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Abstract

Macrophage activation plays a pivotal role in the immune response, with the M1-like and M2-like
phenotypes orchestrating pro-inflammatory and anti-inflammatory actions, respectively. The
dynamic ability of macrophages to shift between these states underpins their significance in
pathophysiological conditions, including cancer, where repolarisation towards an M1-like state
could potentiate anti-tumour immunity. This study aimed to explore the repolarisation potential
of murine bone marrow derived macrophages (BMDMs) and human monocyte derived macro-
phages (MdMs), focusing on identifying and testing functional molecules capable of inducing
shifts toward an M1-like activation state.

Through RNA and miRNA sequencing, shared and species-specific pathways in gene expres-
sion were identified, facilitating the selection small molecule inhibitors (SMIs) targeting tran-
scription regulators associated with the M2-like phenotype and miRNAs over-expressed in M1-
like macrophages and in silico analysed to target transcription regulators. My results revealed
that miR-155-5p, along with a pool of SMIs targeting Stat6, Myc, Stat3, and HDACs, effectively
repolarised macrophages towards an M1-like phenotype, albeit with notable differences in the
extent of repolarisation and functional outcomes between murine and human models.

Functional assays assessing the anti-tumour activity and T-cell activation potential of repo-
larised macrophages demonstrated that IFN-y+LPS treatment significantly enhanced these capa-
bilities in both species. However, despite molecular indications of repolarisation with miR-155-
5p and the inhibitor pool, these did not translate into expected functional outcomes, highlighting
the complexity of macrophage biology and the nuanced interplay of molecular and functional
repolarisation mechanisms.

This study contributes significantly to our understanding of macrophage polarisation and
repolarisation, emphasising the translational relevance of shared pathways across species and
identifying potential therapeutic targets for manipulating macrophage states. The findings un-
derscore the importance of evaluating both molecular changes and functional implications of
repolarisation strategies, paving the way for the development of targeted therapies that leverage

the immune system’s intrinsic anti-tumour potential.






Zusammenfassung

Die Aktivierung von Makrophagen spielt eine entscheidende Rolle in der Immunantwort,
wobei die M1-dhnlichen und M2-dhnlichen Phanotypen jeweils pro-entziindliche und anti-
entziindliche Aktionen orchestrieren. Die dynamische Fahigkeit von Makrophagen zwischen
diesen Zustdnden zu wechseln, unterstreicht ihre Bedeutung bei pathophysiologischen Zustén-
den, einschliellich Krebs, wo eine Repolarisation in Richtung eines M1-dhnlichen Zustands
die Anti-Tumor-Immunitit potenzieren konnte. Diese Studie zielte darauf ab, das Repolarisa-
tionspotenzial von murinen knochenmarkabgeleiteten Makrophagen (BMDMs) und von men-
schlichen monozytenabgeleiteten Makrophagen (MdMs) zu erforschen, wobei der Fokus auf
der Identifizierung und Priifung von Kandidaten lag, die in der Lage sind, Verschiebungen in
Richtung eines M1-dhnlichen Aktivierungszustands zu induzieren.

Durch RNA- und miRNA-Sequenzierung wurden gemeinsame und speziesspezifische Wege
der Genexpression identifiziert, was die Auswahl kleiner Molekiilinhibitoren (SMIs) erleichterte,
die auf Transkriptionsregulatoren abzielen, die mit dem M2-ahnlichen Phanotyp assoziiert sind,
und miRNAs, die in M1-dhnlichen Makrophagen iiberexprimiert sind und in silico analysiert wur-
den, um Transkriptionsregulatoren zu zielen. Meine Ergebnisse zeigten, dass miR-155-5p zusam-
men mit einem Pool von SMIs, die auf Stat6, Myc, Stat3 und HDACs abzielen, Makrophagen effek-
tiv in Richtung eines M1-ahnlichen Phanotyps repolarisierten, allerdings mit bemerkenswerten
Unterschieden im Ausmaf3 der Repolarisation und funktionellen Ergebnissen zwischen murinen
und menschlichen Modellen.

