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Hintergrund

Die Remission bzw. das Abklingen von Entziindungen ist ein aktiver und regulierter Prozess, der
nach einem akuten Entziindungsreiz die Gewebehomoostase wiederherstellt. Bei immunvermit-
telten entziindlichen Erkrankungen (IMIDs), wie der rheumatoiden Arthritis (RA), ist die Remission
von Entziindungen entweder intrinsisch gestort oder wird durch eine ibermaRige entziindliche
und immunologische Reaktion auf korpereigene Strukturen aus dem Gleichgewicht gebracht, was
die Chronizitat und das Wiederaufflammen der Entziindung beglinstigt. Infolgedessen bleibt eine
langfristige Remission bei IMIDs gréRtenteils unerreichbar. Die therapeutische Forderung pro-
resolutiver Antworten durch pro-resolutive Wirkstoffe konnte die Remissionserhaltung und den
Gewebeschutz bei IMIDs unterstiitzen. Makrophagen (M@) gehdren zu den zentralen Zelltypen,
die die pro-resolutiven Gewebereaktionen wahrend der Entziindung koordinieren. Einzelzell-
RNA-Sequenzierungen haben unser Verstandnis der transkriptionellen Vielfalt menschlicher Ge-
webemakrophagen in Homdostase und Krankheit erweitert. Dennoch bleiben funktionelle Spezi-
alisierungen und pro-resolutive Zielstrukturen in menschlichen Mg weitgehend spekulativ.

Forschungsziele

Diese Dissertation adressiert die Wissensliicke in Bezug auf die funktionelle Spezialisierung
menschlicher Gewebemakrophagen durch die Entwicklung neuartiger multimodaler Einzelzell-
methoden zur detaillierten Charakterisierung von M@-Phanotypen und -Funktionen in Gesundheit
und Krankheit. Darliber hinaus werden in vitro M@-Modelle und funktionelle Analyseverfahren
entwickelt, um Mg-assoziierte Zielstrukturen fiir die Entwicklung pro-resolutiver Wirkstoffe zu
identifizieren.

Hypothesen

Die Entwicklung integrierter Phanotyp-Funktion-Assays ermdglicht die Charakterisierung
menschlicher M@-Funktionen in Gesundheit und Krankheit und hilft dabei, potenzielle Mo-Ziel-
strukturen fir pro-resolutive Wirkstoffentwicklungen bei IMIDs zu identifizieren.

Verschiedene in vitro M@-Modelle zeigen unterschiedliche Fahigkeiten zur Efferozytose und Ei-
senverwertung, was ihre Eignung fiir Gain- und Loss-of-Function-Studien zur Identifizierung pro-
resolutiver M-Zielstrukturen definiert.

Menschliche Gewebe-M@-Subtypen unterscheiden sich in ihrer Kapazitat zur Efferozytose und
Eisenverwertung, was ihre Rolle bei Entziindung und dessen Abklingen in IMIDs beeinflusst.

Methoden

Ich habe skalierbare in vitro M-Plattformen etabliert und charakterisiert, darunter iPSC-abgelei-
tete und monozyten-abgeleitete M@-Modelle. Ich habe multimodale Phanotyp-Funktion-Meg-As-
says entwickelt, die spektrale Durchflusszytometrie mit mehr als 25 Oberflachenmarkern und drei
funktionellen Ausleseverfahren kombinieren. Funktionelle Daten wurden zusatzlich mittels konfo-
kaler Mikroskopie validiert. Primare humane Mg, isoliert aus Synovialgewebe und -flissigkeit von
Patienten mit aktiver bzw. remissionarer entziindlicher Arthritis, wurden mittels CITE-Sequenzie-
rung und Phanotyp-Funktions-Analysen durch spektrale Durchflusszytometrie charakterisiert.

Ergebnisse

Der neu entwickelte Discoverer Mg Assay ermdglichte eine robuste gleichzeitige Analyse von
Me-Oberflachenmarkern und -Funktionen, einschlieRlich Efferozytose, Phagozytose und Eisen-
verwertung. Die Funktionsausleseparameter, z. B. Efferozytose, wurden Uber verschiedene ex-
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perimentelle Bedingungen (z. B. unterschiedliche Inkubationszeiten, Zellverhaltnisse, Inhibitorbe-
handlungen) und Me-Typen hinweg validiert und ermdglichten die Bestimmung optimaler Bedin-
gungen fir die Charakterisierung von Gewebe-Mg sowie fiir funktionelle CRISPR-/Toolmolekiil-
Screenings.

Mit dem Discoverer Mg Assay konnte ich funktionelle Unterschiede zwischen in vitro M@-Model-
len nachweisen, was ihre differenzierte Eignung fur Gain- und Loss-of-Function-Studien mit Tool-
molekilen oder CRISPR-gestiitzten genetischen Manipulationen verdeutlicht. Beispielsweise
zeigten iPSC-differenzierte Mg eine erhohte Efferozytose-Kapazitat, was sie fiir Efferozytose
Loss-of-Function Studien besonders geeignet macht, wahrend iMicroglia ein geeigneteres Modell
fur Studien zum Zugewinn von Efferozytose darstellten. Einzelzell-CITE-Seg-Daten aus dem Sy-
novialgewebe zeigten unterschiedliche FOLR2* gewebestdndige und CCR2* inflammatorische
Meo-Subtypen. Mithilfe von Discoverer Mg konnte ich eine variable Anreicherung dieser Mg-Po-
pulationen in Synovialgewebe- und -fliissigkeitsproben von Patienten mit entziindlicher Arthritis
nachweisen. Erste Daten zu Phagozytose und Eisenstoffwechsel wiesen auf mdgliche subtyp-
spezifische Funktionen synovialer M hin. Die multimodale Integration von Discoverer M¢ mit
Transkriptom- und Protein-Daten unterstitzt ein verfeinertes Modell der Heterogenitat synovialer
Mo und verknipft spezifische M@-Subtypen mit Entziindung oder Gewebehomdostase.

