mit Fokus auf erwahnte
Effektor Molekiile konnten wichtige Fragen im Bezug auf Krankheitsverlauf und metabolischen
Einfluss von stromalen Gewebe in multiplen Myelom adressiert werden, welche das
vorhandene Wissen via genetische Analysen erganzen. Die Analyse von Plasmazellen und
Tumormikroumgebung von multpiplen Myelom Patienten in verschiedenen Stadien der
Erkrankung ermdglichte Erkenntnisse, welche Implikationen fir Patientenstratifizierung und
neue therapeutische Konzepte haben konnte. In anderen Krankheitsmodellen konnte die
Kombination von MS basierten Proteomanalysen mit transkriptomischen Analysen eine
Charakterisierung von Wundheilungssignaturen ausgelést durch antiseptische Molekile
ermoglichen oder die Betrachtung komplexer Signaltransduktionskaskaden via erganzenden
temporalen phosphoproteomischen Analysen das metastatische Potential und daraus
folgender Krankheitseskalation aufgeklart werden. Die in vitro Testung des Mycotoxins
Deoxynivalenol, ein exogenes kleines Molekll, ermdglichte die Bestimmung von potentiellen
Wirkmechanismen im Bezug auf dermale Toxizitdt mittels (phospho-) proteomischen
Analysen. Die erwahnten Analysestrategien konnen auch bei der Bestimmung des klinischen
Status und treibenden Krankheitsmechanismen von Autoimmunerkrankungen helfen, wo
keine offensichtlichen genetischen Treibermutationen vorhanden sind. Die Bestimmung von
komplementaren Biomarker kann die Identifizierung von treibenden (patho-) physiologischen
Prozessen und somit mdgliche Therapiestrategien fir eine Remission auf molekularer Ebene
ermoglichen. Die in dieser Thesis prasentierten Publikationen sollen zeigen, dass die
Anwendung von unvoreingenommenen Massenspektrometrie basierten Methoden das

Potential haben, das Verstandnis von hauptsachlich postgenomisch bestimmten biologischen



Prozessen in komplexen Systemen zu verbessern und neue funktionale Aspekte aufzuzeigen.
Darlber hinaus ermoglichten die Vielseitigkeit und Kombinationskraft dieser Methoden die
Anwendung auf eine Vielzahl wichtiger wissenschaftlicher Fragestellungen, was einmal mehr

die Leistungsfahigkeit umfassender, auf Massenspektrometrie basierender Omics-

Technologien demonstriert.



2 Introduction and Methodological Background

Mass spectrometry-based techniques, which aim to detect, identify and quantify biologically
relevant analytes are becoming more prominent and relevant in basic and translational
research.’* The translation of knowledge created by basic research into appropriate clinical
applications of said methods still remains in its infancy. With massive developments in the last
two decades in the field of mass spectrometry-based post-genomic research, the time has
come for new concepts and ideas focusing on basic research questions not accessible for
conventional methods. This work aims to elucidate aspects of multiple “Omics” research fields
including the combination of complementary datasets and approaches to enhance the
functional states of the proteome by probing dynamic alterations of post-translational
modifications. In the following chapters, applied methods and theoretical concepts are

described.

2.1 “Omics”

“Omics” can be defined as a term for particular research fields, mainly related to biology or
biochemistry and aims to characterize and monitor the entirety of a given biomolecule class,
such as genes (genomics), transcripts (transcriptomics), proteins (proteomics) or metabolites

(metabolomics). In relation to cellular or molecular biology, the often-used suffix “-ome”
describes exactly this molecule class in their totality® — the term genome was coined in 1920
by botanist Hans Winkler, trying to combine the words gene and chromosome to describe the

collectivity of all genes.®

2.1.1 The Central Dogma

The dependence between different biomolecule classes and their interfaces can be illustrated

by the “Central dogma of molecular biology”, initially described by Francis Crick.”

Transcription Translation

DNA +=———= RNA — Protein

Reverse Transcription

Replication

Figure 1 | The central dogma of molecular biology showing residue dependent flow of information in protein
direction. Contributing biological processes such as transcription, reverse transcription and translation are illustrated
at the appropriate sites.

Starting with the hypothesis, that proteins are formed by enzymes, which themselves are
proteins raised some obvious questions which needed explanation. How are enzymes initially
formed, if enzymes are responsible for protein synthesis? What set of enzymes is necessary

to cover the heterogeneity of proteins found in nature? The answer to these questions had to



be a radical new way of thinking about protein synthesis, involving a process which should be
relatively simple yet universal in nature. Crick described the essence of the protein synthesis
problem in three distinct parts comprising of individual fluxes: i) the flow of energy ii) the flow
of matter iii) and the flow of information. Focusing on the third part, he describes information
as the specific sequence of amino acid in a given protein. The process of correct
sequentialization and joining of amino acid for polypeptide synthesis, so the correct transfer of
matter, was at the time heavily discussed and no definitive mechanism was previously
given.”® The collected ideas and experimental evidence pointed into the direction of the todays
known “Central dogma of molecular biology” describing the flow of information. As depicted in
Figure 1, this transfer of information can occur from nucleic acid to nucleic acid, or nucleic acid

to protein, but information that reaches the protein level cannot be transferred backwards.’

2.1.2 Beginnings of “Omics” Research

The year 1953 was pivotal for the advancements of molecular research areas dealing with
sequence information of DNA and proteins. The elucidation of double helix structure of DNA
1012 by Watson, Crick, Franklin and Wilkins, describing an irregular sequence of bases with no
obvious sequential restrictions along the chains '°, marked the early beginnings of the first big
omics field, namely genomics. Although genomics was the first well established sequencing-
based omics field, it was actually Sanger who first sequenced the two chains of the insulin
protein before the sequencing of any deoxyribonucleic acid.'®'* The first DNA sequencing
method followed in 1977 5, but it took almost three decades of further progress in order to
provide applications offering a more holistic approach, allowing genome wide association
studies.'®'® This development paved the way for novel omics areas such as transcriptomics
and proteomics to come into existence by creating reference points for extensive mapping
efforts.’ Based on Sanger sequencing, early steps were taken in the field of transcriptomics
in 1995 with the development of serial analysis of gene expression (SAGE), which provided
the possibility of profiling novel transcripts but was limited in terms of scope and quantitative
capability.?° Further developments include microarray analysis and RNA-Seq, cutting the cost
and time per transcript massively.?'?® First approaches towards a systematic analysis of
proteins were initiated with sequencing efforts via Edman-degradation.?* With the beginning of
the new millennium, the novel field of proteomics emerged. Starting with “protein spots”
excised from 2D-SDS-PAGE and analysed with an MALDI-ToF approach, multiple proteins
could be profiled from a complex protein mixture. Striving for better proteome coverage and
throughput, as well as a higher degree of automation, different approaches had to be
developed. Big advances were achieved when Fenn et al.?® developed a technique called
electrospray ionization, enabling a soft but highly efficient ionization of analytes with the

additional potential for on-line coupling to liquid chromatography instruments. Applying



flowrates in the nanoliter-per-minute range, the gain in sensitivity and reduction of complexity
via LC separation allowed, for the first time, an automated in-depth profiling of bulk proteomes
and pathed the way for further technological improvements which shape our current
understanding of protein function.?® Previously mentioned advancements in ionization
techniques also strongly influenced the field of metabolomics, but first proof-of-concept
experiments were already performed in the 1960s, employing GC-MS instruments for the

characterization of metabolites in urine and biological tissue extracts.?’

2.2 Proteomics

In this thesis, the focus lays on the generation of biological relevant functional readout of
proteome data. To achieve this goal, multiple approaches had to be combined in order to
sufficiently enable a discussion on functional implications of presented datasets. The
measurement of protein abundance in a given sample can give meaningful insights into protein
turnover and synthesis rates and general composition of the proteome but is limited in the
readout of functional states of a given protein. To further investigate protein function, additional
assays may be performed in order to elucidate protein-protein interactions or modifications of

proteins on single amino acids indicative of a given proteoform.

2.2.1 Protein Chemistry, Post Translational Modifications and Proteoforms

Amino acids are the essential building blocks of every protein. As the terminology “building
block” suggests, these organic compounds contain an amino and a carboxylate functional
group allowing a condensation reaction via the process of ribosomal translation into a

polypeptide chain, as shown in Figure 2.

Figure 2 | Schematic illustration of chemical structure of amino acids without functional residue assignment (left)
and formation of a polypeptide chain via ribosomal transcription with simplified residue groups (right).

Different residue groups located at the a-carbon allow the formation of chemically diverse
polypeptides. To date, a total of over 500 naturally occurring amino acids could be identified,
although only 21 amino acids can be found in the genetic code?®, with selenocysteine as a
special case.?®

When comparing simple numbers between proteomics and other omics fields such as
metabolomics or lipidomics with factor 2 or factor 5 less distinct molecules, respectively

(Figure 2), one could be prone to a premature conclusion that proteins do not share the



observed complexity. Indeed, estimates by the Human Proteome Project predict about 20.000
proteins encoded by the genome, with around 18.000 already detected.’® As depicted in
Figure 3, the perspective onto the proteome without any post-translational modifications or

alternative splicing isoforms is only part of the “truth”.
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Figure 3 | Overview over chemical diversity of different “Omics” fields with important key figures. Multiple
parameters and features are combined into a theoretical “AMICo Score”. (Numeric values and concept based on
Aebersold et al.?0. HPP'9, LipidMaps®!, HMDB?? - accessed 2018)

The shown diagram summarizes relevant molecule classes and their complexity in form of an
hourglass. Introducing a theoretical score called “AMICo”, an acronym originating from the
Italian word “friend”, trying to summarize key features as analyte Abundance, Metabolic
stability, certainty of Identification and experimental capability to Control or monitor quantitative

fluctuations in complex systems via MS-based bioanalytical methods.



Looking at the “friendliness or relatability” of a given molecule class determined by above
mentioned metrics and parameters, unmodified proteins can be a favorable choice for
investigation, with the downside of losing essential information on the exact functional state of
the protein, hence possibly diminishing the quality of data interpretation. Proteoforms are
distinct protein “phenotypes” consisting of combinations of splice isoforms and/or different
post-translational modifications.3* Assessing the actual distribution of proteoforms for a protein
present in a biological system can give valuable insights and relevant information for the
emergence and progression of (patho-) physiological processes. Roughly 400 distinct post-
translational modifications are known in biology as described on Unimod (www.unimod.org),
with only few being mapped extensively. Including data provided in the 10/2017 release of
Human SwissProt database with approx. 33.000 splice isoforms, approx. 78.000 site-specific
amino acid variants and approx. 53.000 mapped post-translational modifications of which
around 38.000 are protein phosphorylations, the number of possible combinations exceeds
the processing capabilities of any currently available bioinformatic approach. s some post-
translational modifications can only occur under certain circumstances or on specific amino
acids, one can differentiate between “binary” modifications such as phosphorylation or
acetylation where certain amino acids are either modified or not, or modifications like
methylation, where amino acids such as lysine could be modified via methylation,
demethylation or trimethylation. These properties allow the following equation for the

calculation of possible proteoforms®:
Equation 1

n
# theoretical proteoforms = H(potential PTMs at AA; +1)
i=1

Applying these theoretical calculations to the example of histone H4 (P62805) including only
the 13 most common PTM sites and one additional SNP variant creates 98.304 possible
proteoforms.®® The same protein was also extensively profiled by multiple labs and only 75
proteoforms with a relative abundance of >0.01% could be experimentally validated.** These
findings suggest that although the theoretical proteoform space can be immensely vast,
biologically relevant proteoforms which can be detected with state-of-the-art technology, may
seem to only represent a small but not negligible fraction.

The role of proteoforms in biology and challenges for MS-based bioanalytical methods can be
summarized as seen in Figure 4. Mapping of proteoform heterogeneity with increasing
structural complexity allows better assignment of molecular function, hence assessing
physiological relevance (green wedges). With increasing complexity also come downsides like
decreased identification certainty, especially when looking at site specific modifications and

their localization probability. Molecular stability of intermediate complexes or chemical instable



modifications can influence the robustness of obtained datasets greatly, making it harder to

bioanalytically access and monitor those proteoforms.*

Confidence of identification

Structural complexity

Figure 4 | Summary of protein proteoform exemplified via different stages of PTM (glycosylation, acetylation and
phosphorylation) complexity.

2.2.2 Bottom-up Shotgun Proteomics

In order to facilitate and enhance the detection of proteins via mass spectrometry, multiple
steps of protein sample preparation must be performed. Figure 5 illustrates one of the most
commonly applied workflows in proteomics, the bottom-up approach. Due to the favourable
properties of peptides regarding charge distribution, molecule complexity relevant for
identification via MS2 scan and chromatographic behaviour compared to intact proteins, this
approach paved the way for the first reference proteomes.?®

r—[ Bottom-up prot i }

Extracted
proteins

Peptides

LC-MS Setup

-~ =
Mech./chemical ?% Chemical .o LCMS/MS N i 1 ”‘ pata ]
7 ,  disruption derivatization 3y analysis i ‘ Lk — analysis 2
& S — —_— L = o %
N 7’%’%3 Enzymatic )‘ [ | =
Digestion L~ || J -
- Log2 FC:

Data
interpretation

Figure 5 | General bottom-up proteomics workflow illustrated in simplistic steps. Initial disruption of cells via
mechanical or chemical stress is followed by chemical derivatization and enzymatic digestion. Digested peptides
are measured via MS, often coupled to LC instrument. Interpretation of resulting data of peptide spectra is later
performed via search algorithms, resulting in protein identification and, if possible, quantification.
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Extraction and solubilization of protein complexes can be enhanced via addition of ionic or
non-ionic detergents such as SDS or Triton-X. Besides extraction, removal of unwanted
analytes such as sugars, nucleic acids or lipids should be performed in order to allow a
reproducible analysis of mentioned proteome. This purification can be performed via
precipitation of proteins via organic solvents, often methanol or ethanol, but also acetonitrile.
As complexity is increased upon peptide digestion, it must be ensured that resulting cleavage
sites are created in a controlled fashion. Degradation with a specific enzyme such as the
endopeptidase trypsin allows the C-terminal cleavage of Lysine or Arginine residues, as this
positively charged residues stabilize a selective complex with the negatively charged Aspartate
residue in the trypsin binding site. The resulting C-terminally protonated amino acid already
provides an ionization advantage.?® To guarantee a nearly complete digestion of a protein,
higher order structures must be eliminated to allow the enzyme unhindered access to every
relevant amino acid. A derivatization of reactive thiol residues of cysteine via
carbamidomethylation should be performed to ensure the inhibition of refolding. With
increasing complexity of possible analytes that could be present in a sample also come
drawbacks and limitations. Chromatographic separation via nano-UHPLC setups can mitigate
some of the drawbacks, including a massive reduction of sample complexity in a temporal
manner, as well as enabling more accurate quantification approaches. The majority of bottom-
up experiments performed are based on a label-free quantification (LFQ) method utilizing MS1
information for the (semi-)quantification of peptides, whereas MS2 information is used to obtain
amino acid sequence information. As throughput and reproducibility of LFQ experiments may
limit larger scale experiments or direct comparisons of samples in one acquisition, additional
labelling techniques such as SILAC or TMT were developed. SILAC, so-called stable isotope
labelling by amino acids in cell culture, utilizes the metabolic amino acid turnover by
incorporation of heavy lysine or heavy arginine isotopes into newly synthesised proteins and
therefore creating a distinct mass shift detectable by MS. This technique can be used to study
protein turnover but also aids the interpretation of complex biological interactions in co-
incubation cell culture experiments.®> Another well established technique utilizes the possibility
of isobaric labelling of tryptic peptides via tandem mass tags (TMT). This approach allows the
identification and quantification of peptides originating from multiple samples in a single MS
run by applying different mass tags to each sample, increasing throughput and eliminating
measurement or chromatography related differences or artefacts.® Distinct signals, so-called
reporter ions, can be detected in MS2 scans and their relative intensity should in theory reflect
the relative abundance of the analyte, although it has been shown that phenomenon called
“ratio compression” can influence the signal intensity of reporter ions through co-fragmentation

causing skewed ratios.3"%8
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2.2.3 The Dark Matter of the Proteome

As described in chapter 2.2.1, the importance of post-translational modifications (PTMs)
cannot be stressed enough. Recent advances in mass spectrometry-based in-depth profiling
of PTMs such as protein phosphorylation®**#', a modification highly relevant for protein activity,
localization, or interaction, allow to further “functionalize” the measured proteome and add
additional layers of information relevant for causal interpretations.*?> With increasing data
density, intricate signalling networks could be profiled in detail. It became clear that
perturbations of single kinases or phosphatases resulted in off-target phosphoproteome
modulation suggesting highly interconnected phosphorylation signalling networks which differs
greatly from previously described linear pathways.*® This assumption is further strengthened
when looking at in literature described kinase-to-substrate relations and the 20:80 rule,
meaning that 20% of known kinases account for modulation of over 80% of annotated
substrates. This bias is strongly reflected by the number of mapped substrates per kinase —
with 80% of kinases having 20 or fewer substrates and 30% of kinases only having one
substrate assigned.** Besides protein phosphorylation, there are only a dozen of other PTMs
which are profiled in a highly coordinated fashion with comparable database standards and
scientific community guidelines for the improvement of data traceability and overall quality.
With the above-mentioned points, it becomes apparent that with incomplete identification and
mapping of key regulators and network nodes or interactions, the so called “dark matter”, an
unbiased and complete analysis of biological networks may only be partially possible. MS-
based methods for the elucidation and probing of this “dark matter” are important tools to
enhance and improve our understanding of (patho-) physiological processes and their

relevance in complex systems.

2.3 Metabolomics as Complementary Readout

Metabolomics deals with the entirety of metabolites (small molecules) derived from
endogenous processes or exogenous origin and includes amino acids, peptides, lipids, nucleic
acids, sugars, vitamins, organic acids and many more.*? Recent advances in metabolite
research allow in-depth analysis of complex physiological processes and associated metabolic
pathways.**8 In manuscripts relevant to this thesis, we took advantage of said advances and
probed relevant metabolic pathways covering eicosanoids and more than 500 metabolites,
including amino acids, lipids and bile acids in order to complement proteome datasets from
matching samples. In Janker et al.* the analysis of plasma samples from ulcerative colitis and
healthy control patients aided, in conjuncture with proteome data, the stratification of disease

state and differentiation from healthy controls.
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Figure 6 | Multi-omics analysis of plasma samples taken from ulcerative colitis patients as well as healthy controls.
The bioinformatical combination of multiple datasets originating including proteome, eicosanoid and metabolite data
allowed patient stratification according to disease state. Figure taken from Janker et al*

Figure 6 illustrates the combination of above-mentioned datasets and can be summarized in

a panel (D) of key molecules determining the stratification of disease state. Most interestingly,

it must be pointed out that clinically validated biomarkers such as CRP did show normalization

in remission state as expected, but certain eicosanoids relevant for promotion or attenuation

of inflammatory processes did not show a similar trend, demonstrating the potential prognostic

power and significance of in-depth metabolic profiling.
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2.4 Mass Spectrometry-based Analysis of Biological Analytes

As this work mainly highlights different parts of the proteomic research in combination with
complementing fields, this introduction on mass spectrometry-based analysis strategies will
focus on proteins, their role in complex biological systems and how to measure them using
mass spectrometry. An often-mentioned challenge in post-genomic research is the complexity
of any given biological class of molecules, without the possibility of direct analyte amplification.
The following chapters capture main methods and applications commonly used in proteome

research.

2.4.1 Orbitrap-based Mass Spectrometry

Many different instruments employing different types of mass analyzers and detectors such as
Time-of-flight (TOF), Fourier-transform ion cyclotron resonance (FT-ICR) or quadrupole mass
analyzer. The variety of existing analyzers and detectors allowed the design of complex mass
spectrometers, but where often limited in terms of resolution, scan rate or simply the cost of
operating a system at near null temperature.

Mass spectrometers containing orbitrap analyzers became commercially available in 2005,
after years of development from Makarov et al, overcoming most of the above-mentioned
drawbacks.*® The orbitrap consists of a spindle-shaped central electrode and a barrel-shaped
outer electrode. lons are injected into the analyzer at high speed, trapped by the electrostatic
field applied along the inner electrode and forced onto circular orbits, performing corkscrew-
like motions. While pushing the entering ions towards the electrode, the electric field is
decreased to enable trapping of the ions, only to be raised again afterwards to approximately
+/- 3200V, depending on the operation in positive or negative ion mode. In order to ensure
unperturbed ion movement, high vacuum of approximately 10" mbar is applied in the orbitrap.
Current is induced upon ion packages flying past the outer electrode, measured, amplified and
Fourier transformed into sine waves. Their frequency is related to the m/z value of the ion
whereas its intensity provides information on the number of ions present at this specific m/z
value.®® The Q Exactive™ product line features hybrid instruments employing quadrupole-
based ion pre-selection in combination with an orbitrap mass analyzer. Before ions can be
analyzed and detected, a transfer from liquid to gas phase via electrospray ionization in a
closed source interface must be applied. lons travelling through the transfer capillary reach a
S-lens ion-optics device, allowing efficient ion capturing and focusing without the need of a DC
gradient. After focusing the ion stream in a first step, a second step of focusing with additional
filtering of neutrals and ion clusters through orthogonal deflection, in most instruments via bent
flatapole, is performed. As above described, an ion pre-selection with a quadrupole mass

analyzer can be applied to narrow the m/z window of passing ions. After this first selection

14



steps, the ions of interest must be bundled and cooled in order to allow a transfer into the
orbitrap. The C-trap, a curved linear trap, allows bundling and cooling of ions by ramping down
RF amplitude and applying a DC gradient. Enabled by the curved shape of the linear trap,
subsequent orthogonal injection of ions into the orbitrap detector can happen within the
spatial/temporal requirements for successful measurement. For MS/MS experiments from
instruments employing CID or HCD, ions can be linearly transferred into a collision chamber,
applying an inert gas and high voltage in order to cause collisions between ions and gas
molecules to produce fragment ions. These fragment ions can be reintroduced to the C-trap
and subsequently be measured. With the enablement of ion guidance through the C-trap,

accumulation, fragmentation and measurement of ions can be performed in a parallel fashion.

2.4.2 lon Mobility Time-of-Flight Mass Spectrometry

lon mobility describes the differential migration behaviour of molecules through a gas phase,
under the influence of an electrical field. Differing sizes and shapes of molecules result in
distinct retention and thereof allow separation of similar molecules or even isomers. Collisional
cross section (CCS) properties, dependent on the used gas and instrument type, provide the
possibility to map and compare CCS values of molecules and may increase, besides the
reduction of complexity also confidence regarding identification.>!

Adding ion mobility (IM) as a separation dimension to conventional LC-MS setups enables the
separation of isomeric and isobaric compounds, not differing in molecular weight but molecular
structure or molecular composition, eventually allowing for the deconvolution of chimeric MS
spectra, containing co-eluting analytes resulting in co-fragmentation and mixed spectra.>? The
technique of trapped ion mobility spectrometry (TIMS) was developed by Park et al. in 2011.53
In TIMS instruments, ions are pushed forward by an electrical field against a counteracting gas
flow in a drift cell, holding them stationary and allowing for a significant reduction of the IM
analyzer dimensions compared to the initially developed drift tube devices.>* The ions adopt a
steady state drift velocity va which is the product of the applied electric field E and the ion
mobility K. (Equation 2) K is influenced, among other parameters, by ion size, shape and
charge as well as parameters such as composition, pressure (p), temperature (T7) and
polarizability of the employed gas. By replacing p and T with standard-pressure (po) and -
temperature (Ty), K can be standardized and described as the reduced ion mobility Ko
(Equation 3). The collisional cross section (CCS) of an ion, being characteristic for its
interaction with the gas, can be calculated via the Mason Schamp equation (Equation 4)
implementing the ion charge z and the collision gas mass m as well as the ion mass M, both

determined via MS in ion mobility mass spectrometry hybrid instruments (IMMS).54
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Vg = K-FE
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TIMS analyzers are usually hyphenated with (nano)-ESI or atmospheric pressure
photoionization (APPI). Several modes of action such as sequential analysis, gated methods
and parallel or selected accumulation can be implemented with TIMS, allowing for a broad
variety of analysis techniques. IMMS devices have so far been equipped with Fourier-
transform — ion cyclotron resonance (FT-ICR) or time-of-flight (TOF) mass analyzers.>* As IM
based separation usually only takes tens of milliseconds, TOF instruments with their high scan

speeds of approximately 0.1ms per spectrum are well compatible with this technology.>®
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Figure 7 | Schematic overview of main building blocks of timsTOF™ Pro instrument. (Copyright with permission
from Patricia Bortel®®)

An IMMS device that combines an ESI source with a dual TIMS analyzer and an ultra-high
resolution-TOF (UHR-TOF) is the timsTOF™ by Bruker Daltonics Inc.. In the TIMS analyzer,
sitting between an ion funnel and segmented quadrupole (Figure 7), a gas flow pushes the
injected ions forward while a counteracting electrical field gradient is applied. As a result, each
ion comes to rest at the position where the force of the gas flow and the opposing electric field
are equal, depending on the unique CCS value of the ion and its charge. The duality of the

TIMS tunnel enables ion pre-separation and storage in the first section while IM-based analysis

16



separation takes places in the second section, enabling duty cycles of up to 100%. lons are
eluted from the TIMS cell by gradually lowering the electric field gradient, with low mobility ions
being released first due to their small collisional cross sections. The parallel accumulation-
serial fragmentation (PASEF) mode facilitates the accumulation of up to hundreds of MS2
scans per second without compromising sensitivity. In the TOF section of the device, ion
packages are formed in the accelerator unit, ejected into the orthogonal drift tube and reflected
by the two-stage reflectron before they are finally detected by a multi-channel plate ion detector
(MCP).5255

2.4.3 Electrospray lonization

In 1989, Fenn et al.?®> developed electrospray ionization (ESI), enabling a soft but highly
efficient ionization of analytes with the additional potential for on-line coupling to liquid
chromatography instruments. In the field of proteomics, ESI is one of the most commonly
employed ionization techniques. A characteristic of soft ionization techniques is that molecules
are efficiently ionized with less in-source fragmentation compared to harder ionization
methods. In ESI, the analyte solution is passed through a fine needle while a high potential
(usually 2-5kV) is applied at atmospheric pressure, creating a so-called Taylor cone.>” Charged
droplets are formed driven by the charge accumulation on the surface of the liquid. Due to
evaporation, the droplets shrink, their charge density increases and by Coulomb explosions,
the drop size is continuously decreased until the analyte ions are transferred into the gas
phase. The evaporation and ionization process can be assisted by applying a drying gas such
as nitrogen at the capillary entrance, adjusting the flow rate or lowering the surface tension by
the addition of organic solvents. For proteomics applications, ionization is usually performed

in positive mode with acidified sample solutions.58

2.5 Separation and Enrichment Techniques

Chromatographic or capturing-based technologies are essential tools in state-of-the-art
bioanalytical experiments. With rising sensitivity of MS instruments, the complexity of
measured signals can exceed the capability of said instruments to detect all signals with high
quality at one point in time. Additional limiting factors can be the dynamic range of analytes
exceeding the dynamic range of a detector, or the presence of post-translational modifications.
Therefore, separation and enrichment techniques must be applied to allow a temporal
reduction of complexity to mitigate matrix effects and enhance the identification and

quantification of analytes via their respective chromatographic behaviour.
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2.5.1 Reversed Phase Liquid Chromatography

With the development of on-line coupling interfaces like the ESI source, the application of
chromatographic devices for bioanalytical methods became a valuable tool, nowadays used in
almost every mass spectrometry laboratory. Todays most implemented LC separation
technique for proteomic and metabolomic applications is reversed phase (RP)
chromatography, utilizing a non-polar stationary phase and polar, mostly aqueous mobile
phase.®® In this chromatographic method, the analytes, e.g. peptides, are separated based on
their partition between a hydrophobic stationary phase and a more hydrophilic mobile phase.
In order to separate and gradually elute the analyte species, the hydrophobicity of the liquid
phase is increased over time employing a gradient. Following this technique, hydrophilic
peptides elute earlier while more hydrophobic peptide species interact with the hydrophobic
solid phase and elute later within the applied elution gradient. RP column beads are
functionalized with aliphatic chains of typically Cs or C1s length while eluents often consist of
water and acetonitrile acidified with formic acid.®® Additional parameters such as column
diameter, column length, particle size, particle size distribution or particle pore size can strongly
influence the chromatographic behaviour and analytical performance of a given system.®® Due
to the highly complex nature of the proteome, and the increase of complexity of to-be-
measured analytes caused by tryptic digestion in bottom-up approaches, novel LC systems
had to be developed in order to allow an acceptable coverage of the proteome. Nano-UHPLC
systems allow relatively low flow rates of about 100 to 500 nL-min-! whilst keeping the column
pressure at around 600 to 1000 bar, depending on column length, diameter, and particle size.
With decreasing column diameter to about 100 ym, column length up to 500 mm, and ESI
needle diameters around 20 um, a massive increase in ionization efficiency and sensitivity can
be achieved.®’ Downsides to this setup are reduced retention stability of analytes, broader
peak shapes, and of course a massive increase in gradient time with a realistic minimum of 30

minutes when compared to normal flow systems.

2.5.2 Enrichment of Phosphorylated Peptides via TiO2 MOAC, Fe-IMAC and
Antibody-based Enrichment Strategies

In order to selectively enrich phosphorylated peptide species and increase sensitivity towards
them, different phosphopeptide enrichment strategies can be applied. Metal-based strategies
include the immobilized metal oxide affinity chromatography (IMAC) and the metal oxide
affinity chromatography (MOAC).®2 In IMAC, the oldest affinity chromatography-based
phosphopeptide enrichment technique®, chelators are used to non-covalently immobilize
metal ions on a solid matrix such as beads and the enrichment mechanism is based on the

interaction between the metal ions and the phosphate groups.®?
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The first metal ions implemented in IMAC included Fe®* and Ga3* in combination with chelating
groups such as nitriloacetate (NTA) and iminoadiacetate (IDA).6* As these IMAC materials
exhibited affinity to acidic non-phosphorylated peptides, the provided insufficient specificity led
to the development of novel IMAC materials.®56¢ Novel, highly phosphopeptide-selective IMAC
materials include for example Ti** with a phosphonate residue for immobilization®3, or Ti** or
Zr** metal ions in combination with poly(GMA-co-TMPTMA), a flexible linker.6%6¢ As acidic,
basic, mono- and multi- phosphorylated peptides all exhibit different binding affinities to metal
ions, combining different metal ion types into a sequential workflow could also improve
phosphopeptide enrichment efficiency.®?

In MOAC, phosphopeptides are selectively enriched by metal oxides as phosphopeptides
exhibit a high affinity to them and bind to their surface in a bidentate mode. The mechanism is
based on Lewis acid-base interactions and each metal oxide exhibits a different selectivity for
different types of phosphopeptides based on their Lewis acidity.’” One of the most commonly
used metal oxides in MOAC is TiO,, but the range of MOAC materials also includes Fe3Os.,
ZrOz, SnOz, Gax03, HfO, and AI(OH)s. While ZrO, shows a high selectivity for
monophosphorylated peptides, Fe3O4 preferably binds to multiphosphorylated peptides. In
general, MOAC based phosphopeptide enrichment workflows are usually more robust than
those based on IMAC as MOAC materials are less likely to interact with buffers and
detergents.®?

Another alternative is the use of composite materials such as TiO,-ZrO, microspheres which
show enhanced phosphopeptide enrichment specificity compared to TiO,.%8 Due to its good
commercial availability and high enrichment specificity, TiO, remains the most widely used
MOAC material.” MOAC based workflows implementing TiO, can also be improved by
optimizing the experimental conditions, for example performing the enrichment at a low pH
protonates the acidic residues of aspartic and glutamic acid, reducing their affinity to IMAC and
MOAC materials.? Another type of phosphopeptide enrichment method is the highly efficient
and specific antibody-based strategy termed immunoprecipitation. Immunoprecipitation based
phopshopeptide enrichment is mainly used in order to increase sensitivity towards tyrosine-
phosphorylated species. As phosphorylation of tyrosine residues occurs at substoichiometric
level, tyrosine-phosphorylated peptides are usually underrepresented in metal-based
enrichment workflows.626% The antibody-based enrichment of tyrosine-phosphorylated
peptides is also limited by the required amount of protein/peptide-input, as appropriate input is
in the mg range.®® As immunoprecipitation approaches are cost-intensive and the availability
of specific antibodies is limited, this method is predominantly employed for specific research
questions and MOAC and IMAC still remain most commonly used phosphopeptide enrichment

strategies.62:63.69

19



2.6 Bioinformatical analysis strategies for proteomics

The analysis of data via bioinformatical tools is an essential requirement of modern MS-based
“Omics” experiments. Hardware improvements primarily focused on the enhancement of
sensitivity but also acquisition speed, resulting in previously unseen data density and
complexity.”® Confronted with this new obstacle, advances in bioinformatic approaches had to
develop solutions for comprehensive and automated analysis of data in a parallelized fashion.
One fundamental steppingstone to allow automated algorithms to become a viable option for
data analysis were the establishment of comprehensive databases. The Human Proteome
Project’ laid the foundation with databases like UniProt (www.uniprot.org) or mass
spectrometry focused repositories like PeptideAtlas, ProteomeXchange or Protein
Identification Database (PRIDE) allowing high confident mapping of the human proteome. At
the beginning of the last decade, the development of search algorithms such as Andromeda,
integrated into the MaxQuant software suite, accelerated proteomics research by enabling end
users with limited bioinformatical knowledge to perform calculations needed for the

interpretation of complex spectra.”":"2

2.6.1 Interpretation of Fragmentation Spectra and Peptide Spectral Matching

MS2, MS/MS or tandem mass spectrometry describes the measurement of fragment ions
deriving from a previously isolated precursor ion. This additional information can be used to
further investigate molecule properties which would otherwise not be accessible. When looking
at metabolites, fragmentation spectra can help with structural elucidation and exact
identification.” Dealing with tryptic peptides, a certain precursor mass can already inform
about possible peptides, but the exact composition (order of amino acids) and eventual
occurrence of PTMs can only be elucidated via peptide fragmentation. Different ion activation
techniques such as collisional induced dissociation (CID), higher-energy collisional
dissociation (HCD) or electron transfer dissociation (ETD) can be used to induce fragmentation
of the analyte. Depending on the molecule of interests’ chemical properties, different activation
techniques can result e.g., in the conservation of PTMs on the fragment ion (ETD) or the
complete fragmentation of more stable compounds (HCD).?5* Figure 8 illustrates typical
peptide backbone fragmentation routes shown on a dipeptide, annotated according to the
Roepstorff-Fohlmann—-Biemann nomenclature.”>® As the fragmentation process of peptides
is often induced via collision with residual gas, the cleavage occurs at the most energetically
favourable bond, the amide bond, resulting in b and y fragments. Typically, a doubly positive
charged tryptic peptide will fragment into singly charged b- and y-ions. Depending on ion
activation types, additional “satellite” fragment ions with loss of NHs or H,O as well as

immonium ions can occur.””
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Figure 8 | Schematic overview of different peptide fragmentation routes. Positions of fragmentation are labelled
according to the Roepstorff~Fohimann—-Biemann nomenclature. Fragments a, b, and ¢ are counted from their
respective position of their adjacent amino acid (m), whereas fragments x, y; and z are annotated in a counter wise
fashion, subtracting the number of the most adjacent amino acid from the total number of amino acids in the peptide
(n-m). Figure was adapted from Steen et al.””

The resulting fragment spectra can then be matched to in silico generated fragment databases
which contain, depending on the settings applied to the dataset, all possible combinations of
delta masses of fragments mapped to intact precursor masses. The process of aligning and
matching experimental spectra with in silico generated spectra is called “peptide spectra
matching” resulting in PSMs. Factors such as isolation efficiency, mass accuracy or not
considered PTMs can influence the quality of matching. To estimate the quality of a dataset,
PSMs must be scored and cut-offs must be defined to avoid false positive peptide

identifications.”

2.6.2 False Discovery Rate

When dealing with proteomics data, one of the first obstacles can be to distinguish true peptide
identifications from misinformed hits which can lead to false protein assignments. A typical
proteomics experiment can consist of more than 10° spectra per experiment, making it highly
probable that false assignments will happen by chance.” In addition to high data density,
factors such as interfering background noise and experimental variations can, especially in the
case of low abundant signals, lead to additional wrong assignments which can ultimately lead
to an unacceptable dilution of data quality.®° Algorithms like Andromeda or Mascot®' employ a
probability-based ranking and scoring of PSMs, enabling the calculation of p-values for single
observations. Although these scoring algorithms only give arbitrary values as scores, the rule
of higher scores as better match can be formulated. To control for unwanted false positive
assignments, mathematical models had to be developed to enable the calculation of false
discovery rates, as proposed by Benjamini and Hochberg in 1995.82 The application of false

discovery rates (FDR) to proteomics data was made possible through the introduction of decoy
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databases, for the first time allowing an adequate correction for multiple observations by
comparison of PSM scores.®® Decoy databases consist of non-naturally occurring peptide
sequences generated via reversing, shuffling or sequence randomizations of true target

databases.
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Figure 9 | Visualization of FDR calculation for proteomics data. X-axis is showing ascending search algorithm score
for certain PSMs, Y-axis is showing the frequency (number) of PSMs at a given score. An FDR of 5% is indicated
via the dashed ling. On the left side, hits that are generated against a decoy database are mapped in red. Target
hits with intrinsic higher score are mapped via blue distribution. True-positive (TP), false-positive (FP) and false-
negative (FN) hits are indicated via the colored areas under the curves in green, red and turquoise, respectively.

