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Abstract and key words

The challenges of drug discovery can be addressed through a multidisciplinary approach that
integrates various scientific disciplines. Analytical chemistry has contributed significantly to
advances in research and development of new drugs, with mass spectrometry-based techniques being
widely applied in this context. The primary objective of this thesis is to support a drug discovery
program targeting the endoplasmic reticulum aminopeptidases, ERAP1 and ERAP2, by developing
and applying advanced analytical methods, specifically spectrometry imaging (MSI) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS). ERAPs are involved in processing and
presenting immunogenic antigens to T cells, and their inhibition is considered an innovative
therapeutic strategy for autoimmune and oncological diseases. Three research projects targeted the
validation of preclinical models and the characterization of candidate compounds to evaluate their
pharmacodynamic (PD) and pharmacokinetic (PK) profiles.

In the first project, matrix-assisted laser desorption/ionization (MALDI)-MSI was used to study
biochemical changes in a preclinical model of ankylosing spondylitis, the HLA-B27 transgenic rat.
Spatially resolved, untargeted metabolomic and lipidomic analyses revealed candidate biomarkers of
two deregulated mechanisms linked to gut inflammation, intestinal permeability and immune
infiltration. These findings validate the relevance of this model for testing the efficacy of ERAPs
inhibitors.

In the second project, a quantitative LC-MS/MS method was developed to measure the ERAP1-
dependent tumour antigen GSW11, serving as a biomarker of efficacy for an ERAP1 inhibitor, and
further validating the compound’s mechanism of action in vitro. Despite method optimization, the
endogenous peptide could not be detected, highlighting the technical challenges associated with
peptide extraction and analysis from complex biological samples. This led to the identification of
factors affecting peptide recovery and detection, offering insights for future method development in
peptidomics for pharmacodynamic studies.

The third project focused on the biodistribution and metabolism of a candidate ERAP2 inhibitor in
vivo. Quantitative MSI was successfully employed to measure the compound's concentration in
various organs, revealing its potential therapeutic applicability. Biotransformation products of the
compound were detected and investigated both in vitro and in vivo. These findings pave the way for
further characterization of the compound, supporting decision-making processes in future stages of
drug development.

This research highlights the importance of continuously evaluating preclinical models and
compounds to support informed decision-making in drug discovery, ultimately reducing the risk of
failures in advanced stages. Future research will focus on integrating these approaches to provide a

comprehensive characterization of ERAP inhibitors, combining quantitative tissue analysis with



biomarker modulation in preclinical models. The ultimate goal is to identify ERAPs inhibitors with a

favourable therapeutic profile for clinical development in autoimmune and oncological indications.
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Résumé et mots-clés

Les défis de la découverte de médicaments peuvent étre abordés par une approche multidisciplinaire
qui intégre diverses disciplines scientifiques. La chimie analytique a contribué de maniére
significative aux avancées dans la recherche et le développement de nouveaux médicaments, les
techniques basées sur la spectrométriec de masse étant largement appliquées dans ce contexte.
L'objectif principal de cette thése est de soutenir un programme de découverte de médicaments ciblant
les aminopeptidases du réticulum endoplasmique, ERAP1 et ERAP2, en développant et en appliquant
des méthodes analytiques avancées, spécifiquement l'imagerie par spectrométric (MSI) et la
spectrométrie de masse en tandem avec chromatographie liquide (LC-MS/MS). Les ERAPs sont
impliquées dans le traitement et la présentation d'antigénes immunogénes aux lymphocytes T, et leur
inhibition est considérée comme une stratégie thérapeutique innovante pour les maladies auto-
immunes et oncologiques. Trois projets de recherche ont cibl¢ la validation des modéles précliniques
et la caractérisation des composés candidats pour évaluer leurs profils pharmacodynamiques (PD) et
pharmacocinétiques (PK).

Dans le premier projet, ’imagerie par spectrométrie de masse a désorption-ionisation laser assistée
par matrice a été utilisée pour étudier les changements biochimiques dans un modele préclinique de
spondylarthrite ankylosante, le rat transgénique HLA-B27. Des analyses métabolomiques et
lipidomiques untargeted résolues spatialement ont révélé des biomarqueurs candidats de deux
mécanismes dérégulés liés a l'inflammation intestinale, la perméabilité intestinale et l'infiltration
immunitaire. Ces résultats valident la pertinence de ce modéle pour tester I'efficacité des inhibiteurs
des ERAP.

Dans le deuxiéme projet, une méthode LC-MS/MS quantitative a été développée pour mesurer
l'antigéne tumoral dépendant de 'ERAP1, GSW11, servant de biomarqueur d'efficacité pour un
inhibiteur de 'ERAPI1, et validant davantage le mécanisme d'action du composé in vitro. Malgré
I'optimisation de la méthode, le peptide endogéne n'a pas pu étre détecté, soulignant les défis
techniques associés a l'extraction et a l'analyse de peptides a partir d'échantillons biologiques
complexes. Cela a conduit a l'identification de facteurs affectant la récupération et la détection des
peptides, offrant des perspectives pour le développement futur de méthodes en peptidomique pour
des études pharmacodynamiques.

Le troisieme projet a porté sur la biodistribution et le métabolisme d'un inhibiteur candidat de
I'ERAP2 in vivo. La MSI quantitative a été employée avec succeés pour mesurer la concentration du
compos¢ dans divers organes, révélant son applicabilité thérapeutique potentielle. Des produits de
biotransformation du composé ont été détectés et étudiés a la fois in vitro et in vivo. Ces résultats
ouvrent la voie a une caractérisation plus approfondie du composé, soutenant les processus de prise

de décision dans les étapes futures du développement de médicaments.