Fazit

In dieser Dissertation habe ich eine neuartige funktionelle Analyseplattform sowie ein Multi-
Omics-Analyse-Framework zur Untersuchung der Heterogenitat menschlicher Mg in Homdo-
stase und Krankheit entwickelt. Die entwickelten Methoden stellen ein wertvolles Instrument fiir
die Auswahl geeigneter Mp-Modelle und funktioneller Ausleseparameter fiir Screenings mit Tool-
molekilen oder genetischen Modifikationen dar. Meine Forschung liefert grundlegende Werk-
zeuge zur Identifikation und gezielten Ansprache pro-resolutiver Mp-Subtypen und unterstiitzt die
Entwicklung Meg-orientierter Therapien bei IMIDs.

Stichworte:

Makrophagen, immunvermittelte entzindliche Erkrankungen, integrierte Funktion-Phanotyp-
Makrophagenanalyse, Efferozytose, Eisenverwertung, Entziindung, spektrale Durchflusszyto-
metrie, Einzelzell-Multiomics, CRISPR und Toolmolekiil-Screening
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Background

Resolving inflammation is an active and regulated process that restores tissue homeostasis fol-
lowing an acute inflammatory insult. In immune-mediated inflammatory diseases (IMIDs), such
as rheumatoid arthritis (RA), the resolution of inflammation is either intrinsically impaired or out-
balanced by an excessive inflammatory and immune response to self, fueling the chronicity and
relapsing nature of inflammation. Consequently, long-term IMID remission remains largely elu-
sive. Enhancing pro-resolution responses therapeutically with pro-resolution drugs could promote
remission maintenance and tissue protection in IMIDs. Macrophages (M) are one of the central
cell types orchestrating the pro-resolving tissue responses during inflammation. Single-cell RNA-
sequencing studies advanced our understanding of transcriptional diversity of human tissue Mg
in homeostasis and disease. Yet, functional specialization and pro-resolution targets in human
M@ remain largely speculative.

PhD Thesis Objectives:

This PhD thesis addresses the knowledge gap in functional specialization of human tissue Mg by
developing novel single-cell multimodal tools for in-depth characterization of M@ phenotypes and
functions in health and disease. Moreover, in vitro M@ models and function readouts are devel-
oped, facilitating the discovery of Mo-linked targets for pro-resolution drug development.

Hypothesis

Developing integrated phenotype-function assays facilitates the characterization of human Mo
functions in health and disease, helping us identify candidate Mg targets for pro-resolution drug
development in IMIDs.

Different in vitro M models exhibit distinct efferocytosis and iron recycling abilities, defining their
applicability in gain-and-loss of function studies to discovery pro-resolution Mo targets.

Human tissue M@ subsets differ in efferocytosis and iron recycling capacities, influencing their
roles in inflammation and pro-resolution in IMIDs.

Methods

| established and characterized scalable in vitro Mg platforms, including iPSC-derived and mon-
ocyte-derived M@ models. | developed multimodal phenotype-function M@ assays, employing
spectral flow cytometry analyses with over 25 surface markers and three Mg function readouts.
Confocal microscopy was used to validate functional flow cytometry data. Primary human Meo,
isolated from synovial tissue and fluid of patients with active/remission inflammatory arthritis, were
characterized using CITE-sequencing and function-phenotype spectral flow cytometry analyses.

Results
The newly developed Discoverer Mg Assay enabled robust simultaneous profiling of Mg surface
markers and functions, including efferocytosis, phagocytosis, and iron recycling.

The function readouts, e.g., efferocytosis, were validated across multiple experimental conditions
(e.g, variable incubation times, cell ratios, inhibitor treatments) and Mg types, determining optimal
conditions for tissue M@ characterization and functional CRISPR/tool molecule screens. Using
Discoverer Mg, | demonstrated functional divergence of in vitro M@ models, guiding their differ-
ential utility for gain-and-loss-of-function studies with tool molecules/CRISPR-based genetic per-
turbations. For example, iPSC-derived Mg showed enhanced efferocytosis capacity, supporting
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loss-of-efferocytosis studies with tool molecules, while iMicroglia appeared to be a more suitable
model for gain-of-efferocytosis studies. Synovial single-cell CITE-seq data revealed distinct
FOLR2* tissue-resident and CCR2* inflammatory Mg subsets. Using Discoverer Mg, | demon-
strated a variable enrichment of these Mg populations across synovial tissue and synovial fluid
samples from patients with inflammatory arthritis. Pilot phagocytosis and iron metabolism data
revealed potential subset-specific synovial Mg functions. The multi-modal integration of Discov-
erer Mg with transcriptomic and protein-level data supports a refined model of synovial Mg het-
erogeneity, linking specific Mg subsets to inflammation or tissue homeostasis.

Conclusion

In this PhD thesis, | established a novel functional profiling platform and multi-omics analysis
framework for dissecting human M@ heterogeneity in homeostasis and disease.

The developed methods represent an invaluable tool for guiding the selection of M@ models and
readouts for function screens using tool molecules or genetic perturbations. My research provides
foundational tools for identifying and targeting pro-resolving Mg subsets and supports the devel-
opment of M@-directed therapies in IMIDs.

Keywords:

Macrophages, immune-mediated inflammatory diseases, integrated function-phenotype macro-
phage analysis, efferocytosis, iron recycling, inflammation resolution, spectral flow cytometry, sin-
gle-cell multiomics, CRISPR and tool molecule screening
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1. Introduction

1.1 Resolution of Inflammation in Immune-Mediated
Inflammatory Diseases

Resolving inflammation is an active and tightly controlled biological process aimed at restoring
tissue balance following an immune response to infection or injury (Schett & Neurath, 2018). The
inflammatory phase and resolution of inflammation ensure the elimination of harmful stimuli while
preventing excessive tissue damage and restoring normal function (Figure 1-1) (Buckley et al.,
2013).