As depicted in Figure 9 the FDR is dependent on the quality, hence score, of target and decoy
hits. Experimental data is searched against both target and decoy database and generated
hits are assigned accordingly. Normally, high scoring decoy hits can overlap with low scoring
target hits. Setting the FDR to 5% for example, relates to an acceptance of 5% false-positive
hits (red) in our final dataset which should ideally only consist of true-positive hits (green). In
order to not lose to many target hits to a false-negative hit (turquoise) assignment, the cut-off
must be chosen carefully. An acceptance rate of 0% false-positive hits would unproportionally

diminish the quality of data as the rate of false-negative hit assignments would escalate.

2.6.3 Data Analysis Strategies for Protein Phosphorylation

The process of reversible protein phosphorylation plays a central role in many physiological
processes and can lead to changes in protein conformation, enzymatic activity, or surface
charge.®* As shown in Figure 10, the highly dynamic process of phosphorylation and
dephosphorylation of certain amino acids like serine, threonine or tyrosine is catalysed via
kinases and phosphates employing adenosine 5-triphosphate (ATP) as substrate.?® Taking
the sub-stoichiometric and highly dynamic nature together with incomplete annotation of

phosphorylation sites into consideration, phosphoproteomics could be coined as one of the
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most challenging mass spectrometry related post-genomic research fields.*'#4 Identifying main
signalling networks and the interconnection between them can aid the efforts to tackle diseases
dependent on aberrant signalling cascades (Figure 10). In order to understand those signalling
events, the proteomics community developed tools to probe this low-abundant and highly
dynamic proteoforms. Combining standard bottom-up approaches with subsequent
enrichment of phosphorylated peptide species employing for example metal oxide affinity

chromatography allowed an in-depth profiling.3940.86-88
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Figure 10 | Simplified key points addressing protein phosphorylation and de-phosphorylation via kinases and
phosphatases. Dysregulation of kinase and phosphatase activity can strongly influence physiological processes
possibly leading to diseases.

Data analysis of differentially phosphorylated substrates from proteomics experiments may
allow a preliminary view on perturbations. To understand underlying biological processes, an
indirect analysis of kinase activity through the elucidation of probable kinase substrate relations
via investigation of binding domain specificity is pivotal.®®% Exemplified by phosphotyrosine
signalling, the concept of writer/reader/eraser is critical for the understanding of intricate
signalling networks.®! Taking this one step further, it must be mentioned that not only the kinase
activity per se, but also the pattern of multiple phosphosites in near vicinity to each other can
influence binding affinities and create binding pockets for protein interactions.® As already
mentioned in chapter 2.2.3, to our current understanding, a disproportionally small number of
kinases is responsible, or at least mapped, for the bulk of phosphorylated substrates
introducing the 80:20 rule. This bias is currently limiting most of the approaches trying to
causally link kinase activation/function to the observed data. To mitigate these bias effects,
tools were developed to, either rank kinase activity not solely on substrate overrepresentation
but also perturbations of those, or completely rethink the mapping of established kinase-
substrate relations and implement additional criteria. Kinase-substrate enrichment analysis

(KSEA) leverages a peptide-centric analysis approach focusing on perturbations observed in
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case-control scenario and allows a generalized comparison of positive or negative regulation
of kinase activity.®®> A similar but more elaborate approach to investigate phosphoproteome-
wide effects can be performed via the PhosR analysis pipeline, aiming to tackle bioinformatical
challenges regarding the missing value problem and often observed batch variations.-%
Highly dynamic phosphorylation events of low abundant peptide species create, in addition to
above mentioned challenges, an additional bioanalytical challenge which must be addressed
later in the bioinformatic analysis by adapted data normalization, missing value imputation and
batch correction.®® In addition to peptide-centric analysis of the data, PhosR also enables a
protein-centric analysis aiding a causal interpretation by creating protein modules, which bin

proteins showing similar phosphorylation dynamics.%®

2.6.4 Correlation and Causation

Correlation is a statistical entity describing the association between two independent variables
which covary, meaning if one variable is changing the other also changes, leading to positive
or negative correlation. In contrast to correlation, causation implies that a change of one
variable brings also change to another, linked variable.®” An often-underappreciated aspect of
bioanalytical sciences is the discrimination between correlation and cause-and-effect relations.
As Buchanan stated correctly: “Not only does correlation not imply causality, but lack of

correlation needn’t imply a lack of causality either™®.
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Figure 11 | Correlation and causation differentiation demonstrated via the astronomical example of tidal heights
and the illumination of the lunar surface.
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Showing an example from astronomy in Figure 11, it demonstrates that the understanding for
observed bodies (in this case variables) and their influence on each other as well as
surrounding factors is necessary to distinguish between simple correlation and causal
reasoning. The simplified illustration only takes the influence of sun and moon into account,
showing that, in theory, one could attribute the height of tides to the lunar surface brightness
as tides are higher at full moon than compared to e.g., quarter moon. This assumption would
suggest that the correlation of mentioned variables would be predictive and thus should
possibly be causative. Of course, this correlation only holds true if local maxima are considered
in the measurement, as seen in Figure 12. Here it seems that the local maxima and
surrounding slopes (green box) show a good fit and positive correlation. But looking beyond
the observed areas, one can see an anti-correlation clearly showing that lunar surface
brightness cannot be directly responsible for tidal heights, but rather the position of celestial

bodies in respect to earth.
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Figure 12 | Comparison of measured variables, lunar surface brightness and tidal height, showing high positive
correlation when only observed around their local maxima.

Even in ancient Rome, philosopher Seneca describes in an essay called “De Providentia” an
undisputable correlation between the position of the moon and observed tidal heights. Through
the centuries, many theories were postulated to be dismissed later. Even famous thinkers and
early scientists such as Galileo Galilei, Newton, Bernoulli, or Laplace tried to mathematically
predict exact tidal heights and times but only had limited success. It took scientists a few
hundred years to arrive at the concept of harmonic analysis with the usage of Fourier
transformations to develop the concept of tide-generating potential, distinguishing over 300
frequencies which allow a prediction of tides.®® This example should demonstrate the
importance of multi-dimensionality in the analysis of complex systems. In most mass
spectrometry based “omics” experiments, the combination of low number of samples with a
multitude of observed variables can create potentially problematic data artefacts or randomly
distributed differences leading to significant correlations which may have no direct relation to
causal changes. The combination of multiple omics datasets as well as the in-depth elucidation
of phosphorylation events can promote these efforts towards a causality driven analysis of

data.
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2.7 Research Justification

The aim of this thesis is to tackle challenges associated with conventional approaches applied
in proteomics or even multi-omics studies. Focusing on post-genomic effector molecules and
their influence on complex (patho-) physiological processes, it was of utmost importance to
demonstrate the power of combination of multiple complementary mass spectrometry based
methods to aid the understanding of disease development and progression, wound-healing
processes, influence of toxins on cellular integrity, profiling of ligand-dependent signalling
cascades in malignant diseases and last but not least, the elucidation of clinically relevant
autoimmune disease signatures in different stages via multi-omic profiling.

Today’s most prevalent “Omics” research fields cover the areas of the genome, transcriptome,
proteome and most recently also metabolome. Data integration and combined interpretation
of multiple Omics datasets from distinct samples is currently one of the most challenging
tasks.'® The generation of high-throughput in-depth datasets created, in theory, the possibility
to monitor systemic alterations of individual molecule classes, and to infer their function by
causal reasoning. Early studies were based on correlative observations, many researchers
know strive to strengthen their observations with state-of-the-art approaches combining
multiple bioanalytical approaches.?"1%2 A big focus in the bioanalytical research community
lies on the improvement of in-depth analysis of individual molecule classes, improving
sensitivity and overall quality of datasets '°, but an often-overseen problem is the sheer
complexity of possible variables in each subset of molecule classes resulting in datasets which
are difficult to interpret in a causal setting. These generated datasets bring additional caveats,
such as a higher dimensionality which may be difficult to comprehend and monitor in an
unbiased fashion. lllustrated in Figure 13, one can see an example of oversimplification of
higher-dimensional datasets and its potential consequences. Simplification, and therefore
reduction of dimensionality can be a helpful tool to comprehend and communicate complex
data, trying to create coherent and consistent observations. These observations ideally fit into
binary systems only allowing one “truth”, potentially ignoring alternative interpretations when
looking from a wider or different perspective and therefore distorting, often unconsciously,

possible outcomes.
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Figure 13 | Dimensionality reduction of a higher-dimensional datasets. Two distinct perspectives resulting in two
different (reduced) readouts creating a potential distortion of the measured datasets.

Interestingly, research of cancer and related diseases is most commonly structured around
genetics, even today this scheme does not seem to have changed. Voices from researchers
with leading opinions promote the idea that cancer is primarily a signalling disease.’™ When
looking at cancer research historically, genetics delivered astonishing novel insights into
tumour biology when biochemistry and cell biology simply could not keep up with the pace.'%
Even state-of-the-art MS-based methods cannot, to this point in time, keep up with the
sensitivity and throughput of methods in the geneticist’s toolbox. Nevertheless, one must point
out, that not all questions can be answered by genetics alone, as demonstrated by research
on the most famous tumour repressor protein p53. The five most commonly found mutations
in TP53 are not determining a strong loss-of-function phenotype but arise in tumour tissues
through favourable mutagenic conditions which drive these mutations.'%®

Applying said methods, we aimed to investigate (patho-) physiological processes from a post-
genomic point-of-view with state-of-the-art technology and combine multiple complementary
datasets to strengthen the analytical power of our analysis.

Focusing on effector molecules, namely proteins, metabolites and lipids, questions such as
disease progression and metabolic impact of stromal tissue in multiple myeloma could be
partially answered, whereas genetic screening allowed a general diagnosis and categorization
into sub-types.> Combinations of MS-based screenings with transcriptomics allowed the

characterization of wound-healing signatures triggered by antiseptic molecules'’, or elucidate
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intricate receptor signalling cascades via phosphoproteomics which are relevant for disease
escalation and metastatic potential.'®® This analysis strategies can give vital information about
clinical status and elucidate disease mechanisms of patients with autoimmune diseases with
no obvious underlying genetic driver. Complementary biomarkers from different molecule
classes can help to identify driving pathophysiological processes and possible interventions in

order to achieve not only phenotypical but also remission on a molecular level.*
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2.8 Abbreviations

2D - two dimensional, AA — amino acid, CCS — collisional cross section, CID — collisional
induced dissociation, DC — direct current, EGFL8 — epidermal growth factor-like protein 8,
ESI — electrospray ionization, FDR — false discovery rate, GC — gas chromatography,
GN - ganglioneuromas, IDA - iminoadiacetate, IMAC — immobilized metal affinity
chromatography, KSEA — kinase substrate enrichment analysis, LC — liquid chromatography,
LFQ - label free quantification, m/z — mass-to-charge ratio, MALDI - matrix-assisted laser
desorption/ionisation, MAPK — mitogen-activated protein kinase, MM — multiple myeloma,
MOAC - metal oxide affinity chromatography, MS — mass spectrometry,
MS2 (MS/MS) — fragmentation mass spectrum, NB — neuroblastoma, NTA — nitriloacetate,
OCT - octenidine, PAGE — polyacrylamide gel electrophoresis, PSM — peptide spectral match,
PTM - post translational modification, RP — reversed phase, RT — retention time,
SC - schwann cells, SDS — sodium dodecyl sulfate, SILAC - stable isotope labeling by amino
acids in cell culture, TIMS — trapped ion mobility separation, TMT — tandem mass tag,

TOF — time-of-flight, UC — ulcerative colitis
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Multiple Myeloma (MM) is an incurable plasma cell malig-
nancy primarily localized within the bone marrow (BM). It
develops from a premalignant stage, monoclonal gam-
mopathy of undetermined significance (MGUS), often via
an intermediate stage, smoldering MM (SMM). The mech-
anisms of MM progression have not yet been fully under-
stood, all the more because patients with MGUS and SMM
already carry similar initial mutations as found in MM
cells. Over the last years, increased importance has been
attributed to the tumor microenvironment and its role in
the pathophysiology of the disease. Adaptations of MM
cells to hypoxic conditions in the BM have been shown to
contribute significantly to MM progression, independently
from the genetic predispositions of the tumor cells.
Searching for consequences of hypoxia-induced adapta-
tions in primary human MM cells, CD138-positive plasma
cells freshly isolated from BM of patients with different
disease stages, comprising MGUS, SMM, and MM, were
analyzed by proteome profiling, which resulted in the
identification of 6218 proteins. Results have been made
fully accessible via ProteomeXchange with identifier
PXD010600. Data previously obtained from normal pri-
mary B cells were included for comparative purposes. A
principle component analysis revealed three clusters, dif-
ferentiating B cells as well as MM cells corresponding to
less and more advanced disease stages. Comparing
these three clusters pointed to the alteration of pathways
indicating adaptations to hypoxic stress in MM cells on
disease progression. Protein regulations indicating im-
mune evasion strategies of MM cells were determined, sup-
ported by immunohistochemical staining, as well as tran-
scription factors involved in MM development and
progression. Protein regulatory networks related to meta-
bolic adaptations of the cells became apparent. Results
were strengthened by targeted analyses of a selected panel
of metabolites in MM cells and MM-associated fibroblasts.
Based on our data, new opportunities may arise for devel-
oping therapeutic strategies targeting myeloma disease

progression. Molecular & Cellular Proteomics 18: 936~
953, 2019. DOI: 10.1074/mcp.RA119.001390.

Multiple myeloma (MM)" is a hematological tumor localized
primarily in the bone marrow (BM), characterized by the pro-
liferation of malignant antibody-secreting plasma cells. The
disease is accompanied by severe health problems such as
bone lesions, hypercalcemia, renal failure, anemia and immu-
nodeficiency (1). Even though several new therapeutic strat-
egies extending the survival time of patients have been de-
veloped over the last years, MM remains an incurable disease
(2). Further, genetic alterations in MM cells are heterogeneous
and it is difficult to predict disease course or therapeutic
response for individual patients (3). Even though first-line
treatments may be successful, relapses are to be expected
and tumors then typically become more aggressive and more
difficult to treat. MM develops from a premalignant stage,
monoclonal gammopathy of undetermined significance
(MGUS), and typically progresses through an intermediary
stage, smoldering MM (SMM). It is still not completely under-
stood what drives this progression, as patients with MGUS
and SMM already carry similar mutations as found in MM
cells, suggesting that these mutations are necessary but not
enough for tumor development (4-6).

Over the last years, the tumor microenvironment has been
recoghized to play an important role in MM progression, as
well as in immune evasion and drug resistance of MM cells (7,
8). New therapeutic approaches have thus been developed,
targeting not only the tumor itself but also tumor-supporting
stromal cells such as fibroblasts and endothelial cells, as well
as cells of the immune system (9, 10). Further, significance
has been attributed to hypoxic conditions in the BM and the
role of hypoxia in MM biology, offering novel possibilities for
treatment strategies (11-13). MM cells encountering hypoxic
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environments in the BM apparently enhance pathways that
allow them to survive and proliferate under these conditions.
Consequently, processes such as angiogenesis and anti-apo-
ptotic survival and proliferation strategies may be induced,
and alternative metabolic pathways may be activated in the
tumor cells (14-16). As a result, hypoxia-surviving MM cells
may become more aggressive and more resistant to therapies
(17).

Recent advances in proteomics technologies have given us
the opportunity to better understand cellular processes in-
volved in development and progression of diseases (18-22).
Proteomics has already been used by others to assess spe-
cific aspects of MM such as development of drug resistance
(23-26). In line with a recent work on chronic lymphocytic
leukemia (CLL) B cells (22), in the present study we have
investigated primary human multiple myeloma (MM) cells. The
aim was to apply proteome profiling to get deeper insights
into pathways MM cells follow in response to hypoxic condi-
tions in the BM microenvironment. Hypoxia-related proteome
signatures of MM cells, associated with survival, proliferation
and mechanisms to escape apoptosis and immune response
were investigated, as well as new targets for therapeutic
interventions. To this end, we analyzed primary human
CD138-positive plasma cells freshly isolated from the BM of
patients with different disease stages, comprising MGUS,
SMM, and MM. Another aim was to find out if, like chronic
lymphocytic leukemia cells (22), MM cells of individual donors,
despite MM being associated with a rather heterogeneous
genotype, would show consistent protein patterns indicating
pathways commonly adapted by MM cells. The study design
should also allow investigating whether there were differences
in the proteome of cells from premalignant and earlier stages
compared with more advanced stages of the disease, which
could provide insights into the pathogenesis and progression
of multiple myeloma.

EXPERIMENTAL PROCEDURES

Study Cohort and Bone Marrow Sampling— For proteome profiling
experiments, bone marrow (BM) samples from thirteen patients with
different stages of multiple myeloma (MM), including monoclonal
gammopathy of undetermined significance (MGUS), smoldering MM
(SMM) and diagnosed MM, were obtained from routinely taken BM
aspirates at the Vienna General Hospital. Written informed consent
was obtained from all patients, as well as approval of the Ethics
Committee of the Medical University of Vienna (application nr. 1181/
2013). In the same way another five BM aspirates were taken from
patients with diagnosed MM for targeted analyses of a selected panel

' The abbreviations used are: MM, multiple myeloma; BM, bone
marrow; ER, endoplasmic reticulum; FASP, filter aided sample prep-
aration; GO, gene ontology; HCD, high-energy collisional dissocia-
tion; IR, infiltration rate; LDL, low density lipoprotein; LFQ, label-free
quantification; MACS, magnetic activated cell sorting; MGUS, mono-
clonal gammopathy of undetermined significance; MHC, major histo-
compatibility complex; MWCO, molecular weight cut off; PCA, prin-
ciple component analysis; SMM, smoldering multiple myeloma; TF,
transcription factor.

of metabolites (described below). From three of these samples,
plasma cells were isolated. From the two other samples, as well as
from two biopsies also used for proteomics experiments (indicated in
Table I), BM fibroblasts were prepared as described below. Both, BM
plasma cells and BM fibroblasts were subjected to the analysis of
selected metabolites.

For immunohistochemical staining, BM biopsies from eight pa-
tients with different stages of MM were used. These biopsies were
obtained for routine diagnostics at the University Hospital of Regens-
burg. No additional biopsies for research purposes were taken. After
routine diagnostics, remaining material was used for immunohisto-
chemistry (IHC) with approval of the Ethics Committee of the Univer-
sity of Regensburg (application nr. 051097). Clinical parameters, as
well as if patients have obtained MM-specific treatments or not, are
indicated in Table | for all patients included in the present study.

Plasma Cell Isolation—Bone marrow aspirates were filtered
through 40 um filter (40 wm Nylon Cell Stainer, BD Falcon), diluted 1:2
with PBS, overlaid on Ficoll Paque (GE Healthcare, Bio-Sciences AB,
Uppsala, Sweden), and centrifuged at 720 X g for 20 min at room
temperature with minimal acceleration and deceleration settings.
Mononuclear cells were collected from the resulting interface, were
washed with PBS, then resuspended in PBS. Plasma cells were
isolated using magnetic activated cell sorting (MACS). To this end,
mononuclear cells were incubated at 4 °C for 15 min, after adding
magnetic bead-coupled anti-CD138 antibody (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). After another PBS washing step, cells
were resuspended in MACS buffer (1X PBS, 0.5% FBS, 2 mm EDTA)
and pipetted onto a preconditioned MACS LS column mounted on a
magnetic holder (both Miltenyi Biotec, Bergisch Gladbach, Germany).
Cells were washed with MACS buffer and CD138-positive plasma
cells eluted by removing the MACS LS column from the magnet and
pressing 4 ml of MACS buffer through the column. The plasma
cell-containing eluate was diluted to 10 ml and cell number as well as
viability was determined using the MOXI Z Mini Automated Cell Coun-
ter (ORFLO Technologies, Ketchum, ID). Cells were then pelleted by
centrifugation at 590 X g for 5 min at 4 °C.

Cell Lysis and Subcellular Fractionation of Primary Human Bone
Marrow Plasma Cells—Cell lysis and subcellular fractionation were
performed applying a previously established protocol (27). In short,
CD138-positive cells were resuspended in lysis buffer supplemented
with protease inhibitors at 4 °C to achieve cell lysis. After centrifuga-
tion, the cytoplasmic fraction was collected in the supernatant. The
pellet was dissolved in 500 mm NaCl solution and subsequently
diluted in NP40-buffer; after centrifugation, nuclear protein extracts
were collected in the supernatant. Cytoplasmic and nuclear proteins
were precipitated in ice-cold ethanol overnight and solubilized in
sample buffer (7.5 M urea, 1.5 m thiourea, 4% CHAPS. 0.05% SDS,
100 mm DTT). Protein concentrations were assessed by applying a
Bradford assay (Bio-Rad-Laboratories, Vienna, Austria).

Proteolytic Digestion and Sample Clean-up for LC-MS/MS Analy-
sis—Protein fractions were subjected to a filter-assisted proteolytic
digestion with a modified version of the FASP protocol (28, 29). In
short, 20 pg of proteins were loaded onto a prewetted MWCO filter
(Pall Austria Filter GmbH, Vienna, Austria) with a pore size of 3 kDa,
followed by reduction of disulfide bonds with dithiothreitol (DTT),
alkylation with iodoacetamide (IAA) and washing steps with 50 mm
ammonium bicarbonate buffer. Digestion of proteins was achieved by
applying two times Trypsin/Lys-C with Mass Spec Grade quality
(Promega, Mannheim, Germany), at first overnight, and in a second
step for 4 h. Resulting peptides were eluted through the filter by
centrifugation, and clean-up was performed using C-18 spin columns
(Pierce, Thermo Fisher Scientific, Austria).

LC-MS/MS Analysis—For LC-MS/MS analyses, samples were re-
constituted in 5 pl 30% formic acid (FA), supplemented with four

Molecular & Cellular Proteomics 18.5

41

937



Adaptations to Hypoxia Associated With Myeloma Progression

synthetic peptide standards for internal quality control, and diluted
with 40 ul mobile phase A (97.9% H,0O, 2% ACN, 0.1% FA). Of this
solution 10 ul were injected into a Dionex Ultimate 3000 nano LC-
system coupled to a Q Exactive orbitrap mass spectrometer
equipped with a nanospray ion source (Thermo Fisher Scientific,
Austria). All samples were analyzed as technical replicates. As a
preconcentration step, peptides were loaded ona2 cm X 75 um C18
Pepmap100 pre-column (Thermo Fisher Scientific, Austria) at a flow
rate of 10 wl/min using mobile phase A. Elution from the precolumn to
a 50 cm X 75 pum Pepmap100 analytical column (Thermo Fisher
Scientific, Austria) and subsequent separation was achieved at a flow
rate of 300 nl/min using a gradient of 8% to 40% mobile phase B
(79.9% ACN, 2% H,0, 0.1% FA) over 235 min with a total chromato-
graphic run time of 280 min. For mass spectrometric detection, MS
scans were performed in the range from m/z 400-1400 at a resolution
of 70000 (at m/z = 200). MS/MS scans of the eight most abundant
ions were achieved through HCD fragmentation at 30% normalized
collision energy and analyzed in the orbitrap at a resolution of 17,500
(at m/z = 200).

Data Analysis—The MaxQuant software (version 1.6.0.1), including
the Andromeda search engine, was used for data analysis (30). For
positive protein identification, as a minimum two peptides, at least
one of them being unique, had to be detected. Trypsin/P was spec-
ified in the digestion mode. Peptide mass tolerance was set to 50 and
25 ppm for the first and the main search, respectively. The false
discovery rate (FDR) was set to 0.01 both on peptide and protein
level. The database applied for the search was the human Uniprot
database (version 06/2017, with 20100 reviewed entries and 22088
isoforms). Carbamidomethylation was set as fixed modification, me-
thionine oxidation and N-terminal acetylation as variable modifica-
tions. Each peptide could have a maximum of two missed cleavages
and two modifications. “Match between runs” was enabled and the
alignment and match time window set to 25 and 1 min, respectively.

In parallel, to allow data submission to the ProteomeXchange
Consortium via the PRIDE partner repository (31), raw files were
analyzed using Proteome Discoverer 1.4 (Thermo Fisher Scientific,
Austria) using Mascot 2.5 (Matrix Science, UK). Protein identification
was performed by searching raw files against the SwissProt Database
(version 11/2015 with 20 193 entries), applying a mass tolerance of 50
ppm at MS1 level and 100 mmu at MS2 level, and allowing for up to
two missed cleavages per peptide. Fixed and variable modifications
were set in the same way as for the MaxQuant search described
above. Resulting data were submitted to the ProteomeXchange Con-
sortium via the PRIDE partner repository and can be accessed via
www.proteomeexchange.org with the identifier PXD010600.

Experimental Design and Statistical Rationale—Plasma cells iso-
lated from bone marrow of ten patients with multiple myeloma (MM)
and three patients with premalignant stages of MM (MGUS or SMM),
as indicated in Table I, were used for proteome profiling experiments.
Only patients diagnosed according to the guidelines provided by the
International Myeloma Working Group (32) were included. Patients
suffering from severe comorbidities were excluded. In addition to the
MM cell data set, data previously obtained from six biological repli-
cates of peripheral B cells (22), isolated from six healthy donors by
applying magnetic activated cell sorting with anti-CD19 antibodies,
were included for comparative purposes. B cells were used as refer-
ence cell system, representing precursors of plasma cells which have
hardly experienced hypoxia. All biological samples were measured as
technical replicates with LC-MS/MS, which resulted in 19 independ-
ent data sets and a total of 38 measurements. The MaxQuant soft-
ware (version 1.6.0.1), including the Andromeda search engine, was
used for data analysis (30). For statistical data evaluation, the Perseus
software (version 1.6.0.2) was used (30, 33). Reverse sequences,
potential contaminants as well as proteins identified only by site were

removed. Additionally, the normal distribution of data points was
manually checked via the histogram function implemented in the
Perseus software. Label-free quantification (LFQ) values were loga-
rithmized to base 2, and technical replicates were averaged. Protein
groups were filtered for valid values, keeping only those identified in
at least 70% of B cell or MM cell samples. Missing values were then
replaced from a normal distribution with a down shift of 1.8 and a
width of 0.3 in order to enable t-testing and volcano plots. A principle
component analysis (PCA), based on label-free quantification of cy-
toplasmic proteins, was performed. To determine protein groups
significantly regulated between resulting clusters, two-sided t-tests
employing multiparameter correction with a g-value <0.01 (permuta-
tion-based FDR correction with sO = 0.5) were applied. For selected
proteins, heat maps representing LFQ values determined in each
sample were generated by a custom R (https://www.r-project.org)
script. Protein groups found to be significantly regulated were further
submitted to the oPOSSUM software (version 3.0) (34), which allowed
the detection of over-represented conserved transcription factor
binding sites in the corresponding sets of genes.

Targeted Analyses of a Selected Panel of Metabolites—For tar-
geted analyses of a selected panel of metabolites, one million of
CD138-positive plasma cells isolated from BM biopsy material of
three patients with diagnosed MM (Table |) was suspended in lysis
buffer (10 mm phosphate buffer in 85% ethanol) and lysed by three
freeze-thaw cycles. The obtained cell lysates were analyzed with the
AbsolutelDQ p180 kit (Biocrates Life Sciences AG, Innsbruck, Aus-
tria), as described previously (20). In short, LC-MS and flow injection
(FIA)-MS analyses were carried out on a 4000 QTRAP MS system (AB
Sciex, Framingham, MA) coupled to a 1200 RR HPLC system (Agilent,
Palo Alto, CA), using the Analyst 1.6.2 software (also AB SCIEX). Data
evaluation was performed with the software supplied with the kit
(MetIDQ, version 5-4-8-DB100-Boron-2607, Biocrates Life Sci-
ences). Results were again compared with data obtained previously
from the analysis of B cells (22).

In parallel, from BM samples of four MM patients (Table I), fibro-
blasts were prepared as previously described (8). In short, BM sam-
ples were filtered through a 40 um mesh (40 um Nylon Cell Stainer,
BD Falcon), the residue in the filter was transferred into a culture flask
with fibroblast basal medium (FBM, Lonza Clonetics, # CC-3131)
supplemented with one FGM BulletKit (Lonza Clonetics, # CC-3130)
and 10% FCS. The culture flask was placed in an incubator at 37 °C
in a humidified atmosphere containing 5% CO,, refreshing the me-
dium after 24 h. For comparative purposes, three biological replicates
of human mesenchymal stem cells (nMSC, passage 4 to 5; Lonza),
cultured in mesenchymal stem cell growth medium (Lonza) supple-
mented with the associated Bulletkit and 100 U/ml penicillin/strepto-
mycin (ATCC/LGC Standards, London, UK), were used. After
reaching 75% confluence, fibroblasts and hMSC were detached by
trypsin-EDTA (Sigma-Aldrich) treatment. Cells were washed twice
with PBS and one million of each of these cells was processed and
used for targeted analyses of a selected panel of metabolites as
described above for CD138-positive plasma cells.

Immunohistochemistry— Immunohistochemical stainings were per-
formed on 3 um thick formalin-fixed, paraffin-embedded tissue sec-
tions. Antigen retrieval was performed with Ventana cell conditioning
solution 1 (Tris-EDTA buffer pH 8 at 100 °C 32 min) (Ventana Medical
Systems, Tucson, AZ). Subsequently, the slides were incubated with
primary antibodies against SDC1 (CD138; mouse monoclonal, dilu-
tion 1:100, Dako, Denmark), SIGIRR (rabbit polyclonal, dilution 1:500,
abcam, United Kingdom), CD46 (rabbit monoclonal, dilution 1:750,
abcam, United Kingdom), SLAM7 (rabbit polyclonal, dilution 1:150,
Sigma Aldrich, Germany) for 32 min at 36 °C. The immunoreactivity
was visualized with the Optiview DAB IHC Detection Kit (Ventana
Medical Systems). Slides were counterstained with hematoxylin.
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RESULTS

In-depth Proteome Profiling of Primary Human Myeloma
Cells—Primary human CD138-positive plasma cells were iso-
lated from freshly isolated bone marrow (BM) biopsy material
of ten patients with diagnosed MM, one patient with mono-
clonal gammopathy of undetermined significance (MGUS),
the premalignant stage of MM, and two patients with smol-
dering multiple myeloma (SMM), an intermediary stage of MM
(Table I). Cells were fractionated into cytoplasm and nuclear
extracts and analyzed by in-depth proteome profiling using a
Q Exactive orbitrap. In total, 6038 and 3415 proteins were
identified in cytoplasmic and nuclear fractions of the cells,
respectively, (supplemental Tables S1 and S2) by means of
the MaxQuant Andromeda search engine (30). A principle
component analysis (PCA), based on label-free quantification
of cytoplasmic proteins, distinguished three groups: (1) B
cells; (2) premalignant stages of MM, and diagnosed MM with
BM plasma cell infiltration rates up to 20%, termed MM,,,; (3)
diagnosed and more advanced stages of MM which match to
BM plasma cell infiltration rates of at least 40%, termed
MM, (Fig. 1A). Remarkably, in both groups, MMy, and
MM,..,, patients who had obtained MM-specific therapies and
patients who had not been specifically treated before were
included (indicated in Table I). Therefore, it was particularly
relevant to observe that proteome profiles were that homo-
geneous in each of these groups, and displayed more com-
monalities than differences, indicating that protein expression
profiles of MM cells were more dependent on the disease
stage and hardly on patient treatments. In total, 637 and 605
cytoplasmic proteins were found significantly regulated be-
tween MM cells and B cells, and between MM, ., and MM,
cells, respectively, illustrated by volcano plots in Fig. 1B and
listed in supplemental Table S1. In the nuclear extracts, 414
proteins were found significantly regulated between MM cells
and B cells, and 158 proteins between MMy, and MM,
cells (supplemental Table S2). MGUS, SMM, and MM cells,
when compared all together to B cells, were referred to as
“MM cells.” Several well-known differentiation markers of
plasma cells, such as CD19, MS4A1 (CD20) and CD38, as
well as marker proteins characteristic for myeloma cells, such
as CD37, PTPRC (CD45), and SDC1 (CD138) (35, 36), were
found regulated as expected in MM versus B cells (Fig. 1C).

Proteins Involved in Apoptosis Regulated in MM Cells—To
determine biological processes regulated in MM cells and
possibly related to the hallmarks of cancer (37), we used
different resources such as DAVID functional annotation tool
(88, 39), UniProt information about proteins (40), and per-
formed thorough research of scientific literature. In this way,
first, we determined pathways that point to suppression of
apoptosis in MM cells, including upregulation of anti-apopto-
tic proteins and downregulation of pro-apoptotic proteins
(Fig. 1D). Some of these proteins were found regulated in all
MM cells relative to B cells, exemplified by apoptosis regula-

tor BAX, whereas others were only regulated at advanced
stages of the disease, such as, for example, CASP10 (Fig. 1E).

Proteins Involved in ER Activities Regulated in MM Cells—
Further, several proteins related to biological activities in the
endoplasmic reticulum (ER) such as folding and modification
of newly synthesized proteins, as well as degradation of in-
correctly folded proteins, and transport processes from the
ER to the Golgi apparatus, were found at significantly elevated
levels in MM cells (Fig. 2A). Most of these proteins were
upregulated in a progressive way between B and MM, cells,
and further between MM, and MM, cells (Fig. 2B and 2C),
consistent with the increasing amounts of immunoglobulins
produced by malignant plasma cells on disease progression.
This was further accompanied by a significant upregulation of
proteins involved in translational processes, according to GO
terms (highlighted in Fig. 1B). Similarly, upregulation of pro-
teins involved in control of redox stress caused by disulfide
bond formation, such as PRDX4 and TXNDC11 (41, 42), was
observed (Figs. 2A-2C). In parallel, pathways that limit ER
stress-induced apoptosis seemed to be enhanced especially
in MM, 4, cells, involving downregulation of BAX, TRAF2,
ITPR1, and PRAF2 (43-45) and upregulation of SDF2L1,
MYDGF, SDF4, RCN1, and TXNDC5 (46-49) (Figs. 1D, 1E, 2A
and 2C).

Regulation of Proteins Related to Respiratory Activities and
to Hypoxia—Numerous mitochondrial proteins were found
deregulated in MM cells. Although reduced levels of proteins
of the respiratory chain, such as COX6C, MT-CO,, or ATP5L,
were determined in all MM cells compared with B cells (sup-
plemental Table S1), several other proteins of the respiratory
chain, especially chaperones necessary for the assembly of
respiratory complexes, were found at significant higher levels
in MM,,,g» than in B cells and MM,,,, cells (Fig. 3A). These
findings may point to a downshift of respiratory activities in
MM,., cells and a reactivation in MMy, cells. In line with this,
proteins involved in mitochondrial translation, according to
GO terms, appeared to be significantly upregulated in MMy,
versus MM,,,, cells (highlighted in Fig. 3B). Additionally, sev-
eral proteins related to hypoxia were found regulated. HIF1AN
and VHL (Fig. 3C), known to prevent activation of hypoxia-
inducible factor (14, 50-53), were determined at reduced
levels in MM cells, similarly to TP53111 and PTPN1, described
to be targets of hypoxia-induced micro-RNA-210 (54). Re-
markably, DIMT1, described to be downregulated by micro-
RNA-210 likewise (16), was found at lower levels only in
MM,., cells, but was upregulated again in MM, cells. Sim-
ilarly, higher levels of FYN and SRC, two tyrosine-protein
kinases of the same family, were determined at higher levels
only in MM,,,, cells; hypoxia has been shown to activate FYN
either by phosphorylation or by upregulation of protein ex-
pression (55, 56). Also consistent with this, GTF2F2, reported
to be downregulated under hypoxic conditions (57), was
found at lower levels in MM, than in MM, cells. These
findings indicate that MM cells activate mechanisms in re-

Molecular & Cellular Proteomics 18.5

939

43



Adaptations to Hypoxia Associated With Myeloma Progression

TABLE |

Clinical parameters for patients included in the present study and type of experiment performed with the respective biopsy sample

MM-specific Experiments

Patient # Diagnosis treatment  Proteomics PC-Metabolites Fib-Metabolites IHC
MMA1 cyclin D1-neg. MGUS; IR 5% no X
MM2 k-pos., cyclin D1-neg. IgA-SMM; IR 50% no X
MM3 A-pos., cyclin D1-neg., IgH-MAF/t(14,16)-pos., no X
monosomy 14 & 16-pos. IgA-SMM; IR 40%
MM4 A-pos., cyclin D1-neg. plasma cell myeloma yes X
recidive; IR 20%
MM5 A-pos., cyclin D1-neg. plasma cell myeloma yes X
recidive; IR 10-15%
MM6 A-pos., cyclin D1-pos. secondary plasma cell yes X
myeloma after ASCT; IR 70%
MM7 k-pos., cyclin D1-neg., low-secretory plasma cell yes X
myeloma recidive after ASCT; IR 60%
MM8 A-pos., cyclin D1-neg. newly diagnosed plasma cell no X
myeloma; IR 70%
MM9 A-pos., IgA-positive, newly diagnosed plasma cell no X
myeloma; IR 70%
MM10 k-pos., cyclin D1-neg., IgH-MAF/t(14,16)-pos., no X X
TP583 Deletion-pos., polysomy 4, 14 & 16-pos.,
trisomy 17-pos. newly diagnosed light-chain
plasma cell myeloma; IR 85%
MM11 A-pos., cyclin D1-neg., polysomy 14-pos., trisomy no X X
17-pos., newly diagnosed light-chain plasma cell
myeloma; IR >90%
MM12 k-pos., bcl1-pos., low-secretory plasma cell yes X
myeloma; IR 80%
MM13 A-pos., heterozygous IgH and p53 deletion-pos., no X
ATM amplification-pos., newly diagnosed plasma
cell myeloma; IR 50%
MM14 A-pos., cyclin D1-neg. newly diagnosed plasma cell no X
myeloma; IR 70%
MM15 1gG-k-pos. plasma cell myeloma; IR 40% yes X
MM16 IgG-A-pos., bcl1-pos. plasma cell myeloma; yes X
advanced stage; IR N/A
MM17 A-pos., cyclin D1-neg., plasma cell myeloma; IR yes X
50%
MM18 IgD-A-pos., cyclin D1-neg., newly diagnosed no X
plasma cell myeloma; IR 50%
MM19 k-pos, cyclin-D1-neg., newly diagnosed no X
IlgG-myeloma; IR:10%
MM20 k-pos, cyclin-D1-neg.,13q14 deletion, newly no X
diagnosed IgA-myeloma; IR:15%
MM21 A-pos, cyclin-D1-neg., newly diagnosed no X
IgA-myeloma; IR:20%
MM22 A-pos, cyclin-D1-neg., newly diagnosed no X
IgA-myeloma; IR:40%
MM23 k-pos, cyclin-D1-neg., 13q14 deletion, trisomy no X
3,9,11, newly diagnosed IgA-myeloma; IR:60%
MM24 A-pos, cyclin-D1-neg., newly diagnosed light chain- no X
myeloma; IR:70%
MM25 k-pos, cyclin-D1-neg., 13q14-delation, TP53- no X
deletion, newly diagnosed IgA-myeloma; IR:70%
MM26 A-pos, cyclin-D1-neg., newly diagnosed no X
IgG-myeloma; IR:80%
MM27 k-pos, cyclin-D1-neg.,13q14-deletion, 17p-deletion, no X

newly diagnosed IgG-myeloma; IR:80%

PC-Metabolites, targeted analyses of amino acids performed with BM plasma cells (PCs); Fib- Metabolites, targeted analyses of amino acids
performed with MM-associated BM fibroblasts; IHC, immunohistochemistry; IR, BM infiltration rate with PCs; ASCT, autologous stem cell
transplantation.

sponse to hypoxic conditions in the BM and that adaptation

processes take place in MMy, cells.