Cette recherche souligne l'importance d'évaluer en permanence les modéles précliniques et les
composés pour soutenir une prise de décision éclairée dans la découverte de médicaments, réduisant
ainsi le risque d'échecs dans les phases avancées. Les recherches futures se concentreront sur
l'intégration de ces approches pour fournir une caractérisation compléte des inhibiteurs de 'ERAPs,
en combinant I'analyse tissulaire quantitative avec la modulation des biomarqueurs dans des modeles
précliniques. L'objectif ultime est d'identifier des inhibiteurs des ERAP ayant un profil thérapeutique

favorable pour le développement clinique dans les indications auto-immunes et oncologiques.

Spectrométrie de masse - Biomarqueurs - Pharmacocinétique/Pharmacodynamiques - Découverte de

médicaments - ERAPs - Antigéne
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1 Chapter 1 - Introduction

1.1 Drug discovery as a matter of valid target, valid models and valid

compounds

The drug discovery pipeline requires experts from different research fields joining forces to
understand the mechanism underlying a disease status and identify a target, to discover chemical
entities that can be used to act on this target, and to test them against a series of attributes that must
be met to be successful in advancing toward clinical trials. The aim of a drug discovery program is to
deliver to clinical practice one or more candidate molecules with substantial benefits over currently
available therapies.

A successful drug discovery program depends on three fundamental components: valid targets, valid

models, and valid compounds.

1.1.1 Basic research — valid targets

The unmet need of effective medical treatments for a human disease drives the efforts of basic
researchers to study and characterize the pathological condition, aiming to identify deregulated
mechanisms and pathways associate with its onset and development. Following the discovery of a
deregulated process, further investigations are carried out to identify a player, a biological entity, that
could serve as a target of that process. The next step involves biochemical studies to validate that the
selected target is indeed involved in the pathological process and that acting on it can lead to a
therapeutic activity without causing undesired side effects. At this stage, several complementary
approaches provide evidences of the target’s essential function, its druggability and selectivity (Wyatt
et al., 2011). By understanding how potential drugs interact with the target, the mechanism of action
(MoA) for the therapeutic intervention is studied and proposed. Target validation is crucial in drug

discovery as the development of effective and safe drugs depends on it.

1.1.2 Biomarker discovery — valid models

Experimental models range from simple systems such as isolated targets, to cell lines grown in
monolayers or in 3D organoids to mimic in vivo condition and extend to animal models. These models
offer varying levels of biological complexity, each suited for different application. Throughout a drug
discovery program, it is essential to identify and develop appropriate experimental in vitro and in vivo
models to thoroughly study the pathological conditions, validate the pharmacological target and test
candidate compounds. Models that mirror the human disease state along with physiological controls

are warranted to assess efficacy and address safety issues.
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All models are characterized by limitations and potential. To be considered valid, a model has to
mimic as closely as possible the condition that aim to model, the condition needs to arise through the
appropriate mechanism and the outcomes measured in the model need to be predictive of the ones in
humans (Tadenev & Burgess, 2019).

Identifying, in such models, endogenous molecules that can serve as indicators of pathological and
physiological processes is beneficial. The process of biomarker discovery supports decision-making
by improving the understanding of the disease, validating mechanism of action and efficacy and
anticipating compound’s behaviour in humans. Biomarkers are defined as measurable characteristics
that are indicators of physiological processes, pathogenic processes, or biological responses to
interventions, including therapeutic ones (FDA-NIH Biomarker Working Group, 2016). They allow
earlier and more robust measurements of drug safety and efficacy and can be used as readouts for

pharmacodynamic studies.

1.1.3 DMPK and PD properties for a successful program — valid compounds

With identified and validated pharmaceutical target, and available disease models, medicinal chemists
can proceed to screen chemical libraries or rationally designed probes that can interact with the target
and modulate its activity in vitro and in vivo. In silico models are also beneficial at early stages to
prioritize compounds with a higher probability of succeeding based on drug-likeness properties and
predicted interactions with the target structure.

Several features of the compounds, including but not limited to toxicity, bioavailability, selectivity,
stability, potency, are tested and optimized during the discovery phase. The compound’s
physicochemical properties and behaviour in physiological systems depend on their chemical
structure. The objective is to obtain drug candidates that fit the target product profile (TPP) required
to enter the development phase. If the multiparametric characterization shows that a compound fails
in meeting the TPP criteria, it may either be optimized or removed from the list of candidates.
Absorption, Distribution, Metabolism, Excretion, and Toxicity (ADME-T) are evaluated to
understand the fate of a compound once administered, as well as its potential to reach therapeutic
concentrations at the target site without accumulating off-target (Hughes et al., 2011). The most
promising candidates undergo in vitro and in vivo testing in validated models to assess their
pharmacokinetic (PK) and pharmacodynamic (PD) profiles. These two branches of pharmacology
focus on studying the compound's journey from administration to target interaction, and, ultimately,
to elimination from the body. Combining PK and PD studies allows the correlation of the candidate
compounds concentration in a body compartment with the effects (Negus & Banks, 2018).
Demonstrating appropriate target exposure, target engagement, and pharmacological activity at early

stages is essential to predict a candidate compound’s likelihood of success in advanced clinical
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phases. Target exposure refers to the compound’s concentration at site of action, which must be high
enough to ensure an effect. Target engagement is the binding of a compound to its pharmacological
target, which is essential to modulate target activity. Lastly, pharmacological activity is the functional
modification of a target to obtain the desired therapeutic effect, measurable through in vitro and in

vivo studies (Morgan et al., 2012).