When resolution mechanisms fail or are dysregulated, inflammation persists, contributing to
chronic immune activation and tissue damage. This failure underpins the pathogenesis of im-
mune-mediated inflammatory diseases (IMIDs), including rheumatoid arthritis (RA), systemic lu-
pus erythematosus (SLE), and multiple sclerosis (MS) (Mclnnes & Gravallese, 2021). Prolonged
inflammation in these disorders leads to irreversible tissue destruction, increased susceptibility to
secondary infections, and heightened risk of comorbidities such as cardiovascular disease and
cancer (Schett & Neurath, 2018).

Immune mediated inflammatory diseases (IMIDs)
i+ Progressive tissue damage.

» Life-long/long-term therapy with anti-

: inflammatory & immuno-suppressive drugs.

/ Chronic/relapsing
inflammation

Healthy tissue
i+ Inflammation efficiently resolves.
{ » Tissue homeostasis is restored.

Magnitude of inflammation

Onset of ’

i inflammation | Resolution phase ‘& Healthy tissue

Homeostasis

Inflammation trigger Time
¢ PAMPs, DAMPs

Figure 1-1 Inflammation and resolution of inflammation. The magnitude of inflammation rises upon infection or tissue
injury, driven by generation of PAMPs (pattern associated molecular patterns) or DAMPs (danger-associated molecular
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patterns), then declines during the resolution phase of inflammation, in which tissue homeostasis is reinstated. Resolu-
tion is impaired or imbalanced in immune-mediated inflammatory diseases. Adapted from Schett & Neurath, 2018. Cre-
ated with BioRender.

The mechanisms underlying inflammation resolution involve multiple cellular and molecular path-
ways. One key aspect is the cessation of neutrophil recruitment and their removal through apop-
tosis and subsequent efferocytotic clearance of apoptotic neutrophils by macrophages (Mg). The
phenotypic shift of pro-inflammatory Mg toward an anti-inflammatory and pro-resolving state, in-
duced upon apoptotic cell engulfment, represents one of the mechanisms contributing to the ter-
mination of inflammation (Serhan & Levy, 2018). Additionally, specialized lipid mediators such as
resolvins, as well as cytokines such as IL-10 and TGF-3, contribute to this process by modulating
immune cell function and promoting tissue repair (Komai et al., 2018). Importantly, while many
resolution mechanisms are conserved across tissues, additional organ-specific regulatory path-
ways modulate immune responses locally. Understanding both universal and tissue-specific res-
olution mechanisms is critical to identifying novel therapeutic targets that promote pro-resolving
tissue mechanisms and help maintain remission in IMIDs.

Complementary to broadly suppressing immune responses by anti-inflammatory or immunosup-
pressive drugs, targeted approaches aiming to restore homeostatic balance by promoting pro-
resolution mechanisms could offer effective treatments for IMIDs with potentially fewer long-term
adverse effects and improved life quality (Serhan & Levy, 2018). Different cell types drive the
resolution of inflammation, with resident Mo playing one of the central roles. The capacity to clear
dying cells, regulate inflammation, and promote tissue repair positions tissue resident macro-
phages (trM@) as promising therapeutic targets (Morioka et al., 2019). This research focuses on
RA as a prototypic non-resolving IMID model, in which Mg drive diverse pathogenic as well as
pro-resolving functions. IMIDs have unique but also shared pathogenic mechanisms. Studying
Me functions in RA may provide valuable insight into RA-specific as well as IMID-shared pro-
resolution mechanisms and therapeutic targets.

1.2 Rheumatoid Arthritis: An IMID Model for Studying Non-
Resolving Inflammation and Remission

Rheumatoid arthritis (RA) is a systemic autoimmune disorder primarily affecting synovial joints,
causing persistent synovial inflammation, progressive joint destruction, and significant disability.
It affects around 1% of the global population and often begins during middle adulthood, with a
higher prevalence in women (70%). Local RA symptoms and signs include joint pain, stiffness,
tenderness, swelling, and redness (WHO, 2023). Beyond joint involvement, RA is associated with
systemic manifestations and increased risk of comorbidities, including cardiovascular disease,
which is the leading cause of death in RA patients (Smolen et al., 2018) diabetes and osteoporosis
(Crowson et al., 2013; Moshayedi et al., 2022).

The primary site of the disease in RA is synovial tissue. The synovial tissue, or synovial mem-
brane, is a connective tissue that lines the inner surface of the joint capsule of synovial joints.
Healthy synovial lining consists of two layers: 1. the lining layer, which contains tissue resident
lining Mo and lining fibroblast-like synoviocytes (FLS), and 2. the sublining layer, composed of
connective tissue, sublining FLS, trMe, blood/lymphatic vessels, and scarce immune cells (Figure
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1-2). The synovial tissue produces synovial fluid, a viscous liquid rich in hyaluronic acid and lu-
bricin, which lubricates the joint, nourishes cartilage, and absorbs mechanical forces during joint
movements (Smith, 2011).

} | RA

/
{
Sublining \

Lining
layer —  Cartilage

Synovial
fluid

| o
\

N

Joint pain & destruction
Life-long disability
Shorter life expectancy

p

| Synovial tissue

Inner layer of the capsule
Immune and structural cells

Figure 1-2 Synovium in Rheumatoid Arthritis. Created with BioRender.

RA is characterized by chronic immune system activation that is linked to the loss of immune
tolerance for self. This process involves both the activation of innate and adaptive immune re-
sponses. Autoantibodies, including rheumatoid factors and anti-citrullinated protein antibodies,
are present in a larger proportion of patients with RA, defined as seropositive RA, which com-
monly takes a more destructive disease course compared to seronegative RA (Weyand &
Goronzy, 2021).