Regulation of Proteins Involved in Metabolic Processes—In
addition, mitochondrial and cytoplasmic proteins involved in

several metabolic processes appeared to be deregulated in
myeloma cells. Fig. 4A shows metabolic pathways in which
proteins were found significantly up- or downregulated be-
tween B cells, MM, cells and MM,,4, cells, the most impor-
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Fic. 1. Proteome profiling of primary human MM cells and comparison to B cells. The Perseus software (30, 33) was used to perform
statistical data analyses. A, PCA based on label-free quantification (LFQ) of 6038 cytoplasmic proteins detected in B cells and MM cells,
showing three groups: B cells; MM,,,, cells from patients with MGUS or SMM, as well as from patients with MM with BM infiltration rates with
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Proteins involved in translational processes, according to GO terms, are highlighted in red. C, Levels of typical markers for B cell differentiation
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Fic. 3. Regulation of proteins related to respiration and protein regulation by hypoxia. A, Levels of selected proteins related to the
respiratory chain are represented, and biological functions are indicated for some proteins. B, Volcano plot comparing the protein levels in
MM,ign versus MM, cells. Proteins involved in mitochondrial translation processes, according to GO terms, are highlighted in red. C, Levels
of selected proteins regulated by hypoxia, detected in the nuclear (ne) or in the cytoplasmic fraction (not specified). Significant regulations are
indicated by asterisks.

tant regulatory events occurring between MM,

and MM, g1,

cells. Most strikingly, the hexosamine pathway, amino acid
interconversion reactions and degradation processes, the fo-
late and the methionine cycle, cholesterol uptake and metab-
olism, and mitochondrial fatty acid synthesis were found up-
regulated in myeloma cells of advanced disease stages.

These pathways seem thus to play an important role in the
progression of multiple myeloma.
To support these results, we also performed targeted anal-
yses of amino acids with both, plasma cells and MM-associ-
ated fibroblasts isolated from the BM of patients with
advanced disease stages, using B cells and human mesen-
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Fic. 4. Regulation of proteins related to metabolic processes taking place in MM cells and results of metabolomics experiments. A,
Metabolic pathways for which enzymes were found significantly up- or downregulated in MM versus B cells (black arrows) and in MM,y versus
MM,,,, cells (red and orange arrows for proteins upregulated in the cytoplasm and in mitochondria, respectively, blue arrows for downregulated
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metabolomics experiments: ** p-values < 0.01; * p-values < 0.05.

chymal stem cells of the BM (hMSCs) as reference cell sys- B cells (Fig. 4B), strengthening our proteomics data, which
tem, respectively. In this way, higher amounts of several suggest that MM cells may use amino acids not primarily for

amino acids were determined in MM, cells compared with  the synthesis of immunoglobulins, but possibly also for other
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purposes such as catabolism. In parallel, MM-associated fi-
broblasts, essential supporters of MM cells in the BM mi-
croenvironment (8), proved to have rather low levels of amino
acids, except for asparagine, which was present at extremely
high levels in these cells when compared with hMSCs (Fig.
4C). Fibroblasts seem thus to be deregulated in a concerted
fashion to MM cells.

Protein Regulation Associated with Immune Evasion Strat-
egies—Several pathways leading to immune evasion are
known for MM cells. Our data independently confirmed up-
regulation of SLAMF7 and CD46 (10, 58), and downregulation
of MHC-lIs such as HLA-DQB1 (35), together with positive
expression of MHC-I molecules such as HLA-C in MM cells
(Fig. 5A). Moreover, we were able to determine new candi-
dates possibly involved in immune escape mechanisms of
MM cells likewise. Regulation of such candidates, including
STAB1, SIGIRR, DAPP1 as well as VSIR (Fig. 5B), have been
described to suppress immune responses and to be involved
in the patho-mechanisms of different diseases (59-63). Im-
munohistochemistry independently verified the relative ex-
pression levels of the proteins SLAM7, CD46, and SIGIRR
together with SDC1 (CD138), which depend on the disease
stage (Fig. 5C).

Transcription Factors Involved in Regulating Proteins in Pri-
mary Human Myeloma Cells—Finally, in order to determine
over-represented conserved transcription factor binding sites
and, thus, the main transcription factors responsible for the
observed proteome alterations in MM cells, the correspond-
ing sets of genes were submitted to the oPOSSUM software
version 3.0 (34). This allowed us to find out transcription
factors apparently playing an important role in the develop-
ment and/or progression of multiple myeloma. Besides tran-
scription factors known to be activated in MM, such as MYC,
HIF1A, and ARNT (13, 64, 65), or to be suppressed in MM,
such as SPI1 (PU.1) and KLF4 (66, 67), we were able to
determine also NFYA, GABPA, ELK4, and PAX4 as transcrip-
tion factors that may play an important role in the pathogen-
esis of MM (Fig. 6A). Levels of GABPA and NFYA determined
in the nuclear fractions of MM cells are represented in Fig. 6B,
together with the nuclear levels of two other transcriptions
factors, PAX5 and IRF4, known to be involved in MM likewise.
Downregulation of PAX5 is commonly associated with plasma
cell differentiation and was related to multiple myeloma cell
survival (68, 69). IRF4, originally identified as the product of a
proto-oncogene involved in chromosomal translocations in
multiple myeloma (70), has been described to be transcribed
by MYC, whereas SPI1 seems to suppress the expression of
IRF4 (64, 66). Finally, levels of two target proteins, PRKD2 and
BLK are also shown in Fig. 6B. PRKD2 expression depends
on the activity of transcription factor GABPA (71). BLK has
been shown to be suppressed by MYC via downregulation of
PAX5 (72).

DISCUSSION

Mpyeloma Cells are Adapted to Hypoxic Conditions in the
Bone Marrow Microenvironment—It is generally recognized
that the bone marrow (BM) is rather hypoxic compared with
peripheral blood (13, 73). Silva and Gatenby have demon-
strated using computer simulation that adaptation to hypoxic
conditions in the BM microenvironment is essential for my-
eloma cells to progress to an aggressive stage (74). HIF1A
and ARNT have been described to be upregulated by tumor
cells including myeloma cells under low oxygen conditions
(13, 65). Both transcription factors seem to be responsible for
the induction of relevant proteins in MM cells (Fig. 6A). The
observed downregulation of HIF1AN and VHL (Fig. 3C) also
points to hypoxic conditions in the BM microenvironment of
the cells (11, 14). Remarkably, even though expression of
HIF1AN and VHL may also be affected by typical anti-my-
eloma treatments such as Bortezomid or Dexamethasone (52,
75), levels of these proteins were rather similar in all MM cells
and apparently independent on patient treatments. Further,
reduced levels of proteins of the respiratory chain, such as
COX6C, MT-CO,, or ATP5L (supplemental Table S1) indicate
a limited oxygen consumption rate in MM cells. In line with
this, ATPase inhibitory factor ATPIF1 was found highly in-
duced in MM cells (Fig. 3A); this protein is necessary to
preserve ATP at the expense of the mitochondrial membrane
potential when respiration is impaired, and protects cells from
ATP depletion in response to hypoxia and glucose deprivation
(76, 77).

However, a trend of increased synthesis of proteins of the
respiratory complexes in MMy, relative to MM, cells was
also observed, together with upregulation of the ADP/ATP
translocase SLC25A4 (Fig. 3A). Further, proteins involved in
mitochondrial translation, as well as TRAP1, an important
mitochondrial chaperon that directly interacts with respiratory
complexes and contributes to their stability and activity (78)
were found at significantly elevated levels in MMy, cells
(Figs. 3A and 3B). Although its role in carcinogenesis is con-
troversial, TRAP1 has been found highly expressed in several
cancers, as reviewed by Matassa et al. (79), providing tumor
cells the ability to use spare respiratory capacity when oxygen
and glucose are limited (80). Additionally, mitochondrial en-
zymes of the folate cycle, highly relevant for mitochondrial
translation and described to be strongly upregulated in pro-
liferating lymphocytes (81), were found upregulated in MMy,
cells as well (Fig. 4A). Thus, it seems that, at advanced stages
of the disease, myeloma cells get access to more oxygen,
consistent with the “angiogenic switch” necessary for MM
progression, as claimed by Silva and Gatenby (74), and with
the pro-angiogenic phenotype associated with MM-related
endothelial cells (15).

Metabolic Adaptations in MM Cells as Response to Hypoxic
Conditions in the Bone Marrow — Myeloma cells have to adapt
their metabolic pathways to be able to survive hypoxia. PDK1
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is one of the key enzymes regulating metabolic adaptations in
response to hypoxia, allowing cell proliferation under these
conditions (82). We have found this enzyme significantly up-
regulated in MM versus B cells, and further in MM, versus
MM,,,, cells (Fig. 4A). This kinase prevents the formation of
acetyl-coenzyme A from pyruvate by inhibiting the activity of
pyruvate dehydrogenase, thus disconnecting glycolysis and
citric acid cycle. This strategy is well-known as Warburg-
effect, a strategy commonly used by tumor cells, as reviewed
by Nissim Hay (83). Inhibition of PDK1 has been proposed as
target for MM therapy (84). Further, we found mitochondrial
pyruvate carrier MPC2 significantly downregulated in MM
cells (Fig. 4A); loss of MPC has been associated with carci-
nogenicity as well as with a stem cells phenotype (85, 86).
Consistent with this, hypoxia has been shown to induce a

stem cell-like phenotype in MM cells (87), and GABPA and its
target PRKD2 (Figs. 6A and 6B) have been described to
control proliferation of hematopoietic stem cells as well as
development of leukemia (71).

Moreover, glucose import and the glycolytic enzyme HK1
appeared to be significantly downregulated in MMy, cells
(Fig. 4A), pointing to a reduced glycolysis rate in MM cells of
advanced stages of the disease. This is in accordance with
the already discussed upregulation of ATPIF1 and TRAP1 in
MM, cells. On the other hand, uptake of glutamine seems
to be highly increased in MMy, cells (Fig. 4A), consistent
with the observed glutamine dependence of MM cells (88).
Glutamine is required for the hexosamine pathway, which is
highly upregulated in MM, cells (Fig. 4A). This pathway
leads to protein glycosylation as part of the completion proc-
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ess of newly synthesized proteins. Multiple myeloma is char-
acterized by aberrantly glycosylated immunoglobulins (89),
which are synthesized in high amounts by MM cells. Most
importantly, glutamine can also be interconverted into aspar-
agine, which might be used for the import of other amino
acids via reciprocal exchange (90); levels of glutamine-hydro-
lyzing asparagine synthetase ASNS and transporter proteins
involved in these processes, SLC1A4 and SLC1A5, were
found significantly increased in MM,,;,,, cells (Fig. 4A). Results
of the targeted analyses of amino acids further point to the
likelihood that BM fibroblasts may supply MM cells with sev-
eral of the necessary amino acids, probably in exchange for
asparagine (Figs. 4B and 4C). This view is supported by the
fact that BM stromal cells such as fibroblasts are widely used
as feeder layers for MM cells in cell culture experiments (91).
Remarkably, asparagine synthesis has been associated with
survival of glutamine-dependent tumor cells, and expression
of ASNS was correlated with poor prognosis in several tumors
(92). Studies have indeed suggested good anti-myeloma ac-
tivity of asparaginase (93).

Glutamate arising from the interconversion of glutamine to
asparagine may be used for the synthesis of serine, which
feeds into the folate cycle (Fig. 4A). Interfering with the serine
metabolism has been proposed to improve anti-myeloma
therapies (94). Alternatively, glutamate may be transported
into mitochondria to be channeled into the citric acid cycle,
directly or via interconversion into other amino acids (Fig. 4A).
As depicted above, it appears that myeloma cells of advanced
stages of the disease are capable of increasing respiration
again. Our data indicate that fuels for oxidative phosphoryla-
tion in MMy, cells may arise from degradation of amino acids
(Fig. 4A). Remarkably, we also observed increased mitochon-
drial fatty acid synthesis and upregulation of proteins involved
in the methionine cycle (Fig. 4A). These two pathways give
rise to lipoic acid, a cofactor of the enzyme BCKDH, which is
necessary for branched chain amino acid degradation (95)
and was found upregulated in MM,,,, cells (Fig. 4A). There is,
furthermore, evidence that mitochondrial fatty acid synthesis
is essential for respiration and mitochondrial biogenesis (96).

Two proteins involved in mitochondrial fusion, CLPP and
CLPX (97), were also found significantly upregulated in
MM,,;g1 cells, whereas OMA1, which prevents fusion (98) and
SLC25A46, which is involved in mitochondrial fission (99)
were found significantly downregulated in MM cells (supple-
mental Table S1). Mitochondria, which are metabolically chal-
lenged when cells switch to use amino acids or fatty acids for
ATP production, have been described to undergo active fu-
sion to avoid oxidative stress and mitochondrial damage
(100). Enlarged mitochondria in multiple myeloma cells have
already been described in the 1980s by Ghadially et al. (101).
Further, we also found upregulation of ECSIT in MMy, cells
relative to MM,,,, and B cells (Fig. 3A); this protein, besides
being involved in the assembly of mitochondrial complex I,
also plays an essential role in mitophagy-dependent mito-

chondrial quality control, preventing accumulation of dam-
aged mitochondria (102).

In addition, cholesterol uptake as well as cholesterol met-
abolic processes were found upregulated in MM cells and
especially in MMy, cells (Fig. 4A). This is in accordance with
observations about hypocholesterinemia in the plasma of MM
patients, associated with increased LDL clearance and use of
cholesterol by MM cells, which seem to be necessary for MM
cell survival (103, 104).

Responsible for deregulation of metabolic processes in
MMy,ign versus MM, cells may be the activation of transcrip-
tion factor NFYA, which appeared to be involved in protein
regulation in MM cells and showed a trend of upregulation in
MM, cells (Figs. 6A and 6B). This transcription factor pro-
motes the expression of proteins fueling metabolic pathways
commonly altered in cancer cells, such as the serine, the one
carbon, the glycine, the glutamine pathways and the choles-
terol pathway (105). Further, MYC is involved in regulating
glutamine metabolism as well. Very recently, Gonsalves et al.
have demonstrated that higher levels of MYC in smoldering
myeloma cells correlate with an increased use of glutamine for
the citric acid cycle and a shorter time to progression to MM
(106). This is consistent with our data indicating an increased
uptake of glutamine in MM, ., cells, which apparently channel
this amino acid into the citric acid cycle (Fig. 4A).

Myeloma Cells Adapt ER Activities to Hypoxic Conditions in
the Bone Marrow — Stress proteins of the endoplasmic retic-
ulum (ER) such as glucose-regulated and heat-shock proteins
have been shown to be involved in resistance against envi-
ronmental stress such as that caused by hypoxia, in avoid-
ance of stress-induced apoptosis, and in cancer development
(107, 108). It has also been demonstrated that protein-disul-
fide isomerases are upregulated in response to hypoxia and
are critical for cell viability under these conditions (109). In line
with this, we found massive upregulation of HSP90B1
(GRP94), HSPA5 (GRP78), HYOU1 (GRP170), and HSPA13 in
MM versus B cells, and moreover in MM, ,,, versus MM,
cells; the same trend was observed for protein-disulfide
isomerases such as P4HB, PDIA4, PDIA5, and PDIA6 (Figs.
2A-2C). Azoitei et al. have shown that signals from hypoxia
and HSP90 pathways are interconnected via PRKD2 (Figs.
6A and 6B), which is apparently necessary to prevent apo-
ptosis and promote tumor angiogenesis and tumor growth
(110). Activation of transcription factor PAX4 (Fig. 6A), pro-
posed as candidate oncogene in hematologic malignancies
(111), has also shown to contribute to protect against ER
stress-induced apoptosis (112).

Mpyeloma Cells Have Strategies to Prevent Apoptosis Under
Hypoxic and Normoxic Conditions—lkeda et al. have demon-
strated that myeloma cells are compatible with both hypoxic
and normoxic conditions (16). Under hypoxic conditions, HIF
apparently activates micro-RNA-210 that blocks the DIMT1-
IRF4 axis and leads to glycolysis and to quiescence of the
cells. Under normoxic conditions, active DIMT1 and IRF4
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induce myeloma cell maturation and proliferation. Remark-
ably, we found IRF4 and DIMT1 to be present at significantly
higher levels in MMy, than in MM, cells (Figs. 3C and 6B).
This fits to our model in which MM, cells are confronted with
more hypoxic conditions than MM 4, cells, and that glycoly-
sis is rather downregulated in MM,,,,, versus MM, cells.
Most importantly, myeloma cells are obviously capable of
preventing apoptosis under both conditions (16). In line with
this, we were able to determine several proteins that may
support cell death escaping mechanisms in MM, and
MMy,ign cells (Fig. 1D). In MM,,,, cells hypoxia-induced anti-
apoptotic factors such as SRC and FYN (55, 113) were found
upregulated (Fig. 3C). This was accompanied by downregu-
lation of pro-apoptotic proteins such as hypoxia-regulated
proteins BAX (114), TP53111 (115), and BLK (116) (Figs. 1E,
3C, and 6B). In MM,,, cells, elevated levels of anti-apoptotic
proteins such as HYOU1 (117), SDF4 (47, 118), TRAP1 (119),
and the ADP/ATP translocase SLC25A4 (120) (Figs. 1D, 2C,
and 3A) were detected, together with IRF4 (121), which may
also act indirectly in an anti-apoptotic way via induction of
CASP10 (122) (Figs. 1E and 6B).

Myeloma Cells Develop Hypoxia-driven Strategies to Es-
cape Immune Response—Besides evading intrinsic apopto-
sis, MM cells have pathways that limit extrinsic apoptosis
induced by the immune system, involving for example up-
regulation of CD38, CD46, SLAMF7 (CS1), and MHC-I mole-
cules (Figs. 1C, 5A, and 5C) (10, 58). In case of CD38 and
SLAMY therapeutic antibodies are already tested in clinical
trials for combination therapies (123). Remarkably, SLAM7,
showed different expression levels depending on the disease
stage (Figs. 5A and 5C), and may thus be applied as stratifi-
cation marker of use in antibody therapy. Reduced levels of
MHC-II molecules, as well as MHC-IlI-associated proteins
such as CD37 (Figs. 1C and 5A), may also contribute to
immune evasion by impeding the antigen presentation capac-
ity of MM cells and their interactions with T cells (124, 125).
Upregulation of MYC (Fig. 6A) has been shown to disrupt
MHC-II-mediated immune recognition of human B cell tumors
(126).

The presently applied untargeted method also revealed
novel candidates potentially involved in immune escape
mechanisms of MM cells, such as DAPP1 and STAB1 (Fig.
5B) (59, 62). Further, VSIR (Fig. 5B) may negatively regulate T
cell functions, at least at earlier stages of the disease. This
protein has been found highly expressed in tumor microenvi-
ronments where it seems to suppress the proliferation of T
cells without affecting B cells, as described by Lines et al. (63).
Reduced levels of SIGIRR (Figs. 5B and 5C) may also be
involved in immune escape mechanisms of MM cells. This
protein has also been found downregulated in chronic lym-
phocytic leukemia (61). It is however worth mentioning that,
when comparing immune evasion strategies of MM cells with
those of CLL cells described in a previous study of our group
(22), more differences than similarities became evident.

Remarkably, hypoxic conditions in the BM microenviron-
ment may induce mechanisms leading to immune evasion of
MM cells. As mentioned before, Ikeda et al. have shown that
under hypoxic conditions micro-RNA-210 is activated in MM
cells (16). Noman et al. have demonstrated that, in lung cancer
and melanoma, high levels of micro-RNA-210 dramatically
decrease tumor cell susceptibility to cytotoxic T cell-mediated
lysis via coordinate silencing of PTPN1, HOXA1 and TP53I11
(54). Our data indicate that PTPN1 is significantly reduced in
MM,.,, relative to B cells and a similar trend was observed for
MM, versus B cells (Fig. 3C). HOXA1 was not detected in
any sample investigated in the present study. TP53I11 was
found significantly downregulated in both MM,,,, and MM,
cells (Fig. 3C), and the higher oxygen availability of MMy,
cells seems not to be sufficient to restore high levels of this
protein.

Conclusion and Outlook—The present proteome profiling
data strongly support that adaptation of MM cells to hypoxia
accompanies myeloma disease progression. Our results
demonstrate that in-depth proteome profiling is very well
suited to give deep insights into processes that are contrib-
uting to tumor development and progression. The data clearly
reproduced established knowledge on myeloma cells, but
also present novel findings and causal relations of relevant
pathways taking place in these tumor cells. Importantly, it
seems that strategies exploited by myeloma cells to allow
survival and proliferation, including immune evasion mecha-
nisms and metabolic adaptations, are more dependent on the
disease state than on the genetic background. This study may
thus support the development of improved stratification and
anti-myeloma treatment strategies.
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Octenidine-based hydrogel

shows anti-inflammatory

and protease-inhibitory capacities
in wounded human skin

Saskia Seiser®, Lukas Janker?®3*, Nina Zila!, Michael Mildner?, Ana Rakita?,
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Octenidine dihydrochloride (OCT) is a widely used antiseptic molecule, promoting skin wound healing
accompanied with improved scar quality after surgical procedures. However, the mechanisms by
which OCT is contributing to tissue regeneration are not yet completely clear. In this study, we have
used a superficial wound model by tape stripping of ex vivo human skin. Protein profiles of wounded
skin biopsies treated with OCT-containing hydrogel and the released secretome were analyzed

using liquid chromatography-mass spectrometry (LC-MS) and enzyme-linked immunosorbent assay
(ELISA), respectively. Proteomics analysis of OCT-treated skin wounds revealed significant lower
levels of key players in tissue remodeling as well as reepithelization after wounding such as pro-
inflammatory cytokines (IL-8, IL-6) and matrix-metalloproteinases (MMP1, MMP2, MMP3, MMP9)
when compared to controls. In addition, enzymatic activity of several released MMPs into culture
supernatants was significantly lower in OCT-treated samples. Our data give insights on the mode of
action based on which OCT positively influences wound healing and identified anti-inflammatory and
protease-inhibitory activities of OCT.

Human skin has a variety of crucial functions such as serving as a barrier protecting the body from physical and
chemical attack, invasion of pathogens and excessive water loss. As the primary immunological barrier to the
environment, the skin is harboring several types of immune cells that participate in innate and adaptive immune
responses’. Because skin is constantly exposed to potential injury, wound healing is a fundamental process for
the survival of all higher organisms. Acute wound healing represents the physiological mode of wound closure
and includes inflammation, blood clotting, cellular proliferation and extracellular matrix (ECM) remodeling®*.
In contrast, chronic wounds do not follow such a well-defined cascade, but are trapped in an inflammatory state”.
Furthermore, such a continuously localized inflammation contributes to the pathogenesis of excessive wound
healing, leading to the formation of keloids or hypertrophic scars. Pro-inflammatory cytokines have a major
role in the first phases of wound healing. Interleukin (IL)-6 is enhancing the inflammatory response and induces
vascular endothelial growth factor (VEGF) and IL-8 for tissue repair®. Further, IL-6 is favoring transition from
acute to chronic inflammation as it exerts stimulatory effects on T and B cells’”. During the remodeling phase
a variety of proteolytic enzymes, such as matrix-metalloproteinases (MMPs), are active. They are capable of
degrading the ECM, thus playing a major role in wound healing and tissue neomorphogenesis. MMP activity is
mainly regulated via tissue inhibitors of metalloproteinases (TIMPs)®. In chronic wounds or wounds showing
delayed wound healing frequently, an imbalance between TIMPs and MMPs has been observed™'’. Enhanced
activity of MMPs might cause increased ECM degradation, alteration of the cytokine profile, and degradation
of growth factors, culminating in delayed or absent wound closure'’.

Octenidine dihydrochloride (OCT) is a widely used antiseptic molecule with antibacterial, antifungal and
partially antiviral effects'>'?. Due to the broad pH range in which OCT is active, it is perfectly suitable for wound
care'*. Additionally, OCT has the capacity to clear bacterial biofilms in patients with chronic wounds'>. Recent
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studies revealed that OCT is promoting skin wound healing accompanied with improved scar quality after surgi-
cal procedures in patients'®. Further, it has been demonstrated that OCT does neither morphologically alter skin
cell architecture, nor enhance apoptosis when locally applied to superficially wounded ex vivo human skin. In
addition, OCT prevents migration of epidermal Langerhans cells and inhibits the secretion of several cytokines
(IL-8,1L-33,IL-10) in vitro, suggesting an anti-inflammatory capacity'’.

Although animal models have the advantage of representing a whole organism, there are major anatomical
and physiological differences, making a comparison to the human system often difficult'®. Especially wound
healing shows major differences between rodents and humans, underlining the necessity of alternative wound
healing models. Ex vivo human skin models are of high relevance because they provide laboratory models
perhaps closest to the in vivo environment in terms of biological complexity and fidelity to human physiology.
Even though we are aware that the use of ex vivo human skin models has some limitations (e.g., dependency on
biological material, limitations in standardization due to donor variability, lacking the influx of biochemicals
[complement proteins from the circulation] and other immune cells [natural killer cells, neutrophils, T cells],
adaptive responses cannot be tested, no innervation, limited culture periods), they allow comparative assess-
ments on the whole skin compartment of one area and cell-cell interactions'’. Further, ex vivo skin models are
ethically advantageous, because they permit experiments in human tissue that would otherwise be impossible in
living individuals. They are a simple, fast, and cost-effective tool for decreasing large-scale and expensive animal
testing. Because there are increasing restrictions in Europe for using animals for testing compound properties
and in line with the 3Rs (reduction, refinement, and replacement of animal models), ex vivo models represent an
ideal preclinical platform. Therefore, we have employed a recently established ex vivo human wound model'”*
and a proteomic as well as ELISA-based approach to determine the protein profile of OCT-treated wounded skin,
aiming to further unravel the largely unknown mechanism by which OCT might contribute to tissue regenera-
tion and improved wound healing.

Materials and methods

Ethics statement. Abdominal skin from anonymous healthy adult female donors was obtained during
plastic surgery procedures. The study was approved by the ethics committee of the Medical University of Vienna
and conducted in accordance with the principles of the Declaration of Helsinki. A written informed consent was
obtained from participants.

Superficial ex vivo human skin wound model using tape-stripping. Freshly isolated skin (1-2 h
(hours) after surgery) was disinfected with Kodan forte (Schiilke & Mayr GmbH, Austria) and tape-stripped
(TS), essentially as described previously®’. Briefly, 50 different D102-squame standard self-adhesive discs
(CuDerm, USA) were applied onto excised skin on the identical area by the same operator with constant pres-
sure for 10 s (sec). Subsequently, the TS skin was cut with a Dermatome (0.6 mm; Acculan 3Ti; Aesculap, Inc.
USA) and punch biopsies (& 8 mm; Kai Europe GmbH, Germany) were taken from TS and non-TS (NTS) skin.
The efficient removal of the stratum corneum was verified by routine hematoxylin and eosin (H&E) staining of
TS and NTS punch biopsies.

To define if the removal efficiency of the stratum corneum is comparable in all positions of a TS area, or shows
differences, according to potential unequally applied pressure and donor variability, abdominal skin of three
donors was TS and biopsies were taken from five defined regions on the TS area (Fig. S1). H&E staining demon-
strated that TS is most efficient in the inner region (=2) compared to outer regions (=1, 3, 4, 5) (Fig. S1). Aiming
to standardize further experiments as much as possible, only biopsies of the inner region were used in this study.

Topical application of OCT and culture conditions. Before culture, OCT (octenilin wound gel, 0.05%
OCT, Schiilke & Mayr GmbH, Germany), or control gel (OCT-free hydrogel, Schiilke & Mayr GmbH, Germany)
were applied topically onto TS skin biopsies (50 microliter (ul)/biopsy). Untreated and treated TS skin biopsies
were cultured in 12-well culture plates in the presence of Dulbecco s modified eagle medium (DMEM; 500 pl/
well; Gibco, Thermofisher, USA), supplemented with 10% fetal bovine serum (FBS; Gibco, Thermofisher) and
1% penicillin-streptomycin (Gibco, Thermofisher) for 48 h at 37 °C and 5% CO, (Heracell 150i; Thermofisher,
USA). On the second day, biopsies and culture supernatants were collected and stored at — 80 °C for liquid
chromatography-mass spectrometry (LC-MS) and enzyme-linked immunosorbent assays (ELISA), respectively.

Separation of skin compartments. In certain experiments, treated and untreated TS skin biopsies were
washed in PBS upon 48 h of cultivation. To be able to separate the epidermis from the dermis, samples were
enzymatically treated by incubation in 1.2 U/ml Dispase IT (Roche Diagnostics GmbH) at 4 °C overnight. On the
next day the epidermis was peeled from the dermis using forceps. Separated compartments were immediately
frozen in liquid nitrogen without fixation and stored on — 80 °C for LC-MS analysis.

H&E staining. Fixed (7.5% paraformaldehyde) TS and untreated skin samples were embedded in paraffin
(Sanova Pharma GmbH, Austria), cut (5 pum) with a microtome (Microm HM 335 E; GMI, USA) and stained
with H&E solution according to standardized protocols.

Sample preparation and LC-MS shotgun analysis of whole TS skin biopsies. Cultured TS biop-
sies (female, abdomen, age range: 38-45 years, n=5) treated with OCT, control gel and left untreated, were
homogenized in 100 pl sample buffer (7.5 molar (M) urea, 1.5 M thiourea, 0.1 M dithiothreitol, 4% 3-[(3-chola-
midopropyl)dimethylammonio]-1-propanesulfonate, 0.05% sodium dodecyl sulfate) using ultrasound. Protein
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concentrations were premeasured using a Bradford assay. For each sample 20 ug protein was used for the in-
solution digest performed according to a variation?! of the FASP protocol®?. Dried samples were reconstituted as
previously described®** in 5 pl 30% formic acid (FA) containing 4 synthetic standard peptides and diluted with
40 pl mobile phase A (97.9% H,0, 2% ACN, 0.1% FA). Of this solution, 5 ul were injected into a Dionex Ultimate
3000 nano high performance liquid chromatography (HPLC)-system (Thermo Fisher Scientific). Peptides were
concentrated on a pre-column (2 cm x 75 pm C18 Pepmap100; Thermo Fisher Scientific) at a flow rate of 10 pl/
min, using mobile phase A. Subsequently, they were separated by elution from the pre-column to an analytical
column (50 cmx 75 um Pepmap100; Thermo Fisher Scientific) applying a flow rate of 300 nl/min and using a
gradient of 8% to 40% mobile phase B (80% ACN, 20% H,O, 0.1% FA), over 190 min for sample analysis. The
MS analysis was performed on a QExactive classic orbitrap mass spectrometer, equipped with a nanospray ion
source (Thermo Fisher Scientific), coupled to the nano HPLC system. For detection, MS scans were performed
in the range from m/z 400-1400 at a resolution of 70.000 (at m/z=200). MS/MS scans were performed choosing
a top 8 method. HCD fragmentation was applied at 30% normalized collision energy and analysis in the orbitrap
at a resolution of 17.500 (at m/z=200).

LC-MS data analysis and interpretation of whole TS skin biopsies. Analysis and interpretation
of LC-MS data was performed essentially as described®' using the open source software MaxQuant (version
1.6.3.4)*% including the Andromeda search engine and the Perseus statistical analysis package?*°. Protein
inference was achieved aligning against homo sapiens in the SwissProt Database setting the parameters (mass
tolerance, missed cleavages, fixed/variable modifications, minimum of peptide identifications) as defined?'.
Label-free quantification (LFQ) revealed values for each individual protein, which were conducted for quan-
titative assessment of protein regulation using the Perseus statistical analysis package®. Proteins differentially
expressed between the three treatments were evaluated via Perseus with an unpaired t-test using LFQ values
of proteins for each group. Proteins with a p-value lower than 0.05 and a difference lower than — 1 or higher
than +1, corresponding to a log, fold change of at least 2, were considered as significant hits and were fur-
ther analysed. Protein function was determined using the Uniprot database?® as well as DAVID bioinformatics
resources for gene ontology annotation** .

Sample preparation and LC-MS analysis of epidermal and dermal compartments. Cultured
TS biopsies (female, abdomen, age range: 36-45 years, n=3) treated with OCT, control gel and left untreated,
were enzymatically separated into dermis and epidermis and the different compartments were independently
homogenized in 100 pl lysis buffer (8 M urea, 50 mM TEAB, 5% SDS) using ultrasound. For enzymatic digestion,
a protocol using the S-trap technology was employed®!. In short, reduction and alkylation of 20 pg solubilized
protein amount was achieved with 64 mM DTT and 48 mM IAA, respectively. After addition of trapping buffer
(90% vol/vol Methanol, 0.1 M Triethylammonium bicarbonate), samples were loaded onto S-trap cartridges,
thoroughly washed and subsequently digested using Trypsin/Lys-C Mix at 47 °C for one hour. Peptides were
eluted, dried and stored at — 20 °C until LC-MS analyses. Dried samples were reconstituted in 5 pl of 30%
FA containing 4 synthetic standard peptides and diluted with 40 ul of loading solvent (97.9% H,O, 2% ACN,
0.05% trifluoroacetic acid). Of this solution, 5 pl were injected into the Dionex Ultimate 3000 nano HPLC-
system (Thermo Fisher Scientific). Peptides were concentrated on a pre-column (2 cm x 75 pm C18 Pepmap100;
Thermo Fisher Scientific) at a flow rate of 10 ul/min, using mobile phase A (97.9% H,0, 2% ACN, 0.1% FA).
Subsequently, they were separated by elution from the pre-column to an analytical column (50 cm x 75 um Pep-
map100; Thermo Fisher Scientific), applying a flow rate of 400 nl/min and using a gradient of 8% to 40% mobile
phase B (80% ACN, 20% H,O, 0.1% FA) over 95 min, resulting in a total LC run time of 135 min including
washing and equilibration steps. Mass spectrometric analyses were accomplished using the timsTOF Pro mass
spectrometer (Bruker) equipped with a captive spray ion source run at 1600 V. Furthermore, the timsTOF Pro
mass spectrometer was operated in the Parallel Accumulation-Serial Fragmentation (PASEF) mode. Trapped
ion mobility separation was achieved by applying a 1/k0 scan range from 0.60 to 1.60 V's/cm? resulting in a ramp
time of 166 ms. All experiments were performed with 10 PASEF MS/MS scans per cycle leading to a total cycle
time of 1.88 s. MS and MS/MS spectra were recorded using a scan range (m/z) from 100 to 1700. Further, the
collision energy was ramped as a function of increasing ion mobility from 20 to 52 eV and the quadrupole isola-
tion width was set to 2 Th for m/z <700 and 3 Th for m/z > 700.