DISCOVERY PHASE

Mechanism SAR PK Phase I
il HTS In vifro FD Phase IT Regulatory
KO/KI In silico Invive Tox Phase Il Teview

Valid target

Valid models

Figure 1. 1 Graphical representation of the drug discovery and development pipeline and phases

Adapted from (Ain et al., 2020; Bano et al., 2023), created with BioRender.

1.1.4 An interdisciplinary and in-parallel process

The success of a drug discovery program is dependent on the integration and validation of targets,
models, and compounds, ultimately aiming to deliver one or more candidate molecules to clinical
practice, with substantial benefits over currently available therapies.

Although preclinical drug discovery programs have well-defined milestones, the process is neither
linear nor straightforward. The duration, costs and attrition rates of drug discovery programs are
evidence of how challenging it is to successfully transition compounds from discovery phases to
clinical trials.

The 100 years from 1900 to 2000 have marked a significant advancement in drug discovery, largely
due to the development of collaborations across various disciplines (Drews, 2000). Originally led by
medicinal chemistry, the field has expanded to integrate expertise from pharmaceutical technology,
toxicology, pharmacology and analytical chemistry. Interdisciplinary collaboration has enhanced the
efficiency in drug discovery, by promoting an iterative approach of learning from mistakes and

revisiting previous stages.
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1.2 Analytical methods to support drug discovery: Mass spectrometry

Cutting edge technologies and new methodologies lead to breakthroughs in the development of new
drugs, with mass spectrometry emerging as a powerful tool in analytical chemistry. Its advantages
over alternative analytical methods in throughput, sensitivity, and specificity, make MS invaluable
across various stages of drug discovery, from studying drug targets and characterizing compounds to

quantification and preclinical testing.

1.2.1 Liquid chromatography coupled to mass spectrometry: Enhancing sensitivity

and specificity in bioanalysis

A common cause of candidate compounds failure during clinical phases is poor ADME properties.
The complete assessment of drug metabolism and pharmacokinetic (DMPK) profile at the preclinical
stage is beneficial for a successful drug discovery campaign. These studies rely on quantification of
the compound and its metabolites in biofluids. MS/MS fragmentation in liquid chromatography
coupled to tandem mass spectrometry LC-MS/MS) is the preferred method for drug quantification in
biological matrices (Ackermann et al., 2002; Korfmacher, 2005). This technique isolates and
fragments the ion of interest, using the intensity of the resulting fragment ions for quantification.
Beyond its role in PK and drug quantification, LC-MS/MS's quantitative capabilities extent to
biomarker study. Efficacy and toxicity biomarkers can be measured alongside compounds during PD
evaluation. Compared to ligand-binding assays (LBA), LC-MS/MS offers flexibility for diverse
analytes without the need for specific antibodies, greater specificity and selectivity, faster method
development and the ability to multiplex (Zheng et al., 2014).

LC-MS/MS holds qualitative potential in biomarker discovery studies as it is the gold standard
technique for molecular annotation. The online fragmentation facilitates the elucidation of molecular
structures, while the high molecular coverage enables a broad application to metabolites, lipids,

peptides, and proteins.

1.2.2 Achievement of the spatial dimension with mass spectrometry imaging

Although measuring drugs and metabolites concentrations in biofluids is standard practice in
bioanalytical PK assays, these matrices can be poor surrogates for determining drug’s concentration
within the target tissue, where therapeutic effects occur. LC-MS/MS is employed for drug
quantification in tissue homogenates; however, this method lacks spatial information, which is crucial
to understand a drug's efficacy and safety within specific regions.

To address the need for studying the spatial distribution of drugs within tissues, complementary
techniques have been employed in drug discovery. Quantitative whole-body autoradiography

(QWBA) has long been considered the gold standard, accepted by regulatory agencies, for
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characterizing drug biodistribution in animal models (McEwen & Henson, 2015). This technique still
holds major drawbacks, such as the requirement for radiolabelling and the limited specificity to
distinguish drugs from metabolites.

The advent of soft ionization techniques, such as desorption-electrospray ionization (DESI) and
matrix-assisted laser desorption/ionization (MALDI), enabled the development of mass
spectrometry-based methods to generate molecular images of biomolecules directly from biological
tissue samples (Caprioli et al., 1997). Since its first application in 1999 to visualize pharmaceuticals
within tissues, mass spectrometry imaging (MSI) was employed for whole-body drugs visualization,
with comparisons to LC-MS/MS demonstrating its quantitative potential (Reyzer et al., 2003;
Troendle et al., 1999).