Funktionelle Untersuchungen zur Bewertung der Anti-Tumor-Aktivitit und des T-Zell-
Aktivierungspotenzials von repolarisierten Makrophagen zeigten, dass eine Behandlung mit
IFN-y+LPS diese Fahigkeiten in beiden Spezies signifikant verstarkte. Trotz molekularer Anze-
ichen einer Repolarisation mit miR-155-5p und dem Inhibitorpool fiithrten diese jedoch nicht zu
den erwarteten funktionellen Ergebnissen, was die Komplexitat der Makrophagenbiologie und
das nuancierte Zusammenspiel von molekularen und funktionellen Repolarisationsmechanis-
men hervorhebt.

Diese Studie tragt wesentlich zu unserem Verstdndnis der Makrophagenpolarisation und Re-
polarisation bei und betont die translationale Relevanz gemeinsamer Pfade tiber Spezies hinweg
und identifiziert potenzielle therapeutische Ziele zur Manipulation von Makrophagenzustanden.

Die Ergebnisse unterstreichen die Wichtigkeit, sowohl molekulare Veranderungen als auch funk-
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viii Zusammenfassung

tionelle Implikationen von Repolarisationsstrategien zu bewerten, was den Weg fiir die Entwick-

lung von zielgerichteten Therapien ebnet, die das intrinsische Anti-Tumor-Potenzial des Immun-

systems nutzen.
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Chapter 1
Introduction

Macrophages are tissue resident immune cells and an essential component of innate immunity.
These mononuclear phagocytes are the first line of defence against infection, sensing diverse
microenvironmental stimuli and adapting their response accordingly. Their main function is im-
mune surveillance and tissue homeostasis. Their innate immune sensors can recognise pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), re-
sulting in a complex signalling cascade and their activation. They neutralise pathogens in tissue
via phagocytosis and secretion of pathogen killing substances, while secreting mediators that
call and activate other immune cells, starting inflammation. As phagocytic cells, they also have
an antigen processing and antigen presentation role, where they then crosstalk with cells of the
adaptive immune response, being a mediator between innate and adaptive response. In parallel,
macrophages also help with tissue remodelling and wound healing by clearing apoptotic cells
and production of extracellular matrix components and angiogenic factors. They can also miti-
gate the inflammatory response for the resolution of the immune response, being then regarded
as anti-inflammatory (Murphy & Weaver, 2016).

Macrophages respond to various environmental signals and with different functional phe-
notypes, called activation states. These phenotypes can also be reversed, demonstrating these
cells capability for plasticity and heterogeneity. This plasticity is orchestrated by complex gene
networks, signalling cascade and epigenetic regulation. Multiple transcription factors and differ-
ential expression of MicroRNAs (miRNAs) influence these states (Geif3 et al., 2022). The plasticity
and versatility of macrophages make them attractive targets for therapeutic intervention, and un-
derstanding the mechanisms underlying macrophage activation and polarisation is critical for
the development of new strategies for the treatment of immune-related diseases.

Macrophage activation is typically into divided into two broad and simplified categories: clas-
sical activation (M1) and alternative activation (M2), mirroring the Th1l and Th2 response. M1
macrophages are characterised by a pro-inflammatory phenotype and are involved in host de-
fence against intracellular pathogens, such as viruses and bacteria. In contrast, M2 macrophages

are associated with anti-inflammatory and tissue repair functions and are involved in the resolu-



2 Macrophages - Origin

tion of inflammation and tissue remodelling. The imbalance between these activation states has
been implicate implicated in a range of diseases and pathologies (Kloc, 2017). Unchecked chronic
inflammation is the cause of multiple autoimmunity disorders, such as multiple sclerosis (MS)
and rheumatoid arthritis (RA). In parallel M2 macrophages are implicates in excessive fibrosis
and airway hyperreactivity (Funes et al., 2018).