LC-MS data analysis and interpretation of epidermal and dermal compartments. For ion
mobility mass spectrometry (IMMS) data, the software pipeline FragPipe (version 13.0) employing the search
algorithm MSFragger (version 3.0)*” and Philosopher (version 3.2.7) for peptide and protein identification sta-
tistics in combination with TonQuant (version 1.3.0) was used. Mass tolerance was set to 50 ppm and 20 ppm for
MS1 and MS2, respectively. One missed cleavage was allowed. Fixed/variable modifications and peptide identi-
fication settings were set as described above. For quantification of proteins, a MaxLFQ approach with IonQuant
was chosen. “Match-between-runs” (MBR) parameters were set to a retention time window of 1 min and an
ion mobility window of 0.05 1/K,. A MBR false discovery rate cut-off value of 0.01 on ion, peptide and protein
level was applied. Statistical analysis of obtained results was performed with Perseus statistical analysis package
(version 1.6.14.0), as described above. Proteins with a p-value lower than 0.01 and a difference lower than — 1
or higher than + 1, corresponding to a log, fold change of at least 2, were considered as significant hits and were
further analysed. Protein function was determined using the Uniprot database as well as DAVID bioinformatics
resources for gene ontology annotation.
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Data availability. The MS proteomics data have been deposited to the ProteomeXchange Consortium via
the PRIDE™ partner repository with the dataset identifier PXD007592 and https://doi.org/10.6019/pxd007592.

ELISA. Culture plates (Nunc Immuno 96 well flat-bottom culture plate; Merck KGaA) were coated with
appropriate capture human antibodies such as IL-8 (Thermo Fisher Scientific, #M108), IL-6, MMPs or TIMP-1
(R&D Systems) overnight at 4 °C or room temperature. On the next day, plates were washed with washing buffer
(0.05% Tween in PBS) and blocked with blocking buffer (4% BSA, 0.5% Tween in PBS) or reagent diluent (1%
BSA in PBS). Another washing step was performed, and standards and samples were pipetted on the plates in
an appropriate dilution and incubated for 2 h at room temperature. After that, plates were aspirated and the
respective detection antibody was applied (Thermo Fisher Scientific, #M802B; R&D Systems) and incubated
for another 2 h at room temperature. Next, plates were washed again and streptavidin-horse-radish peroxidase
(Thermo Fisher Scientific #34028, R&D Systems) was applied. After an incubation time of 20 to 30 min, another
washing step was performed and 3,3',5,5'-tetramethylbenzidine substrate reagent A + B (BD Biosciences, USA)
was applied and incubated for 20 min. Subsequently, a stop solution (2N H,SO,; 50 pl/well) was added and
fluorescence was measured immediately at 450 nm with a photometer (Multiskan FC Microplate Photometer;
Thermofisher, USA).

Enzyme activity assay. The activity of MMPs (MMP1/2/3/7/8/9/10/12/13) in culture supernatants was
measured using the Amplite Universal Fluorimetric MMP Activity Assay Kit (AAT Bioquest, USA). Superna-
tants were activated with 4-aminophenylmercuric acetate (2 mM) overnight. Activated supernatants and con-
trols were pipetted in duplicates into a flat-bottom culture plate (100 ul/well; Corning 96 Well White Polystyrene
Microplate; Merck KGaA) and MMP Green substrate (50 pl/well; AAT Bioquest) was added. Fluorescence inten-
sity was monitored as kinetic measurement with a plate reader (BMG FLUOstar OPTIMA Microplate Reader;
BMG Labtech Inc. USA) at Ex/Em =490/525 nm.

Statistical analysis. ELISA data as well as results from the enzyme activity assay were analyzed using
GraphPad Prism 5. An unpaired t-test was used for comparing means, respectively. The results were considered
significant with p-values smaller than 0.05. Detailed information about statistical evaluation of LC-MS analysis
and interpretation can be found in the respective method sections.

Results

OCT-treated wounded human skin shows a distinct proteomic profile compared to con-
trols. To uncover the protein profile of human skin cells upon wounding and OCT-treatment, a proteomic
approach was chosen. Abdominal TS skin biopsies of five donors were treated with OCT, control gel or left
untreated, cultivated for 48 h and subjected to LC-MS. Statistical analysis using the software packages Max-
Quant and Perseus revealed a total of 2622 proteins (FDR < 0.01). Twenty-six proteins were found to be differen-
tially regulated (FDR <0.05) between OCT- and control gel-treated samples (Fig. 1A, Table S1) and thirty-seven
proteins were differentially regulated between OCT-treated and untreated samples (Fig. 1B, Table S2). Ten pro-
teins were differentially regulated between both, OCT-treated and untreated samples and between OCT-treated
and control-treated samples (Fig. 1A,B). Additionally, sixteen proteins were differentially regulated between
the untreated and control gel-treated group, showing that already application of hydrogel on the wound has an
effect on the protein profile of skin cells (Table S3). Among those proteins, three proteins were also differentially
regulated between OCT-treated and untreated samples and two proteins between OCT-treated and control-gel
treated samples (Fig. S2). Of note, none of the ten proteins which were differentially regulated between both,
OCT-treated and control gel-treated and OCT-treated and untreated samples were among the sixteen proteins
differentially regulated between the untreated and control-gel-treated group, concluding that OCT indeed has
a regulatory effect on respective proteins. Among significant hits, several proteins are involved in the immune
response as well as wound healing and tissue regeneration (Tables S1 and S2).

OCT regulates biological processes relevant for wound healing and immune response. Gene
Ontology (GO) enrichment analysis of proteins differentially regulated in OCT-treated wounded skin was per-
formed using DAVID Bioinformatics Resources®”*’. We found that proteins downregulated in OCT-treated TS
skin were associated with the biological functions important for wound healing (Fig. 2). Angiogenesis, collagen
catabolic process, ECM disassembly as well as proteolysis were downregulated in OCT-treated TS skin compared
to untreated wounded skin (Fig. 2). Proteins involved in those functions are, among others, IL-6 and members
of the MMP family (MMP], 2, 3). As anticipated, also proteins related to functions involved in inflammatory
immune response, such as particular defense mechanisms were downregulated in OCT-treated wounded skin
samples (Fig. 2). According to GO, IL-6 is an important representative of those functions. Together, these data
suggest, that OCT reduces the inflammatory immune response and excessive collagen and ECM deposition in
wounded skin. Leukocyte migration was upregulated in TS skin biopsies upon OCT treatment (Fig. 2), show-
ing that OCT not only has suppressing capacities. Functional associations between proteins downregulated in
OCT treated wounded skin samples were determined using the STRING software™. The analysis revealed strong
functional interaction between members of the MMP family (MMP1, 2, 3) and IL-6 (Fig. S3), conforming and
extending studies demonstrating that IL-6 regulates tissue MMPs*>*.

OCT significantly reduces secretion of pro-inflammatory cytokines in wounded human
skin. Differentially regulated protein candidates in OCT-treated TS skin samples and controls were further
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Figure 1. Proteins are differentially regulated among wounded OCT-treated skin and controls. Abdominal
skin biopsies of donors (age range: 38-45 years, n=>5) were TS, treated with OCT, control gel or left untreated,
cultivated for 48 h and subsequently prepared for LC-MS analysis. Volcano plots show differences in LFQ
values (fold change, logarithmic scale to the base of two) on the x-axis including their corresponding

p-values (logarithmic scale) on the y-axis. Proteins marked in red are significantly differentially regulated
(Log,FC <-1=downregulated; Log,FC > 1=upregulated) in OCT treated samples compared to (A) control gel-
treated samples or (B) untreated samples. Larger sized dots indicate proteins that are differentially regulated in
OCT treated samples compared to both, control gel-treated samples and untreated samples. Registered proteins
were further analysed. Data presented in the plots was generated performing a two-sided t-test (p <0.05) using
Perseus and vulcano plots were generated using Graphpad Prism. Extended information on the proteins can be
found in Tables S1 and S2.
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Figure 2. OCT regulates proteins involved in wound healing and immune response. Full skin biopsies of
donors (age range: 38-45 years, n=>5) were TS, treated with OCT, control gel or left untreated, cultivated

for 48 h and subsequently prepared for LC-MS analysis. Classification by the GO term biological process
shows pathways and larger processes made up of the activities of multiple proteins. Fold enrichment values
for individual GO terms, count (proteins involved in the term), p-value and FDR (false discovery rate,
calculated using the Benjamini-Hochberg procedure), listed next to the graph, were calculated using DAVID
bioinformatics resources. Biological processes downregulated in OCT-treated TS samples are shown in dark
grey, processes upregulated in OCT-treated TS samples are shown in light grey.
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Figure 3. OCT significantly inhibits IL-6 secretion in wounded human skin. IL-6 levels of TS human skin
biopsies treated with OCT were evaluated by LC-MS and were significantly lower compared with TS biopsies
which were untreated or treated with the control gel (left panel). Label-free quantification (LFQ) intensities
in a logarithmic scale to the basis 2 are indicated. LFQ intensities for proteins not detected in a replicate were
replaced by 15. IL-6 concentration in supernatants was tested in duplicates with an ELISA (right panel). Data
in both graphs is presented as a mean+SD (n=5). An unpaired t-test was performed with GraphPad Prism.
*p<0.05, ¥p<0.01, **p<0.001.

quantitatively assessed by ELISA. In addition to IL-8 (Fig. S4)V, IL-6 is another pro-inflammatory cytokine
known to play a key role in acute inflammation and is pivotal for the timely resolution of cutaneous wound
healing”. Dysregulation of IL-6 signaling can lead to either fibrosis or a failure to heal. Our LC-MS data are
in line with this concept as we found significantly diminished IL-6 in OCT-treated compared to untreated or
control gel-treated T'S skin biopsies (Fig. 3). Analysis of culture supernatants of the same donors confirmed these
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data showing significantly reduced IL-6 concentrations in OCT-treated wounded skin samples compared to
controls, supporting and extending our previous conclusion that OCT has anti-inflammatory capacity (Fig. 3).

OCT downregulates release of proteases in wounded human skin.  MMPs and their inhibitors play
a crucial role in all stages of wound healing by regulating ECM degradation and deposition which allows tissue
remodelling as well as cell migration®®. We found that MMP1 and MMP2 protein levels were significantly lower
in the tissue and in the secretome of TS skin biopsies treated with OCT in comparison to controls (Fig. 4A).
MMP3 expression and secretion levels were significantly lower only in OCT-treated wounded skin samples
when compared to untreated samples (Fig. 4A). Of note, OCT treatment of TS human skin did not influence
TIMP-1 expression and secretion (Fig. 4A). Importantly, supernatants of TS biopsies of the same five donors
treated with OCT showed significantly lower total MMP activity than supernatants of control groups (Fig. 4B).

OCT is primarily active in the dermal compartment. As MMPs and inflaimmatory cytokines are
produced and secreted by many cell types*, we next investigated whether the protease-inhibitory and anti-
inflammatory action is occurring preferentially in the epidermis or dermis. To address this, TS skin biopsies of
a different set of three healthy female donors, as before, were treated with OCT, control gel or left untreated and
cultivated for 48 h. Physically separated epidermal and dermal compartments were then analysed with comple-
mentary instrument technology employing ion mobility gas phase separation. Statistical analysis revealed that
more proteins were differentially regulated in OCT-treated TS skin samples compared to control gel-treated
samples than in comparison to untreated samples. Within both groups, more proteins were differentially reg-
ulated in the dermis (OCT/Ctrl: 173; OCT/Untr: 38) than in the epidermis (OCT/Ctrl: 73; OCT/Untr: 34)
(Fig. 5). Of note, the disparity between the two compartments is clearly larger when OCT-treated TS skin was
compared with control gel-treated TS skin (Fig. 5). Only few proteins were differentially regulated between
control gel-treated and untreated samples, in the epidermis (2) as well as dermis (6) (Table S8). Protein function
was determined using the Uniprot database as well as DAVID Bioinformatics Resources. Again, among signifi-
cant hits, several proteins are involved in immune response as well as wound healing (Fig. 6). In the epidermis
(Fig. 6A) we found a downregulation of proteins involved in defense mechanisms in OCT-treated samples com-
pared to untreated samples, being in conformity with the results of whole TS skin biopsy analysis (Fig. 2). In the
dermis (Fig. 6B) several functions associated with wound healing were downregulated in OCT-treated samples
compared to control gel-treated samples. Among them were also processes found in GO annotation results of
whole TS skin biopsies (collagen catabolic process, ECM disassembly, proteolysis) (Fig. 2), which are predomi-
nantly related to members of the MMP family. Functions of all proteins significantly up- or downregulated upon
OCT treatment, in both epidermis and dermis were determined using the Uniprot database (Tables S4, S5, S6,
S7). Similar to data in Tables S1 and S2, significant differences were identified for MMP1 and MMP?2 (Table S6)
between OCT-treated and control gel-treated TS dermal samples. In addition, MMP9 was shown to be signifi-
cantly downregulated in OCT-treated TS samples compared to the control (Table S6).

Discussion

In clinical practice, OCT has been shown to promote healing of chronic wounds**! and to reduce the formation
of hypertrophic scars in patients after abdominoplasty'®. However, the mechanism by which OCT contributes to
tissue regeneration and improved wound healing is not yet investigated in more detail. We used a mild, ex vivo
human wound model to address this and applied standardization, according to sex and donor age range within
one experimental set up, employing skin always from a distinct body location, defining the best TS area within
a skin biopsy, and evaluating optimal skin thickness for subsequent analysis.

A detailed characterization of the protein profile of wounded and OCT-treated TS skin biopsies and controls
was achieved using LC-MS. Out of 2622 identified proteins, 26 and 37 were differentially regulated between
OCT- and control gel-treated samples as well as OCT-treated and untreated samples, respectively. GO annota-
tions revealed several biological processes involved in wound healing among proteins found to be downregulated
in OCT-treated skin and included ECM disassembly, collagen-catabolic process, proteolysis as well as angiogen-
esis. According to DAVID bioinformatics resources, proteins associated with above mentioned processes were
among others, IL-6 and MMP family members. IL-6 is playing a key role in the acute phase reaction in response
to immunological stress. Fetal skin, in contrast to adult skin, produces rather low levels of pro-inflammatory
cytokines (IL-6, IL-8), potentially related to the immature immune status but attributing to its high regenerative
capacity. Further, it has been reported that (1) exogenous IL-6 leads to scar formation of human fetal skin grafts in
SCID mice®, (2) IL-8 levels are significantly increased in slowly healing human burn wounds, (3) IL-8 decreases
keratinocyte differentiation in vitro*, and (4) fibroblasts from keloid scars show increased IL-8 levels compared
with normal human fibroblasts*%. This supports a possible contribution of IL-6 and IL-8 to pathological scar
formation. Our data in this study showing significantly lower IL-6 levels in OCT-treated biopsies compared to
controls extend our previously reported finding about its anti-inflammatory capacity'’. The inhibition of IL-6 and
IL-8 in OCT-treated TS skin biopsies is one possible explanation for the potency of OCT to enhance wound heal-
ing and prevent hypertrophic scar formation in vivo. MMPs are other candidates as they are capable of dissolving
the basal lamina and lysis of surrounding tissue, thus facilitating proliferation and cell migration throughout
acute wound healing. Dysregulation of MMP levels might lead to increased ECM degradation, alteration of the
cytokine profile, and degradation of growth factors, culminating in delayed wound closure''. In line with this
assumption is the observation that mRNA expression of MMP?2 is highly increased in different types of human
scar tissue when compared with normal tissue derived from the same patient’. Our data revealed significantly
lower MMP1 and MMP2 levels in cultured wounded human skin treated with OCT in comparison to controls.
In conformity with this observation, we noted a significant reduction of MMP3 for OCT-treated TS biopsies
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Figure 4. OCT significantly reduces secretion and activity of proteases in wounded human skin. (A) Indicated
MMP levels, analysed by LC-MS, were significantly lower in human TS skin biopsies treated with OCT
compared to biopsies which were untreated or treated with a control gel, with exception of TIMP-1, which is not
affected upon OCT treatment (left panel). Label-free quantification (LFQ) intensities in a logarithmic scale to
the basis 2 are indicated. LFQ intensities for proteins not detected in a replicate were replaced by 15. Proteases
and a typical protease inhibitor in culture supernatants were tested in duplicates with an ELISA (right panel).
(B) Enzymatic activity of MMPs was significantly lower in culture supernatants of OCT-treated TS human skin
biopsies compared to controls (untreated, control gel-treated). Relative fluorescence units (RFU) are indicated.
All data is presented as mean+SD (n=5). An unpaired t-test was performed with GraphPad Prism. *p <0.05,
**p<0.01, **p<0.001, ns=not significant.
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Figure 5. More proteins are significantly differentially regulated upon OCT treatment in the dermis than in
the epidermis. Full skin biopsies of healthy female donors (age range: 36-44 years, n=3) were TS, treated with
OCT, control gel or left untreated and cultivated for 48 h. Subsequently, epidermis was detached from dermis
and the two compartments were separately prepared for LC-MS analysis. Volcano plots show differences in
LFQ values (fold change, logarithmic scale to the base of two) on the x-axis including their corresponding
p-values (logarithmic scale) on the y-axis. Proteins marked in red are significantly differentially regulated
(Log,FC <-1=downregulated; Log,FC>1=upregulated) in OCT treated TS samples compared to control gel-
treated TS samples or untreated TS samples. Data presented in the plots was generated performing a two-sided
t-test (p <0.05) using Perseus and Volcano plots were generated with Graphpad Prism using exclusively proteins
with a p-value <0.01.

when compared to untreated TS biopsies, but not with TS biopsies treated with the control gel, suggesting that
application of the hydrogel on the wound already leads to a decrease of MMP3 secretion. Our further finding
that MMP activity was significantly reduced in OCT-treated samples compared to controls demonstrated that
OCT has indeed a regulatory effect regarding protease inhibitors. Skin fibroblasts have been demonstrated to
secrete IL-6 and IL-8 in addition to several chemokines, MMPs and protease inhibitors*’. The dermis is rich in
fibroblasts suggesting that these cells may be the most relevant cell type responding to OCT treatment. The fact
that OCT inhibits the release of tissue MMPs might be one further explanation of the pathological scar prevent-
ing and wound healing promoting effects of OCT in vivo. TIMP-1 is one of the major MMP inhibitors, usually
significantly downregulated in chronic or slowly healing wounds'’. As OCT did not regulate TIMP-1, as revealed
by LC-MS and ELISA analysis, the exact mechanism of MMP inhibition by OCT in our model is not yet clear
and remains to be further investigated.

To address which skin compartment is influenced by the topical application of OCT onto TS human skin,
the epidermis and dermis were not only analyzed separately but, in addition, with a more sensitive method. Less
proteins were found to be differentially regulated in OCT-treated TS epidermal samples, while we found OCT-
mediated protein regulation largely in the dermis. In line with our results is the finding that OCT significantly
reduces MMP1 and MMP2 compared to control gel-treated dermal TS biopsies. The discovery that MMP?9 is
significantly reduced in OCT-treated TS dermal samples further supports our previous finding that OCT has
protease-inhibitory capacities.

Today, moist wound healing is widely accepted as the state-of-the-art in professional wound care. The high
water content of hydrogels allows them to benefit cutaneous healing essentially by supporting a moist wound
environment and promoting autolytic debridement**. We have shown in all experiments herein that the com-
bination of a hydrogel with the antiseptic OCT provides additional immunomodulatory features compared to
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Figure 6. OCT regulates proteins involved in immune response in the epidermal compartment and proteins
involved in wound healing and immune response in the dermal compartment. Full skin biopsies of donors
(age range: 3644 years, n=3) were TS, treated with OCT, control gel or left untreated and cultivated for 48 h.

OCT vs. Untr

OCT vs. Ctrl

OCT vs. Untr

Subsequently, epidermis (A) was detached from dermis (B) and the two compartments were separately prepared

for LC-MS analysis. Classification by the GO term biological process shows pathways and larger processes

made up of the activities of multiple proteins. Fold enrichment values for individual GO terms, count (proteins
involved in the term), p-value and FDR (false discovery rate, calculated using the Benjamini-Hochberg
procedure), listed next to the graph, were calculated using DAVID bioinformatics resources. Biological processes

downregulated in OCT-treated TS samples are shown in dark grey, processes upregulated in OCT-treated TS

samples are shown in light grey.
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Figure 7. OCT reduces cytokines as well as protease activities in wounded human skin (this study, black font),
is not apoptotic for skin cells, does not change the skin architecture and prevents the upregulation of CD83 on
Langerhans cells as well as their emigration (white font)"”.

the application of the very same hydrogel without any bioactive agent. The observed local anti-inflammatory
environment in TS skin samples treated with an OCT containing hydrogel can be perfectly linked to the presence
of the antiseptic itself in the gel and are not the result of pure moist wound healing alone.

To conclude, our data provide further new insights into the mode of action by which OCT improves wound
healing in clinical settings, as we reported anti-inflammatory and protease-inhibitory activities of OCT in
wounded human skin (Fig. 7) and identified the dermal proteome as its main target.

Data availability

Data, in anonymous format (according to data protection policy in the ethics agreement) is available on reason-
able request.
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Abstract

Deoxynivalenol (vomitoxin, DON) is a secondary metabolite produced by Fusarium spp. fungi and it is one of the most
prevalent mycotoxins worldwide. Crop infestation results not only in food and feed contamination, but also in direct dermal
exposure, especially during harvest and food processing. To investigate the potential dermotoxicity of DON, epidermoid
squamous cell carcinoma cells A431 were compared to primary human neonatal keratinocytes (HEKn) cells via proteome/
phosphoproteome profiling. In A431 cells, 10 uM DON significantly down-regulated ribosomal proteins, as well as mito-
chondrial respiratory chain elements (OXPHOS regulation) and transport proteins (TOMM?22; TOMM40; TOMM70A).
Mitochondrial impairment was reflected in altered metabolic competence, apparently combined with interference of the lipid
biosynthesis machinery. Functional effects on the cell membrane were confirmed by live cell imaging and membrane fluidity
assays (0.1-10 upM DON). Moreover, a common denominator for both A431 and HEKn cells was a significant downregula-
tion of the squalene synthase (FDFT1). In sum, proteome alterations could be traced back to the transcription factor K1f4, a
crucial regulator of skin barrier function. Overall, these results describe decisive molecular events sustaining the capability
of DON to impair skin barrier function. Proteome data generated in the study are fully accessible via ProteomeXchange with
the accession numbers PXD011474 and PXD013613.

Keywords Deoxynivalenol dermotoxicity - Skin barrier - Unfolded protein response mitochondrial - KIf4 transcription
factor

Abbreviations TE Tris EDTA
DON Deoxynivalenol NP-40 Nonidet P-40
MEM Minimum essential medium TIAA Iodoacetamide
PMSF Phenylmethylsulfonyl fluoride FA Formic acid
ACN Acetonitrile
HCD Higher collisional dissociation
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LFQ Label-free quantification

PPM Parts per million

FDR False discovery rate

ROS Reactive oxygen species

DCF-DA  2',7'-Dichlorodihydrofluorescein diacetate
CYT Cytoplasmic fraction

MOAC Metal oxide affinity chromatography

NE Nuclear extracts

UPR Unfolded protein response

HEKn Human epidermal keratinocytes, neonatal
Introduction

Skin structural integrity is essential for the maintenance
of barrier function. Similarly, at cellular level, the plasma
membrane represents the interface with the extracellu-
lar environment and, as such, its structure and stability
are essential for cellular homeostasis. From a toxicologi-
cal perspective, skin represents a highly exposed target for
chemicals and toxins. For food contaminants in general and
for mycotoxins in particular, dermal exposure through con-
taminated food commodities during harvest and processing
is becoming a topic of great interest (Doi and Uetsuka 2014),
and it poses concerns in addition to the classical oral admin-
istration route (Katrine et al. 2017). Among food contami-
nants, deoxynivalenol (DON, vomitoxin) is one of the most
commonly detected mycotoxins produced by the Fusarium
species complex (Gruber-Dorninger et al. 2016; van der Lee
etal. 2015). DON is classified in the trichothecene structural
group and acts at molecular level via inhibition of protein
synthesis (Cundliffe et al. 1974; Ueno 1977). This event is
initiated by binding to the A-site of the 60S large ribosomal
subunit (Dellafiora et al. 2017; Garreau de Loubresse et al.
2014) and ultimately leads to the impairment of the pepti-
dyl-transferase activity of the organelle. In line, the toxin
extensively impairs cellular functions, and this is associ-
ated with organ-specific phenotypic manifestations (Pestka
2010a, b). As example, DON is known to impair the intes-
tinal barrier system; it targets cell-cell-junctional proteins
and mucous layer hampering in this way gut functionality
(Beisl et al. 2020, 2021; Pinton and Oswald 2014; Robert
et al. 2017; Wang et al. 2020).

At cutaneous level, DON sustains pro-inflammatory reac-
tions and activates the AP-1 and NF-kB signaling cascade
in vitro (Mishra et al. 2014). On these molecular prem-
ises, in vivo, DON can act as skin tumor initiator (Mishra
et al. 2016) and this response is sensitive to the combined
treatment with the antioxidant N-acetyl-cysteine and the
anti-inflammatory drug celecoxib (Mishra et al. 2020a).
However, much remains to be elucidated to understand
the mechanisms sustaining the dermotoxic effects of DON.
For instance, it was recently described how even oral intake
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could enhance inflammatory response in allergic dermatitis
(Aihara et al. 2020). In line, accurate definition of molecular
events triggered by DON is of crucial importance for the
assessment of the risk associated with the cutaneous expo-
sure through contaminated food commodities.

Epidermoid carcinoma cells A431 are routinely used as
skin-derived cell model (Li et al. 2016; Smina et al. 2015).
We recently demonstrated that DON impairs the capability
of A431 to respond to uniaxial cell stretching and that the
toxin targets several proteins essential for the maintenance of
cell adhesion and morphology (Del Favero et al. 2018a). This
is particularly relevant since biomechanical plasticity and
adaptive response to movement are obvious essential com-
ponents of the skin barrier functionality. In this study, we
applied a combinatory microscopy and proteomics approach
to unravel the molecular events, downstreaming from the
ribosomal inhibition, toward the loss of membrane structural
integrity. Proteomics profiling combined with phosphopro-
teomics was used to characterize the molecular signature of
DON on A431 cells and to highlight the steps leading to the
alteration of lipid biosynthesis machinery. Ultimately, to
sustain the toxicological relevance of our findings also in
non-transformed cells, we compared the effects of DON with
human primary keratinocytes (HEKn) regarding proteome
alterations and post-translational modifications.

Materials and methods
Cell culture

Epidermoid carcinoma cells A431 were cultivated as pre-
viously described (Del Favero et al. 2018a) in Minimum
Essential Medium (MEM) with L-glutamine (4.5 g/L), 10%
(v/v) heat-inactivated fetal bovine serum (FBS) and 1% (v/v)
penicillin/streptomycin and maintained in controlled humid-
ified incubators at 37 °C and 5% CO,. Primary Epidermal
Keratinocytes (HEKn; Normal, Human, Neonatal Foreskin
ATCC® PCS-200-010™) were cultivated according to the
specification of the supplier in Dermal Cell Basal Medium
(ATCC® PCS-200-030™) including Keratinocyte Growth
Kit (ATCC® PCS-200-040™). If not otherwise specified,
cell culture reagents were purchased from GIBCO Invitro-
gen (Karlsruhe, Germany), Sigma-Aldrich Chemie GmbH
(Munich, Germany), Sarstedt AG & Co (Nuembrecht, Ger-
many), VWR International GmbH (Vienna, Austria) and
Thermo Fisher Scientific GmbH (Vienna, Austria). Com-
mercially available DON was purchased from Romer Labs
(Tulln, Austria). Solid substance was dissolved in dimethyl
sulfoxide (DMSO; Carl Roth GmbH, Karlsruhe, Germany)
and diluted in cell culture media (1:1000). Respective
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DMSO concentration (0.1%) was used as negative/solvent
control (controls, CONT).

Cell fractionation

To obtain the cytoplasmic fraction, cells were lysed in iso-
tonic lysis buffer (10 mM HEPES/NaOH, pH 7.4, 0.25 M
sucrose, 10 mM NaCl, 3 mM MgCl2, 0.5% Triton X-100)
supplemented with Protease and Phosphatase Inhibitor
Cocktail (Sigma-Aldrich, Vienna, Austria) and 1 mM PMSF
under mechanical shear stress. By centrifugation at 3500 g
and 4 °C for 5 min, the cytoplasmic proteins were separated
from the nucleic fraction and precipitated overnight with
ice-cold ethanol at— 20 °C. The remaining nuclei were thor-
oughly resuspended in TE-NaCl and TE-NP-40 buffer and
incubated on ice. After centrifugation, the supernatant was
precipitated in ethanol overnight.

Sample preparation

(i) In-gel digestion of A431 cell fractions: 50 pg of each
sample were loaded on an SDS-PAGE and allowed to enter
the separation gel for 0.3 cm. After that, proteins in the gel
were stained by an MS-compatible silver staining procedure
and the total protein amount was subjected to an established
in-gel digestion protocol (Bileck et al. 2014). Upon reduc-
tion with DTT and alkylation with IAA, the proteins were
digested in a two-step protocol for 14 h overnight and 4 h
at 37 °C using Trypsin/Lys-C Mix (MS grade; Promega
Corporation, Madison, WI). The gel pieces containing the
digested peptides were extracted with an extraction buffer
(1:1 mixture of 5% formic acid/ACN).

(i1) Filter-aided sample preparation of HEKn cell frac-
tions: protein fractions were subjected to a filter-assisted pro-
teolytic digestion with a modified version of the FASP pro-
tocol (Bileck et al. 2014; Wisniewski et al. 2009). In short,
20 pg of proteins were loaded onto a pre-wetted MWCO
filter (Merck KGaA, Darmstadt, Germany) with a pore size
of 10 kD, followed by reduction of disulfide bonds with dith-
iothreitol (DTT), alkylation with iodoacetamide (IAA) and
washing steps with 50 mM ammonium bicarbonate buffer.
Digestion of proteins was achieved by applying two times
Trypsin/Lys-C with Mass Spec Grade quality (Promega,
Mannheim, Germany), at first overnight, and in a second
step for 4 h. Resulting peptides were eluted through the filter
by centrifugation.

(ii1) Digestion protocol with the S-trap technology
(Protifi, LLC., New York; USA): 50 ug or 75 pg protein
solubilized in buffer containing 5% SDS were reduced and
alkylated as described above. After addition of trapping
buffer (90% vol/vol Methanol, 0.1 M Triethylammonium
bicarbonate) samples were loaded onto the cartridges and
digested with Trypsin/Lys-C Mix at 47 °C for one hour.
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Supernatants containing the collected peptides were dried
before instrumental analysis.

Phosphopeptide enrichment via metal oxide affinity
chromatography (MOAC)

Enrichment was performed with tryptic digests of cytoplas-
mic fractions of A431 and HEKn cell lines totaling 50 pg
and 75 pg, respectively. For optimal peptide recovery and
purity of the samples, the digestion protocol with the S-trap
technology was employed. The peptides were resuspended
in Binding Buffer containing 1 M glycolic acid, 5% (vol/
vol) trifluoroacetic acid (TFA), 80% (vol/vol) LC-MS grade
acetonitrile and loaded onto TiO, Mag Sepharose beads (GE
Healthcare GmbH, Solingen, Germany) preconditioned with
Binding Buffer. After 30 min incubation at room tempera-
ture and three subsequent washing steps (80% vol/vol ace-
tonitrile, 1% vol/vol TFA), phosphopeptides were eluted
with 5% (vol/vol) ammonium hydroxide solution. Superna-
tants containing the collected peptides were dried before
instrumental analysis.

LC-MS/MS analysis

Dried samples were reconstituted in 5 uL. 30% FA containing
10 fmol each of four synthetic standard peptides and diluted
with 40 uL mobile phase A (98% H,0, 2% ACN, 0.1% FA).
5 uL of this solution was then injected into a Dionex Ulti-
mate 3000 nano LC-system coupled to a QExactive orbitrap
mass spectrometer equipped with a nanospray ion source
(Thermo Fisher Scientific, Austria). As a pre-concentration
step, peptides were loaded on a 2 cm x 100 um C18 Pep-
map 100 pre-column (Thermo Fisher Scientific, Austria) at a
flow rate of 10 pL/min using mobile phase A. Elution from
the pre-column to a 50 cm X 75 um Pepmap100 analytical
column (Thermo Fisher Scientific, Austria) and subsequent
separation was achieved at a flow rate of 300 nL/min using
a gradient of 8-40% mobile phase B (80% ACN, 2% H,0,
0.1% FA) over 90 min. For mass spectrometric detection,
MS scans were performed in the range from m/z 400-1400 at
a resolution of 70,000 (at m/z=200). MS/MS scans of the 8
most abundant ions were achieved through HCD fragmenta-
tion at 30% normalized collision energy and analyzed in the
orbitrap at a resolution of 17,500 (at m/z=200).

MS data processing

Identification of proteins as well as label-free quantifica-
tion (LFQ) and statistical analyses were performed using
the MaxQuant 1.6.0.1 software (Cox and Mann 2008)
including the Andromeda search engine (Cox et al. 2011)
and the Perseus statistical analysis package, a commonly
used workflow for processing and statistical assessment of
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«Fig. 1 a Volcano plots depicting significant protein regulation (blue
down-regulated and red up-regulated) between controls (CONT) and
10 uM DON (Nuclear Extract). Nuclear pores proteins (rose), Mito-
chondrial proteins (light blue), Ribonuclear proteins (violet), Ubig-
uitin/Proteasome (dark blue). b Ribosomal proteins affected by 24 h
incubation with DON. ¢ Concentration dependent effect of DON on
squalene synthase (FDFT1) and transcription factor AP-1 component
(JUN). Transcription factors associated with the proteins significantly
down (d) and up (e) regulated after incubation with 10 pM DON
identified by oPOSSUM search (Kwon et al. 2012)

shotgun proteomics data (Mayer et al. 2018; Tyanova et al.
2016). Proteins were identified using the UniProt database
for human proteins (version 03/2018, restricted to reviewed
entries only with 20,316 entries), a peptide mass tolerance
of 25 ppm, an MS/MS match tolerance of 20 ppm and a
maximum of two missed cleavages with trypsin as protease.
Search criteria further included carbamidomethylation of
cysteines as fixed modification, methionine oxidation as well
as N-terminal protein acetylation as variable modifications,
and a minimum of two peptide identifications per protein,
at least one of them unique. Furthermore, match between
runs was performed using a 1-min match time window
and a 15-min alignment time window. For both, peptides
and proteins, a false discovery rate (FDR) of less than 0.01
was applied; the FDR was determined by the target-decoy
approach using the reversed version of the database as decoy.
To determine protein groups that were significantly up- or
down-regulated upon treatment, Perseus statistical analysis
package was used and differences of LFQ values were cal-
culated. LFQ values of technical duplicates were averaged
and the biological replicates considered as independent.
Common contaminants were removed. Changes in protein
abundance values between treated and untreated cells were
determined by a two-sided t test with an FDR <0.05 and
setting SO (x-value of the hyperbolic tangent of the func-
tion separating significant events) to 0.1. Principle compo-
nent analysis (PCA) results are provided in supplementary
Figures S1-S2 and Figures S3-S4 for A431 and HEKn
cells respectively. Data derived from bioinformatic analy-
sis (0POSSUM software (Ho Sui et al. 2007; Ho Sui et al.
2005; Kwon et al. 2012)) of up- and down-regulated proteins
can be found in Supplementary Table 1. For the analysis
of individual phosphopeptides, the software Peaks (Peaks
Studio 10.0 build 20190129) was used. For the database sup-
ported search, a version of the human proteome from uniprot
with 20.429 entries (October 2019) was employed. Dynamic
modifications, namely N-terminal acetylation, methionine
oxidation, arginine deamidation, and phosphorylation of
serine, threonine and tyrosine, were taken into account.
Carbamidomethylation of cysteine was considered a static
modification. The maximal mass deviation of the precursor
peptide was 15 ppm; the maximal fragment mass deviation
was set to 0.05 Da. For phospopeptide identification, a strict
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FDR of 1% was applied. For comparative analysis, a signifi-
cance threshold of 15 according to Peaks and a minimum of
twofold change on average were defined.

Kinase-substrate enrichment analysis was performed
on site-centric quantification data obtained via MaxQuant
data processing as previously described (Weiss et al. 2021).
Search parameters were adjusted to additional dynamic mod-
ification of phosphorylation of serine, threonine and tyros-
ine. Enrichment analysis was performed on Class 1 phospho-
sites (p > 0.75) utilizing PhosphoSitePlus and NetworKIN,
applying a NetworKIN score cutoff of 2, p value cutoff of
0.05 and substrate count cutoff 3.(Casado et al. 2013; Horn
et al. 2014; Hornbeck et al. 2014).

Immunofluorescence

Immunolocalization experiments were performed as previ-
ously described with minor modifications (Del Favero et al.
2020). A431 cells were incubated for 24 h or 6 h hours with
DON (0.1-1-10 uM) or with solvent control. At the end of
the incubation, cells were fixed with pre-warmed formal-
deyde (3.7%, 37 °C) and permeabilized with 0.2% Triton-
X100. Blocking was perfomed with 1% Donkey serum (1 h)
and targets of interest were recognized with anti-KLF4
mouse monoclonal antibody (56CT5.1.6_ab75486, Abcam),
anti TOM20 mouse monoclonal antibody (F-10_sc-17764,
Santa Cruz). After multiple washig steps, species-specific
secondary antibodies were applied. This includes Alexa
Fluor 568 Donkey anti-Rabbit (A10042) and Alexa Fluor
647 (A31571) Donkey anti-Mouse. Actin was counter-
stained with Alexa Fluor™ 488 Phalloidin (all from Molec-
ular Probes, Life Technologies, Thermo Fisher Scientific,
Waltham, USA). The slides were rinsed and post-fixed with
3.7% formaldehyde (10 min, RT); at the end of the post-
fixation, 100 mM glycine was used to mask reactive sites and
slides were mounted and sealed with Roti-Mount FluoCare
(Roth, Graz, Austria) with DAPI. Confocal images were
acquired with a Confocal LSM Zeiss 710 equipped with
ELYRA PS. I system and alpha plan apochromat 100X/1.46
Oil DIOC M27 objective. Image analysis was performed
with ImageJ software on n> 50 ROI (regions of interest)
randomly selected from images acquired from 3 independ-
ent datasets. KIf4 and TOM20 signals were quantified as
data expressed as relative fluorescence units in comparison
to controls.