The development of novel methodologies, such as the deposition of compound’s serial dilution on-
tissue and the introduction of the isotope-labelled (or “internal standard”) approach, have made
quantification via MSI possible and helped addressed limitations like tissue-specific ion suppression
and the irreproducibility of ion signals (Nilsson et al., 2010; Pirman, Reich, et al., 2013). The major
advantages of qMSI over LC-MS/MS and qWBA are the ability to visualize and quantify both the
drug and its metabolites directly on tissue in a single, untargeted, and unlabelled analysis. qMSI is
applied in drug discovery to assess tissue exposure, study the blood-brain barrier penetration, and
identify excretion routes. Additionally, qMSI can anticipate potential safety issues by revealing the
distribution of drugs and metabolites in specific tissues (Hochart et al., 2014; Nilsson et al., 2015).
The untargeted capability of MSI is also valuable for biomarker discovery, supporting the study and
validation of animal models of the disease as well as the PD evaluation of compounds. Disease
progression can induce modifications in the molecular fingerprint of samples, which can aid in
diagnosis, progression assessment, and determination of compounds therapeutic effect. MALDI MSI
offers a powerful means to detect these modifications while preserving spatial integrity, enabling the
discovery of spatially resolved biomarkers. Moreover, MSI can be combined with other imaging
techniques, such as microscopy and immunofluorescence, allowing the correlation of biomarkers with
histological and molecular changes to provide a more comprehensive interpretation of biochemical
alterations in disease context (Neumann et al., 2020). Given its capabilities, MSI is applied at multiple
stages of drug discovery, including pharmacodynamics (PD), pharmacokinetics (PK), and toxicity

(Tox) assessments (Figure 1. 2).
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Figure 1. 2 The application of MSI in drug discovery for PK, PD, and Tox studies
Adapted from (Hochart et al., 2014), created with BioRender.

1.2.2.1 Challenges in MSI

The sample preparation for MSI analyses requires many careful measures to ensure stability, integrity,
and compatibility with the technique. To prevent degradation, samples are usually snap-frozen and
stored below -70°C and freezing-thaw cycles are kept to minimum to preserve the quality. Sample
preparation steps, such as washing, derivatization and matrix application, are performed to remove
contaminants that can interfere with the analysis and cause ion suppression of the analytes of interest,
to improve analyte detection, and to support the ionization process, respectively. All these procedures
must be performed with attention and, when possible, automation to ensure reproducibility. Any
modifications in protocols, timelines, operators, instruments, or days of analysis can contribute to
overall variability (Goodwin, 2012).

Variability introduces artifacts and batch effect to the MSI analysis, that can occur at multiple levels,
including inter-pixel, inter-sample, and inter-slide, potentially misleading observations and
conclusions that are not truly related to biological variations. Unavoidable variabilities can be
normalized and compensated with techniques such as Total lon Count (TIC), root mean square
(RMS), tissue-extraction coefficients (TECs), or internal standards (IS). For large datasets and
exploratory analysis, bioinformatics tools can help correct unavoidable artifacts. However, caution is
needed to avoid introducing additional artifacts with data processing (Balluff et al., 2021).

Data analysis is also integral for interpreting the results. It is used to detect differences between
samples and investigate biochemical changes related to disease conditions or treatment regimens.

Statistical methods used in this context can be divided into unsupervised and supervised.
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Unsupervised methods do not require prior knowledge and aim to reveal underlying biochemical
changes. Supervised methods require predefined groups and are used to identify discriminating

features between them (Alexandrov, 2012).
1.3 Small molecules-based immunotherapy

1.3.1 Unmet needs in cancer and autoimmune diseases

The unmet need in the management of complex pathological conditions such as cancer and
autoimmune diseases drives the research for identifying new therapeutic strategies. For a long time,
these conditions have been studied and treated independently, but the shared role of the immune
system opens opportunities for common research pathways.

The advent of biotherapeutics in the early 20" century, and their advancement as immunotherapeutic
agents in the past few decades, have transformed the treatment landscape for both cancer and
autoimmune diseases. Nevertheless, these advanced therapeutic strategies tend to be effective for only
a small percentage of patients (A. R. Kumar et al., 2021).

Small molecules still hold several benefits over biotherapeutics such as patient compliance,
manufacturing, preservation and distribution costs (Makurvet, 2021; Poduval et al., 2023). In addition
to addressing disease treatment, the primary target is the patients, making it essential to ensure that
new drug research and development prioritize accessibility for end users.

Small molecules can be employed to target intracellular targets as a means of obtaining immune

regulation (Zhong et al., 2021).

1.3.2 Antigen processing and presentation in immunosurveillance - ERAPs

Immunosurveillance activity is finely regulated by mechanisms of processing and presentation of
antigens, which are recognized by cytotoxic lymphocytes, T or natural killer (NK) cells. The peptide
repertoire is presented on cell’s surface by major histocompatibility complex class I (MHC 1)
molecules. Research efforts by various groups in the early 2000s led to the identification of
aminopeptidases located in the endoplasmic reticulum (G. E. Hammer et al., 2006; Saric et al., 2002;
Saveanu et al., 2005; Serwold et al., 2002; York et al., 2002). Endoplasmic reticulum aminopeptidases
1 and 2 (ERAP1 and ERAP2) are members of the oxytocinase subfamily of the M1-family of zinc
metalloproteases. These enzymes trim peptides to achieve the optimal length for stable binding to
MHC I molecules. Genes encoding for ERAP1 and 2 are highly polymorphic, with several single
nucleotide polymorphisms (SNPs) that have been identified as risk genes of MHC-I associated
inflammatory conditions (or “MHC-I-opathies”), amongst which Ankylosing Spondylitis, Bechet’s
disease, Birdshot chorioretinopathy, Crohn’s disease, and Psoriasis (Evans et al., 2011; Franke et al.,

2010; Guasp et al., 2019; Kirino et al., 2013; Kuiper et al., 2018; Lorente et al., 2020; Strange et al.,



Page |1.8

2010; Wisniewski et al., 2018). Recent researches have associated ERAPs SNPs with cancer
progression and predisposition to infectious disease (Cifaldi et al., 2012; Compagnone et al., 2019;
Hamilton et al., 2023; Schott et al., 2022).