In RA, the synovial membrane is commonly infiltrated with various immune cells, which establish
a self-sustaining inflammatory synovial niche (Mclnnes & Schett, 2011). Within the inflamed syn-
ovium, Mo play a central role in driving inflammatory pathology. In a healthy joint, trM¢ help main-
tain local immune balance through debris clearance, immune modulation, and tissue surveillance
(Culemann et al., 2019). However, in RA, this balance is disturbed (Figure 1-3). Large numbers
of monocyte-derived, pro-inflammatory Me infiltrate the synovium and adopt a phenotype that
supports inflammation rather than resolution. These tissue-infiltrating Mo (tiM@) produce high lev-
els of inflammatory cytokines such as TNF-a and IL-13, which further amplify immune cell recruit-
ment and activate resident structural cells such as FLS, contributing to tissue damage (Alivernini
et al., 2020)

trM¢

tiMg
tiMg

Figure 1-3 Tissue infiltrating Mo (trM@) outnumber tissue resident Mo (tiM@). Created with BioRender.

Importantly, the accumulation of tiMg and the relative depletion or dysfunction of trMg have been
correlated with disease severity (Kai et al., 2024). The extent of M@ infiltration into the synovial
lining is strongly associated with clinical, imaging-based, and inflammatory indicators of arthritis
activity, such as joint swelling, synovial vascularization, and circulating C-reactive protein levels,
respectively (Baeten et al., 2005). Alivernini et al. (2020) further demonstrated that synovial tissue
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Mo are not only heterogeneous but also functionally distinct in different disease states. Specifi-
cally, patients in sustained remission exhibited a higher proportion of MerTK*CD206" M that are
associated with anti-inflammatory and tissue-resolving functions, while those who later experi-
enced disease flare after anti-TNF withdrawal had increased frequencies of MerTK-CD206~ sub-
sets with pro-inflammatory profiles. The ratio of these subsets was found to be a strong predictor
of clinical outcome following therapy cessation. These findings emphasize that M@s are not only
key effectors in RA pathogenesis but also dynamic indicators of disease trajectory and promising
biomarkers for treatment stratification (Alivernini et al., 2020)

Due to its well-characterized immune landscape, RA is often used as a prototype for investigating
chronic immune-mediated inflammation and failed resolution in IMIDs. Understanding how Mg
functions are altered in RA can provide a valuable framework for identifying disease-specific and
universal resolution mechanisms that could inform new treatment approaches in a range of in-
flammatory conditions.

1.3 Macrophages

1.3.1 Macrophages in Homeostasis and Diseases

Me are crucial components of the immune system. They are highly adaptable cells within the
hematopoietic system, present across all tissues, and exhibiting remarkable functional versatility.
Mo play essential roles in development, maintaining homeostasis, facilitating tissue repair, and
supporting immune responses against pathogens. Even though Mg in different tissues have dis-
tinct locations, unique gene expression patterns, and specialized functions, they all contribute to
sustaining homeostasis (Mosser et al., 2021).

However, when exposed to persistent damage or stress, such as chronic infections, repeated
tissue injury, metabolic or oxidative stress, or age-related degeneration, their beneficial functions
can become dysregulated. Under these conditions, M@ may remain in a prolonged pro-inflamma-
tory state, overproduce cytokines, or drive excessive tissue remodeling. This maladaptive re-
sponse links Mg to the development of various diseases, making them key players in pathological
conditions including autoimmune diseases, cancer, and fibrosis (Figure 1-4) (Ginhoux &
Guilliams, 2016).

Autoimmune diseases

Cancer Fibrosis

Figure 1-4 Disease triangle. Created with BioRender.
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1.3.2 Macrophages in Homeostasis

Under steady-state physiological conditions, M@ maintain homeostasis by performing immune
surveillance, clearing apoptotic cells (efferocytosis), and modulating tissue metabolism, thereby
ensuring tissue integrity and functionality. trMe, such as Kupffer cells in the liver, resident synovial
Mo in the synovial tissue, and microglia in the brain, exhibit specialized functions tailored to their
local environments. For instance, trMg in the synovium display joint-specific immune-regulatory
properties by coordinating responses to pathogens and inflammation (Knab et al., 2022). In most
organs, trM@ originate from embryonic precursors, such as yolk sac and fetal liver progenitors,
rather than from adult bone marrow-derived monocytes. These embryonically derived Mo are
capable of self-renewal within tissues, maintaining their populations independently of circulating
monocytes (Gomez Perdiguero et al., 2015; Hoeffel & Ginhoux, 2015) and participate in metabolic
regulation, debris clearance, and immune modulation to ensure tissue integrity. However, this is
not true for all tissues. In the intestinal lamina propria, for instance, trM@ are not maintained by
self-renewing embryonic precursors but are instead continuously replenished by circulating Ly6C *
monocytes. These monocytes infiltrate the gut, undergo local differentiation, and acquire a tissue-
specific anti-inflammatory phenotype in response to cues from the intestinal microenvironment,
ensuring ongoing M¢ turnover and adaptation to microbial and dietary stimuli (De Schepper et
al., 2018).

During infections or tissue injury, circulating monocytes rapidly infiltrate affected tissues and dif-
ferentiate into inflammatory M. What happens to these tiMg after inflammation is resolved re-
mains complex and context dependent. In the synovial tissue of RA patients, Alivernini et al.
(2020) identified that a subset of synovial tissue macrophages (synM@) characterized by
MerTK"CD206 * and CD163 " expression persists during remission and is enriched in transcrip-
tional regulators of inflammation resolution, such as KLF2, KLF4, NR4A1/2, and ATF3. These
synMg produce inflammation-resolving lipid mediators and promote repair functions in synovial
fibroblasts. Conversely, pro-inflammatory subsets (e.g., MerTK CTD48°S100A12* synM¢) are
markedly diminished but not completely absent during remission, suggesting a partial but not
absolute clearance of inflammatory cells. Moreover, the proportion of MerTK “CD206" synMe in
remission predicts whether patients maintain remission or experience flare after treatment with-
drawal, implying that some tiM¢ may transition into a more regulatory phenotype. However, the
persistence of certain MerTK ~pro-inflammatory subsets even in remission, and the observation
that repeated inflammatory episodes may alter Mg ontogeny, support the hypothesis that over
time, the trMo pool becomes a mixture of embryonic and monocyte-derived cells. This finding
highlights the plasticity of Mg and the possibility that inflammatory imprinting may not be fully
reversible, especially after chronic or repeated insult.