Live cell imaging

For live cell imaging acquisition, CellMask™ Deep Red
Plasma membrane stain (1:1000 dilution, depicted in white)
was used. Cell nuclei were counterstained with Hoechst
33258 (1:1000 dilution, depicted in blue). Staining solu-
tions were diluted in Live Cell Imaging Solution (all from
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«Fig. 2 Immunofluorescence localization of Klf4 in A431 cells. a
quantification of the KlIf4 signal at nuclear level after 6-h incubation
and b 24 h incubation. Data results from the quantification on n>50
ROI randomly selected from 3 independent experiments. * p <0.05
and *** p<0.001 at Student’s ¢ Test. ¢ Representative images of the
immunolocalization of KIf4 (light blue) and d after 24 h incubation
with DON (0.1, 1 and 10 pM). Actin cytoskeleton is counterstained
with phalloidin (depicted in gray) and cell nuclei with dapi (depicted
in blue)

Molecular Probes, Life Technologies, Thermo Fisher Sci-
entific, Waltham, USA). At the end of the incubation time,
cells were washed and pre-warmed Live Cell Imaging Solu-
tion was used for the microscopy experiment. Time series
were acquired with a Confocal LSM Zeiss 710 equipped
with ELYRA PS. I using a Plan Apochromat 63X/1.4 oil
objective. Filopodia were quantified using the plugin Filo-
Quant for ImagelJ. The cell edges and filopodia were deter-
mined for each picture either by automated analysis cross
checked by step-by-step analysis to achieve representative
outcomes. The quantification (Fig. 5d—h) was carried out
as described by Jacquemet et al. (2017) with small adapta-
tion. Filopodia density was calculated from the skeletonized
images as the ratio of filopodia number and cell edge length
for each individual picture. Analyzed datasets derived from
3 independent cell preparations.

Membrane fluidity assay

Membrane fluidity was measured adapting to the protocols
from Zhang et al. (2011) and Del Favero et al. (2018b).
Briefly, cells were either pre-incubated with the toxin (DON
24 h 0.1-10 pM) or challenged with the mycotoxin after
the incubation with 1-pyrenedecanoic acid (PDA; Sigma
Aldrich, 37 °C 1 h). Measurements were performed with
Cytation3 Imaging Multi-Mode Reader (BioTek, Winooski,
VT, USA) using 344 nm excitation wavelength and meas-
uring emission at 375 nm (PDA monomeric form) and at
470 nm (PDA excimeric form). Cholesterol complexing
agent methyl-beta cyclodextrin (MBCD, 10-100 uM) and
H,0, (100-1000 uM) were included as positive controls.

Experimental design and statistical rationale

To support statistical analysis, proteomic analyses were
performed on the practical minimum of three biological
replicates measured in technical duplicates per cell state
(solvent controls, 0.1 uM, 1 uM and 10 uM DON, Fig. Ic,
Supplementary Fig. S5). Cytoplasmic fractions and nuclear
extracts were analyzed separately. For the control group
of the nuclear extract fraction (Fig. Ic, Supplementary
Fig. S5) one technical replicate failed and was omitted.
For the identification of proteins, a false discovery rate of
0.01 was applied both at peptide and protein level. For the
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calculation of significant alterations of protein abundance
values, a permutation-based false discovery rate calcula-
tion applying FDR < 0.05 was applied to ¢ tests of LFQ
mean values. Consensus binding sites determined using
the oPOSSUM software were considered significant when
exceeding mean values with the addition of two standard
deviations. For the selection of significantly regulated
phosphopeptides, a significance threshold of a testing p
value < 0.05 was applied.

For the data presented in Figs. 2 and 4, image analysis is
the result of the quantification of at least 6 different optical
fields obtained from at least three independent experiments.
For the membrane fluidity assay, data are expressed as mean
of 7 individually conducted experiments, comprising three
technical replicates. Statistical analysis was performed
applying one-way ANOVA test followed by Fisher test for
pairwise comparisons (threshold values p <0.05, Origin Pro
9.1G; OriginLab, Northampton, USA) or with Student’s ¢
Test. Graphical representation of GO terms representing
biological processes and cellular components was obtained
with Origin 2018b with data obtained using the DAVID Bio-
informatics Resources (Huang da et al. 2009) submitting all
proteins significantly up- or down-regulated, respectively.
Cell lines are compared directly for the same Cellular Com-
ponent or Biological Process GO Terms indicating in red
the data derived from up-regulated proteins and in blue the
down-regulated ones. Data used for this representation are
provided in Supplementary Material Table 4.

Results

DON induced proteome alterations in A431 cells
point toward regulation of transcription factor KLF4

Incubation of A431 cells with 10 uM DON triggered sig-
nificant alterations of the proteome profile of the epider-
moid cells. While data regarding cytoplasmic proteins
were published previously (Del Favero et al. 2018a), here,
we focused on nuclear extracts while adding novel data
regarding the cytoplasmic proteins based on independent
measurements. Out of a total of 3363 identified proteins
in the nuclear extracts, 988 proteins were found signifi-
cantly regulated (Fig. la, FDR 0.05). Among these, sev-
eral ribonuclear proteins were down-regulated (Fig. la, b),
thus confirming the ribosome as a main molecular target
for DON (Cundliffe et al. 1974; Ueno 1977). Remarkably,
downregulation of the ubiquitin/proteasome pathway as
well as mitochondrial proteins crucial for oxidative phos-
phorylation (OXPHOS) was also observed (Fig. la) in
addition to several proteins mediating lipid synthesis. To
assess the specificity of this effect, dose-response experi-
ments were performed measuring the effect of increasing
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«Fig. 3 Effect of DON at mitochondrial level. a Mitochondrial respira-
tory chain subunits altered by incubation with DON. Images are gen-
erated from KEGG database (Kanehisa et al. 2016, 2017; Kanehisa
and Goto 2000) and reused modified with permission [KEGG Copy-
right Permission 200848]. Heat maps depict the proteins of the COM-
PLEX I, II-IV and V targeted by DON. b Effect of DON (blue) on
the mitochondrial import proteins TOMM?22/40 and 70A in compari-
son to controls (CONT, gray). ¢ Proteasome subunits altered by incu-
bation with DON. Images are generated from KEGG database (Kane-
hisa et al. 2016, 2017; Kanehisa and Goto 2000) and reused modified
with permission [KEGG Copyright Permission 200848]. Red Stars
indicate the subunits targeted by the mycotoxin. Heat maps depict the
proteins of the proteasome (d) and of the ubiquitin complex (e) regu-
lated by incubation with DON

concentrations of the toxin in the nuclear fraction (Fig. lc,
Supplementary Fig. S5) as well as in the cytoplasmic
compartment (Supplementary Fig. S5, unreported data
extracted from a previously published dataset (Del Favero
et al. 2018a)). Squalene synthase (FDFT1) was found sig-
nificantly regulated in a dose-dependent fashion in both
subcellular fractions (Fig. 1c nuclear extracts, Supple-
mentary Fig. S5A cytoplasmic fraction). Similar regu-
latory pattern could be observed for the lysosomal acid
lipase/cholesteryl ester hydrolase (LIPA) and the farnesyl
pyrophosphate synthase (FDPS), the mitochondrial methyl-
malonyl-CoA mutase (MUT, cytosolic fraction) and inter-
feron-induced transmembrane protein 3 (IFITM3; cytosolic
fraction), which were all regulated in a dose-dependent
manner (Supplementary Figure SSC-H). Remarkable was
also the concentration-dependent effect of the toxin on the
transcription factor AP-1 (JUN, Fig. 1c) and on WWTRI1
(WW domain-containing transcription regulator protein
1, Supplementary Fig. S5B). WWTRI, as component
of the Hippo pathway, has been already associated with
the regulation of the complex machinery governing cell
adhesion and perception of mechanical forces, as well
as to the development of some skin cancer types (Andl
et al. 2017). Bioinformatics processing of the data with
oPOSSUM software (Kwon et al. 2012) (Nuclear extracts,
Fig. 1d and e, Supplementary Material Table 1) revealed
the transcription factor krueppel-like factor 4 (Klf4) as a
common denominator of the regulatory events triggered by
DON in A431 cells. KIf4 was previously described for its
role in the maintance of skin barrier function (Segre et al.
1999), hence its involvement is of great relevance for the
comprehension of the dermotoxic potential of DON. Tak-
ing this as a starting point, we decided to confirm the effect
of the mycotoxin on Klf4 with an independent workflow.
Indeed, also with immunofluorescence and confocal imag-
ing we could observe a concentration- and time-dependent
effect of DON on the subcellular distribution of Klf4. DON
increased Klf4 localization in the nuclear region after 6-h
incubation (Fig. 2a) which was followed by a decrease at a
longer incubation time (24 h, Fig. 2b—d).
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Unfolded protein response mitochondrial induced
by DON

In addition to its role in sustaining skin barrier function, Klf4
plays a central role in the regulation of metabolism and in
particular mitochondrial homeostasis (Tung and Xia 2018).
In line, among the most specifically challenged organelles
after DON treatment, mitochondria were outstanding. More
than 20 mitochondrial proteins were found significantly
down-regulated (Fig. 3). Among these, there were seven
members of the accessory subunits of the NADH dehydro-
genase (Complex I), and four proteins of the cytochrome
complex (Fig. 3a). Moreover, 7 proteins constituting the
ATP synthase complex were also significantly regulated
(Fig. 3a), thus confirming the central role of mitochondria
and mitochondrial stress in the mechanism of action of DON
(Bin-Umer et al. 2014; Ren et al. 2020). In addition to res-
piratory chain proteins, three mitochondrial import proteins
(Wiedemann et al. 2003), namely TOMM70A, TOMMA40,
TOMM?22 (Fig. 3b) were found significantly down-regu-
lated. Incubation with DON reduced also the abundance of
12 protein forming the proteasome complex (Fig. 3¢, d) and
further 14 proteins related to ubiquitination processes (Gene
Ontology), indicating overall an impairment of the protein
turnover apparatus (Fig. 3e). Among these, there was bax
inhibitor 1 (TMBIMG6; Fig. 3e), a cytoprotective protein that
exerts its function through the modulation of UPR pathway
(Krajewska et al. 2011), the DnaJ homolog subfamily A
member 1 (DNAJAL; Fig. 3e) that regulates protein import
in the mitochondria (Radons 2016) and the heat shock pro-
tein 70 kDa like 1 (HSPA1L) that upon ATP hydrolysis
allows the elimination of damaged proteins (Radons 2016).
In light of the capability of DON to trigger a proteome adap-
tion retracing the UPR-mitochondrial, we also assessed if
this was mirrored in the structure of the organelles. It is
well known that mitochondrial functional/energetic status
is tightly related to morphology and distribution underpin-
ning the fusion—fission equilibrium (Wakim et al. 2017). In
agreement with the proteome profiling, we observed that
DON dose-dependently reduced the signal generated by the
immunolocalization of TOM20 (Fig. 4a and b). Moreover,
after 24 h incubation, DON induced a concentration depend-
ent disorganization of the mitochondrial network. This was
visible as progressive accumulation of TOM20 signal in
the perinuclear region (Fig. 4c¢) and culminating in almost
complete fragmentation upon incubation with 10 yM DON
(Fig. 4d).

Impact of DON on membrane function
Overall, both untargeted (proteomics) and targeted (micros-

copy) analysis supported the interpretation that DON-asso-
ciated dermotoxicity could involve Klf4-related pathways.
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«Fig.4 Immunofluorescence localization of Tom20 in A431 cells.
a appearance of the mitochondrial protein in control conditions. b
Tom?20 signal quantification after incubation with DON for 6 h. ¢
Morphology and signal quantification of Tom20 after incubation with
DON for 24 h. Data results from the quantification on n>50 ROI
randomly selected from 3 independent experiments, *p <0.05 and
**p<0.01 at Student’s ¢ Test. d Detail of the morphological changes
triggered by 10 pM DON (24 h incubation) on the mitochondrial net-
work as compared to controls. Cell nuclei are counterstained with
dapi (depicted in gray)

Once having ascertained the effect on mitochondria, we
moved to verify other essential downstreaming pathways
related to the activation of the transcription factor and we
focused our attention on barrier function. Particularly, work-
ing with in vitro models, this can reflect on cell membrane
structure and biophysical properties. DON exerted a time-
and concentration-dependent effect on membrane fluidity
of A431 cells (Fig. 5a). H,0, added as pro-oxidant chal-
lenge failed to reproduce the effect triggered by the toxin.
The cholesterol complexing agent MBCD (positive control;
Fig. 5a) induced a concentration dependent decrease of the
membrane fluidity of A431, confirming the performance of
the assay with our cell model. Morphological evaluation
of the cell membrane obtained through live cell imaging
revealed prominent changes in cell membrane appearance
after 1-h incubation with the toxin (10 uM; Fig. 5b) and a
clear concentration-dependent effect after 24 h of incubation
(Fig. 5¢). Decrease of the staining intensity was accompa-
nied by the appearance of areas of uneven accumulation of
the membrane dye (CellMask), suggesting massive changes
in membrane dynamics. To provide a preliminary assess-
ment of these modulations, images were analyzed follow-
ing the FILOquant workflow (Fig. 5d). Software analysis
revealed homogeneous edge length in the images (Fig. Se)
and a significant decrease of the average filopodia length
for the cells incubated with the lowest concentrations of the
toxin (Fig. 5f; 0.1 uM DON vs CONT p=0.014; 1 uM DON
vs CONT p=0.043 Student’s ¢ Test). Of note, an increase
was detected for cells incubated with the highest concentra-
tion of DON. However, the performance of the evaluation
software in this case is questioned by the apparent decrease
of the CellMask signal, as well as by the uneven accumu-
lation of the dye in cell-junctional areas. Moreover, data
showed an alteration in the distribution of filopodia count
(Fig. 5g, 0.1 uM DON) and a tendency on the decrease of
the filopodia density (Fig. 5h).

To rule out if the effects of the mycotoxin on the cell
membrane and cell membrane dynamics were associated
with unspecific oxidative stress, intracellular ROS levels
were determined by DCF-DA assay (Supplementary Figure
S6A). Indeed, no increase in intracellular ROS levels was
observed in A431 cells after cellular exposure to the toxin
(max. 180 min.; Supplementary Fig. S6A). After 24 h, the
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most relevant proteins typical for an oxidative stress sig-
nature, namely peroxiredoxins (Supplementary Fig. S6B
nuclear extract NE and cytosolic fraction CYT), and rep-
resentative members of glutathione pathway (Supplemen-
tary Fig. S6C cytosolic fraction CYT), were not regulated.
However, a significant decrease/depletion in the thioredox-
ins pools in both nuclear and cytosolic compartment was
observed (Supplementary Fig. S6D nuclear extract NE and
cytosolic fraction CYT).

Effect of DON on primary epidermal keratinocytes

To expand the toxicological relevance of our findings,
namely the involvement of proteins regulating cell mem-
brane functions/barrier integrity as crucial targets down-
streaming from DON-induced ribosomal inhibition, we
repeated the experiments on human primary epidermal
keratinocytes (HEKn). 24 h incubation with 10 uM DON
induced significant regulation on more than 600 proteins out
of 2977 identified proteins in the cytoplasmic fraction and
more than 1600 out of 3023 identified proteins in the nuclear
fraction (FDR 0.05, Supplementary Fig. S7). Bioinformatics
data analysis indicated once again the transcription factor
Klf4 as a key player in DON-induced response (Fig. 6a and
b). In line, several proteins underpinning an involvement of
skin barrier function were found disregulated (Fig. 6c, d,
Supplementary Fig. S7). Similar to the A431, the squalene
synthase (FDFT1) was significantly down-regulated also in
the HEKn model (Fig. 6¢). Among the other down-regulated
proteins, cornifin-A (SPRR1A, Fig. 6¢) appeared particularly
meaningful in light of its function as cross-linking enve-
lope protein for the keratinocytes (Rajagopalan et al. 2018).
Similarly related to epithelial integrity were also syndecan-1
(SDC1) and galectin-3-binding protein (LGALS3BP) which
mediate cytoskeleton—matrix and cell—cell adhesion (Carulli
etal. 2012; Fortuna-Costa et al. 2014) (Supplementary Fig.
S7C). Among the up-regulated proteins in the cytoplasmic
fraction, significant regulation was observed for structural
proteins like desmocollin-1 (DSC1) and keratin 18 (KRT18)
(Fig. 6¢c and Supplementary Fig. S7C). Remarkably, several
proteins sustaining an inflammatory reaction were found up-
regulated, namely interleukin-1 alpha and beta (IL1A and
IL1B), interleukin-36 gamma (IL36G), as well as interleukin
enhancer binding factors 2 and 3 (ILF2 and ILF3; Fig. 6¢
and Supplementary Fig. S7). In line, data bioinformatics
processing indicated the regulation of the transcription fac-
tor NF-kB in relation to the proteins up-regulated in the
cytoplasmic fraction (Fig. 6a).

In the nuclear fraction, the downregulation of squalene
synthase FDFT1 was confirmed and accompanied by the
decrease of the long-chain-fatty-acid-CoA ligase4 (ACSL4,
Fig. 6d). In parallel, downregulation of catenin alpha-1 and
beta and of the epidermal growth factor receptor (EGFR)
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«Fig.5 Effect of DON on A431 membrane. a Changes in membrane
fluidity after 24 h incubation and 10-min exposure to DON, methyl-
beta cyclodextrin (MPCD) and H,0,. b Representative pictures
of cell membrane appearance after 1-h incubation with or without
DON (10 puM, scale bars 20 pm). ¢ Concentration dependent effect
of DON on cell membrane morphology after 24 h incubation (Cell-
Mask in white, Hoechst 33258 in blue) scale bars 10 um. d Appear-
ance of the images during the step-by-step analysis of filopodia using
FiloQuant. e Edge lengths per optical field expressed as pixels of each
picture. f Average filopodia lengths (pixels; n> 1000 filopodia/condi-
tion, * p<0.05, Student’s ¢ Test). g Filopodia count per optical field
(**p<0.01, One way ANOVA). h Filopodia density expressed as
filopodia number per edge lengths per optical field. Data are mean of
at least 6 independent optical fields

was also observed (Supplementary Fig. S7D). The effect
of DON on the lipid synthesis machinery of HEKn cells
was evidenced also by the up-regulation of the RNA-binding
protein RALY, transcriptional co-factor in cholesterol bio-
synthesis ((Sallam et al. 2016) Fig. 6d) and by the effect on
lipocalin-1 protein (LCN1), which was described in relation
to binding/transport of several lipid species (Glasgow and
Abduragimovaa 2018) (Supplementary Fig. S7D). Likewise,
the Ras-related protein Rab-18, which plays a role in tether-
ing lipid droplets to the endoplasmic reticulum (Dejgaard
and Presley 2019), was found up-regulated (Supplementary
Fig. S7D). In line with the increase of keratin observed in
the cytosolic fraction, the Fos-related antigen 2 (FOSL2)
and the transcription factor JUND (binding AP-1 sites) were
found up-regulated in the nuclear extract (Wurm et al. 2015)
(Fig. 6d).

Comparison of the biological response triggered
by DON in A431 and HEKn cells

Despite the difference in the response typical between tumor
and primary cells, our data imply that the lipid synthesis and
the related membrane barrier function can be considered as
revevant toxicological targets for DON in both skin cell mod-
els. Data analysis through DAVID Bioinformatics Resources
(Huang da et al. 2009) allowed to clearly highlight the com-
monalities and the differences between the response of the
two cell models in terms of significantly regulated cellular
components (Fig. 7a) and biological processes (Fig. 7b). For
both A431 and HEKn, significant regulatory events could be
traced back to the GO Terms (i) exososomes, (ii) membrane,
(iii) cell junctions and (iv) focal adhesions. Interestingly,
these cellular components were common denominators for
down-regulated proteins in both cell types, but associated
with up-regulated proteins predominantly in the primary
keratinocytes. Mitochondria, as well as cell-type-specific
components such as the melanosomes, were found signifi-
cantly regulated for both A431 and HEKn, but prevalently
associated with the negatively regulated proteins. As for
the biological processes, “cell-cell adhesion” was the most
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affected by the incubation with DON. This was accompanied
by the regulation of several pathways connected to mem-
brane homeostasis and cell biomechanical compliance that
are essential contributors of skin integrity and barrier func-
tion (e.g., (i) cholesterol biosynthesis, (ii)) Wnt signaling and
(iii) endoplasmic reticulum to golgi transport). In associa-
tion with the ribosomal-inhibitory potential of DON, protein
folding and RNA processing were also found significantly
regulated (Fig. 7b).

Phosphoproteome analysis of DON-treated A431
and HEKn cells

To deepen the understanding of the molecular events down-
streaming from the incubation of DON with epidermal cells,
we performed also a phosphoproteins analysis based on an
affinity enrichment. As a result, out of the cytoplasmic frac-
tions of A431 and nHEK cells, 3867 and 3474 phosphopep-
tides were identified (10 pM DON, FDR <0.01; Fig. 8). Of
note, one of the most reproducible phosphorylation events
involved TOMM?22 (Fig. 8a and b). Moreover, the dephos-
phorylation of YAP1 and MILK1 (MICAL-like protein 1,
regulating receptor mediated endocytosis (Abou-Zeid et al.
2011)) was also observed both in A431 and HEKn (Fig. 8d).
Intriguigly, the force-sensitive protein AJUBA was found
regulated only in HEKn cells (Fig. 8d). Overall, 75/13 phos-
phopeptides derived from 55/12 phosphoproteins were found
significantly regulated in A431/HEKn cells upon DON treat-
ment (Supplementary Material Tables 2-3). Considering
A431 cells, most of the significantly regulated phosphopro-
teins were related to cytoskeletal organization, DNA dam-
age and repair, inflammatory response, lipid binding and
membrane organization. 52 of the 75 phosphopeptides were
also identified in HEKn cells, with more than 80% of them
regulated similarly although without reaching significance.
In HEKn cells, most regulatory events were associated with
cytoskeletal organization and inflammatory response, in
addition to cholesterol biosynthesis, calcium signaling and
translation (Supplementary Material Tables 2-3). Here, of
the 5 phosphopeptides commonly identified in A431 cells
again 80% (4 peptides) were found consistently regulated.
Application of a kinase substrate enrichment analysis work-
flow revealed a positive correlation with mMTOR and NEK2
signaling in A431 cells, whereas protein kinase A and C
were most prominent in HEKn cells (Supplementary Fig.
S8).

Discussion
DON is one of the most prevalent mycotoxins worldwide,

but despite being studied in depth, it still offers novel chal-
lenges and many aspect of its toxicological profiling are
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understanding of the molecular events sustaining the immu-
nomodulatory function of the toxin (Nogueira da Costa et al.
2011a, b; Pan et al. 2013), as well as its effect at intestinal

subject of actual research. As for other toxins, proteomic
profiling after incubation with DON has been previ-
ously performed and it greatly contributed to enhance our
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«Fig.6 Significant protein regulation between controls (CONT) and
10 uM DON in HEKn cells. Transcription factors associated with the
proteins significantly up- and down-regulated after incubation with
10 uM DON identified by oPOSSUM Search (Kwon et al. 2012) in
the cytoplasmic fraction (a) and nuclear extracts (b). ¢ Selected regu-
lated proteins in the cytoplasmic fraction: cornifin-A (SPRR1A),
squalene synthase (FDFT1), desmocollin-1 (DSC-1), interleukin-1
beta (IL1B). d Selected regulated protein in the nuclear extract:
long-chain-fatty-acid—-CoA ligase 4 (ACSL4) and squalene synthase
(FDFT1) RNA-binding protein Raly (RALY), Fos-related antigen 2
(FOSL2, full diamonds) and transcription factor jun-D/JUND (JUN,
empty diamonds)

(Zhang et al. 2016) and hepatic levels (Smith et al. 2018).
We have previously demonstrated that DON can have a quite
distinctive effect on A431 cells (Del Favero et al. 2018a).
It clearly affects, in the cytoplasmic compartment, proteins
regulating cell adhesion, cytoskeletal membrane connection
and this reflects on the capability of A431 cells to respond to
mechanical stimulation (Del Favero et al. 2018a). However,
the chain of molecular events leading to this loss of func-
tion, as well as the main molecular players connecting the
initial ribosomal inhibition to the alteration of cell biophysi-
cal properties up to plasma membrane, remained essentially
unknown. In this work, we took advantage of untargeted
proteomic profiling, including phosphoproteomic analysis,
to elucidate intermediate steps connecting the impairment of
protein synthesis with molecular functions crucial for skin
barrier maintenance.

In line with the known mechanism of action of DON,
i.e. ribosomal inhibition (Cundliffe et al. 1974; Ueno
1977), incubation of A431 cells with DON triggered mas-
sive deregulation of ribosomal proteins (Fig. 1b); moreover,
induction of proteins forming nuclear pore complexes sup-
ports an increase of RNA export, possibly as reaction to the
ribosomal inhibition triggered by DON (Fig. 1a). Previous
analysis of ribosomal-bound proteins and phosphoproteins
precipitated after incubation with DON revealed that even
incubation times in the order of magnitude of minutes were
sufficient to significantly affect translation and protein fold-
ing (Pan et al. 2014). Similar findings were described in
immune cells (Nogueira da Costa et al. 2011a). In addition,
metabolic processes and energy production were also found
significantly regulated (Pan et al. 2014). It was recently
reported that protein turnover speed is tightly regulated,
with proteins forming the mitochondrial respiratory chain
being characterized by lower stability/higher turnover in
comparison to ribosomal proteins (Zecha et al. 2018). In this
light, a massive regulation of mitochondrial proteins upon
incubation with DON can be expected (Figs. 1a and 3) and
also reflects on the morphology of the organelles (Fig. 4).
In addition to the effects on the mitochondrial respiratory
chain (Fig. 3a), DON indeed significantly down-regulated
at least three crucial proteins of the mitochondrial import
machinery, namely TOMM22, TOMM40, TOMM70A
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(Fig. 3b). TOMM proteins play a central role in the gate
system regulating the import of nuclear-encoded proteins
into the mitochondrial matrix (Chacinska et al. 2003; Rapa-
port et al. 1997; Wiedemann et al. 2003). Mitochondrial
genes are in fact encoding for a limited number of proteins
and the majority needs to be translocated into the organelles
(Endo et al. 2003). Overall, alteration of protein synthesis
and mitochondrial function retrace the stress signature typi-
cal for the unfolded protein response mitochondrial (UPR™).
In line with the interpretation that DON could cause mito-
chondrial stress, phosphorylation of TOMM?22 was detected
in both A431 and HEKn cells (Fig. 8a, b). This event was
previously associated with control of mitophagy (Kravic
et al. 2018) and confirms the impact of the toxin on the
turnover of the organelles as already observed in other cell
types (Bin-Umer et al. 2014; Ren et al. 2020). In line, protea-
somal proteins were significantly down-regulated by DON
(Fig. 3c, d) as well as other members of the ubiquitination
machinery (Fig. 3e). These two components are essential for
the cleanup of mistargeted/misfolded proteins (Wrobel et al.
2015) and their reduction upon DON incubation mirrors
the cellular stress regarding damaged protein elimination.
Of note, proteasomal degradation requires ATP consump-
tion (Finley 2009; Goldberg 2003), thus being dependent
on intact mitochondrial function. Hence, it is plausible to
hypothesize that DON-induced UPR might result from con-
comitant (i) inhibition of protein synthesis, (ii) decreased
mitochondrial function and ATP production (iii) hampered/
overload proteasomal system. Remarkably, UPR™ is associ-
ated with increased nuclear translocation of JUN (Callegari
and Dennerlein 2018) and DON triggered a concentration
dependent increase of the abundance of JUN in the nuclear
extract of A431 cells (Fig. Ic). In the complex landscape
associated with the UPR™, vast metabolic alteration/adapta-
tions are included (Callegari and Dennerlein 2018; Nargund
et al. 2015; Oks et al. 2018). Incubation with DON trig-
gered significant reduction of PDK1 and PDK3 (mitochon-
drial pyruvate dehydrogenase kinase enzymes 1 and 3), of
the fatty aldehyde dehydrogenase (ALDH3A2), as well as
a consistent effect on the squalene synthase (FDFT1) and
other lipid synthesis-related proteins (Fig. 1, Supplementary
Fig. S5). These observations imply an exstensive impair-
ment of the lipid biosynthesis apparatus after exposure
to DON and are in good agreement with previous studies
describing the capability of DON to impair steroidogenesys
(Cortinovis et al. 2014; Guerrero-Netro et al. 2015). In line
with the effect on the lipid homeostasis, o0POSSUM engine
search of the proteins significantly regulated by the myco-
toxin revealed the transcription factor Klf4 as a common
denominator of these effects (Fig. 1d, e) and immunofluo-
rescence allowed to describe time and concentration depend-
ent response of the nuclear translocation kinetics (Fig. 2).
Klf4 is known to play a crucial role in the maintenance
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Material Table 4)

of the barrier function of the skin (Segre et al. 1999) and
the validity of this result was extended also to HEKn cells
(Fig. 6a, b). Obviously, the membrane plays a major role
in defining cellular responses to the extracellular environ-
ment (Fuentes and Butler 2012; Lou et al. 2018). Incubation
with the mycotoxin significantly altered the morphologic
appearance of the cell membrane of A431 cells (Fig. 5b, ¢),
as well as its biophysical properties measured as membrane
fluidity (Fig. 5a). Filopodia also belong to membrane struc-
tures involved in cell adhesion and migration (Harel and
Futerman 1993). Incubation with DON significantly altered
the appearance of filopodia size and distribution (Fig. 5).
In parallel, the tight junction protein TJP1 (tight junction
protein ZO-1, cytosolic fraction 10 uM DON) was found
up-regulated, possibly accounting for the areas of cell mem-
brane dye (Cellmask) accumulation visible with confocal
microscopy. Indeed, in response to changes of membrane
fluidity and decrease of proteins necessary for filopodia
formation, it cannot be excluded that other cell-cell adhe-
sion pathways might actually be favored. It was previously
described that cells can alternatively tune N-cadherin and
filopodia, thus enhancing either cell-cell contact or migra-
tion (Kroening et al. 2010). Other proteins found regulated
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in this study seem to confirm this interpretation: for instance,
the Ras-related protein Ral-A (RALA; Fig. 3e) important
for cell migration (Shi et al. 2006) was found significantly
down-regulated in A431 cells upon incubation with DON.
A similar behavior could be observed for sorting nexin 9
(SNX9, Fig. 3e) which is involved in the maintenance of
cell morphology, membrane/cytoskeleton relation as well
as lamellipodia formation (Hicks et al. 2015).

Of note, the effect of DON on the cell membrane could
have also been mediated by direct chemical reactivity like
in case of lipid peroxidation (Del Favero et al. 2020). So, the
definition of the potential involvement of oxidative stress-
related pathways was of crucial importance to exclude this
possibility. Membrane oxidation and ROS production per se
can account for changes of membrane biophysical properties
(de 1a Haba et al. 2013), but without the obvious specificity
of metabolic involvement. In this respect, H,0O,, included
as positive control in the membrane fluidity assay, failed to
reproduce the effect mediated by the toxin (Fig. 5a). Indeed,
tumor initiating effect of DON on HaCaT cells was reported
to be sustained by oxidative stress (Mishra et al. 2016). How-
ever, it is known that ROS homeostasis can be altered in
tumor cells as result of the malignant transformation (Del
Favero et al. 2018b; Toyokuni et al. 1995; Trachootham et al.
2009), this mechanism does not seem to play a major role
for A431 cells (Supplementary Fig. S6).

To better highlight the toxicological relevance of our
findings also in non-tumor cells, experiments were repeated
incubating HEKn primary keratinocytes. Also in this case
lipid biosynthesis was influenced by the incubation with
DON. For instance, the squalene synthase FDFT1 was con-
sistently down-regulated in nuclear and cytoplasmic com-
partments (Fig. 6¢, d). As a major difference in comparison
to A431 cells, the primary keratinocytes presented a marked
inflammatory response, with the up-regulation of several
cytokines (Fig. 6; Supplementary Fig. S7). This result con-
firms previous studies on primary keratinocytes (Mishra
et al. 2014) and is compatible with the PTM analysis which
indicated for HEKn an increased phosphorylation of the sub-
strates of protein kinase A and C (Supplementary Fig. S8).
Most importantly, our data are coherent with in vivo studies
demonstrating the central role of the inflammatory cascade,
and in particular of the protein kinase C, in the dermal toxic-
ity of DON (Mishra et al. 2020b). In line, DON induced in
HEKn a significant up-regulation of the nuclear content of
Fos-related antigen 2 (FOSL2) as well as of the transcription
factor JUND (Fig. 6d). Both components can be traced back
to the regulation of the cell redox-inflammatory response
(Yin et al. 2017). Moreover, Fra-2/AP-1 interaction is crucial
for terminal epidermal differentiation (Wurm et al. 2015)
and it is possibly related to the increase in keratine observ-
able in the cytoplasmic fraction (HEKn, Supplementary
Fig. S7). In this respect, inhibition of cholesterol synthesis,
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brackets. The phosphorylated amino acid in marked in bold. nAUC,
normalized area under the curve. ¢ Venn diagrams depicting the num-
ber of identified phosphopeptides and phosphoproteins an A431 and
HEKn cells, respectively. d DON-induced alterations of phosphopep-
tide abundance values exemplified on phosphopeptides derived from
the proteins YAP1, MILK1 and AJUBA
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was previously related to a loss of the cornified envelope of
keratinocytes (Ponec et al. 1987) and this mirrors the bal-
ance between cornifin A (SPRR1A) and squalene synthase
(FDFTT1) observed in our experimental conditions (Fig. 6¢).
Cholesterol homeostasis in keratinocytes is also tightly con-
nected to EGFR (Jans et al. 2004), and we observed signifi-
cant down-regulation of the protein in HEKn after incuba-
tion with DON (Supplementary Fig. S7). Overall, our data
pointed toward a substantial dysregulation of cell structural
elements (e.g., keratin and cornifin-A) and membrane, pos-
sibly tipping the balance toward a more age-prone and “brit-
tle” cell phenotype. This interpretation is sustained also by
the morphological charachterization of A431 cells perfo-
med by confocal microscopy (Figs. 2 and 5). Analysis of the
cellular components and biological processes regulated by
DON revealed a clear prevalence in the alteration of cellular
properties necessary to cope with biomechanical stimula-
tion and respective mechanotransduction (Fig. 7). In line,
mechano-sensitive transcription factors like YAP1 were also
regulated (Fig. 8b). Dephosphorilation of YAPI is associ-
ated with its activation and nuclear translocation (Totaro
et al. 2018) and YAP was already described to cooperate
with other transcription factors like AP-1 (up-regulated in
both A431 Fig. 1c and HEKn, Fig. 6d) to orchestrate cell
motility (Liu et al. 2016). Along this line, ATUBA phospho-
rylation seems to be crucial to ensure its effect on cell adhe-
sion (Nola et al. 2011). AJUBA was decribed in the regula-
tion of epithelial morphogenesis and response to tensional
forces (Razzell et al. 2018) as well as in the integration of
pro-inflammatory signaling (Feng and Longmore 2005),
thus elegantly connecting mechanisms particularly affected
in HEKn after incubation with DON (Fig. 8d).

In conclusion, we delineated a chain of events linking
ribosomal inhibition, mitochondrial function, lipid metabo-
lism to membrane structure and biophysical properties in
A431 cells. Moreover, we demonstrated that lipid synthe-
sis and cell adhesion are severely impaired by DON also in
primary skin HEKn keratinocytes. From the toxicological
perspective, these data represent an important insight in the
biological effects of DON. In fact, considering DON to be
produced by Fusarium spp already in the fields, this might
relate to potential occupational exposure or health-related
effects during harvest and food processing. Moreover, these
data open new perspectives in the interpretation of the com-
binatory effects of DON with other toxins targeting the cell
membrane, such as for instance fumonisins (Ferrante et al.
2002; Harel and Futerman 1993; Wang et al. 1991; Yoo et al.
1992), and open new intriguing questions in the evaluation
of the effects of Fusarium toxins at cellular level.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00204-021-03042-y.
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Adult Schwann cells (SCs) possess an inherent plastic potential. This plasticity allows SCs to
acquire repair-specific functions essential for peripheral nerve regeneration. Here, we
investigate whether stromal SCs in benign-behaving peripheral neuroblastic tumors adopt a
similar cellular state. We profile ganglioneuromas and neuroblastomas, rich and poor in SC
stroma, respectively, and peripheral nerves after injury, rich in repair SCs. Indeed, stromal SCs
in ganglioneuromas and repair SCs share the expression of nerve repair-associated genes.
Neuroblastoma cells, derived from aggressive tumors, respond to primary repair-related SCs
and their secretome with increased neuronal differentiation and reduced proliferation. Within
the pool of secreted stromal and repair SC factors, we identify EGFL8, a matricellular protein
with so far undescribed function, to act as neuritogen and to rewire cellular signaling by
activating kinases involved in neurogenesis. In summary, we report that human SCs undergo
a similar adaptive response in two patho-physiologically distinct situations, peripheral nerve
injury and tumor development.
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nervous system and evolve in close contact with neurons

into peripheral nerve fibers. Reciprocal signaling between
SCs and neurons regulates the survival, fate decisions, and dif-
ferentiation of both cell types, but also influences their behavior
in regenerative and pathological conditions!~®. Hence, under-
standing the molecular mechanisms underlying SC-neuron
interaction is of utmost interest to develop effective treatment
strategies for injuries and pathologies of the peripheral nervous
system.