ERAPs have emerged as interesting therapeutic targets due to their role in immunosurveillance and
their implication in numerous pathological conditions. The intervention mechanism suggests that by
modulating the ERAPs trimming activity, it is possible to alter the repertoire of antigens presented by
cells and consequently modify the response of cytotoxic immune cells (Figure 1. 1). This could work
by dampening immune responses in autoimmune diseases, where reducing the activity of autoreactive
cytotoxic cells is desired, and by enhancing immune detection and response in cancers, where immune
evasion plays a central role. ERAP1 and ERAP2 are paralogues with independent enzymatic activity
and different substrate specificity. Their investigation as therapeutic targets can be concurrent, with
pan inhibitor, or independent, with selective inhibitors, as their inhibition can alter the presentation
of distinct antigen repertoires, and thus may serve different therapeutic purposes (Fougiaxis et al.,
2024).
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Figure 1. 3 Graphical representation of ERAP role in MHC class I antigen processing and presentation

(A) Proteins are first broken down into peptides by the proteasome, and (B) are then transported into the
endoplasmic reticulum (ER) by transporter associated with antigen processing (TAP) proteins. (C) In the ER,
the peptides undergo N-terminal trimming by ERAPs to the proper length to be (D) loaded onto major
histocompatibility complex (MHC) class I protein. The MHC class I-peptide is then (E) transported to the cell

surface through the Golgi apparatus, where it (F) triggers an antigen-specific immune response in cytotoxic T
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lymphocytes and NK cells. (G) Small molecules targeting ERAPs could modify their trimming activity and

alter the repertoire of presented antigens. Adapted from (Rosenbaum et al., 2021), created with BioRender.com
1.4 Research objectives

There is still an unmet need for potent and selective ERAP1 and ERAP2 inhibitors -with only one
ERAP1 inhibitor in clinical phase- that could improve the therapeutic options for patients affected by
cancer and autoimmune diseases. Mass spectrometry is among the tools that can support small
molecules drug discovery programs to identify and test candidate ERAPs inhibitors and advance the
research in this context.

The scope of this thesis is to support the drug discovery program of ERAPs inhibitors through the
development and application of advanced mass spectrometry based analytical methods. With the
projects that will be presented in the following chapters, we aimed to tackle the aspects of valid
models and valid compounds of the drug discovery pipeline. These researchers were conducted for

current and future application in PD, PK, and Tox studies (Figure 1. 4).

DISCOVERY PHASE DEVELOPMENT PHASE

Chapter 2 Chapter 3 Chapter 4

E 8 .

Valid models

Figure 1. 4 Research projects presented in the chapters of this thesis and their role and application in the phases

of drug discovery

An MSI-based untargeted metabolomic study was conducted to discover biomarkers associated to an
ERAP-related disease preclinical model, the HLA-B27 transgenic rat, which develops ankylosing
spondylitis. Chapter 2 presents and discusses challenges and opportunities of developing and applying
this methodology to different tissue samples. A batch integration algorithm was developed and
implemented as a method to enhance comparability among different runs. Significant differences
were detected in intestinal compartment samples, suggesting a metabolic shift associated with the
inflammatory bowel disease condition. Discriminative features between the disease condition and
wild-type controls were molecularly annotated as metabolites and lipids, using LC-MS/MS. The

spatial dimension was leveraged to interpret the role of these metabolites and lipids into disease
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mechanisms by spatially correlating them with inflammatory markers. These could serve as candidate
biomarkers for PD studies of ERAP inhibitors in this pathological condition.

Later, we aimed to develop a quantitative method to analyse the in vitro modulation of an ERAP1-
dependent tumour antigen, GSW11, as a biomarker of efficacy during pharmacodynamic evaluation.
We employed a murine colon carcinoma cell line (CT26) in which the pharmacological target,
ERAAP, was knocked out, to validate the mechanism of action of a candidate ERAP1 inhibitor. In
Chapter 3 we present the optimization and discuss the challenges of using LC-MS/MS technology to
detect and quantify GSWI11 from cells extracts. This project is critical to evaluate the target
engagement of compounds, the validity of preclinical models, and the applicability of the technology.
In Chapter 4, we conducted a comprehensive investigation into the DMPK profile of a candidate
ERAP2 inhibitor by investigating its whole-body biodistribution and combining in vitro/in vivo
metabolism studies. Quantitative MSI was used to measure concentration in various organs and
tissues after intraperitoneal (IP) administration, and the results were evaluated considering the
concentration (exposure) required for target engagement and inhibition. Biotransformation and
degradation products were identified, and their biodistribution within the organism was investigated.
Overall, these results provide valuable insights into the candidate compound's therapeutic potential
and safety profile, guiding future development efforts.

This thesis project was carried on within the EU founded Capstone ETN consortium, a
multidisciplinary platform that involve experts from various disciplines to increase the research

impact into ERAP aminopeptidases in various aspects of human and animal disease.
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2 Chapter 2 - Development and application of an untargeted
metabolomic study using MALDI mass spectrometry imaging for
the discovery of region-specific biomarkers in the HLA-B27/hff2m

transgenic rat

The results of this chapter were included in Ponzoni A. et al. 2024 “An untargeted metabolomic study
using MALDI-mass spectrometry imaging reveals region-specific biomarkers associated with bowel

inflammation” under review before publication in Metabolomics
2.1 Rationale

Preclinical models are designed to closely replicate human conditions and predict the outcomes of
administering a candidate therapeutic compound before moving to clinical trials. As the statistician
George Box said “All models are wrong, but some are useful” (Box & Draper, 1987). To find
application and utility in a drug discovery program, models need to be validated.