Indeed, much of what is known about Mg functional states derives from in vitro models, where
monocytes are polarized into so-called M1 or M2 phenotypes. M1-polarized M@, which rely heav-
ily on glycolysis, are typically pro-inflammatory, while M2-like cells favor oxidative phosphorylation
and support tissue repair (Chen et al., 2023). However, these in vitro-derived designations do not
fully capture the complexity of in vivo Mg biology. In tissues, M@ states exist along a spectrum,
with overlapping functions that include pro-resolving, pro-fibrotic, and even tumor-promoting ac-
tivities. While M2-polarized cells may mimic aspects of resolution, they also share features with
Mo involved in pathological tissue remodeling (He et al., 2021). It is therefore critical to recognize
the limitations of these simplified models and acknowledge that in vivo Mg phenotypes are dy-
namic and highly context dependent.
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1.3.3 Macrophages in Diseases

1.3.3.1  Autoimmune Diseases and IMIDs:

Mo contribute to the pathogenesis of various autoimmune and IMIDs, including RA, SLE, MS,
and inflammatory bowel disease (IBD), where they act as both initiators and sustainers of chronic
inflammation. Roles of Mg in autoimmune diseases and IMIDs are being increasingly recognized
(Yang et al., 2023).

SLE has been associated with defective macrophage-mediated clearance of apoptotic cells (ef-
ferocytosis). In individuals with SLE, apoptotic cells often accumulate in the germinal centers of
lymph nodes, and macrophages isolated from these patients frequently exhibit a diminished ability
to engulf and digest these dying cells (Baumann et al., 2002). This impaired clearance of dead
cells is considered a contributing factor to the development of SLE. In the accumulating cellular
debris, nuclear antigens become exposed, fueling anti-nuclear autoantibody production and sys-
temic inflammation (Mehrotra & Ravichandran, 2022). In MS, Mg chronic microglial inflammatory
activity is accompanied by the release of pro-inflammatory mediators, directly contributing to de-
myelination and neurodegeneration, both in patients and animal models (Distéfano-Gagné et al.,
2023). In IBD, Mg play an important, yet paradoxical role as they act on the one hand as main-
tainers of intestinal homeostasis and on the other hand, they are key drivers of inflammation.
Under normal conditions, intestinal M¢ are highly specialized to remain hyporesponsive to micro-
bial stimuli, supporting tissue repair and immune tolerance through mechanisms such as IL-10
production and efferocytosis. However, in IBD, this balance is disrupted, and a distinct population
of monocyte-derived Mg accumulates in the inflamed mucosa. These cells exhibit heightened
pro-inflammatory activity, secreting cytokines such as TNF, IL-18, IL-6, and IL-23, and are asso-
ciated with pathogenic T cell response (Hegarty et al., 2023).

Despite differences in the affected organs, a common feature across IMIDs is the dysregulation
of Mg plasticity, the ability of Mg to shift between inflammatory and regulatory phenotypes (Kourt-
zelis et al., 2021). The ratio between pro-inflammatory and anti-inflammatory Me is outbalanced
and favors an inflammation-sustaining state, impairing resolution and promoting tissue pathology
(Zheng et al., 2024).Targeting M activation and promoting their reprogramming toward a pro-
resolving, anti-inflammatory phenotype has emerged as a promising therapeutic avenue in auto-
immune diseases. Rather than broadly suppressing immune responses, such approaches aim to
restore immune balance by enhancing the natural resolution of inflammation.

1.3.3.2 Cancer

In cancer, Mo within the tumor microenvironment (TME), defined as tumor-associated Mo (taMe)
can make up to 50% of tumour infiltrating immune cells (Li et al., 2022). taMe typically support
tumor progression by suppressing immune responses (Pan et al., 2020). They secrete immuno-
suppressive cytokines such as IL-10 and TGF-, which impair cytotoxic T-cell recruitment and
activity, thereby promoting an immunosuppressive milieu. Furthermore, taM¢ enhance tumor vas-
cularization by releasing vascular endothelial growth factor (VEGF), which facilitates tumor growth
and metastasis (Cendrowicz et al., 2021).

Beyond tumor progression, dysregulated M¢ can also contribute to cancer initiation and develop-
ment. Chronic inflammation increases the risk of malignant transformation (Multhoff et al., 2012).
Chronically activated Mg release proinflammatory cytokines, including IL1a, IL1b and TNFa
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(Coussens & Werb, 2002). While TNFa can initiate immune responses, it also has pro-tumor-
igenic roles. Upon binding to its receptors (TNFR1/2), TNFa activates the nuclear factor-kB (NF-
kB) signaling pathway, promoting cancer cell proliferation and survival by regulating genes such
as VEGF and IL-6 and Matrix Metallo Proteases (MMPs), and supporting neoangiogenesis
(Chanmee et al., 2014). High taMe infiltration often correlates with poor prognosis as they pro-
mote metastasis, making them a compelling target for therapeutic intervention (Zhao et al., 2021).