One of the hallmarks of cancer is immune evasion (Hanahan & Weinberg, 2011). Macro-
phages are one of the most abundant immune cells infiltrating solid tumours, and they help estab-
lish an immunosuppressive milleu, helping the tumour cells escape the adaptive immune system.
These tumour associated macrophages (TAMs) could be new targets for cancer immunotherapy,
where their ability to repolarise into immunostimulatory activated macrophages could then fa-
cilitate the immune system to fight and neutralise the tumour (Kumar et al., 2020).

My objective is to delve into and harness the mechanisms of macrophage activation, focusing

on exploring repolarisation strategies via inhibiting transcription factors and applying miRNAs.

1.1 Macrophages - Origin

The origins of macrophages, critical components of the immune system, are traced back to the
intricate processes of hematopoiesis, which occurs in multiple waves throughout embryonic de-
velopment and into adulthood. This developmental journey shapes the diverse roles that macro-
phages play in tissue homeostasis, inflammation, and disease response. Initially, macrophage
progenitors emerge from primitive hematopoiesis in the yolk sac (YS), marking the earliest phase
of immune cell development. This is followed by a transition to fetal hematopoiesis, where the
fetal liver (FL) becomes a key site for the generation of hematopoietic stem cells (HSCs) that will
eventually seed the bone marrow, setting the stage for adult hematopoiesis (Kloc, 2017).

The embryonic development of macrophages begins with the formation of early erythro-
myeloid progenitors (EMPs) in the YS, which give rise to the first tissue resident macrophages
without transitioning through a monocytic stage. As development progresses, a second wave
of hematopoiesis introduces late EMPs capable of migrating to the FL, contributing to a pool
of progenitors that include lymphoid elements. This phase, termed transient hematopoiesis, is
crucial for expanding and diversifying the types of immune cells that can be produced. Con-
currently, a third wave originates from the intraembryonic hemogenic endothelium, leading to
the maturation of HSCs in the aorta-gonads-mesonephros (AGM) region, which then populate
the FL and eventually the fetal bone marrow (Kloc, 2017) (Fig 1). These processes underscore
the complexity and coordination required to establish the immune system’s cellular components
before birth (Figure 1.1.1left).

Upon birth, the differentiation of macrophages progresses through definitive haematopoiesis
within the bone marrow (BM), leading to the production of monocytes and monocyte-derived

macrophages (Figure 1.1.1 right). These cells are essential for responding to inflammatory condi-
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tions and are characterised by their ability to be recruited to tissues, where they perform various
effector functions. While there is no strict division of labour based on their origins, evidence
suggests that tissue resident macrophages, seeded pre-natally, are mainly responsible for main-
taining tissue homeostasis. In contrast, monocyte-derived macrophages, emerging from adult
haematopoiesis, are particularly active in directing responses to pathological signals, underlin-

ing their critical role in inflammation.

Embryonic hematopoiesis Adult hematopoiesis
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Figure 1.1.1. Origins of tissue-resident macrophages and monocyte-derived macrophages.

On the left, tissue-resident macrophages originate from several embryonic sources, following a sequence
that includes the YS, FL, and the AGM regions, unfolding through three principal waves of embryonic
haematopoiesis. The initial wave commences in the YS, leading to the formation of “early” EMPs through
”primitive haematopoiesis,” from which YS-derived macrophages emerge. These YS-derived macrophages
are posited as the predominant precursors for most tissue derived macrophages, such as microglia. The
subsequent wave introduces “late” EMPs, potentially moving from YS to FL, considered as transient defini-
tive progenitors. The final wave involves the creation of immature HSCs within the AGM, which then popu-
late the FL, initiating "definitive haematopoiesis” and potentially seeding fetal BM to produce HSC-derived
fetal monocytes. Following this embryonic development, monocyte-derived macrophages (on the right) are
produced in the BM from the differentiation process of HSCs through stages of increasingly specific cell
types, culminating in monocytes. This process is termed "definitive haematopoiesis”. Once in the blood-
stream, monocytes can migrate into tissues, differentiating into macrophages. This pathway involves a pro-
gression from HSCs to common myeloid progenitors (CMPs), granulocyte-macrophage progenitors (GMPs)
and monocyte-macrophage DC progenitors (MDPs), which can differentiate into common dendritic cell pro-
genitors (CDPs), giving rise to dendritic cells (DCs), or to common monocyte progenitors (cMoPs), which
give rise to the monocytes. Image from (Kloc, 2017)
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1.2 Tissue specific macrophages