Beyond establishing the validity in mirroring human conditions, the identification of biomarkers it is
crucial for the practical applicability of these preclinical models, particularly in pharmacodynamic
studies. Biomarkers are measurable characteristics that can serve as indicators of pathological and
physiological states, they can be followed upon treatment to study candidate compounds efficacy and
safety.

In this chapter, we investigated via spatial analytical techniques whether the genetic modifications
introduced to induce the disease state in a transgenic rat model resulted in meaningful molecular
changes. Our research aimed to understand the disease mechanism and identify candidate biomarkers
that are differentially expressed between diseased condition and healthy controls. These biomarkers
could support the evaluation of the disease status and the development of new treatments.

We employed MALDI-MSI to study the disease model directly from affected tissues, providing
spatially resolved information. The ability to simultaneously detect thousands of molecules in a single
experiment and to directly mapping their distribution in tissues provides deeper insights into
pathological processes and has great potential for biomarker discovery (Gessel et al., 2014). This
technique has already proved an invaluable role for in situ metabolomic research and biomarker
discovery in cancer research (Ma & Fernandez, 2024).

Combining MSI with other imaging techniques, like microscopy or immunofluorescence, creates new
opportunities to link metabolic data with histological and molecular changes. This multimodal
approach allows for a more complete understanding of biochemical changes within the context of

disease (Neumann et al., 2020).
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Molecular annotation of some spatially resolved MSI signals was performed by LC-MS/MS. LC-
MS/MS remains the gold standard for molecular annotation, since performing data-dependent
MS/MS online is not feasible in MSI, and computational tools for the automatic annotation of MSI

data are still lacking (Alexandrov et al., 2019; Palmer, 2017; Palmer et al., 2016).

2.2 Context

The HLA-B27/hB2m transgenic rat develops a spontaneous multisystem inflammatory disease with
clinical and histologic resemblance to the human spondylarthritis (SpA) (R. E. Hammer et al., 1990).
This model, and specifically the F344 inbred background, presents inflammatory bowel disease
(IBD), peripheral arthritis, spinal and skin lesions among its clinical features, making it a powerful
preclinical model for ankylosing spondylitis (AS) and associated conditions (Milia et al., 2009;
Taugor et al., 1999).

AS is a chronic immune-mediated inflammatory arthritis and the major subtype of the group of
rheumatic diseases known as SpAs (Dougados & Baeten, 2011). The first clinical symptoms are
inflammatory back pain, peripheral arthritis and enthesitis (Boel et al., 2022). Extra-articular
manifestations, such as uveitis, or co-morbidities, like psoriasis and IBD, often affect AS patients and
influence the prognosis and the treatment decision (Stolwijk et al., 2015). The incidence of IBD
among AS patients is estimated between 5% and 10%, and up to 50% present subclinical gut
inflammation. Therapeutic options for AS management include symptomatic relief, with line of
treatment including physiotherapy, painkillers, anti-inflammatory and disease-modifying
antirheumatic drugs (Braun & Sieper, 2002). Two decades ago, biological therapies targeting the
tumour necrosis factor (TNF) were developed, improving AS control in patients unresponsive to
conventional treatment (Braun et al., 2005). More recent progress led to the development of
interleukin-17 (IL-17) inhibitors to manage AS in patients with inadequate response to TNF inhibitors
(Baeten et al., 2015). However, a subset of patients remains unresponsive to biological treatments
(Webers et al., 2023). The lack of effective treatments, and the resulting pain and disability
experienced by some patients, contribute to the socio-economic burden of AS.

Genetic factors are strongly linked to AS susceptibility: the major histocompatibility complex gene
encoding for the human leucocyte antigen B27 (HLA-B27) has long been associated with AS and to
contribute to about 20% of its heritability (Brewerton et al., 1973; B. Chen et al., 2017; Schlosstein
Lee et al., 1973). However, other genetic components have been uncovered, with genome-wide
association studies (GWAS) revealing the correlation between AS and the genes encoding for the
endoplasmic reticulum aminopeptidases 1 and 2 (ERAP1 and ERAP2) and the cytokine receptor
IL23R (Robinson et al., 2015; Wellcome Trust Case Control Consortium et al., 2007). ERAPs could
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act through a pathogenic mechanism involving aberrant peptide trimming and presentation, and its
inhibition could be explored as a new therapeutic option for HLA-B27" AS patients.

Despite progresses made in understanding the genetic and clinical aspects of AS, diagnosis of the
disease remains complex, with the current methodology relying in medical imaging and clinical
criteria. Few available biomarkers to assess AS activity and progression are prevalently markers of
inflammation, such as C-reactive protein (CRP), erythrocyte sedimentation rate, cytokines of the T
helper 17 (Th17) pathway, vascular endothelial growth factor (VEGF) (Danve & O’Dell, 2015;
Reveille, 2015). Moreover, to predict the manifestation of IBD in AS patients, the calprotectin protein,
which is released by activated immune cells that migrate to inflamed joints or intestinal mucosa, is
also measured in serum and stool (Klingberg et al., 2017). From a metabolomic perspective, several
studies converged in finding that carbohydrate, lipid, and amino acid metabolisms are deregulated in
this pathological condition (Bauset et al., 2021; Huang et al., 2022). The lack of studies performed
directly on tissue and the need to further understand the pathogenic aspect underlying the interplay

between AS and IBD provides opportunities for additional biomarker research.