1.3.3.3 Fibrosis

Fibrosis arises from dysregulated tissue repair mechanisms and is marked by persistent fibroblast
activation and progressive loss of normal tissue function. It plays a central role in the development
of organ failure across a range of chronic illnesses and age-associated disorders (Benn et al.,
2023). Although fibrosis is a natural component of the healing process following tissue injury,
prolonged inflammation or severe damage can disrupt this balance, resulting in abnormal extra-
cellular matrix (ECM) buildup and structural disorganization that compromises organ integrity
(Coulis et al., 2023). In fibrosis, Mg play a dual role by influencing fibroblast activation and ECM
deposition (Duffield et al., 2005; Wynn & Ramalingam, 2012). In liver fibrosis, hepatic Mg regulate
disease progression by secreting pro-fibrotic cytokines such as TGF-B and platelet-derived
growth factor, which promote myofibroblast proliferation, survival, and migration, thereby activat-
ing hepatic stellate cells to produce collagen (Wynn & Barron, 2010). In idiopathic pulmonary
fibrosis (IPF), M@ exacerbate fibrotic remodeling by enhancing fibroblast proliferation and survival
(Misharin et al., 2017; Perrot et al., 2023).

Conversely, certain Mg subsets contribute to the resolution of fibrosis by degrading ECM compo-
nents through the secretion of matrix metalloproteinases (MMPs), including MMP-9 (targets de-
natured collagens), MMP-12 (degrades elastin), and MMP-1, MMP-2, and MMP-3 (involved in
collagen breakdown) (Wynn & Ramalingam, 2012).

Emerging therapies aim to reprogram M¢ toward anti-fibrotic phenotypes. For example,
pirfenidone and nintedanib, approved for IPF, have been shown to reduce Mg activation and
cytokine production (Richeldi et al., 2014). Moreover, a recent study showed that nanoparticles
can effectively deliver small-interfering RNA targeting TGF-$1 to newly formed pro-fibrotic mon-
ocyte-derived alveolar Mo, leading to a significant reduction in lung fibrosis in a mouse model
(Singh et al., 2022). The therapeutic potential of Mg reprogramming has also been highlighted in
other research. For example, Zhang et al. (2020) developed a folate-conjugated TLR7 agonist
(FA-TLR7-54) that preferentially localized to pro-fibrotic M@ and inhibited the production of fibro-
sis-associated cytokines. Their findings revealed that FA-TLR7-54 converted M2-like, fibrosis-
promoting M@ into a phenotype with anti-fibrotic properties, which was associated with a marked
decrease in both pro-fibrotic cytokine expression and pathological features of pulmonary fibrosis
in mice (Zhang et al., 2020).

Cancer, autoimmunity, and fibrosis are interconnected through dysregulated Mo activity. Here,
we focus on a subset of Mg functions, namely, clearance (e.g., efferocytosis) (Mehrotra & Ravi-
chandran, 2022) and iron metabolism (Winn et al., 2020), as these are central to both maintaining
tissue homeostasis and contributing to disease pathology. Understanding the shared and distinct
Me-driven mechanisms underlying these diseases can inform novel therapeutic strategies. For
instance, enhancing efferocytosis in autoimmune and IMIDs could reduce chronic inflammation
and prevent fibrotic progression (Sangaletti et al., 2021), while targeting iron handling by tumor-
associated M@ may suppress tumor growth and metastasis(Y. Y. Zhang et al., 2024). However,
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this therapeutic balancing act is challenging. Driving anti-inflammatory responses may inadvert-
ently promote tumor tolerance and may be different across subtypes, while stimulating inflamma-
tion to boost anti-tumor immunity could exacerbate autoimmunity (Hou et al., 2021). Thus, precise
modulation of Mg functions, particularly those involved in clearance and iron regulation, offers a
promising but delicate avenue for drug discovery.

1.4 Macrophage Functions Explained

To understand the role of M@ in health and disease, the functions of distinct Mg types and states
must be elucidated. Currently, subset-specific Mg functions are mainly inferred from single-cell
transcriptomic studies of diseased and healthy human tissues.

1.4.1 Phagocytosis

Phagocytosis is a fundamental nutritional process in unicellular organisms and is also present in
nearly all cell types of multicellular organisms (Uribe-Querol & Rosales, 2020). Nonetheless, a
distinct class of cells termed professional phagocytes performs phagocytosis with exceptional
efficiency, primarily Mg, neutrophils, and dendritic cells (DCs), identify, engulf, and degrade ex-
tracellular particles larger than 0.5 um in size, such as pathogens and cellular debris(G. C. Brown,
2024). The phagocytosis begins with the recognition of target corpuscles via specific receptors
on phagocytic cells. There are several main types of phagocytosis receptors. Fc receptors (FCRs)
bind to the Fc region of antibodies that have coated a pathogen, marking it for destruction. An
example is the Fcy receptor, which recognizes immunoglobulin G (IgG) antibodies. Complement
receptors detect complement proteins like C3b that are deposited on target surfaces; common
examples include CR1, CR3, and CR4 (S. Greenberg, 1999; Uribe-Querol & Rosales, 2020).
Scavenger receptors bind to a wide range of ligands, including PAMPS such as oxidized lipids
and components of dead or dying cells. Examples of these include Dectin-1(Herre et al., 2004),
Mincle, MCL, and DC-SIGN. Although not classical phagocytic receptors, toll-like receptors
(TLRs) also contribute by activating phagocytic cells and enhancing the expression or function of
other receptors (Uribe-Querol & Rosales, 2020).

Upon binding, M@ plasma membrane extends around the particle and changes its membrane
composition to form a phagosome, which fuses intracellularly with lysosomes to become a phag-
olysosome (Jaumouillé & Grinstein, 2016). Within the phagolysosome, acidic pH and hydrolytic
enzymes facilitate the degradation of the ingested material. Phagocytosis not only contributes to
pathogen clearance but also activates signaling pathways that modulate inflammation and coor-
dinate downstream immune responses (Kinchen & Ravichandran, 2008). Impaired or excessive
phagocytic activity has been linked to infectious diseases, chronic inflammation, and immune
dysregulation (G. C. Brown, 2024; Gordon, 2016).