Despite being necessary for correct nerve development, SCs
earned recognition because of their plasticity that allows differ-
entiated SCs, further called adult SCs, to transform into a dedi-
cated repair cell after peripheral nerve injury. The process is
referred to as adaptive cellular reprogramming and includes
profound transcriptional and morphological changes’=%. This
phenotypical switch is mediated by dedifferentiation causing the
regain of immature/precursor SC properties followed by re-
differentiation into a repair-specific state!?. The resulting repair
SC phenotype is characterized by the re-expression of markers
known to be upregulated in SCs during development, and by
distinct repair functions and repair-associated ligands distin-
guishing repair SCs from adult SCs or developing SCs!'!~13. Those
repair functions comprise the degradation of myelin debris,
attraction of phagocytes, the formation of regeneration tracks for
axon guidance, and the expression of cell surface proteins and
trophic (neuroprotective and neuritogenic) factors promoting
axon survival and re-growth®1%14-16, We have recently provided
a comprehensive transcriptomic and proteomic characterization
of human repair SCs demonstrating that SCs isolated from
excised peripheral nerves adopt the same repair-related pheno-
type and function in culture as in nerve tissue explants. These
included the expression of master transcriptional regulators, such
as JUN, as well as myelinophagy, phagocytosis, and antigen
processing and presentation via MHC-II!7. Importantly, tran-
scriptomic signatures of primary repair-related SC cultures
indicated the expression of a variety of neurotrophins and
neuritogens and, thus, present an ideal in vitro model to study
processes involving nerve repair and neuronal differentiation!”.

Interestingly, a prevalent stromal SC population is found in
usually benign-behaving subtypes of peripheral neuroblastic
tumors!'®19. Peripheral neuroblastic tumors originate from trunk
neural crest-derived sympathetic neuroblasts?2! and are cate-
gorized in neuroblastomas (NBs), ganglioneuroblastomas
(GNBs), and ganglioneuromas (GNs) that represent a spectrum
from NBs, the most aggressive form, to GNs, the most benign
form, and GNBs, which exhibit various elements of both?%-22-24,
NB and GN subtypes are associated with distinct genomic
alterations and strikingly different morphologies??-22. In general,
NBs consist of un- or mostly poorly differentiated tumor cells and
cancer-associated fibroblasts?®>, whereas GNs are composed of
differentiated, ganglionic-like tumor cells scattered within a
dominant SC stroma!®2. The content of SC stroma was early
recognized as a valuable prognostic factor as it correlates with the
degree of tumor cell differentiation and a favorable outcome!®.
The ganglionic-like tumor cells also extend numerous neuritic
processes that form entangled bundles surrounded by ensheath-
ing stromal SCs?°. This ganglion-like organoid morphology was
assumed to arise from a bi-potent neoplastic neuroblastic pre-
cursor cell capable to differentiate along a neuronal and glial
lineage?’. Hence, an active role of stromal SCs in peripheral
neuroblastic tumors has been neglected due to their supposed
neoplastic origin.

Of note, we and others provided evidence for a non-tumor
background of stromal SCs'28. In a detailed immunohisto-
chemical study, it was shown that the earliest appearance of

S chwann cells (SCs) are the principal glia of the peripheral

stromal SCs is confined to the tumor blood vessels and connective
tissue septa and not intermingled within the tumor as a clonal
origin would imply?8. Furthermore, we demonstrated the absence
of numerical chromosomal aberrations in stromal SCs, while
adjacent ganglionic-like tumor cells possessed a typical aneuploid
genome!2%30 These surprising findings argue against the
hitherto presumed model of GNB/GN development based on a
bi-potent neoplastic cell and support that the tumor cells are able
to attract adult SCs from the nervous environment to the tumor.

In detaching the origin of stromal SCs in GNB/GN from a
neoplastic cell, we realized how little we know about their nature.
What is the cellular state of stromal SCs? How do they affect
GNB/GN development? And why are they not manipulated by
the tumor cells to support tumor progression but are associated
with a benign tumor behavior/biology? We and others have
shown that the aggressiveness of NB cell lines, derived from high-
risk metastatic NBs, can be reduced upon exposure to SCs and
their secreted factors3!=3°. Accordingly, a mouse study comparing
intra- or extra-fascicularly grown tumor xenografts confirmed
that NBs within the nervous environment were infiltrated by SCs
and developed a less aggressive tumor phenotype°. However, a
comprehensive analysis to assess the origin and functional char-
acteristics of stromal SCs in tumors is still missing.

Based on the inherent plasticity of adult SCs and the yet
unresolved nature of SC stroma, we speculate that GNB/GN
development could be the result of a reactive/adaptive response of
SCs to peripheral neuroblastic tumor cells similar to injured nerve
cells. Thus, we here compared the cellular state of stromal SCs in
GNss to repair SCs in injured nerves by transcriptome profiling of
human GN and human injured nerve tissues. Moreover, we
analyzed the effect of human primary repair-related SCs and their
secreted factors on genetically diverse NB cells in co-culture
studies and identified a promising candidate factor of therapeutic
potential for aggressive NBs and peripheral nerve injuries.

Results
Transcriptome profiling revealed that ganglioneuromas con-
tain stromal Schwann cells with a nerve repair-associated gene
expression signature. To assess the cellular state of stromal SCs,
we performed a comprehensive transcriptomic analysis involving
human tissues of SC stroma-rich GNs, SC stroma-poor NBs, and
repair SC-containing injured nerves, alongside with cultures of
primary human repair-related SCs and human NB cell lines
(Supplementary Table 1). Immunofluorescence stainings of
respective tissue sections for SC marker S100B determined a
prevalent SC population of about 84% in injured nerves (Fig. 1a,
Supplementary Fig. 1a), and of about 76% in GNs (Fig. 1b) as well
as the almost complete absence of SCs in NBs (Fig. 1c, Supple-
mentary Fig. la). Co-staining with neurofilament heavy poly-
peptide (NF200), an intermediate filament protein associated with
mature neurons®’, marked axons in injured nerves that have
mostly disintegrated after the degeneration period of 7 days
(Fig. 1a). NF200 also stained ganglionic-like tumor cells with
abundant neuritic processes in GNs (Fig. 1b). In line with the un-
or poorly-differentiated state of tumor cells in NBs, hardly any
NF200 signals were detected in NB tumor samples (Fig. 1c).
Human repair-related SC cultures have been isolated according to
our established protocol®® and were positive for S100B, and
showed the typical parallel alignment (Fig. 1d). Cultured NB cell
lines highly expressed the neuronal ganglioside GD2 (Fig. le) that
is characteristically found on tumor cells in NBs (Supplementary
Fig. 1b) and only on some ganglionic-like tumor cells in GNs
(Supplementary Fig. 1c).

Hierarchical clustering and principal component analysis of
obtained RNA-seq data showed that biological samples derived
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from the same tissue or cell type cluster together and that primary
SCs and SC-containing tissues, i.e. injured nerves and GNs, differ
from NB cell lines and NB tumors (Fig. 1f). To further confirm
tissue/cell identity, we validated the expression of genes associated

with either NBs, such as the miRNA suppressor LIN28B and the
transcription factor MYCN3%40, or the SC lineage, such as SI00B
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and transcription factor SOX10'°. Indeed, expression of LIN28B
was significantly higher in NBs and NB cell lines, and the MYCN
expression level reflected the presence or absence of MYCN
amplifications in NB cell lines and tumors (Fig. 1g, Supplementary
Table 2&3). Of note, amplification of the MYCN oncogene is
associated with an aggressive NB tumor behavior and poor
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Fig. 1 Transcriptome analysis of repair SCs in injured nerves, stromal SCs in ganglioneuromas, neuroblastomas, primary repair-related SCs, and
neuroblastoma cell cultures. a-e Tissues and cell cultures used for transcriptomic analysis. Representative immunostainings of cryosections of (a) injured
nerve fascicle tissue (SC-IN) with STO0B positive repair SCs (filled arrowheads) and NF200 positive axonal residues, (b) ganglioneuroma tissue (SC-GN) with
S100B positive stromal SCs and NF200 positive ganglionic-like tumor cells (lined arrowheads), and (¢) neuroblastoma tissue (NB-TU) with NF200 negative
tumor cells and no SC stroma. Stainings were performed on three independent specimen per analyzed tissue. Representative immunostainings of (d) human
primary repair-related Schwann cells (SC) positive for STO0B, and (e) the neuroblastoma short-term cell cultures (NB-CL) CLB-Ma positive for GD2. SI00B and
GD2 stainings are routinely performed to characterize respective cell types. f RNA-seq data of SCs (n = 5 biological replicates from 4 donors), NB-CLs (n =5
biological replicates from 3 donors), SC-GN (n = 6), SC-INs (n = 3) and NB-TU (n = 15) illustrated as cluster heatmap of sample-to-sample distances;
computed using the Pearson correlation coefficient. Red and blue colors indicate high and low similarity between samples, respectively. Expression level of
genes associated with (g) aggressive NBs: MYCN and LIN28, and (h) SCs: ST00B and SOX10. Empty symbols indicate MYCN non-amplified, full symbols indicate
MYCN amplified (MNA) NB-TUs and NB-CLs. *** g-value < 0.001; Data are depicted as mean + SD. Representative immunostainings of tissue cryosections of
(i) SC-IN, (j) SC-GN, (k) NB-TU 50, and (I) NB-TU 49 stained for ST00B, SOX10, and DAPI; filled arrowheads indicate ST00B+/SOX10* SCs, lined arrowheads

indicate S100B/SOXI10" cells. Stainings were performed on three independent specimen per analyzed tissue.

outcome*!. The SC specific genes S100B and SOXI0 were
significantly and strongly expressed in primary SCs, injured
nerves, and GNs (Fig. 1h). Immunofluorescence stainings on
tissue sections acknowledged that SOX10 positive cell nuclei
correspond to S100B positive repair SCs in injured nerves (Fig. 1i,
Supplementary Fig. 2a) and stromal SCs in GNs (Fig. 1j,
Supplementary Fig. 2b). Moreover, the elevated level of SOX10
mRNA found in NB-TU 50 could be ascribed to a high proportion
of infiltrating stroma containing S100B and SOX10 positive SCs
(Fig. 1k, Supplementary Fig. 2c), while the sections analyzed from
other NB tumors such as NB-TU 49 lacked S100B and SOX10
positive cells and mRNA (Fig. 11, Supplementary Fig. 2d).

We next defined the characteristic expression signatures of GNs
and injured nerves, that both possessed a predominant SC content
(Supplementary Fig. 1a), by selecting for genes significantly up-
regulated (g-value > 0.05; |1og2FC | >1) in GNs versus NBs, and
injured nerves versus NBs. In this way, we excluded genes also
present in NBs and enriched for genes characteristic for repair SCs
in injured nerves and stromal SCs in GNs. Then, we compared the
identified expression signatures associated with stromal SCs and
repair SCs, which showed an overlap in 2755 genes (g-value >
0.05; |10g2FC| >1) (Fig. 2a). Functional annotation analysis of
these stromal/repair SC genes revealed pathways and gene
ontology terms that could be grouped into distinct functional
competences. Importantly, these functions reflected the main tasks
of human repair SCs involving axon guidance, lipid/myelin
degradation/metabolism, basement membrane formation/ECM
(re-)organization, phagocyte attraction, and a MHC-II mediated
immune regulation (Fig. 2b)!%141742" To examine whether the
expression of MHC-II is not the sole result of tissue resident
immune cells, but indeed attributed to repair and stromal SCs, we
stained respective tissue sections for HLA-DR and S100B. The
images showed that injured nerves and GNs were highly positive
for HLA-DR (Supplementary Fig. 3ab), whereas HLA-DR
staining signals were mainly restricted to the stromal portion
and only scattered within the tumor cell portion of NBs
(Supplementary Fig. 3c,d). Indeed, HLA-DR was expressed by
S100B* repair SCs in injured nerves (Supplementary Fig. 3a) as
well as stromal SCs in GNs (Supplementary Fig. 3b) in addition to
HLA-DR'/S100B- immune cells (Supplementary Fig. 3a-d).

A possible repair-associated cell state of stromal SCs should be
reflected by key signatures of both, developing/dedifferentiated
SCs and repair-specific SCs. Accordingly, the repair/stromal SC
enriched gene set included genes characteristic for SCs during
development and after injury such as transcription factors JUN,
SOX2, ZEB2, and RUNX2 (Supplementary Fig. 4a), and receptors
NGFR, ERBB3, GFRAI, and CADH19'343-4>_ Notably, we also
detected significant levels of GDNF, LIF, SHH, CLCF1, BTC,
CCL2, and UCN?2 (Fig. 2¢) that were reported to be exclusively
expressed by repair SCs and not by adult or developing SCs!!1-13
(Supplementary Fig. 4b). Moreover, JUN is the key transcription

factor determining the repair identity of SCs by up-regulating
repair-specific target genes such as SHH and GDNF'340,
Hence, we performed immunofluorescence stainings for SOX10
and JUN on nerve and GN tissue sections, which confirmed
that SOX10™ nuclei of both, repair SCs and stromal SCs
were positive for JUN (Fig. 2d-f, Supplementary Fig. 5ab). In
line with the transcriptomic data, JUN was also expressed by
SOX10" cells such as ganglionic-like tumor cells in GNs (Fig. 2e,
Supplementary Fig. 5b) and tumor cells in NBs (Fig. 2fg,
Supplementary Fig. 5¢,d).

Functional annotation analysis of GN characteristic genes that
were not shared with injured nerves revealed an enrichment of
gene ontology terms implicated in innate immunity, inflammation
as well as T- and B-cell receptor signaling pathways (Supplemen-
tary Table 5). Immunofluorescence stainings for CD3 and S100B
verified the presence of CD3' T-cells within the S100BT SC
stroma in GNs (Supplementary Fig. 6a), while CD3* T-cells were
only sparsely detected in the tumor cell portion of NBs
(Supplementary Fig. 6b,c). In turn, genes characteristic for injured
nerves not shared with GNs were assigned to gene ontology terms
for the endoplasmatic reticulum, the Golgi apparatus, vesicle
coating and transport, protein transport and binding, as well as
acetylation and protein N-linked glycosylation (Supplementary
Table 6). Those annotations suggest an active protein modification
and transport machinery in repair SCs.

Taken together transcriptome profiling demonstrate that the
expression signature shared by stromal SCs in GNs and repair
SCs in injured nerves contain distinct nerve repair-associated
genes and functions.

Direct contact to repair-related Schwann cells promotes
alignment and neurite out-growth of neuroblastoma cells.
Since we identified a repair SC-associated gene expression sig-
nature in stromal SCs, we used a co-culture model to analyze how
NB cells react to repair-related SCs in vitro (Fig. 3a). Therefore,
we used human primary SCs cultures as a model, as these have
been shown to reflect all major characteristics of repair SCs!”. SC
cultures (passage 1) characterized by the expression of S100B,
SOX10, and the intermediate filament vimentin (VIME) were
used for experimentation (Fig. 3b). SCs were co-cultured with a
well established human NB cell line (CLB-Ma) and short-term
cultured patient-derived NB cells (STA-NB-6) alongside controls
of SCs and NB cells cultured alone for 11 days. As a qualitative
read-out, we established an immunofluorescence staining panel,
which identified NB cells by GD2 expression and SCs by S100B
expression. After 11 days, CLB-Ma and STA-NB-6 cell controls
showed their typical morphology of clustered cell bodies with
short, randomly extended neuritic processes (Fig. 3¢,d). However,
in the co-cultures with SCs, NB cells had aligned along the bi-
polar SC extensions and increased the length of neuritic
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processes, predominantly in close contact with the SC surface
(Fig. 3efgh arrows). Quantification of neurite length and
alignment confirmed a significant increase of the mean neurite
length (Fig. 3i) and neurite alignment (Fig. 3j) in co-cultures.
These results suggest that the contact to human repair-related SCs
induces a directed neuritic out-growth of NB cells in vitro.

Repair-related Schwann cells induce neuronal differentiation
of neuroblastoma cells independent of direct cell-cell contact.
We next aimed to dissect the effect of repair-related SCs on NB cells
and distinguish signaling effects between cell bound and secreted
molecules. Therefore, we refined the co-culture setting and used flow
cytometry as a quantitative read-out. NB cells were either seeded in
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Fig. 2 Transcriptome profiling and functional annotation analysis of genes shared by stromal SCs in ganglioneuroma tissue and repair SCs in injured
nerve tissue. a Venn diagrams illustrate the number of significantly regulated genes (g-value > 0.05; | log2FC | > 1) of stromal SCs (SC-GN, n =

6 independent biological replicates) and repair SCs (SC-IN, n = 3) containing tissues compared to neuroblastoma tumor tissue (NB-TU, n = 15),
respectively, and the overlap in genes shared by stromal and repair SCs (g-value > 0.05; | log2FC | >1). b The DAVID database [37] was used for functional
annotation analysis of the 2755 gene set shared by stromal and repair SCs. KEGG pathways, functional categories (UP_KEYWORDS) and gene ontology
terms (GOTERM) for biological processes (BP) and cellular compartments (CC) were manually grouped to functions such as axon outgrowth and
guidance, lipid/myelin degradation, immune regulation and basement membrane/ECM (re-) organization. The expression of representative genes for each
group (b) and the expression of specific repair SC genes (¢) is shown for all samples; SCs (n = 5 biological replicates from 4 donors), NB-CLs (n = 5
biological replicates from 3 donors), SC-GN (n = 6), SC-INs (n = 3) and NB-TU (n = 15). Empty symbols indicate MYCN non-amplified NB-TUs and NB-
ClLs. Data are depicted as mean + SD; *** g-value < 0.001, ** g-value < 0.01, * g-value < 0.05, n.s. not significant. Representative immunostainings of tissue
cryosections of (d) SC-IN, (e) SC-GN, (f) NB-TU 50, and (g) NB-TU 49 stained for JUN, SOX10, and DAPI; filled arrowheads indicate JUN*/SOX10+ SCs,
lined arrowheads indicate JUNT/SOX10~ cells. Stainings were performed on three independent specimen per analyzed tissue.

direct contact with SCs or in a trans-well insert placed above SC
cultures allowing diffusion of soluble molecules and reciprocal sig-
naling. The refined co-culture set-up is illustrated in Fig. 4a.

In order to functionally validate whether isolated repair-related
SCs reenact their key ability of regulating neuronal differentiation on
NB cells in vitro, three well-established human NB cell lines (SH-
SY5Y, IMR5, CLB-Ma) and two short-term NB cell cultures (STA-
NB-6, STA-NB-10) covering the genetic spectrum of NBs, were co-
cultured in direct and indirect contact with SCs. After 8 and 16 days,
the cultures were analyzed by flow cytometry. The differentiation
panel discriminated GD27/S100B+ SCs and GD21/S100B- NB cells
and included the neuronal differentiation marker NF200 (gating
strategy Supplementary Fig. 7a). We found that NF200 expression
was significantly upregulated in the MYCN non-amplified STA-NB-6
and SH-SY5Y NB cells after 16 days of direct contact to repair-related
SCs (Fig. 4b). Of note, all NB cell lines, except STA-NB-10, showed a
significant increase in NF200 expression at day 16 when co-cultured
in the trans-wells without direct contact (Fig. 4b). We also noticed
that the presence or absence of MYCN amplification in the analyzed
NB cells correlated with their responsiveness to SCs (Fig. 4b). The
mean fluorescence intensity histograms of NF200 further revealed
that the basal NF200 expression level varied among the analyzed NB
cells from low, as in CLB-Ma cells (Fig. 4c, CTRL), to highest in STA-
NB-6 cells (Fig. 4d, CTRL). They also demonstrated that the increase
in NF200 expression after co-culture was either due to the occurrence
of a NF200" subpopulation, eg. in CLB-Ma cells (Fig. 4c, co-
cultured), or an overall elevated expression, e.g. in STA-NB-6 cells
(Fig. 4d, co-cultured). These findings were confirmed by qualitative
assessment of NF200 expression by immunofluorescence stainings of
co-cultures compared to controls of CLB-Ma cells (Fig. 4e,f) and
STA-NB-6 cells (Fig. 4gh).

To analyze whether the increase in neuronal differentiation is
SC specific, we co-cultured STA-NB-6 and SH-SY5Y cells, which
showed the strongest response to SCs, with immortalized human
fibroblasts (iFBs) and cancer associated FBs (CAFs). After 16 days,
the NF200 expression of both NB cell cultures was either
unaffected or even significantly decreased upon direct and
indirect contact with iFBs (Supplementary Fig. 8a) or CAFs
(Supplementary Fig. 8b).

Taken together, the results demonstrate that primary repair-
related SCs and/or their secreted factors are sufficient to induce
neuronal differentiation of aggressive NB cell lines and primary
NB cultures in vitro.

Repair-related Schwann cells impair proliferation and increase
apoptosis of neuroblastoma cells. As cellular differentiation is
accompanied by cell cycle arrest, we next determined the pro-
liferation rate of NB cells by EdU incorporation in combination
with DNA content analysis after direct and trans-well co-culture
with SCs (gating strategy Supplementary Fig. 7b). Notably, after
16 days of direct SC contact the number of NB cells in the

S-phase was strongly reduced in all tested NB cell cultures
(Fig. 5a). The proliferation rate of trans-well co-cultures was also
significantly decreased in all NB cells, except STA-NB-10, but less
pronounced as upon direct contact (Fig. 5a). The strongest anti-
proliferative effects were detected in MYCN non-amplified STA-
NB-6 and SH-SY5Y cells, as well as MYCN amplified IMR5 cells
(Fig. 5a). Representative FACS plots illustrated the reduction of
proliferation in CLB-Ma cells (Fig. 5b) and almost absent pro-
liferation in STA-NB-6 cells (Fig. 5¢) after 16 days of co-culture.
This was also visualized by immunofluorescence stainings of co-
cultures compared to controls of CLB-Ma cells (Fig. 5d,e) and
STA-NB-6 cells (Fig. 5f;g) including the proliferation marker
Ki67. In contrast, direct or indirect co-cultures with iFBs and
CAFs did not influence the proliferation rate of STA-NB-6 and
SHSY-5Y cells (Supplementary Fig. 7c,d).

In addition to increased differentiation and impaired pro-
liferation, also cell death contributes to the decrease of tumor cells
during GN development. Hence, we performed a terminal
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
assay in combination with immunofluorescence staining for GD2
and S100B to detect apoptotic NB cells in control and co-cultures
(Supplementary Fig. 9a,b). Quantitative evaluation showed that
the apoptosis rate of both, MYCN non-amplified STA-NB-6 and
MYCN amplified CLB-Ma cells, was increased about 10% at day
11 after direct co-culture (Supplementary Fig. 9c).

These findings show that direct and/or indirect contact to
repair-related SCs decreased proliferation and elevated apoptosis
of NB cells. As observed for neuronal differentiation, the MYCN
amplification status correlated with the responsiveness of NB cells
to SCs and revealed STA-NB-6 as the strongest and STA-NB-10
as the weakest SC-responsive NB cell cultures tested.

Stromal and repair Schwann cells express EGFLS8, which is able
to induce neurite outgrowth and neuronal differentiation of
neuroblastoma cells. After demonstrating a pro-differentiating
and anti-proliferative impact of human primary repair-related
SCs on NB cells in vitro, we next aimed to identify the factors able
to mediate these effects. Therefore, we interrogated the set of
transcripts shared by repair SCs in injured nerve tissue and
stromal SCs in GN tissue for the expression of secreted factors.
Factors of interest were prioritized according to literature
research and whether associated receptors, if known, were
expressed by NBs. The shared secretome of repair and stromal
SCs included neurotrophins such as NGF, BDNF and GDNF that
confirmed the validity of our approach (Fig. 6a). In addition, we
identified further highly expressed factors of interest such as
IGFBP6, FGF7 and EGFL8 (Fig. 6a). IGFBP-6 was previously
reported to inhibit the growth of SH-SY5Y cells*’ and FGF7 is
involved in neuromuscular junction development*®, but both
factors were not yet associated with SCs. Notably, EGFL8 was
recently described by us as a potential factor involved in nerve
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regeneration but with yet unknown function!”. Other neuro-
trophic factor transcripts, such as PTN, highly expressed in
stromal but not in repair SCs, and CNTF, expressed in repair but
not in stromal SCs, were included in the panel of candidate
factors as transcripts of their putative receptors were present in
NBs (Supplementary Fig. 10).

In order to validate the effect of a set of 8 candidate factors, the
recombinant proteins NGF, BDNF, GDNF, CNTF, PTN, FGF?7,
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IBP6 and EGFL8 were added to the SC-weakly-responsive STA-
NB-10 and SC-strongly-responsive STA-NB-6 cells. Proliferation
and neuronal differentiation were monitored by flow cytometry
after 16 days of exposure to respective factors. As suspected, the
factors had less impact on the SC-weakly-responsive STA-NB-10
cells, however, NGF and EGFL8 caused a significant anti-
proliferative effect (Fig. 6b). In contrast, the SC-strongly-
responsive STA-NB-6 cells were significantly impaired in
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Fig. 3 Establishment of a co-culture model to validate the effect of repair-related SCs on neuroblastoma cells in vitro. a Scheme of SC isolation, SC
culture, and SC/NB cell co-culture. Representative immunofluorescence images of (b) a human primary repair-related SC culture stained for ST00B,
SOX10, vimentin (VIME), and DAP!; filled arrowheads indicate a STOOB*/SOX10t/VIME™T SC, lined arrowheads indicate a ST00B-/SOX10-/VIME*+
fibroblast. Stainings were performed on three independent SC cultures. Representative immunostainings of GD2+ STA-NB-6 (¢) and CLB-Ma (d) NB cell
controls as well as of (e-h) STA-NB-6 or CLB-Ma cells co-cultured with SCs at day 11. Arrows indicate extended neuritic processes aligned along SCs.
Stainings were performed on NB cell controls and co-cultures with SCs derived from three independent donors per cell line. Quantification of (i) neurite
length of STA-NB-6 (p = 0.0452) and CLB-Ma (p = 0.002) cells co-cultured with SCs compared to NB cell controls without SCs. Data are depicted as
normalized mean neurite length + SD (n > 300 cells over 6 images per condition over 3 independent experiments). Statistical test: repeated measures
ANOVA and Dunnett's multiple comparison test. j Quantification of alignment of STA-NB-6 (p < 0.0001) and CLB-Ma (p < 0.0001) cells co-cultured with
SCs compared to NB cell controls without SCs. Variance of orientiation (variance of deviation of main cell orientation) + SD; a value of O corresponds to
perfect alignment; (180 datapoints in each 3 images over 3 independent experiments); For each pair of measurements (control and co-culture), a Levene
test was applied to test for equal variances; *** p-value < 0.001, ** p-value < 0.01, * p-value < 0.05.

proliferation and showed increased neuronal differentiation after
treatment with either NGF, EGFL8, BDNF, CNTF, PTN or
GDNF (Fig. 6¢). Notably, the effect of EGFL8 was concentration
dependent and comparable to NGF, one of the most potent
neurotrophins known so far (Fig. 6d). EGFL8 also acted pro-
differentiating on CLB-Ma and SH-SY5Y cells, while an anti-
proliferative effect was only observed in the latter (Fig. 6e). Phase
contrast images illustrated the reduction of cell number and
longer neuritic processes (Fig. 6f). Compared to untreated
controls, STA-NB-6 cells showed a significant increase of neurite
length after NGF- and EGFL8-treatment (Fig. 6g).

These findings demonstrate that EGFLS, a protein so far only
described in thymocyte development?’, has a neuritogenic
function able to enhance neuronal differentiation and/or to
impair proliferation of aggressive NB cells.

EGFLS gene expression level in neuroblastomas correlates with
increased patient survival. As EGFL8 exerted anti-tumor activity
on NB cells in vitro, we next assessed whether EGFL8 expression
levels in peripheral neuroblastic tumors may correlate with the
clinical outcome. Analysis of the overall patient survival accord-
ing to EGFL8 gene expression was performed using the R2:
Genomics Analysis and Visualization platform. Two different
datasets, comprising 649 and 283 tumor specimens, respectively,
demonstrated an over 90% and 70%, respectively, 5-year overall
survival probability for patients with high EGFL8 expression, but
less than 60% and 40%, respectively, for patients with low EGFL8
expression (Fig. 6h & Supplementary Fig. 11 a,b). Information
about the stromal SC content of the included tumor specimens
was not available. These data show that EGFL8 expression cor-
relates with increased patient survival, which could be due to its
neuritogenic effect on peripheral neuroblastic tumor cells.

The EGFL8 protein is significantly elevated in gang-
lioneuromas compared to neuroblastomas and expressed by
repair Schwann cells and stromal Schwann cells. To verify
whether the high EGFL8 gene expression detected in GNs is
reflected by the EGFL8 protein level, we performed
high-resolution mass spectrometry analysis of SC stroma-rich
GNs, SC stroma-poor NBs, as well as primary NB cultures and
evaluated this data set together with our existing proteomic data
set comprising repair SC-containing injured nerve tissue as well
as primary repair-related SC cultures!”. The results demonstrated
a significantly higher abundance of the EGFL8 protein in injured
nerves and GNs when compared to NBs (Fig. 7a). In addition, the
protein levels of EGFLS8 in primary cells matched their respective
tissue of origin (Fig. 7a). This was confirmed by immunostaining
illustrating SOX10 and EGFL8 co-expression by repair SCs in
injured nerve tissue (Fig. 7b) and stromal SCs in GNs (Fig. 7c),
while EGFL8 was absent on tumor cells in GN and NB primary

tumors (Fig. 7d,e). The images further showed that EGFL8 was
also expressed in S100™ cells, e.g. in the perineurium and blood
vessel-like structures (Fig. 7a,b).

Hence, mass spectrometric analyses and immunostaining
confirmed that the EGFL8 protein is highly abundant in stromal
SCs in GNs and repair SC in injured nerve tissues as well as
primary repair-related SC cultures.

EGFLS protein is secreted by repair-related Schwann cells and
rewires kinase-mediated signaling in neuroblastoma cells
in vitro. As EGFL8 is a predicted secreted factor and recombinant
EGFL8 was able to induce neuronal differentiation, we next deter-
mined whether SC-produced EGFL8 is indeed secreted and investi-
gated its mode-of-action in NB cells. First, we co-stained primary
repair-related SC cultures for EGFL8 and membranous nerve growth
factor receptor (NGFR), a marker associated with immature/repair
SCs. EGFL8 showed an intracellular staining pattern with accumu-
lation of positive signals in clusters of different sizes (Fig. 7f). 3D
analysis illustrated EGFL8 positive vesicular structures embedded
within the cytoplasm beneath the NGFRT SC membrane (Supple-
mentary Movie 1). In addition, we performed WB analysis for
EGFL8 on cell lysates of human primary SCs, STA-NB-6 and SH-
SY5Y cells, and conditioned culture medium (supernatants) of
respective cultures (Fig. 7g, Supplementary Fig. 12). A GST-tagged
recombinant EGFL8 protein was used as positive control. EGFL8 has
an expected mass of 32 kDa, accordingly, the antibody detected the
GST-tagged (GST corresponding to 26 kDa) recombinant EGFL8
protein at around 58 kDa in positive controls. In all four SC whole
cell lysates, two bands were visible at around 32 and 37 kDa and
three SC samples showed an additional band at around 55 kDa. In
three out of four analyzed SC supernatants, prominent bands were
detected at 37 kDa, which could indicate that the secreted EGFL8
protein underwent posttranslational modifications.

Second, we addressed the down-stream signaling of EGFL8 in
NB primary cultures. As no data currently exist on EGFL8 receptor
or signaling in human or any other mammalian cells, we employed
an unbiased global- and phospho-proteomics approach in EGFLS-
responsive STA-NB-6 versus non-responsive STA-NB-10 NB cells
in a time-resolved manner. In total we identified 6385 and 6122
proteins expressed by STA-NB-6 and STA-NB-10 cells, respectively
(Supplementary data 1). 6408 and 6.133 sites were found
phosphorylated corresponding to 1.851 and 1.820 proteins in
STA-NB-6 and STA-NB-10, respectively (Supplementary Data 2).
While STA-NB-6 showed a clear trajectory in the phospho-
proteome upon 15 towards 60 min EGFL8 exposure (Supplemen-
tary Fig. 13a), a more diffuse dynamics was observed in STA-NB-10
(Supplementary Fig. 14a). As the most pronounced change was
evident after 15 min, we focused on this time point and performed
kinase enrichment analysis (KSEA), revealing a significant activa-
tion (enrichment z-score > 1, p < 0.05, substrate cutoff > 3) of 11
kinases in STA-NB-6 and 18 kinases in STA-NB-10 (Fig. 7h,
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Fig. 4 Neuronal differentiation analysis of neuroblastoma cell lines in response to repair-related SCs in vitro. a Refined SC/NB cell co-culture set up
including direct and trans-well co-cultures. Three NB cell lines and two NB cell short-term cultures were co-cultured with primary repair-related SCs and NF200
expression levels were analyzed by flow cytometry (FACS) and immunofluorescence (IF). b Bar diagrams show the normalized mean fluorescence intensity
(MFI) of NF200 + SD in GD2%/S100B" NB cells upon direct co-cultures (STA-NB-6, p = 0.033; SH-SY5Y, p = 0.363; CLB-Ma, p = 0.048; IMR5, p = 0.146;
STA-NB-10, p = 0.666) and trans-well co-cultures (STA-NB-6, p = 0.042; SH-SY5Y, p = 0.816; CLB-Ma, p = 0.331; IMR5, p = 0.331; STA-NB-10, p = 0.988)
with SCs at day 8 as well as direct co-cultures (STA-NB-6, p = 0.001; SH-SY5Y, p = 0.049; CLB-Ma, p = 0.132; IMRS5, p = 0.762; STA-NB-10, p = 0.713) and
trans-well co-cultures (STA-NB-6, p = 0.017; SH-SY5Y, p = 0.041; CLB-Ma, p = 0.023; IMR5, p = 0.050; STA-NB-10, p = 0.242) with SCs at day 16. STA-NB-6:
day 8 direct co-culture n = 7, trans-well n = 4, day 16 direct co-culture n = 5, trans-well n = 4; SH-SY5Y: n = 4; CLB-Ma: n = 5; IMR5: n = 3; STA-NB-10: direct
co-culture n = 4; trans-well n = 3. A paired two-tailed Student's t-test comparing against the control was performed. n refers to the number of independent
experiments; * p < 0.05; ** p < 0.01; *** p < 0.007; n.s. not significant. Representative FACS histograms show the unstained controls (light grey) and the MFI of
NF200 in control and co-cultured (¢) CLB-Ma and (d) STA-NB-6 cells (dark grey) at day 16. FACS gating strategy is detailed in Supplementary Fig. 7a.
Representative IF images of co-cultured CLB-Ma cells (e) and STA-NB-6 (g) cells stained for NF200, S100B, GD2 and DAPI at day 11 of direct co-culture and
respective NB cell controls stained for GD2, NF200, and DAPI (f, h); arrows indicate long neuritic processes of NB cells strongly positive for NF200 in
co-cultures. Stainings were performed on NB cell controls and corresponding co-cultures with SCs derived from three independent donors.
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Fig. 5 Proliferation analysis of neuroblastoma cell lines after direct and indirect contact to repair-related SCs in vitro. Three NB cell lines and two NB cell
short-term cultures were co-cultured with primary repair-related SCs and their proliferation rates were analyzed by FACS and IF. a Bar diagrams show the mean
percentage of EdU-incorporation + SD in GD2+/S100B- NB cells upon direct co-cultures (STA-NB-6, p = 0.008; SH-SY5Y, p = 0.139; CLB-Ma, p = 0.025;
IMR5, p = 0.073; STA-NB-10, p = 0.023) and trans-well co-cultures (STA-NB-6, p = 0.006; SH-SY5Y, p = 0.401; CLB-Ma, p = 0.032; IMR5, p = 0.057; STA-
NB-10, p = 0.209) with SCs at day 8 as well as direct co-cultures (STA-NB-6, p = 0.003; SH-SY5Y, p = 0.001; CLB-Ma, p = 0.019; IMR5, p = 0.001; STA-NB-
10, p = 0.037) and trans-well co-cultures (STA-NB-6, p = 0.015; SH-SY5Y, p = 0.042; CLB-Ma, p = 0.039; IMR5, p = 0.028; STA-NB-10, p = 0.472) with SCs
at day 16; STA-NB-6: n = 4; SH-SY5Y: n = 4; CLB-Ma: n = 5; IMR5: n = 4; STA-NB-10: direct co-cultures n = 4, trans-well cultures n = 3; A paired two-tailed
Student's t-test comparing against the control was performed. * p < 0.05; ** p < 0.01; *** p < 0.001. Representative FACS plots illustrate EdU incorporation and
the DNA content of control and co-cultured NB cells (b) CLB-Ma and (¢) STA-NB-6 at day 16; the marked EdUT/FxCycleViolet™ cells are in the S-Phase of cell
cycle. FACS gating strategy is detailed in Supplementary Fig. 7b. n refers to the number of independent experiments. Representative IF images of co-cultured
CLB-Ma (d) and STA-NB-6 (f) cells stained for Ki67, ST00B, GD2 and DAPI at day 11 of direct co-culture and respective NB cell controls stained for GD2, Ki67,
and DAPI (e, g); arrows indicate NB cells undergoing mitosis. Stainings were performed on NB cell controls and corresponding co-cultures with SCs derived
from three independent donors.