2.3 Experimental design
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Graphical abstract 1 MALDI-MSI untargeted metabolomic analysis on selected organs from HLA-B27
transgenic preclinical model for biomarker discovery

Compartments of the large intestine were extracted from HLA-B27 transgenic and wildtype control rats.
Samples were cryosectioned and metabolomic and lipidomic profiles were acquired using a 7T-MALDI-FTICR
mass spectrometer. Data analysis was performed to identify discriminating features between HLA-B27" and
WT samples, which were annotated via LC-MS/MS. Interpretation of the biomarker's role in the disease context
was hypothesized based on their spatial distribution within histological regions and colocalization with cellular

subtypes. Created with BioRender.com
2.3.1 Experimental cohort and sample preparation

2.3.1.1 Study animals and collected organs
The experimental cohort consisted of HLA-B27 transgenic (HLA-B27") and wild type control (WT)
rats (n=9 per group) provided by Prof Dubuquoy (University of Lille). Each collected organ, namely

spleen, eyes, ankles, colon and cecum, was extracted at the 19" week of life, when a worsening of the
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inflammatory phase is expected in this model. Organs were selected based on the known model
features and the clinical symptoms in the human pathological condition. The spleen was collected to
study the lymphoid system and therefore the immunological function. The eyes were selected to study
the anterior uveitis, which is a human feature associated to the pathology. Ankle joints were collected
to study peripheral arthritis, one of the first and most important clinical symptoms of AS. Colon and
cecum compartments of the large intestine were extracted to characterize the IBD condition. All the

samples were collected, snap frozen in dry ice and stored at -80°C until use.
2.3.1.2  Sample preparation for MSI analysis

Sections from spleen, colon, and cecum were obtained by cryosectioning to 10 pm thickness in a
cryo-microtome at -20°C. Eyes were embedded in 1.5% carboxymethyl cellulose (CMC) in water
and incubated at -80°C until solidification prior sectioning at 10 um in a cryo-microtome at -20°C.
Consecutive tissue sections from the 18 samples per compartment were randomly thaw-mounted on
indium tin oxide (ITO) microscope slides, ensuring an even distribution of samples per group for each
analysis. On each ITO slides analyses, a section of “quality control” tissue, liver homogenate spiked
with a small molecule ionizable in positive (olanzapine) or negative (rutin) mode, was placed and
acquired. Ankle joints were embedded in 5% CMC in water and incubated at -80°C until
solidification. Sectioning was performed collecting 10 pm thick sections on tape using a Cryostat at
-25°C. On-tape tissue sections were adhered to the ground steel target MALDI plate with the support
of double-sided tape.

2.3.1.3  Sample preparation for histology and immunofluorescence

Colon and cecum sectioning was performed by cryosectioning to 5 um thickness in a cryo-microtome

at -20°C. Tissue sections were thaw-mounted onto SuperFrost Plus™ Adhesion slides.

2.3.1.4  Sample preparation for LC-MS/MS analysis

Four to six 10 pum thick cryosections per sample were transferred in one 2 mL tube pre-filled with
beads (Thermo Fisher Scientific, Waltham, MA, USA) per group: WT colon, HLA-B27" colon, WT
cecum and HLA-B27" cecum samples. Aqueous and organic extracts were obtained following the
protocol from (Want et al., 2013). Briefly 0.5 mL of prechilled 1:1 MeOH:H20 was added to the
tube. Samples were homogenized and centrifuged. The supernatant was dried using SpeedVac
SPD120. 0.5 mL of prechilled 3:1 CH,Cl,:MeOH was added to the solid precipitate. Samples were
homogenized again. After centrifugation, the supernatant was dried in fume hood (6 hours, RT). 200

pL of prechilled 1:1 MeOH:H,O was added to the remaining aqueous solvent and dried.
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2.3.2 MALDI MSI method development and QCs

MALDI MSI analysis was performed in both negative and positive ionization modes. Commonly
used MALDI matrices were selected to acquire mass profiles ranging from 75 to 1200 Da. 2,5-
dihydroxybenzoic acid (DHB) was employed for analysis in positive ionization mode, while 1,5-
diaminonaphtalene (DAN) for the analysis in negative. HTX TM-sprayer was used to evenly deposit
the MALDI matrices over the samples.

Ion transfer and analyser parameters were modified during method optimization for each tissue type
and polarity, by directly assessing the resolution and population of the spectra. The sample analysis
was designed to randomly acquire images across the slides, considering both position and grouping.
Lateral spatial resolution was selected based on tissue dimension and histological layers thickness.
Spleen, eyes and ankle joints were analysed at 80 um resolution, while colon and cecum at 40 um.
During the images acquisition, online calibration was active, and a list of matrix peaks and prevalent
endogenous lipids was used to recalibrate the spectra. Data reduction factor was set at 97% because
of the large data generated by the MALDI when imaging regions. Save reduced profile spectrum is
an option that allows for the compression of acquired data, including both the spectrum and the image,
to prevent the size from becoming excessively large during imaging acquisitions.