1.4.2 Efferocytosis

Efferocytosis is a specialized form of phagocytosis, during which phagocytic cells (M@ and DCs)
clear apoptotic cells from the tissue to maintain homeostasis and prevent inflammation (Doran et
al., 2020). Efferocytosis counteracts the accumulation of secondary necrotic cells with autoanti-
gen exposure and promotes specialized pro-resolving mediator synthesis (SPM), thereby pre-
venting autoimmune reactions, facilitating immune tolerance and accelerating resolution of in-
flammation (Gheibi Hayat et al., 2019)
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Mechanistically, efferocytosis is divided into three sequential phases: the 'find me' phase, the 'eat
me' phase, and the 'digest me' phase (Figure 1-5).

“Find Me” - Phase

In the initial ‘find me’ phase, apoptotic cells release soluble signals that attract phagocytes. Those
cells release various 'find me' signals to attract phagocytes, including nucleotides like adenosine
triphosphate (ATP) and uridine triphosphate (UTP), as well as molecules such as lysophosphati-
dylcholine (Lauber et al., 2003), sphingosine-1-phosphate (S1P) (Gude et al., 2008), and the
chemokine CX3CL1, also known as fractaline (Truman et al., 2008). Phagocytes express corre-
sponding receptors, such as P2Y2 for nucleotides, G2A for LPC, S1P receptors for S1P, and
CX3CR1 for CX3CL1, thereby sensing find me signals and migrating toward apoptotic cells along-
side chemotactic gradients of ‘find me’ signals (Moon et al., 2023).

'Eat Me' Phase — Apoptotic cell binding and internalization
Binding

During apoptosis, apoptotic cells relocate phosphatidylserine (PS) from the inner to the outer
leaflet of their plasma membrane. Annexin 1 binds to PS, further enhancing its recognition by
phagocytes. Alongside PS, C1Q is expressed on the surface, which binds to CD91 through calre-
ticulin (Gardai et al., 2005; Ravichandran & Lorenz, 2007).Together, these molecules serve as
‘eat-me’ signals, facilitating the efficient binding and subsequent clearance of apoptotic cells
(Moon et al., 2023).

Phagocytes recognize and bind to apoptotic cells through diverse surface receptors, which di-
rectly or indirectly engage with ‘eat-me’ ligands. One of the primary receptors involved in this
process is TIMD-4 (T-cell immunoglobulin and mucin domain-containing protein 4) (Flannagan et
al., 2014), which specifically binds to PS on the surface of apoptotic cells, facilitating their recog-
nition. Similarly, brain-specific angiogenesis inhibitor 1 (BAI1) also recognizes PS and triggers
intracellular signaling cascades that promote apoptotic cell engulfment (Das et al., 2011). In ad-
dition to these direct interactions between phagocytes and apoptotic cells, phagocytes utilize
scavenger receptors such as SR-A and CD36 to bind oxidized lipids on apoptotic cells, aiding in
their uptake (Greenberg et al., 2006). Another critical group of efferocytosis-linked receptors in-
cludes integrins, such as avp3 and av35, which mediate recognition through bridging molecules
for example, opsonins. Opsonins, such as milk fat globule-EGF factor 8 (MFG-EB8), bind to PS on
apoptotic cells and facilitate their engagement with integrins on phagocytes, enhancing apoptotic
cell clearance efficiency (Arandjelovic & Ravichandran, 2015). The tyrosine receptor kinases
(TAM) receptor family, comprising Tyro3, Axl, and MerTK play a crucial role in apoptotic cell
recognition (B. Park et al., 2015; Seitz et al., 2007),. These receptors can interact with TIMD-4 to
enhance corpse uptake (Moon et al., 2020) or bind to bridging ligands, such as Gas6 and Protein
S, which interact with PS on apoptotic cells.

Together, the above-described recognition mechanisms ensure that apoptotic cells are efficiently
identified, bound, and prepared for engulfment. By employing a combination of direct receptor-
ligand interactions and opsonin-mediated bridging, phagocytes maintain specificity in recognizing
dying cells, thereby preventing unintended engulfment of viable cells and ensuring the resolution
of cellular debris in a non-inflammatory manner (Arandjelovic & Ravichandran, 2015; Ravichan-
dran & Lorenz, 2007).
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Internalization

Rac1, a Rho family GTPase, plays a crucial role in efferocytosis by driving actin-cytoskeletal re-
arrangement, which is essential for phagosome formation, enabling apoptotic cell internalization.
In mammals, apoptotic cell recognition triggers Rac1 activation through engulfment receptors
such as BAI1 (Nakaya et al., 2006,Ravichandran & Lorenz, 2007).

BAI1 directly recognizes PS on apoptotic cells and interacts with EImo1-Dock180, functioning as
a bipartite guanine-nucleotide-exchange factor to activate Rac1, leading to actin remodeling. This
cytoskeletal reorganization drives membrane protrusions, such as lamellipodia or phagocytic
cups, which enwrap and internalize the apoptotic cell, resulting in its engulfment (Elliott et al.,
2010; D. Park et al., 2007). Similarly, Stabilin-2 promotes efferocytosis by interacting with Gulp,
which also activates Rac1 (S. Y. Park et al., 2008). Integrins such as av3 and av5 mediate
efferocytosis through a two-step process: first, they recognize bridging molecules like MFG-ES8 or
Gas6 bound to phosphatidylserine on apoptotic cells; second, they initiate intracellular signaling
via focal adhesion kinase (FAK) and Src family kinases to activate Rac1 and promote cytoskeletal
rearrangement (Ravichandran & Lorenz, 2007)

In contrast, TIMD4 primarily acts as a tethering receptor, securing apoptotic cell attachment on
phagocytes, but does not directly activate Rac1. However, TIMD4 can interact with MERTK, a
receptor tyrosine kinase that initiates intracellular signaling cascades leading to cytoskeletal re-
arrangement and apoptotic cell internalization. This interaction suggests that, beyond simply teth-
ering apoptotic cells, TIMD4 may also contribute indirectly to signaling required for engulfment.
(Moon et al., 2020).