Supplementary Data 3, Supplementary Fig. 15). Kinases activated in  responsive STA-NB-6, but not in the non-responsive STA-NB-10
STA-NB-6 and counter- or not regulated in STA-NB-10, such as  short-term NB cell cultures, providing evidence for dynamic
HIPK1, p383/MAPK11, ERK5/MAPK?7, SGK1 and TLK2, and their ~ changes in the kinome associated with neuronal differentiation
substrates, e.g. PML, PAK2 or NDRG2, present key components of  triggered by EGFLS.
the EGFL8-induced signaling network (Fig. 7h, Supplementary
Data 3 and 4, Supplementary Fig. 13-15).

In line with the predicted secretion of EGFL8, we here show Discussion
that EGFLS is present in vesicular structures within the cytoplasm  This study presents a comparative analysis of human repair SCs
and released in the medium of cultured human repair-related in injured nerves and stromal SCs in GNs that builds upon
SCs. Further, we demonstrate that EGFL8 addition leads to a  previous efforts to delineate the role of SCs in nerve regeneration
rapid (within 15 min) and specific phosphorylation of substrates  and the tumor microenvironment!17-31. By investigating human
of e.g. HIPKI, p38b/MAPKI11, ERK5/MAPK7 only in EGFL8 tissues and primary cultures with deep RNA-sequencing, high-
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resolution mass spectrometry, and confocal imaging, we reveal a
similar cellular state and functional competences of repair SCs
and stromal SCs. Our comprehensive approach identified EGFL8
as a neuritogenic factor expressed by repair SCs and stromal SCs,
which highlights matricellular proteins as tissue active compo-
nents involved in regenerative and pathological responses of SCs
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follow up in months

in the peripheral nervous system. Focusing on the interaction of
tumor cells and SCs, we developed a co-culture model combined
with a flow cytometry-based read-out demonstrating that NB
cells react to repair-related SCs in a similar fashion as peripheral
neurons upon injury. Moreover, the established co-culture model
is broadly applicable and contributes to the ongoing research in
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Fig. 6 Neuronal differentiation and anti-proliferative effects of secreted factors shared by stromal and repair SCs. a Expression levels of chosen
candidate factors NGF, EGFL8, BDNF, GDNF, IGFBP6, FGF7, CNTF and PTN shown for primary repair-related SCs (SC, n = 5 biological replicates from 4
donors), repair SC rich injured nerve fascicle tissue (SC-IN, n = 3 biological replicates), SC stroma rich GN tissue (SC-GN, n = 6 biological replicates), NB
tissue (NB-TU, n = 15 biological replicates) and NB short-term cell cultures (NB-CL, n = 5 biological replicates from 3 donors). Empty symbols indicate
MYCN non-amplified NB-TUs and NB-CLs. Data are depicted as mean = SD; *** g < 0.001, ** g < 0.01, * g < 0.05. b-e FACS analyses of neuronal
differentiation (NF200 MFI) and proliferation (EdU incorporation) of NB cells treated with recombinant candidate proteins compared to untreated NB cell
controls (CTRL) after 16 days of culture; data are shown as normalized mean values * SD; n refers to the number of independent experiments; * p < 0.05.
Proliferation levels (green) of (b) SC-weak responsive STA-NB-10 exposed to recombinant candidate proteins NGF (p = 0.107), EGFL8 (p = 0.042), BDNF
(p = 0.636), CNTF (p = 0.390), PTN (p = 0.026), GDNF (p = 0.671), FGF7 (p = 0.128), and IBP6 (p = 0.486) compared to CTRLs (all n = 4) and (¢) SC-
strong responsive STA-NB-6 exposed to recombinant candidate proteins NGF (p = 0.009), EGFL8 (p = 0.030), BDNF (p = 0.197), CNTF (p = 0.009),
PTN (p = 0.033), GDNF (p = 0.042), FGF7 (p = 0.935), and IBP6 (p = 0.082) compared to CTRLs (all n = 7, except EGFL8 n = 4) at concentrations as
indicated. Differentiation levels (magenta) of (b) SC-weak responsive STA-NB-10 exposed to recombinant candidate proteins NGF (p = 0.567), EGFL8 (p
=0.099), BDNF (p = 0.252), CNTF (p = 0.783), PTN (0.153), GDNF (p = 0.335), FGF7 (p = 0.934), and IBP6 (p = 0.926) compared to CTRLs (all n = 4)
and (¢) SC-strong responsive STA-NB-6 exposed to recombinant candidate proteins NGF (p = 0.022), EGFL8 (p = 0.049), BDNF (p = 0.050), CNTF (p =
0.014), PTN (p = 0.025), GDNF (p = 0.100), FGF7 (p = 0.015), and IBP6 (p = 0.232) compared to CTRLs (all n = 8, except EGFL8 n = 5). d Proliferation
levels (green) of STA-NB-6 cells exposed to 25ng/ml EGFL8 (n = 3, p = 0.978), 50 ng/ml EGFL8 (n = 3, p = 0.196), and 100 ng/ml EGFL8 (n =4, p =
0.030) compared to CTRLs (n = 4). Differentiation levels (magenta) of STA-NB-6 cells exposed to 25ng/ml EGFL8 (n = 4, p = 0.087), 50 ng/ml EGFL8
(h =3, p=0,106), and 100 ng/ml EGFL8 (n = 5, p = 0.049) compared to CTRLs (n = 5). b-e Statistical test: One way ANOVA or mixed effects model
and adjustments for multiple testing was performed. e Proliferation (green) and differentiation (magenta) levels of SH-SY5Y cells after treatment with 100
ng/ml EGFL8 (proliferation: p = 0.050, differentiation: p = 0.050) compared to CTRLs (both n = 4, paired, two-tailed Student's t-test) and CLB-Ma cells
after treatment with 100 ng/ml EGFL8 (proliferation: p = 0.116, differentiation: p = 0.046) compared to CTRLs (both n = 5, paired, two-tailed Student's t-
test), f Representative bright field images of STA-NB-6 cells at day 16 cultured in the absence (CTRL) or presence of 100 ng/ml EGFL8 or 20 ng/ml NGF (n
= 3). Enlargements illustrate the neuritic processes of STA-NB-6 cells in CTRL as well as EGFL8- and NGF-treated cultures. g Quantification of neurite
length of STA-NB-6 cells treated with 20 ng/ml NGF (p = 0.004) or 100 ng/ml EGFL8 (0.006) compared to untreated CTRLs. Data are depicted as
normalized mean neurite length £ SD (n = 6 images per treatment over 3 independent biological replicates); Statistical test: repeated measures ANOVA
and Dunnett's multiple comparison test; * p-value < 0.05. h Kaplan-Meier survival plot show the overall survival (OS) probability of patients grouped
according to high and low EGFL8 expression in primary tumors at diagnosis. Data were derived from the Kocak dataset (GSE45547) of the R2 Genomics

Analysis and Visualization platform (https://r2.amc.nl) (see also Supplementary Fig. 11).

the field of regenerative medicine as well as cancer research
aiming to elucidate the interplay of human SCs with different
(tumor) cell populations.

The development of mostly benign-behaving peripheral neu-
roblastic tumors is hallmarked by an increasing stromal SC
population and tumor cell differentiation along the sympathetic
neuronal lineage. Since previous studies demonstrated that stro-
mal SCs unlikely descend from tumor cells!2830, we aimed to
understand their origin and cellular state. The accumulation of
publications supporting adult SCs as a highly plastic cell type
urged us to investigate whether this reactive/adaptive potential
plays a role in GNB/GN development.

The inherent SC plasticity is impressively demonstrated after
peripheral nerve injury, where adult SCs undergo substantial
expression and morphological changes to adapt their cellular
functions to the needs of nerve repair’®!317. In this study, tran-
scriptome profiling elucidated a similar expression signature of
stromal SCs in GNs and repair SCs in injured nerves as demon-
strated by nerve repair-associated genes and functions. SC stroma
development in peripheral neuroblastic tumors indeed exhibits
parallels to the nerve injury-induced transformation of adult SCs
into a repair cell identity, which is defined by two characteristics.

The first characteristic is the re-expression of genes associated
with precursor/immature SCs that enables them to exit their
differentiated cell state, re-enter the cell cycle, and gain an
increased migratory capacity!%°%°1, These features match the
morphological observation of stromal SCs entering tumors
through migration along blood vessels and connective tissue septa
and the augmentation of SC stroma over time?3. The expression
of genes associated with a pre-myelin developmental stage of
stromal SCs could also explain why the long axonal processes of
ganglionic-like tumor cells in GNs are not myelinated?°.

The second characteristic of repair SCs is the acquisition of
repair-specific functions including myelin clearance, macrophage
recruitment, upregulation of MHC-II, formation of regeneration

tracks and expression of neurotrophic factors that support axon
re-growth and guidance”%!416:17 1t is important to empathize
that these competences are not shared by developing SCs or adult,
i.e. differentiated, SCs. Previous studies identified the specific
upregulation of ligands such as GDNF and SHH in repair SCs!'%13
and a recently published single-cell RNA-sequencing analysis
comparing neonatal, uninjured (adult) and injured mouse per-
ipheral nerves now provides further genes exclusively expressed
by SCs upon injury. As the majority of them were present in the
herein described enriched gene sets of human repair SCs and
stromal SCs (see Fig. 2c), a contribution of mesenchymal stem
cells or other precursors differentiating into Schwann-like stromal
cells during GNB/GN development is unlikely.

Taken together, these findings assign the cellular state of
stromal SCs to adult SCs that underwent a phenotypical switch as
occurring after nerve damage and supports a repair-related cel-
lular state of stromal SCs in GNs. Moreover, the progressing
death of differentiating and differentiated neuroblastoma cells
(ganglionic-like tumor cells) and resulting axon degeneration
observed in GNBs/GNs>2 could supply stromal SCs with cues that
trigger the repair-like state and explain why it does not diminish
over time. As a consequence, stromal SCs could continuously
exert nerve repair-associated functions in the microenvironment
that are responsible for a benign tumor development.

Recognizing stromal SCs as possible facilitators of nerve repair-
associated functions in the tumor microenvironment prompts the
question how these functions could affect the behavior of tumor
cells. We here show that stromal SCs share the expression of several
neurotrophins and axon-guiding proteins with repair SCs in
damaged nerves. Hence, neuronal differentiation-inducing cues
derived from stromal SCs could be responsible for the differentiation
of tumor cells into ganglionic-like cells during GNB/GN develop-
ment. We modeled the interaction of SCs and NB cells in functional
co-culture experiments, where we exposed genetically diverse NB
cell lines and short-term primary NB cultures, derived from
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aggressive high-risk NBs, to human primary repair-related SCs.
Both, the direct contact to SCs and the in-direct contact to the SCs’
secretome, were sufficient to induce neuronal differentiation and to
impair proliferation of NB cells. Of note, this anti-tumor effect could
be replicated by replacing SCs with recombinant neurotrophic fac-
tors discovered within the repair/stromal SC secretome.

In addition to their influence on neuroblastic tumor cells,
stromal SCs also hold a considerable potential to modulate the

tumor microenvironment. We found that stromal SCs express
MHC-II, which is in line with other studies that reported the
capacity of SCs to express MHC-II in (auto-) inflammatory or
infectious neuropathies®>->6. We also discovered that stromal SCs
express potent chemokines and confirmed the presence of mac-
rophages and T-cells in GNs, which is in accordance with the
increasing reports about the immunomodulatory potential of
SCs!7:%6-61 " Furthermore, the shared expression signature of
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Fig. 7 EGFL8 protein expression analysis and kinome activation. a High-resolution mass spectrometry (hrMS) data of EGFL8 protein expression levels in
primary repair-related SCs (SC, n = 4 biological replicates), injured nerve tissue (SC-IN, n = 6 biological replicates from 3 donors), SC stroma-rich
ganglioneuromas (SC-GN, n = 6 biological replicates), SC stroma-poor neuroblastomas (NB-TU, n = 3) and neuroblastoma short term cell cultures (NB-
CL, n = 3); lined symbols indicate MYCN non-amplified NB-TUs and NB-CLs; *** p < 0.001; Data are depicted as mean + SD. One-way ANOVA and
Tukey's multi-comparison test was performed: SC vs. NB-TU adjusted p = 0.0006; SC vs. NB-CL p < 0.0001; SC-IN vs. NB-TU p < 0.0007; SC-IN vs. NB-
CL p < 0.0007; SC-GN vs. NB-TU p = 0.0004; SC-GN vs. NB-CL p < 0.0001; Representative immunostaining of tissue cryosections of (b) SC-IN, (¢) SC-
GN, (d) NB-TU 50, and (e) NB-TU 49 stained for EGFL8, SOX10, and DAP!; filled arrowheads indicate EGFL81/SOX10* SCs, lined arrowheads indicate
EGFL87/SOX10" cells. Stainings were performed on three independent specimen per analyzed tissue. f Representative immunostaining of a repair-related
SC culture stained for NGFR, EGFL8, and DAPI. The enlargement shows the SC body with membranous NGFR staining and intracellular EGFL8 signals
within vesicle-like structures (filled arrowheads); the lined arrowheads indicate a NGFR/EGFL8" fibroblast. A video of z-stacks visualizing the intracellular
location of EGFL8 signals is available in Supplementary Movie 1. Stainings were performed on three independent SCs cultures. g Western blots show EGFL8
protein bands in primary repair-related SC lysates (n = 4) and supernatants (n = 4) but not in NB cell line STA-NB-6 and SH-SY5Y lysates and
supernatants; filled white arrowheads indicate bands of about 32 kDa, the proposed molecular weight of EGFL8, lined white arrowheads indicate bands of
~37 kDa that could represent the EGFL8 protein with posttranscriptional modifications. Human recombinant (hr) EGFL8 (32 kDa) with a GST-tag (26 kDa)
was used as positive control. Note that EFGL8 was detected via chemiluminescence and GAPDH via immunofluorescence on the same blot; full scans are
available in Supplementary Fig. 12. h Phospho-proteomics upon 15 min EGFL8 treatment of EGFL8-responsive STA-NB-6 and non-responsive STA-NB-10
cells (n = 3 independent biological replicates). Kinase tree depicts kinases significantly enriched for substrate phosphorylation as compared to untreated
control; for kinases with a cut-off > 3 substrates; z-score > 1, p < 0.05 kinase names are shown next to the node. For complete kinome trees see
Supplementary Fig. 13b and 14b. Kinase families are labeled in grey; Kinases significantly enriched (red) or de-enriched (blue) in STA-NB-6 and not
regulated or counter-regulated in STA-NB-10 are labeled in bold. Statistical test: kinase-substrate enrichment analysis of class 1 phosphosites (p > 0.75)
utilizing PhosphoSitePlus and NetworKIN was performed, applying a NetworKIN score cutoff of 2, p-value cutoff of 0.05 and substrate count cutoff 3.

stromal/repair SCs contained basement membrane components
and ECM remodelers such as metalloproteinases and matricel-
lular proteins. Stromal SCs could therefore recruit and interact
with immune cells, as well as execute tissue remodeling functions
in the tumor environment with the original goal to rebuild an
organized nerve structure similar to repair SCs upon nerve injury.

Taken together, the nerve repair-like phenotype equips stromal
SCs with different strategies to influence their environment.
Stromal SCs could either directly induce neuronal differentiation
of peripheral neuroblastic tumor cells or indirectly manipulate the
tumor microenvironment via immunomodulation and ECM
remodeling responsible for a favorable tumor development.

Here, we introduce the matricellular protein EGFL8 as neur-
itogen. EGFL8 shares similar domains and molecular weight with
EGFL7, which was described to induce neural stem cell
differentiation®263. We demonstrated high expression of the
EGFLS protein by repair SCs and stromal SCs and its secretion by
repair-related SCs in vitro. Moreover, EGFL8 expression in per-
ipheral neuroblastic tumors correlated with an increased patient
survival. We provide evidence for a neuritogenic function of
human EGFLS, a protein of so far unknown function, as its
recombinant form was sufficient to induce neuronal differentia-
tion of NB cells at similar efficacy as NGF. Further, our com-
prehensive map of the activated kinome at baseline and upon
EGFL8 stimulation delineates the down-stream signaling
dynamics in NB cells. EGFL8 addition leads to specific phos-
phorylation of HIPK1, p383/MAPK- and ERK5/MAPK7-sub-
strates only in the sensitive cell line STA-NB-6, but not in the
insensitive STA-NB-10. While ERK and MAPK are well estab-
lished key nodes transmitting neurotrophic/neuritogenic
signals®, HIPK1, SGK1 and TLK2 have not been implicated in
peripheral neuronal differentiation yet. Interestingly, the re-
wiring of cellular signaling by EGFL8 converged at known reg-
ulators of neurogenesis, such as PML, NDRG2 and PAK26°-¢7,
corroborating the role of EGFL8 as neuritogenic factor. It will be
interesting to elaborate the common and unique roles of EGFL8
in the concert of neurotrophic factors.

The discovery of EGFL8 as neuritogen underlines the
increasingly recognized impact of matricellular proteins in injury
response and pathological conditions®®-7!. Stromal SCs and
repair SCs also shared the expression of other matricellular
proteins such as SPARC, SPPI (osteopontin) and CCN3 (NOV).

Notably, SC stroma-derived SPARC was previously reported to
suppress NB progression by inhibiting angiogenesis and intro-
ducing changes in the ECM composition’?, suggesting that
stromal/repair SCs are a source of various matricellular proteins
that foster neuronal differentiation.

The plastic potential of adult SCs is a double-edged sword.
While essential for nerve repair, recent studies point out its
adverse effect in neuropathies and epithelial cancer
progression°®73. Here, we demonstrate a favorable impact of SC
plasticity on peripheral neuroblastic tumor cells as it manifests in
SC stroma during the development of benignly behaving GNB/
GN. The cellular similarities between stromal SCs and repair SCs
suggest that stromal SCs are able to exert nerve repair-associated
functions in the tumor microenvironment. Exploiting the stra-
tegies repair/stromal SCs use to generate a neuronal (re-)differ-
entiation supporting environment could therefore hold a valuable
therapeutic potential.

The prerequisite for a possible treatment approach is the sus-
ceptibility of aggressive NBs to SCs. We and others have pre-
viously investigated the effect of SCs and their secreted factors on
aggressive NB cell lines. These studies confirmed that SCs are able
to induce neuronal differentiation and impair the growth of NB
cells, which were derived from SC-stroma poor high-risk
NBs31:3234-36.7475 " The confirmation that aggressive NB cells,
although lacking the ability to attract SCs, are still responsive to
SCs, offers essentially two therapeutic options23, 1) including SC-
derived factors as anti-tumor agents"7° and 2) the induction of
SC stroma in aggressive NBs. Furthermore, identifying how the
repair SC state can be sustained is also of high value for the field
of regenerative medicine, since one of the main reasons for axonal
regeneration failure after injury is the deterioration of repair SCs
over time*®”7. Thus, the more detailed knowledge about the
molecular processes involved in GNB/GN development and nerve
regeneration is promising to enrich treatment approaches for
both nerve repair and aggressive NBs.

In conclusion, our study demonstrates that the cellular state of
stromal SCs in GNs shares key features with repair SCs in injured
nerves. This finding provides essential insight into GNB/GN
development as it suggests that the inherent plasticity allows adult
SCs to react to peripheral neuroblastic tumor cells in a similar
way as to injured neurons. As a consequence, stromal SCs could
exert repair-associated functions that shape an anti-tumor
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microenvironment and induce neuronal differentiation of tumor
cells responsible for a benign tumor behavior. Among the factors
released by SCs, we identified the matricellular protein EGFL8
and report its neuritogenic effect on neuroblastic tumor cells.
EGFL8 mediated neuronal differentiation through broad kinase
activation including and beyond p383/MAPK and ERK signaling,
might hold considerable treatment possibilities for the therapy of
aggressive NBs and patho-physiological conditions compromis-
ing peripheral nerve integrity.

Methods
Human material. The collection and research use of human peripheral nerve
tissues and human tumor specimen was conducted according to the guidelines of
the Council for International Organizations of Medical Sciences (CIOMS) and
World Health Organisation (WHO) and has been approved by the Ethikkom-
mission Medizinische Universitit Wien (EK2281/2016 and 1216/2018). Informed
consent has been obtained from all patients or parents/guardians/legally authorized
representatives participating in this study. The informed consent for obtaining
peripheral nerve tissue covers the use of left over materials from medically indi-
cated surgery for research purposes directed towards studying growth inhibition of
aggressive neuroblastoma cells by human SC signals. The age-adapted informed
consent for the CCRI Biobank covers the use of left over materials from medically
necessary surgery or biopsy, which, after completion of routine diagnostic proce-
dures, is biobanked (EK1853/2016) and available for research purposes, including
genetic analysis, that are further specified in EK1216/2018: to conduct genetic,
proteomic, imaging analysis and cell cultivation.

Neuroblastoma cell lines and primary cultures are available upon request.
Primary Schwann cell cultures and tumor tissues are limited materials and
therefore cannot be provided.

Human peripheral nerve explants and primary Schwann cell cultures. Human
peripheral nerves were collected during reconstructive surgery, amputations or
organ donations of male and female patients between 16 and 70 years of age. The
ex vivo nerve injury model as well as the isolation procedure and culture conditions
of primary human SCs have been performed as previously described!”-3%. Briefly,
fascicles were pulled out of nerve explants and digested overnight using 1.25 U/ml
Dispase II, 0.125% Collagenase type IV and 3mM calcium chloride. The fascicle-
derived cell suspension was seeded on PLL/laminin coated dishes and cultured in
SC expansion medium (SCEM: MEMa GlutaMAX™, 1% Pen/Strep, 1 mM
sodium pyruvate, 25 mM HEPES, 10 ng/mL hu FGF basic, 10 ng/mL hu Heregulin-
B1, 5 ng/mL hu PDGF-AA, 0.5% N2 supplement, 2 uM forskolin and 2% FCS. Cells
of the initial seeding represent passage 0 (p0). Half of the medium was changed
twice a week. When the cultures reached approx. 80% confluence, contaminating
fibroblasts were depleted by exploiting their ability to adhere more rapidly to
plastic. Enriched passage 1 (p1) SC cultures of about 96% purity, as determined via
positivity for the SC marker S100B, were used for experimentation. For the ex vivo
nerve injury model, about 1.5 cm long human nerve fascicles were subjected to an
ex vivo degeneration period of 8 days in SCEM + 10% FCS at 37 °C (= injured
nerve fascicle). During that time, axons degenerate and SCs adapt the repair
phenotype within the explant!”. Phase contrast microscopy images were generated
using a Zeiss Axiovert 40C with the pixelink application version AL/A6XX.

Neuroblastoma/ganglioneuroma tissue, neuroblastoma cell lines and patient-
derived short-term cultures. Tumor specimen from diagnostic NB tumors and
GN tumors have been collected during surgery or biopsy for diagnostic purposes
and left-overs were cryopreserved until analysis. Cryosections of GN tissue were
analyzed for SC stroma rich areas identified by H+E-staining, immmuno-
fluorescence staining for SC marker S100B, and confirmed by a pathologist. The
corresponding tumor region was excised using a scalpel blade and cryopreserved
until RNA and protein extraction. The immunostaining analyses of cryosections
were performed on three independent specimen per analyzed tissue, e.g. GN
cryosections derived from three patients were stained for S100B, SOX10 and DAPL
The used NB cell lines are derived from biopsies or surgical resection of
aggressively behaving NB tumors of patients suffering from high-risk metastatic
NBs. In-house established, short-term cultured primary NB cells STA-NB-6, -7 -10
and -15 as well as well-established NB cell lines SK-N-SH, SH-SY5Y, IMR5 and
CLB-Ma were cultured in MEMa complete (MEMa GlutaMAX ™, 1% Pen/Strep, 1
mM sodium pyruvate, 25 mM HEPES and 10% FCS). The NB cell lines, primary
NB cultures and NB tumors differ in their genomic background including MYCN-
amplification status. An overview of NB cell’8-84, primary NB cultures as well as
NB and GN tumor characteristics is provided in Supplementary Tables 1 and 2.

The co-culture model of primary Schwann cells and neuroblastoma cell lines
or short-term cultured neuroblastoma cells. NB cell lines or short term NB

cultures (STA-NB-6, STA-NB-10, IMR5, SH-SY5Y and CLB-Ma) were co-cultured
with enriched human p1 SCs from at least 3 independent donors. First, SCs were
seeded in PLL/laminin coated wells of a 6-well plate in SCEM. At day 1 and day 2,

half of the media was exchanged with MEMa complete. At day 3, total media was
changed to MEMa complete and NB cells were seeded directly to the p1 SC
cultures as well as in PLL/laminin coated trans-wells (24 mm Inserts, 0.4 um
polyester membrane, COSTAR) placed above SC cultures, alongside with respec-
tive controls. Two third of the media was changed twice a week and one day prior
to FACS analyses on day 8 and day 16.

For IF analysis, SCs from 3 independent donors were co-cultured with STA-
NB-6 or CLB-Ma NB cell lines in coated wells of an 8-well chamber slide (Ibidi),
respectively, alongside with controls for 11 days.

Proliferation and differentiation FACS panels. All antibody details are listed in
Supplementary Table 3. If not stated otherwise, all steps of the staining procedures
were performed on ice. The following antibodies have been conjugated to fluor-
ochromes using commercially available kits according to the manufacturer’s
instructions: anti-S100B has been conjugated to FITC (FLUKA) using Illustra
NAP-5 columns (GE Healthcare), anti-GD2 (ch14:18, kindly provided by Professor
Rupert Handgretinger, Department of Hematology/Oncology, Children’s Uni-
versity Hospital, Tiibingen, Germany) has been conjugated to AF546 using the
AlexaFluor® 546 protein labeling kit (Molecular probes) and anti-NF200 has been
conjugated to AF647 using the AlexaFluor® 647 protein labeling kit (Molecular
probes).

Untreated SC and NB cell cultures, co-cultures or NB cultures stimulated with
recombinant neuritogenic factors (Supplementary Table 3) were detached using
Accutase (LifeTechnologies) and washed with FACS-buffer (1x PBS containing
0.1% BSA and 0.05% NaAzide). For the differentiation FACS panel, cells were
incubated with GD2-AF546 for 20 min, washed once with FACS-buffer and fixed
using Cytofix/Cytoperm (BD Biosciences) in the dark for 20 min. After washing
with 1x perm/wash (BD), cells were stained with anti-S100B-FITC and NF200-
A647 for 20 min. Cells were washed in 1x perm/wash and analyzed immediately at
the FACSFortessa flow cytometer equipped with flow cytometer equipped with 5
lasers (355, 405, 488, 561 and 640 nm) and the FACSDiva software version 8.0
(both BD). For the proliferation FACS panel, 1 uM EdU was added to cultures for
about 15 h. Cells were detached, washed and fixed in Roti-Histofix 4% for 20 min at
RT. Permeabilization and EdU detection was carried out using the Click-iT EdU
Alexa Fluor 647 Flow Cytometry Assay Kit (Thermo Fisher Scientific, C10419)
according to the manufacturer’s manual. Additional extracellular/intracellular
staining was performed with GD2-A546 and anti-S100B-FITC antibodies in 1x
saponin-based perm/wash for 30 min. After washing, cells were resuspended in 1x
saponin-based perm/wash, 1 ul of FxCycle Violet (LifeTechnologies) DNA dye was
added and samples were analyzed immediately at the FACSFortessa.

Immunofluorescence staining and confocal image analysis. All antibody details
are listed in Supplementary Table 3. If not stated otherwise, the staining procedure
was performed on RT and each washing step involved three washes with 1x PBS for
5 min. Primary antibodies against extracellular targets were diluted in 1x PBS
containing 1% BSA and 1% serum; primary antibodies against intracellular targets
were diluted in 1x PBS containing 1% BSA, 0.1% TritonX-100 and 1% serum.
Briefly, thawed tissue cryosections or grown SC/NB cell co-cultures were fixed with
Roti-Histofix 4% (ROTH) for 20 min at 4 °C, washed, and blocked with 1x PBS
containing 1% BSA and 3% serum for 30 min. Cells and tissue sections were
incubated with primary antibodies against extracellular targets, washed and incu-
bated with appropriate secondary antibodies for 1h. Samples were then again fixed
with Roti-Histofix 4% for 10 min. After washing, cells were permeabilized and
blocked with 1x PBS containing 0.3% TritonX-100 and 3% serum for 10 min.
When required, TUNEL staining was performed after permeabilization according
to the manufacturer’s protocol (PROMEGA). Samples were then incubated with
primary antibodies against intracellular targets, washed and incubated with

the appropriate secondary antibodies for 1h. Finally, samples were incubated with
2 ug/mL DAPI in 1x PBS for 2 min, washed and embedded in Fluoromount-G
mounting medium (SouthernBiotech). Images were acquired with a confocal laser
scanning microscope (Leica Microsystems, TCS SP8X) using Leica application suite
X version 1.8.1.13759 or or LAS AF Lite version 4.0 software (Leica). Confocal
images are shown as maximum projection of total z-stacks and brightness and
contrast were adjusted in a homogenous manner using the Leica LAS AF software
(Leica Microsystems).

Quantification of neurite length and alignment. The Image] plugin Neuron]®
was used to quantify the mean length of extended neurites by NB cells either on
phase contrast images or immunofluorescence images between treated NB cells
(co-culture with SCs, or exposure to EGFL8) and untreated NB cell controls (n =
3); at least two images were analyzed per condition. To evaluate the orientation
(alignment) of NB cells after co-culture with SCs compared to NB cell cultured
alone (n = 3), three GD2 stained immunofluorescence images per condition were
analyzed with the Image] plugin Orientation] Measure function [http://bigwww.
epfl.ch/demo/orientation/], that calculates a distribution of pixels‘ orientations
(varying from -90 to 90 degrees) per image. In order to merge information of all
images per condition, the calculated distributions of orientations were mean-
normalized resulting in a mean NB cell orientation of 0 degrees. To obtain a
measure distinguishing the NB cell alignment between control and co-cultures, the
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variance of the merged distributions was calculated (zero variance would reflect a
perfect alignment). For each pair of measurements (control and co-culture), a
Levene test3® was applied to test for equal variances.

RNA isolation, RNA sequencing and gene expression analysis. Fresh frozen SC
stroma-rich areas derived from diagnostic GNs (SC-GN, n = 6) were homogenized
with the gentleMACS Dissociator (Miltenyi) using 1 mL of TRIzol per sample and
the predefined RNA-01 gentleMACS program. RNA isolation was performed with
the miRNeasy micro kit (Qiagen) following the manufacturer’s protocol. Quantity
and integrity of extracted RNA were assessed by the Qubit RNA HS Assay Kit (Life
Technologies) and the Experion RNA StdSens Assay Kit (BioRad), respectively.
30 ng total RNA (RQI = 8) was used for library preparation following the NEBNext
Ultra RNA Library Prep Kit for Illumina protocol (New England BioLabs) with the
Poly(A) mRNA Magnetic Isolation Module (New England BioLabs). After cDNA
synthesis, the library was completed in an automated way at the EMBL Genomics
Core Facility (Heidelberg, Germany). RNA-Seq was performed at the Illumina
HiSeq 2000 platform and corresponding Illumna software (Illumina HiSeq Control
software version 2.2.38, RTA version 1.18.61, HiSeq serial number HWI-ST999 and
50 bp-single-end reads were generated); basecalling was done with Illumina
bel2fastq-1.8.4.

The generated data were bioinformatically analyzed together with our
previously published transcriptomic data sets of human primary SCs (SC, n =
5 samples from 4 donors), human injured fascicle explants (SC-IN, n = 3) and NB
cells STA-NB-6 (analyzed in three biological replicates), STA-NB-7 and STA-NB-
15 (NB-CL, n = 6 from 3 donors)!7, SC-rich areas of ganglioneuroma (SC-GN,
n = 6) and diagnostic, untreated stage 4 NBs (NB-TU, n = 15)%7. Respective GEO
identifiers can be found in Supplementary Table 4.

Short read sequencing data was quality checked using FASTQC v0.11.5 (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc) and QoRTs v1.1.8%% and then
aligned to the human genome hs37d5 (ftp://ftp.1000genomes.ebi.ac.uk/) using the
STAR aligner v2.5.32% yielding a minimum of 11.6 million aligned reads in each
sample. Further analysis was performed in R v3.4.1 statistical environment using
Bioconductor v3.5 packages”. Count statistics for Ensembl (GRCh37.75) genes
were obtained by the “featureCounts” function (package “Rsubread”) and
differential expression analysis was performed by edgeR and voom®!-%2, For
differential gene expression analysis only genes passing a cpm (counts per gene per
million reads in library) cut-off of 1 in more than two samples were included. All
p-values were corrected for multiple testing by the Benjamini-Hochberg method.
Genes with an adjusted g-value < 0.05 and a log2 fold change > 1 (|log2FC| > 1)
were referred to as ‘significantly regulated” and used for functional annotation
analysis via DAVID database”>.

Western Blot analysis. All antibody details are listed in Supplementary Table 3.
Western blot analysis was performed as previously described”»%°. 1x TBS-T was
used for all washing steps that were performed three times for 5 min after each
antibody incubation. Briefly, frozen cell aliquots were thawed, pelleted and lysed by
addition of RIPA buffer. Culture media were centrifuged at 300 g for 10 min at 4 °C
to remove cellular debris. The supernatants were mixed with —20 °C EtOH (1:5),
precipitated at —20 °C for 20 h, centrifuged at 4000xg for 40 min at 4 °C and the
dried pellet was lysed by addition of RIPA buffer. Protein extracts were stored in
Protein LoBind tubes (Eppendorf) at —80 °C. Protein concentrations were deter-
mined via Bradford assay (BioRad). Protein extracts were mixed with SDS-loading
buffer, denatured for 5 min at 95 °C, separated on a 10% SDS/PAA gel and blotted
onto methanol-activated Amersham Hybond-P PVDF membranes. Membranes
were blocked using 1x T-BST with 5% w/v nonfat dry milk for 30 min and
incubated with anti-EGFL8 followed by HRP-conjugated secondary antibody. The
blots were developed using the WesternBright Quantum detection kit (Advansta)
and visualized with the FluorChemQ imaging system (Alpha Innotech, San
Leandro, USA). Subsequently, membranes were incubated with anti-GAPDH fol-
lowed by IRdye680T labeled secondary antibody. Blots were analyzed using the
Odyssey imaging system (Licor) and the Odyssey software v3.0.

Protein isolation, high-resolution mass spectrometry and expression analysis.
Fresh frozen diagnostic GN-derived SC stroma-rich areas (SC-GN, n = 6), diag-
nostic high-risk NB tumors (NB-TU, n = 3) as well as low-passage NB cells STA-
NB-7, STA-NB-2 and STA-NB-10 (NB-CL, n = 3) were used for proteomic
analysis (see Supplementary Table 1 & 2 for tumor and cell line characteristics).
Protein isolation from cells and tissue, mass spectrometry sample preparation and
liquid chromatography-mass spectrometry (LC-MS) has been carried out!”-%°, all
samples were measured in two technical replicates. LC-MS/MS analyses were
performed using a Dionex Ultimate 3000 nano LC-system coupled to a QExactive
orbitrap mass spectrometer with software TUNE version 2.5-204201/2.5.0.2042
and Chromeleon version 6.0 (all Thermo Fisher Scientific).

For the identification and label free quantification of proteins, the MaxQuant
software package (version 1.6.1.0)°7 was used”. The human UniProt database
(version 03/2018, restricted to reviewed entries only) with 20316 entries was used
for the search, and the false discovery rate (FDR) was set to 0.01 on both peptide
and protein level. The alignment time window was set to 1 min, with a match time
window of 5 min. The four data matrices obtained as described above were loaded

into Perseus software (version 1.6.7.0), followed by filtering those analytes that
were present in at least 70% of samples in at least one group”. Next, data were log
2 transformed, and missing values were replaced by normally distributed random
numbers with a set width of 0.3 and a downshift of 1.8. A two sided t-test was
applied for statistical significance testing with number of randomizations set to 250,
the FDR threshold was set to 0.05 and the SO value to 0.1. The data were analysed
together with previously generated proteomic data set of human primary SCs and
human injured fascicle explants!”.

Phosphoproteomics. EGFL8-treated (100 ng/mL) and untreated cell lines were
lysed with 4% SDC buffer containing 100 mM Tris-HCL (pH 8.5) to the cells. The
lysate was collected and heat-treated at 95 °C for 5 min. Three biological replicates
were performed for each cell line.