The tissue-specific functions of macrophages reflect their remarkable adaptability and essential
roles in maintaining physiological homeostasis, regulating inflammation, and responding to dis-
ease states across various organ systems. Each macrophage population is finely tuned to the
unique demands of its residing tissue, showcasing a wide array of specialised functions that are
crucial for the health and proper functioning of the organism (Figure 1.2.1) (Mass et al., 2023;
Saraiva Camara & Braga, 2022).

In the central nervous system (CNS), microglia are pivotal for neuroprotection, develop-
ment, and maintaining neural homeostasis. Microglia, the resident macrophages of the CNS,
are involved in synaptic pruning, supporting neuronal survival, and modulating inflammatory
responses within the brain and spinal cord (Paolicelli et al., 2011). They continuously survey the
CNS environment, ready to respond to injury or disease by engulfing cellular debris and secreting
neurotrophic factors. These macrophages rely on niche-specific factors like Colony-stimulating
factor 1 (CSF1) and Interleukin (IL)34 for their maintenance (Mass et al., 2023; Saraiva Camara
& Braga, 2022).

In the bone marrow, macrophages such as erythroblastic island (EBI) macrophages, osteal
macrophages (osteomacs), and osteoclasts play critical roles in haematopoiesis, bone remod-
elling, and the maintenance of the HSC niche. EBI macrophages facilitate erythropoiesis, os-
teomacs regulate osteoblast function and contribute to bone health, and osteoclasts are involved
in bone resorption (Mass et al., 2023; McDonald et al., 2021; Saraiva Camara & Braga, 2022).
These functions are essential for the dynamic process of bone formation and degradation, which
is crucial for skeletal integrity and the creation of space within the bone marrow for HSCs and

other haematopoietic activities.

Liver macrophages, called Kupffer cells, play vital roles in detoxification, immune surveil-
lance, and metabolic regulation. Kupffer cells, residing within the liver sinusoids, are crucial for
clearing pathogens, dead cells, and debris from the blood. They also contribute to the liver’s
metabolic functions, including iron and cholesterol homeostasis (Bonnardel et al., 2019; Mass
et al., 2023; Saraiva Camara & Braga, 2022). The liver’s unique exposure to gut-derived antigens
and metabolic products positions these macrophages as key players in maintaining immune tol-

erance and metabolic balance.

Lung macrophages, primarily alveolar macrophages, are essential for respiratory health.
Alveolar macrophages patrol the air spaces, clearing inhaled particles and pathogens, and mod-
ulating inflammation to prevent tissue damage (Aegerter et al., 2022). Their ability to self-renew
and their dependency on Granulocyte-macrophage colony-stimulating factor (GM-CSF) signal
for maintenance are crucial for sustaining lung function (Mass et al.,, 2023; Saraiva Camara &
Braga, 2022).
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The specialisation of macrophages within these diverse tissues highlights their indispensable
roles in tissue integrity, immune defence, and the maintenance of homeostasis. Their capacity to
adapt to the specific needs of each tissue underlines the complexity of the immune system and

the importance of macrophages in health and disease.

Tissue macrophage

PN

Alveolar macrophage Osteoclast

Kupffer cell Microglia

Figure 1.2.1. Tissue-specific macrophages.

Each of these macrophage populations is adapted to its specific environment, capable of responding to
local cues, and performing functions that contribute to the health and defence of the organism. Examples
of tissue-specific macrophages: Alveolar Macrophages in the lung, Kupffer Cells in the liver, osteoclasts in
bone and microglia in the central nervous system. Modified from (Galli et al., 2011).