Quality checks were conducted after each analysis to ensure the validity and usability of the collected
data. Mean signal intensity of matrix peaks, m/z 273.04 for DHB and m/z 315.16 for DAN, and QCs,
m/z 313.14 for olanzapine and m/z 609.15 for rutin, were compared inter-analysis to calculate global
relative standard deviation percentile. An RSD% below 35% was considered acceptable. Calibration
error (A part per million), defined as the difference between theoretical and experimental #/z of matrix

peaks and endogenous lipids, was calculated, with acceptable threshold set at Appm lower than 3.

2.3.3 Unsupervised data analysis

Proprietary software, Multimaging™™ v1.2.8.4, was used for images visualization and data analysis.
Data pretreatment included peak picking, creation of matrix of intensities for each peak and data
normalization. Built-in modules were used for clustering and statistical comparison. We applied one
of the best nonlinear dimensionality reduction techniques for MSI called uniform manifold
approximation and projection (UMAP) to the pixels of an MSI dataset and their intensities for each
m/z and project the results into a 3D space (Mclnnes et al., 2018; Smets et al., 2019). Each pixel was
coloured based on its position in the space, with similar colours indicating biological proximity and
aiding cluster identification. K-means clustering using Elbow method and cosine distance was then

applied to the reduced data to identify biochemical clusters (Winderbaum et al., 2015).
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2.3.4 Statistical comparison

To identify mass features that distinguish the pathological state in the transgenic model from the WT
control, we conducted a statistical analysis directly comparing samples from both groups. We
performed statistical comparison via Student’s #-test and adjusted the p-values using the Benjamini-

Hochberg (BH) correction.

2.3.5 LC-MS/MS method development

We prepared aqueous and organic tissue extracts from pooled tissue sections obtained from the two
compartments, cecum and colon, and groups, HLA-B27" and WT, separately. We employed a two-
step extraction protocol to enhance the extraction of polar and apolar metabolites (Want et al., 2013).
We developed and applied two LC methods: one for the detection and separation of small polar
metabolites in the aqueous extracts and one for the detection of apolar lipids in the organic extract, to
obtain good coverage of the molecular classes that composed the final list of 275 features. For the
analysis of metabolites, we developed a method which employed an ethylene bridged hybrid (BEH)
hydrophilic interaction liquid chromatography (HILIC) stationary phase and a gradient from strongly
organic, 95% ACN, to aqueous, 25 mM ammonium carbonate in water. Additionally, we performed,
on the same extracts, the analysis using a BEH C,g reversed-phase column with a gradient from highly
aqueous, 0.1% FA in water, to highly organic, 0.1% FA in ACN. This strategy was selected to take
advantage of the complementarity of these two analyses which better retain and separate highly polar
metabolites, in the case of the HILIC column, and moderately polar metabolites, in the case of the
Cis column.

For the lipidomic LC protocol, we adapted the gradient and mobile phases from a previous research
(Sarafian et al., 2014). We used isopropanol in mobile phase B to improve the elution of apolar lipids,
and added ammonium formate and formic acid to help maintain a stable pH and support ionization in
both positive and negative modes. We tested multiple columns, BEH Cis, BEH Cs, charged surface
hybrid (CSH) Cig, and monitor the performance in eluting and separating a mixture of standard lipids
(EquiSPLASH, Avanti Polar Lipids, Alabaster, AL, USA), which we selected for including different

classes that could be present in our samples.
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Mixture Component Formula Molecular Weight [M-H] [M+H]+ [M+NH4]+
15:0-18:1(d7) PC C41H73D7NO8&P 752.6061 753.6134

18:1(d7) Lyso PC C26H45D7NO7P 528.3921 529.3994
15:0-18:1(d7) PE C38H67D7NO8P 710.5591 709.5519 711.5664

18:1(d7) Lyso PE C23H39D7NO8P 486.3451 485.3379 487.3524
15:0-18:1(d7) PG C39H68D7010P 741.5537 740.5464 759.5875
15:0-18:1(d7) P1 C42H72D7013P 829.5698 829.5625 847.6036
15:0-18:1(d7) PS C39H67D7NO10P 754.5490 753.5417 755.5562
15:0-18:1(d7)-15:0 TAG C51H89D706 811.7646 829.7985
15:0-18:1(d7) DAG C36H61D705 587.5506 605.5844
18:1(d7) MAG C21H33D704 363.3366 364.3429  381.3704
18:1(d7) Chol Ester C45H71D702 657.6441 657.6779
d18:1-18:1(d9) SM C41H72D9N206P 737.6397 738.6470

C15 Ceramide-d7 C33H58D7NO3 530.5404 520.5331 531.5477

Table 2. 1 List of lipids of the standard mix used for validating LC-MS lipidomic method and selecting the

column.

Each discriminative feature present in our final list was investigated in the sample’s extracts in which
it was detected by MALDI-MSI analysis. We employed a multiple reaction monitoring (MRM) mass
spectrometry method and set the list of precursor masses to be fragmented. The investigation, as for

MSI analysis, was carried out in both polarities.
2.4 Results

2.4.1 Unsupervised data analysis showed differences in the biochemical content of

HLA-B27" samples compared to WT

2.4.1.1 Biochemical profiles changes between HLA-B27" and WT in features intensity levels

To investigate the biochemical changes, we acquired and compared mass profiles acquired from
disease-bearing rat’s samples (HLA-B27") with that of healthy controls (WT) for each compartment
under analysis. By comparing the spectra from the two groups, we started to observe some differences
in features intensity (Figure 2. 1). Resolving power (Rp) of the analyses was over 120k at m/z 200
and over 50k at m/z 400.
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