For the phosphopeptide enrichment, a slightly modified protocol of the
EasyPhos workflow was applied!?. Briefly, a total of 200 ug protein was used for
the enrichment procedure. Protein reduction using 100 mM TCEP and alkylation
using 400 mM 2-CAM with subsequent enzymatic digestion with Trypsin/Lys-C
mixture (1:100 Enzyme to Substrate ratio) at 37 °C for 18 h was performed. The
solution containing the peptides was mixed with enrichment buffer containing 48%
TFA (vol/vol) and 8mM Potassium dihydrogen phosphate. Samples were incubated
with 3mg TiO2 Titansphere beads (GL Sciences) for 5 min at 40 °C with
subsequent washing and elution from StageTips with 40% ACN and 5%
Ammonium hydroxide solution. Samples were dried and reconstituted in 15 pL. MS
loading buffer containing 97.7% H20, 2% ACN and 0.3% TFA.

For the global proteome, a digestion protocol S-trap technology was employed!?’.
In short, proteins were solubilized in buffer containing 5% SDS with subsequent
reduction and alkylation using 64 mM DTT and 48 mM IAA, respectively. After
addition of trapping buffer (90% vol/vol methanol, 0.1 M triethylammonium
bicarbonate) samples were loaded onto S-trap cartridges and digested with Trypsin/
Lys-C Mix at 37 °C for 2 h. Supernatants containing the collected peptides were
dried. Dried peptide samples were reconstituted in 5 puL 30% formic acid (FA)
containing 10 fmol of 4 synthetic standard peptides each and diluted with 40 pL
mobile phase A (99.9% H20, 0.1% FA). LC-MS/MS analyses were performed using a
Dionex Ultimate 3000 nano LC-system (Thermo Fisher Scientific) coupled to a
timsTOF pro mass spectrometer (Bruker Daltonics). 10 and 5 pL of phosphopeptide
enriched and global proteome samples, respectively, were loaded on a 2 cm x 100pm
C18 Pepmapl00 pre-column (Thermo Fisher Scientific) at a flow rate of 10 uL/min
using mobile phase A. Afterwards, peptides were eluted from the pre-column to a 25
cm x 75 pm 25cm Aurora Series emitter column (Ionopticks) at a flow rate of 300
nL/min and separation was achieved using a gradient of 8% to 40% mobile phase B
(79.9% acetonitrile, 20% H20, 0.1% FA) over 90 min.

Data analysis was performed using MaxQuant 1.6.17.0°” employing the
Andromeda search engine was used for protein identification against the UniProt
Database (version 12/2019 with 20 380 entries) allowing a mass tolerance of 20ppm
for MS spectra and 40ppm for MS/MS spectra, a FDR < 0.01 and a maximum of 2
missed cleavages. Furthermore, search criteria included carbamidomethylation of
cysteine as fixed modification and methionine oxidation, N-terminal protein
acetylation as well as phosphorylation of serine, threonine and tyrosine as variable
modifications. For the interpretation of phosphoproteomics data, a kinase-
substrate enrichment analysis of class 1 phosphosites (p > 0.75) utilizing
PhosphoSitePlus and NetworKIN was performed, applying a NetworKIN score
cutoff of 2, p-value cutoff of 0.05 and substrate count cutoff 3102104 For the
visualization of enriched kinases in context of the global kinome, the application
Coral was used!%°.
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Statistical analyses. If not mentioned otherwise, Excel 2016 and GraphPad Prism
8 was used for statistical analysis. Values were given as means + SD of at least 3
independent biological samples or independent biological replicates. For paired
analyses a Student’s t-test, for parametric analysis of multiple conditions one-way
ANOVA and Tukey’s multiple comparisons post-hoc test was performed. p-values
< 0.05 were considered significant.

Reporting Summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data sets produced and used in this study are available in public repositories as listed
in Supplementary Table 4. RNA-sequencing datasets were uploaded to the gene
expression omnibus (GEO) repository (https://www.ncbi.nlm.nih.gov/geo/) with the
dataset identifiers GSE90711, GSE94035, GSE147635, the Kocak dataset GSE45547 and
NRC dataset GSE85047 are publicly available. The mass spectrometry global and
phosphospho-proteomics data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral. proteomexchange.org) via the PRIDE partner repository!° with
the dataset identifier PXD018267 and PXD022217 and are publicly available. Source data
are provided with this paper.

Code availability

No custom codes have been developed in this study.
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Abstract

Objective: Ulcerative colitis (UC) is a chronic disease with rising incidence and unclear
etiology. The application of mass spectrometry-based analysis methods shall support the
establishment of systemic molecular biomarker signatures providing status information with
regard to individual UC pathomechanisms.

Design: UC pathomechanisms were assessed by proteome profiling of human tissue
specimen, obtained from five distinct colon locations each of 12 patients. Systemic disease-
associated alterations were investigated in a cross-sectional setting by mass spectrometry-
based multi-omics analyses comprising proteins, metabolites and eicosanoids of plasma
obtained from UC patients during disease and upon remission in comparison to healthy
controls.

Results: Tissue proteome profiling identified colitis-associated activation of neutrophils,
macrophages, B- and T-cells, fibroblasts, endothelial cells and platelets, and indicated
hypoxic stress, as well as a general downregulation of mitochondrial proteins accompanying
the establishment of apparent wound healing-promoting activities including scar formation.
While the immune cells mainly contributed pro-inflammatory proteins, the colitis-associated
epithelial cells, fibroblasts, endothelial cells and platelets predominantly formed anti-
inflammatory and wound healing-promoting proteins. Blood plasma proteomics indicated
chronic inflammation and platelet activation, whereas plasma metabolomics identified
disease-associated deregulation of bile acids, eicosanoids and gut microbiome-derived
metabolites. Upon remission, several, but not all, molecular candidate biomarker levels
recovered to normal levels. These findings may indicate that pathomechanisms related to gut
functions, gut microbiome status, microvascular damage and metabolic dysregulation
associated with hypoxia may not resolve uniformly during remission.

Conclusions: This study integrates and expands the knowledge about local and systemic
effects of UC and identifies biomarker profiles related to molecular UC pathomechanisms.
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Introduction

Ulcerative colitis (UC), an inflammatory bowel disease (IBD), is characterized by ascending
inflammation of the large intestine with intermittent cycles of active inflammation and
asymptomatic periods." With an early disease onset at around 30 years of age and increasing
incidence rates in developed countries (24.3/100,000 in Europe; 19.2/100,000 in North
America), UC is becoming an increasing and severe health risk for millions of people.”* Due
to the chronic inflammation, UC patients suffer from an increased risk of colorectal cancer as
well as thromboembolic complications.*® The chronicity of UC accompanied with life-long
non-curative treatment of symptoms is challenging, as patients are treated based on symptom
subsets and their severity in an iterative scheme" "', which has not fundamentally changed
for the past two decades.” ' '* Often used metrics including the Ulcerative Colitis Disease
Activity Index (UCDAI) and MAYO-score are reliant on multiple clinical observations,
invasive and non-invasive in nature, as well as on the compliance of patients subjective
measures in form of patient-reported outcomes, so called PRO reports.”> '* A vast effort was
put into the elucidation of disease driving genetic factors including genome-wide association
studies, but to the best of our knowledge, no definitive causal links could be established yet."’
MHC locus HLA Class II alleles as well as the multidrug resistance gene MDRI have been
implicated as possible genetic susceptibility factors.'™™® Studies focusing on the genetic
landscape of the second main type of IBD, namely Crohn’s Disease (CD), found, in contrast
to UC, evidence of causal effects of single nucleotide polymorphisms with biological
plausibility and dose-response effects independently verified by multiple studies.'”* The
abovementioned points strengthen the theory of involvement of environmental factors and
other possible post-genomic related influence factors such as the general composition and
functional state of the proteome, metabolome and microbiome. Even for malignant diseases
where genetic instability determines disease progression, post-genomic analysis tools can
provide deeper insights into molecular mechanisms of progression and escalation.” Recent
studies® * provide insights into potential pathophysiologic mechanisms of UC, showing for
example the influence of the microbiome and its compositional alterations before and after
diagnosis with UC?, the activation of the innate immune system monitored on a proteome
wide scale’, or general compositional changes in the metabolome®™ *° or microbiome
dependent co-metabolome.*” *! Although these findings are leading UC related research into
a more molecularly focused direction, there are still pathophysiological processes, which
remain to be unveiled. Studies focusing on post hoc analysis of serological markers for the
discrimination of clinically relevant cohorts showed the limitations of established marker
molecules, and demonstrated the need for comprehensive screening and combination of data
on multiple “omics” levels.’”® ** In the presented study, we thus aimed to investigate
pathophysiological aberrations in situ. We present an in-depth analysis of intra-individual
colonic proteome alterations during active UC in a spatially resolved manner. The parallel
analysis of plasma samples, allowing to identify systemic disease-associated alterations, was
performed by the combination of an extensive panel of biomolecules ranging from amino
acids to lipids, including eicosanoids and plasma proteins. An additional case-control study
with UC patients in remission was performed in order to investigate remission-associated
normalization of biomarker profiles. Thus, we demonstrate that specific colitis-associated

125



medRxiv preprint doi: https://doi.org/10.1101/2022.05.25.22275502; this version posted May 27, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

biomarkers were still deregulated at a time when no more symptoms were reported and those
indicate possible determinants for chronicity. The present multi-omics analyses provide a
deep molecular phenotyping of UC disease manifestation, pointing at novel therapeutic
targets and presenting biomarker candidates that may be validated in prospective clinical
trials.
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Material and Methods

A more detailed description of the methodology can be found in the Supplementary Materials
and Methods.

Study design and population

The presented case-control study includes patients from the age of 18 and above diagnosed
with ulcerative colitis (UC), either in active or remission state, as well as healthy control
patients, as described in Figure 1A. Patient information regarding clinical data from active
and remission patients, as well as age distribution in regard to healthy controls can be found
in Supplementary Tables S1, S2 and Suppl. Figure S1. Exclusion criteria for active UC
patients included pancolitis, remission status according to MAYO-Score, infections, colon
resection or colectomy as well as colitis indeterminata. Exclusion criteria for remission UC
patients included infections, colitis indeterminata as well as colon resection or colectomy.
Patients with active UC underwent a routine colonoscopy for the assessment of the local
inflammatory status including fecal calprotectin and assignment of MAYO-Score.” Colon
biopsies were classified into three categories ranging from non-inflamed over
surrounding/mildly inflamed to inflamed. Classification was based on histological findings of
inflammatory features (Supplementary Figure S2. For the monitoring of systemic events
happening during the pathogenesis of UC, blood plasma was collected from each patient
cohort. The study was approved by the ethics commission of the city of Vienna with votum
EK 18-193-0918. All patients gave informed consent.

Sample collection and processing

Colon biopsies of colonic subsections from active UC patients were taken, washed with PBS
and immediately frozen at -80°C or processed for subsequent histologic examination. Blood
was drawn from all three cohorts, processed into blood plasma and frozen following a strict
time regimen. A detailed description of the methodology can be found in the Supplementary
Materials and Methods.

Statistical data analysis

Proteomics data was analyzed with MaxQuant (version 1.6.17.0).>* Eicosanoid spectra were
compared with reference spectra from the Lipid Maps depository library and subsequently
integrated using the TraceFinderTM software package (version 4.1).° Targeted
metabolomics data validation and evaluation was performed with the software supplied with
the MxP® Quant 500 Kit (MetIDQ-Oxygen-DB110-3005). For the analysis of causal
networks between inflamed and non-inflamed tissue, the software CausalPath with standard
parameter settings and pre-processed LFQ intensity values (Supplementary Table S3) was
utilized.*® Additional statistical analysis was performed utilizing Perseus (version 1.6.14.0),
Microsoft Excel and GraphPad Prism (version 6.07).
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Omics data were integrated in R using N-integration discriminant analysis with DIABLO
(Data Integration Analysis for Biomarker discovery, R-package mixOmics 6.18.0,”’) and an
own developed method using Gaussian Graphs Models Selection (R-package GGMselect 0.1-
12.4, CIT2) for analytes reduction via sub-network generation and Principal Component
representation. Subsequently partial correlations of significantly deregulated single analytes
with analyte sub-network representations were performed.*®
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Results
Rationale and presentation of the study design.

After informed consent, five colon biopsy samples from different locations were obtained
from each of the 12 patients suffering from active ulcerative colitis (clinical parameters are
provided in Supplementary data). The tissue samples were categorized via histological
findings into “inflamed”, “surrounding” and “non-inflamed” (Figure 1A, Suppl. Figure S1).
Blood plasma was collected from a total of 16 acute UC patients, including the 12 patients
that underwent biopsy, as well as other 12 UC patients after successful remission (clinical
parameters are provided in Supplementary data and Supplementary Tables S7, S8). Blood
plasma from 11 healthy donors served as controls. Each plasma sample was analyzed with
regard to proteins, metabolites and eicosanoids using three different mass spectrometry-based
analysis methods (Figure 1A). Tissue proteome analysis was conducted to provide insight
into disease-associated pathomechanisms, and plasma samples from the same patients were
analyzed to investigate whether local changes were indicated by systemic plasma profiles
(Figure 1B).

Tissue proteomics reveals molecular patterns associated with local UC pathomechanisms.

The analysis of a total of 60 tissue biopsy samples resulted in the identification of 4,579
proteins (at least two peptides per protein, FDR < 0.01 at protein and peptide level, at least 5
independent identifications in at least one tissue category per protein, Supplementary Table
S3) and various protein regulatory events distinguishing the three pre-defined tissue
categories (Figure 2A, Supplementary Table S4). PCA separated “inflamed” versus “non-
inflamed”, while the surrounding tissue samples were found dispersed across the other two
groups (Figure 2B). It is fair to expect alterations of the cell type composition when
comparing such tissue categories. Thus, differentially regulated proteins (FDR < 0.01) were
attributed in a first step to different cell types according to expression specificity. In a
subsequent step, functional cell activation markers were considered as described
previously,”*' in addition to protein regulatory events pointing to characteristic
pathomechanisms (Figure 2C, Supplementary data, Supplementary Table S5).

The inflammation-associated upregulation of VIM accompanied by a downregulation of
KRT18 (Figure 2A, Supplementary Table S1) indicated a relative increase of mesenchymal
cells at the cost of parenchymal cells. This interpretation was corroborated by a dominance of
neutrophil-, macrophage- and fibroblast-specific proteins among the most strongly
upregulated proteins in inflamed tissue (Figure 2A, C). Several epithelial proteins known to
be induced upon inflammation such as REG4, PLA2G2A and GREMI1 were found
upregulated. In contrast, epithelial proteins characteristic for colon functions such as mucus
formation were downregulated, including CLCA1, SLC4A4 and CEACAMY7, suggesting a
profound functional state switch of these cells. Actually, mitochondrial proteins were found
to be the protein group most consistently downregulated, which is compatible with this notion
(Figure 2A, C).
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Characteristic marker proteins (Figure 2C, Supplementary Table S2, Supplementary data —
tissue marker proteins) strongly indicated the inflammatory activation of neutrophils (LTF,
ELANE and PRTN3), macrophages (LYZ, IFI16), B lymphocytes (CD40, CD79A, BTK) and
T lymphocytes (LSP1, PTPRC and FGL2). This inflammatory signature was further
corroborated by a marked interferon response (MX1, GBP2, ISG20) and apparent local
complement activation (C2, C3, CFI). However, platelet activation, potentially promoted by
FBLNI and CD40 and evidenced by PECAM1, PDGFRA and PDGFRB, indicated an onset
of wound healing activities already during acute UC. This interpretation was supported by an
increased abundance of several TGF-beta induced proteins derived from macrophages (e.g.
TNC, AIF1), fibroblasts (COL4A2, FBLNS5, PXDN) and epithelial cells (e.g. SERPINBS,
GREMI, MUCI2) in addition to markers for mucosal healing (e.g. MFGE8, MGATI,
TIGAR) and other anti-inflammatory proteins such as SERPINB8, ILIRN and APCS.
Furthermore, a proteome signature pointing to hypoxia (CSRP2, AQP1, LIMSI) may be
causally related to angiogenesis, indicated by EFEMP1, ANGPTL2, VCAMI, and scar
formation, indicated by MXRAS5, COL1A1 and FN1 (Figure 2C). The downregulation of
enzymes essential for beta-oxidation such as ACOX1, ACSF2 and ECI2 may also indicate a
functional state switch of tissue functions potentially resulting in a loss of energy-demanding
detoxification capabilities mediated by UGT1A8, UGT2A3, SLC6A2 and others.

Investigation of the tissue proteomics data using causal path analysis (Materials and
Methods) indicated a hub function of the metabolic key transcription factor MAX (Figure
2D), which has also been linked to a hypoxia-induced metabolic switch promoting glycolysis
above beta-oxidation.**

UC pathomechanisms also affect systemic molecular plasma profiles.

Proteins, eicosanoids and metabolites were analyzed in plasma samples derived from healthy
controls, patients suffering from acute colitis, as well as UC patients in remission using three
different LC/MS-based analysis strategies comprising 293, 72 and 494 distinct molecules
(Figure 3A, Supplementary Tables S6, S7, S8), respectively. Unsupervised PCA of identified
proteins separated the remission group from the healthy group, whereas the PCA of
metabolomics and eicosanoid analyses separated active disease patients from healthy controls
(Figure 3B). Each kind of analysis delivered significant regulatory events as displayed in
volcano plots (Figure 3C) and listed in Supplementary Tables S4-S6. The application of
analytes-set analyses and Data Integration Analysis, as described in Materials and Methods,
further improved the separation capabilities and suggested molecular profiles associated with
the clinical phenotype (Figure 4A, B). Further unsupervised hierarchical clustering of blood-
borne molecules listed several biomarker candidates and separated the patient groups quite
well, with some intersection between the active colitis and the remission group (Figure 4B).
Figure 4C shows a molecular network of correlated regulated analytes and sub-networks
generated from an integrative analyses approach comparing patients in remission with
healthy controls.

In an independent approach for data interpretation, molecules deregulated in plasma of UC
patients were screened manually searching for potential biomarkers related to
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pathomechanisms evidenced by tissue proteomics. Molecules were discriminated based on
significant alterations within one or two, out of two, group comparisons (active UC versus
control and remission versus control, Figure 3A). Proteome profiling identified the liver-
derived acute phase proteins CRP and SAA1 indicative for acute inflammation (Figure 3C).
The proteins ITGA2B, FBLNI and VCL are strongly expressed by platelets and indicate
platelet involvement in UC.* The detected upregulation of PTGDS, catalyzing the formation
of the platelet aggregation inhibiting the eicosanoid PGD,* and described to be upregulated
upon injury,” may represent a systemic response to onset of wound healing and
thromboembolism — a characteristic risk for UC patients.

Eicosanoid analyses showed that the neutrophil-derived inflammation marker PGE; and 5S-
HETE were consistently detected but not found to be differentially regulated. The
prostaglandin PGD,, described to be involved in the protection of the gut mucosa and
promoting regeneration, was actually found downregulated.* In contrast, the mainly platelet-
derived lipoxygenase product 12S-HETE, the lipid peroxidation marker 11-HETE 7 as well
as the anti-inflammatory molecules 11-HEPE, 12-HEPE and 14-HDoHE were found
significantly upregulated (Figure 3C). The latter molecules were previously described to be
associated with a neutrophil’s eicosanoid class switch characteristic for N2.** Thus, rather
anti-inflammatory contributions from platelets and neutrophils apparently dominated the UC-
associated plasma eicosanoid profile.

Notably, metabolomics analyses detected the downregulation of several amino acids
including ornithine. This observation may indicate reduced amino acid uptake via the gut
epithelial cells in colitis patients. Increased levels of propionylcarnitine, potentially
accumulating upon mitochondrial dysfunction, and a loss of aconitic acid, an essential citric
acid cycle component, may relate to mitochondrial stress consistent with the notion of a
mitochondrial loss (Figure 2A). Increased plasma cystine levels may relate to oxidative
stress,” a characteristic consequence of mitochondrial stress. The broad downregulation of
the primary bile acid glycocholic acid and the secondary bile acids deoxycholic acid,
glycodeoxycholic acid and glycolithocholic acid may indicate a loss of lipid synthesis or
reduced lipid uptake. Various metabolites formed with the contribution of the gut
microbiome such as p-cresol sulfate, hippuric acid, 3-indol propionic acid and indoxyl sulfate
were found significantly decreased, indicating a loss of gut microbiome activities. Sarcosine,
which has been described as oncometabolite due to its implications with hypoxia and
mitochondrial stress,” was found upregulated in patients with remission as well as in patients
with active disease.

Several metabolic alterations may be directly related to altered levels of associated enzymes
detected by tissue proteomics. Along with many other mitochondrial proteins, ACO2 was
found downregulated in inflamed tissue regions, as well as cytoplasmic ACO1. This may
relate to the systemic downregulation of aconitic acid mentioned above. CYP27A1, another
mitochondrial enzyme presently found downregulated in inflamed tissue, catalyzes the first
biosynthetic step of bile acid synthesis, and may thus relate to the above-described
downregulation of bile acids. LPCATI, an enzyme found significantly upregulated in
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inflamed tissue samples, was described to be upregulated upon gut microbiome
dysregulation.”’ The main substrates consumed by LPCAT], lysophosphatidylcholines (n=14
distinct molecules) were found significantly downregulated in the plasma of colitis patients.
This may promote the formation of platelet activating factors (PAFs) as described by us
previously52 resulting in calcium mobilization reinforcing chronic inflammation.

Recovery pattern of UC biomarkers upon remission indicates unresolved disease processes.

Remission from acute UC was assessed with clinical parameters such as calprotectin and
CRP levels in addition to several other clinical parameters (Supplementary data — UC
remission patient cohort) and subjective reports regarding relief of symptoms. Only patients
showing full remission were included. Remarkably, through comparison of control, remission
and active UC plasma samples, we identified some candidate biomarkers not recovering back
to healthy control levels, suggesting that some UC pathomechanisms may prevail after
clinical remission (Figure 4D). On the one hand, the levels of bile acids CA, DCA, DCDA
and IndSO4 and the gut microbiome-derived metabolites 3IPA and 3IAA were found close to
normal values during remission, potentially indicating efficient recovery of gut functions
such as lipid extraction and gut microbiome metabolism (Figure 4D, marked red). In contrast,
sarcosine, the inflammation-associated molecules SAA1l, 11S-HETE and the platelet-
associated proteins ITGA2B and ENOI1 hardly returned to normal levels, potentially
indicating difficulties for the re-establishment of a normal homeostasis (Figure 4D, marked
green). Indeed, several molecules involved in chronic inflammation (e.g. SAA4 and PGE2)
and other pathomechanisms such as deregulated lipid uptake or hypoxia (e.g. GUDCA and
hypoxanthine) were found even more deregulated upon remission when compared to the
active disease states (Figure 4D, marked blue).
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Discussion

This study realized deep molecular phenotyping of UC pathomechanisms focusing on tissue
proteomics and multi-omics blood plasma analyses. Tissue proteomics not only confirmed
many known characteristics of UC such as neutrophil invasion and neutrophil extracellular
trap as well as scar formation, but also painted a comprehensive picture of acute and chronic
events.

As expected, many pro-inflammatory factors were released by tissue-resident immune cells
including neutrophils, macrophages, B-cells and T-cells (Figure 2, Supplementary data).
However, during inflammation, the resulting formation of oxidized lipids, together with TGF-
beta and the administration of antiphlogistic drugs may initiate a functional switch of
neutrophils and macrophages to a regenerative phenotype designated as N2 and M2, as
characterized previously.* ** Several molecules characteristic for M2 such as TNC and AIF1
were found strongly upregulated in the acutely inflamed tissue samples, indicating the
presence of polarized macrophages. Remarkably, no inflammation-associated molecules
derived from fibroblasts were found upregulated in the inflamed tissue samples, whereas
many TGF-beta induced proteins were found upregulated, pointing to a predominance of
wound-healing activities of fibroblasts. A similar observation was made regarding epithelial
cells. Several TGF-beta induced proteins such as SERPINB5 and SERPINBS, as well as
proteins associated with mucosal healing such as MFGES, MGAT1 and TIGAR (Figure 2,
Supplementary data) were found upregulated in inflamed tissue samples. Furthermore, the
apparent involvement of platelets also points to wound-healing activities. Thus, the present
data suggested regenerative processes mainly contributed by endothelial cells, fibroblasts,
platelets and epithelial cells to occur during active inflammation. This temporal coincidence
represents a hallmark of chronic inflammation, suggesting that unresolved regulatory
signaling mechanisms may prevail.”* The observed tissue regeneration efforts seem to remain
somewhat unsuccessful, as the clinical phenotype shows delayed recovery and a high risk for
inflammation-relapse. This raises the question, which molecular mechanisms might account
for this. The following model may provide an explanation.

Recent evidence suggests that a lack of vagal nerve activities,”” a corresponding chronic
shortage of blood supply of the guts and apparent microbiome dysregulations may contribute
to ulcerative colitis initiation.”® Therefore, a lack of energy-demanding mucus formation in
addition to mucus degradation by pathogenic microorganisms could account for increased
exposure of epithelial cells to bacterial endotoxins, eventually triggering immune cell
invasion. Exaggerated neutrophil activities may cause tissue damage,’’ most notably
microvascular damage further promoting a lack of oxygen supply. Epithelial cells will suffer
from both, neutrophil-induced tissue destruction and a lack of oxygen required for high
energy demanding activities such as mucus synthesis, transcellular transport and
detoxification. Apparently, a strong angiogenic and wound-healing response is accompanying
these events, potentially orchestrated by platelets activated at the surface of microvascular
damage sites. Platelets are a highly plausible source for TGF-beta, apparently accounting for
a large number of specific protein regulatory events currently observed in inflamed tissue
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samples.”® Several mechanisms may feed into a potential vicious cycle (Figure 4E). It is
reasonable to speculate that scar formation during early provisional tissue regeneration is
accompanied by a decrease in mucus formation as fibroblasts are unable to secrete mucus.
More neutrophil-induced tissue damage may thus promote more scar tissue and thus less
mucus formation, less detoxification capability and more vulnerability to endotoxins.
Hypoxia, promoted by a lack of vagal nerve activities in addition to damaged microvessels,
may further attract neutrophils,59 promoting an exaggerated response. An eventual functional
switch to N2 may shut down 5-LOX, thus no longer promoting highly desirable phagocytotic
activities of macrophages. Hypoxia may also cause mitophagy and attenuate energy-
demanding processes. Continuous anti-inflammatory treatment as typically applied for UC
patients may also affect stromal cells and thus interfere with regenerative mechanisms in a
not yet fully understood fashion.”’

The presently described biomarker candidates may serve as proxies for functional aberrations
and thus indicate unresolved pathomechanisms in patients after remission. Successful
treatment seems to recover major primary gut functions, as suggested by the corresponding
biomarker levels in patients after remission. The apparent normalization of the acute
inflammation marker CRP and the eicosanoid 11-HEPE supports this interpretation (Figure
4D). However, the chronic inflammation marker SAAI1, the platelet activation markers
ITGA2B and ENOI1 and the radical stress marker 11S-HETE remain deregulated. Sarcosine,
also belonging to this group, may relate to a still attenuated mitochondrial metabolism.

It seems to us that a prevalence of innate immune system-derived pathogen defense
mechanisms above tissue regeneration may generally promote chronic diseases. Similar
observations were reported by us with regard to chemical hepatocarcinogenesis promoted by
inadequately activated Kupffer cells,”’ and a lack of cartilage regeneration due to apparent
pathogen defense activities of neutrophils.®

In summary, the application of a multi-omics analysis strategy allowed us to relate systemic
blood-borne proteins, metabolites and lipids to local UC pathomechanisms with potential
synergistic prognostic power. Prospective clinical studies are needed to test whether the
present biomarker candidates will be able to fulfill our expectation regarding prognostic
power supporting a more individualized colitis treatment strategy.
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Legend to Figures

Figure 1: Study design supporting the discovery of functional biomarker. (A) Patient
cohort and general sampling strategy. Patients with active UC (top, n=12 for complete tissue
and plasma series, n=4 only plasma available) providing tissue (n=5 per patient) and plasma
samples. Blood plasma samples from UC patients in remission (n=12), as well as healthy
controls (n=11) were collected. Based on histological classification, tissue samples were
categorized into non-inflamed (n=24), surrounding (n=20) and inflamed (n=16) tissue. (B)
Schematic overview regarding pathophysiological processes taking place in different
compartments. Blood microvessels supply the mesenchymal interstitium separated from the
mucus-forming parenchyme via a basal membrane. Disease progression (left to right)
associated with microvascular damage, invasion of immune cells, breakdown of the basal
membrane, loss of epithelial cells and increased access of inflammation-inducing bacteria are
depicted, together with the presently applied complementary analysis strategies.

Figure 2: Tissue proteomics identifies pathomechanisms characteristic for UC. (A)
Volcano plots illustrating comparisons of differentially abundant proteins in tissue samples
according to histological graded categories. Proteins highlighted correspond to neutrophil
granulocytes/macrophages (red), epithelial/fibroblast cells (blue) and mitochondria (green).
VIM and KRT18 are highlighted as orange triangle or square, respectively. Axis were scaled
according to extend of regulation, with anchor points as dotted lines at -log p-value of 1.5
(horizontal) and log2 fold change of -2 and 2 (vertical). (B) Principal component analysis of
tissue proteomics dataset, each point representing a single colon biopsy. PC1 is plotted
against PC3, allowing a complete separation of non-inflamed sections from inflamed sections
(dotted line), with surrounding sections in between. (C) Heatmap of selected proteins of
interest involved in pathophysiological processes. Color coding of gene names with red and
green relates to pro-inflammatory (PI) and anti-inflammatory (Al) properties of the given
protein, respectively. LFQ intensity values were z-score normalized and averaged for
inflammation related grouping. (D) Causal-path analysis results of comparison from inflamed
vs. non-inflamed tissue. Protein modules, colored from blue (lower expression) to red (higher
expression), linked via direct positive (green) or negative (red) connectors form nodes of
uniformly regulated proteins which are combined in hubs. For the calculation of significant
causal connected regulation events, standard parameters were employed.

Figure 3: Multi-omics analysis of blood plasma. (A) Pie charts indicating significant
regulations of proteins, eicosanoids, and metabolites derived from plasma samples. Number
of experimentally determined analytes per molecule class are depicted in the middle of the
respective pie chart circle. Statistical testing was performed employing a two-sided t-test
(p=0.05) for the comparison between 1) UC Active versus Healthy Control and 2) UC
Remission versus Healthy control. Number of analytes only significantly regulated in one of
those comparisons are depicted in orange (+), analytes significantly regulated in both
comparisons are depicted in red (++). (B) Principal component analysis of in Figure 3a
illustrated datasets. Individual dots represent individual patients. 95% confidence intervals of
patient cohorts are highlighted via respective coloring of areas in the plot. PCA of plasma
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proteins allows separation of Healthy Controls from UC Remission patients over both axis
(dotted line), PCA of plasma metabolites as well as eicosanoids allowed separation of
Healthy Controls from UC Active patients via PC1 (dotted lines). (C) Volcano plots of
comparative data analysis as indicated. Significant protein regulatory events (-log p-
value=1.5) between patient cohorts are highlighted in blue (down-regulation) and red (up-
regulation). Selected protein candidates (left box) CRP, SAAI1, ITGA2B, FBLNI1, VCL and
PTGDS are annotated from 1 to 6, respectively. Eicosanoid candidates (middle box) PGE2,
11-HETE, 11-HEPE, 12-HEPE, 5S-HETE, 14-HDoHE and PGD?2 are annotated from 1 to 7,
respectively. Metabolite candidates (right box) ornithine, aconitic acid, cystine, glycocholic
acid, deoxycholic acid, glycodeoxycholic acid, glycolithocholic acid, trigonelline, p-cresol
sulfate, hippuric acid, 3-indol propionic acid, indoxyl sulfate and sarcosine are annotated
from 1 to 13, respectively.

Figure 4: Data Integration Analysis and prognostic biomarker candidates. (A)
Heatmap of plasma analytes (proteins, eicosanoids, and metabolites), selected by Data
Integration Analysis for Biomarker discovery (DIABLO) implemented in the R-
package mixOmics including information on age and sex. Eight proteins, six
eicosanoids, 26 metabolites, age, and sex were selected for the first component (shown in
a) and 14, six, and five, respectively, and age were selected for the second
component. (B) Correlation plots of the first components of the DIABLO analysis
using the selected analytes of each analyte type given above, color coded as in (a): green,
healthy control; blue, patients in remission; and red, patients with active disease. (C)
Network of correlated significant analytes and significant analyte sub-networks generated
from an integrative analyses approach (for details see Materials and Methods)
comparing patients in remission with healthy controls. Single analytes are given with
their names, sub-networks of analytes are represented by their first (PC1) and sometimes
second components (PC2, connected by dashed lines) and named “P” for proteins, “E” for
eicosanoids, and “M” for metabolites. The second component is used if the first component
represents less than 75% of the variance. The number of summarized analytes in each
sub-network is indicated by the number of pie pieces in each node. The colors of the
nodes and — in case of summarized sub-networks — the pie pieces of the nodes represent
the log2 fold-changes between patients in remission and healthy controls, with colors in
red as higher in patients with remission. If the borders of the pie pieces of the nodes
representing sub-networks are in solid lines, the corresponding component is also
significantly associated with the comparison of patients in remission and healthy
controls. The color of the edges indicates the pairwise partial Pearson correlations
between analytes and/or the Principal Component representations of the sub-networks
(cut-off: |R| > 0.6). (D) Z-scores of analytes sorted according their behavior in the trajectory
healthy control (green) -

> patients in remission (blue) -> patients with acute disease (red). Green highlighted are
analytes which do not normalize in patients in remission, red highlighted are analytes which
get close to normal during remission, and blue highlighted are analytes which show an
exceptional behavior, i.e. either the value of healthy controls is in-between the other two
categories (GUDCA) or the values of healthy controls and patients in remission are at the
edges and the values in patients with acute disease are in-between. (E) Illustration of
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pathophysiological mechanisms driving UC disease chronicity and proposed interconnected
network depicting malicious cascades resulting in a “vicious circle”.
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5 Conclusion

The in this thesis presented studies show, each in a unique way, the importance of post-
genomic methods in conjunction with complementary methods to depict relevant (patho-)
physiological processes in complex biological systems.

In the first study, proteome profiling data strongly support that adaptation of multiple myeloma
(MM) cells to hypoxia accompanies myeloma disease progression. The data clearly
reproduced established knowledge on myeloma cells, but also present novel findings and
causal relations of relevant pathways taking place in these tumor cells. Importantly, it seems
that strategies exploited by myeloma cells to allow survival and proliferation, including immune
evasion mechanisms and metabolic adaptations, are more dependent on the disease state
than on the genetic background. This study may thus support the development of improved
stratification and anti-myeloma treatment strategies. (see p.149 - work 2)

The second study focuses on octenidine dihydrochloride (OCT) and its effects on wound
healing in an ex vivo setting. In clinical practice, OCT has been shown to promote healing of
chronic wounds and to reduce the formation of hypertrophic scars in patients after
abdominoplasty. However, the mechanism by which OCT contributes to tissue regeneration
and improved wound healing was not yet investigated in more detail. Proteomics analysis of
OCT-treated skin wounds revealed significant lower levels of key players in tissue remodeling
as well as reepithelization after wounding such as pro-inflammatory cytokines and matrix-
metalloproteinases when compared to controls. Utilizing MS based methods in this study
allowed the comprehensive profiling of proteome alterations in a controlled ex vivo setting, also
demonstrating the power of state-of-the-art ion mobility separation. (see p.149 - work 3)

In the third study we explored the dermotoxicity of a mycotoxin called deoxynivalenol
employing, in addition to global proteome profiling, a phosphoproteomics analysis to elucidate
signalling events taking place in an in vitro setting. We delineated a chain of events linking
ribosomal inhibition, mitochondrial function, lipid metabolism to membrane structure and
biophysical properties in A431 cells. Moreover, we demonstrated that lipid synthesis and cell
adhesion are severely impaired by DON also in primary skin HEKn keratinocytes. Moreover,
these data open new perspectives in the interpretation of the combinatory effects of DON with
other toxins targeting the cell membrane, such as for instance fumonisins, and open new
intriguing questions in the evaluation of the effects of Fusarium toxins at cellular level.

(see p.149 - work 5)

The fourth study discussed in this thesis tackles the topic of Schwann cell plasticity and how it
regulates neuroblastic tumor cell differentiation, with a special focus on EGFL8. Further
developing our phosphoproteomics pipeline, we profiled intricate phosphorylation directed
signalling networks around EGLF8, a neuritogenic factor relevant in neuroblastic tumors. We

could show that EGFL8 mediates neuronal differentiation through broad kinase activation
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including and beyond p38B/MAPK and ERK signaling. This might hold considerable treatment
possibilities for the therapy of aggressive NBs and (patho) physiological conditions
compromising peripheral nerve integrity. (see p.149 - work 4)

In the fifth and last study of this thesis, we aimed to better understand and profile molecular
postgenomic signatures relevant for disease escalation and remission of ulcerative colitis via
multi-omics analysis of plasma samples, accompanied by in-depth proteome profiling of colon
tissue samples from acute patients. We could demonstrate the application of a multi-omics
analysis strategy allowed us to relate blood-borne proteins, metabolites, and lipids to disease-
associated pathomechanisms with some potential prognostic power. (see p.149 - work 1)

To summarize the in this thesis presented studies, the application of unbiased MS based
methods can aid the understanding of mostly postgenomically driven biological processes in
complex systems and reveal novel aspects. Furthermore, the versatility of said methods
enabled the application to a diverse set of important scientific questions, once more

demonstrating the power of mass spectrometry-based research.
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