1.3 Macrophages — Main Functions

Macrophages exhibit a broad spectrum of functions, from phagocytosis and antigen presentation
to the modulation of immune responses through cytokine signalling. They adeptly internalise
and digest particulate matter, such as pathogens, through phagocytosis, This ability underscores
their vital role in host defence, leading to the Reactive oxygen species (ROS) mediated killing
and enzymatic digestion of pathogens in the phagolysosome and the presentation of antigenic
peptides to T helper cells, bridging innate and adaptive immunity:.

Complement receptors, including Complement receptor (CR)1, 2, 3 and 4, are crucial for the
recognition and clearance of pathogens and apoptotic cells (Ley et al., 2016). These receptors bind
to complement proteins that have been deposited on the surface of such targets, opsonising them
and facilitating their phagocytosis and removal. For instance, CR1, or Cluster of differentiation

(CD)35 is involved in the clearance of immune complexes, while CR3, composed of CD11b and
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CD18 and CR4, composed of CD11c and CD18 are important for binding to inactivated C3b (iC3b),
a cleavage product of the complement component C3, enhancing the phagocytosis of coated
pathogens (Taylor et al., 2005; Walport, 2001) (Figure 1.3.1A).

The fragment crystallizable region (Fc) receptor family, consisting of at least six members
including Fc gamma receptor (FcyR) I, II, Ilc, IIla, Fc alpha receptor I (FcaRI), and Fc epsilon
receptor I (FceRI), represents a diverse group of transmembrane glycoproteins. These receptors
specifically bind to the Fc region of antibodies that have attached to antigens, forming immune
complexes (Guilliams et al., 2014; Ley et al., 2016; Taylor et al., 2005). FcyR target various sub-
classes of Immunoglobulin (Ig)G, with each receptor showing specificity for different IgG sub-
classes, while FcaRlI is dedicated to recognising IgA antibodies, playing a crucial role in mucosal
immunity and the neutralisation of pathogens. FceRI, with its high affinity for IgE, is integral to
the defence against parasitic infections and the mediation of allergic responses (Das et al., 2020;
Guilliams et al., 2014) (Figure 1.3.1A). The engagement of Fc receptors on macrophages triggers
phagocytosis of antibody-coated pathogens and activation of intracellular signalling pathways

that lead to the release of inflammatory mediators.

The clearance of apoptotic cells by macrophages is another critical function for maintain-
ing tissue homeostasis and preventing inflammation. Through receptors that recognise “eat-me”
signals, like phosphatidylserine, calreticulin and CD47, macrophages efficiently engulf apoptotic
cells in a non-inflammatory manner (Lendeckel et al., 2022; Ley et al., 2016; Taylor et al., 2005).
Key receptors involved in this process include the integrin alfa V beta 3 (integrin aVf3), Receptor
for Advanced Glycation Endproducts (RAGE), stabilin 2, Tyro3, Axl, and Mer, which recognise
phosphatidylserine. CD91 acts as a receptor for calreticulin. Meanwhile, healthy cells express
CD47 as a “don’t eat me” signal, which is detected by Signal Regulatory Protein Alpha (SIRP)
on macrophages (Gordon & Pliddemann, 2018; Van Duijn et al., 2022). Apoptotic cells also re-
lease “find-me” signals, including adenosine triphosphate (ATP) and Uridine triphosphate (UTP),
which attract macrophages via receptors, such as P2Y purinoceptor 2 (P2Y2R), and C-X3-C Motif
Chemokine Ligand 1 (CX3CL1), which binds to C-X3-C motif chemokine receptor 1 (CX3CR1)
(Ley et al., 2016), ensuring prompt clearance (Figure 1.3.1C).

Beyond the clearance of apoptotic cells, macrophages are equipped with an array of pattern
recognition receptors (PRRs), that enable them to detect and respond to bacterial, viral, fun-
gal, and parasitic infections, through PAMPs and DAMPs, such as double-stranded ribonucleic
acid (RNA), unmethylated CpG deoxyribonucleic acid (DNA), lipoproteins, and lipopolysaccha-
ride (LPS) (Murphy & Weaver, 2016). These sensors, including Toll-like receptors (TLRs), NOD-
like recept