'Digest Me' Phase

After engulfment, apoptotic cells are enclosed within a phagosome, which undergoes maturation
through fusion with lysosomes, forming the phagolysosome (Mehrotra & Ravichandran, 2022).
Inside the phagolysosome, apoptotic debris are degraded by lysosomal enzymes such as cathep-
sins and acid hydrolases. Beyond apoptotic cell clearance, efferocytosis triggers a pro-resolving
response, promoting tissue repair and immune tolerance. A key component of this pro-resolving
response is the production of SPMs, which include: resolvins D and E (RvD, RvE) (Dalli & Serhan,
2017), Mg-derived SPMs called maresins (Serhan et al., 2009), protectins and lipoxins (LXA4,
LXB4). Specialized lipid mediators, synthesized from omega-3 fatty acids such as eicosapentae-
noic acid (EPA) and docosahexaenoic acid (Norris et al., 2018) play an active role in resolving
inflammation(Serhan & Levy, 2018). SPMs enhance efferocytosis by increasing phagocyte motil-
ity and improving the clearance of apoptotic cells, while simultaneously inhibiting pro-inflamma-
tory cytokines activity and production through decreased NFkB activity upon ALX/FPR2 interac-
tion, such as TNF-a and IL-6 (Dalli & Serhan, 2017). Furthermore, efferocytosis leads to the se-
cretion of anti-inflammatory cytokines, such as IL-10 and TGF-, which suppress inflammation
and stimulate tissue regeneration (Freire-de-Lima et al., 2006). Thus, the 'digest me' phase is not
merely a degradation step but an integral part of the pro-resolution tissue program that restores
immune homeostasis.
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Figure 1-5 Efferocytosis process. Find me signals released from apoptotic cells into microenvironment to attract M.
Detection of PS on apoptotic cells by M@ receptors leads to subsequent apoptotic cell binding and engulfment. PS
phosphatidylserine, UTP: Uridintriphosphat, ATP: Adenosintriphosphat, S1P: sphingosine-1-phosphate SPM: special-
ized pro resolving mediator; MERTK: Proto-oncogene tyrosine-protein kinase MER. Adapted from Gheibi Hayat et al.,
2019. Created with BioRender.

‘Don’t eat me’ signals

The efficiency of efferocytosis is tightly regulated by a balance between 'eat me' and 'don't eat
me' signals. To evade efferocytosis, healthy cells express so-called don’t eat me signals such as
CD24, CD31 (S. Brown et al., 2002) and CD47(Kojima et al., 2016). This mechanism is harnessed
by cancer cells, which have been shown to be expressed across several cancer types. CD47, a
transmembrane protein, interacts with ligands such as SIRPa, thrombospondin 1, and integrins,
playing a crucial role in immune evasion by transmitting a "don't eat me" signal to phagocytic cells
(Chao et al., 2012; Qiu et al., 2023a).

Harnessing efferocytosis in diseases; Clinical Trials and Therapeutic Promise

Targeting efferocytosis therapeutically can improve outcomes across various diseases, including
autoimmune disorders, fibrosis and cancer.

In IMIDs such as SLE and RA, impaired efferocytosis contributes to persistent inflammation and
autoantigen exposure. A similar defect in atherosclerosis leads to plaque progression and necro-
sis due to uncleared apoptotic foam cells(Adkar & Leeper, 2024). In these diseases, therapeutic
strategies aim to boost efferocytosis to restore immune tolerance and resolve inflammation. For
example, agents like Magrolimab (Gilead Sciences, NCT04313881) and ALX148 (ALX Oncology,
NCT05002127) block the anti-phagocytic CD47-SIRPa axis to promote apoptotic cell uptake.
However, Magrolimab has been stopped due to severe side effects (FDA, 2023). Likewise, Bem-
centinib (BerGenBio, NCT03824080) (Kubasch et al., 2023) and MRX-2843 (Meryx Inc.,
NCT04872478) (Summers et al., 2021), which modulate TAM receptors (Axl, MerTK), enhance
efferocytosis and anti-inflammatory Mg phenotypes. Though these trials focus on oncology, their
mechanisms are directly applicable to chronic inflammation and are candidates for repurposing
in IMIDs and cardiovascular disease (Mehrotra & Ravichandran, 2022).
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In contrast, in cancer, efferocytosis by TAMs fosters an immunosuppressive environment that
enables tumor immune evasion. Blocking efferocytosis in this setting, by maintaining CD47 sig-
naling or inhibiting TAM receptors, can restore anti-tumor immunity. In this context, the dual
MERTK/AXL blocker ONO-7475 is tested to block efferocytosis in myeloid cell leukemia 1 (Post
SM et al., 2022). Cabozantinib, a multi-target receptor tyrosine kinase inhibitor known to inhibit
Axl signaling, is currently being evaluated in phase Il clinical trials (NCT01639508) (Drilon et al.,
2016).

Kim et al. (2018) demonstrated that efferocytosis of alveolar epithelial cells (AECs) by Mo can
actively drive lung fibrosis. In a transgenic mouse model, targeted apoptosis of type Il AECs led
to fibrosis, not simply through cell loss, but through Mg activation following efferocytosis. Engulf-
ing apoptotic AECs induced a pro-fibrotic gene program in Mg. Crucially, mice lacking the ef-
ferocytosis receptor CD36 showed reduced fibrosis, identifying CD36-mediated efferocytosis as
a pathogenic mechanism. These findings suggest that modulating efferocytosis, particularly via
CD36 or Mg reprogramming, represents a promising therapeutic strategy in fibrotic lung disease
(Kim et al., 2018).

Thus, the therapeutic modulation of efferocytosis requires careful contextualization. In IMIDs and
atherosclerosis, enhancing efferocytosis is a promising strategy to resolve chronic inflammation.
In cancer and some fibrotic diseases, suppressing efferocytosis may prevent immune evasion or
pathological tissue remodeling. Current clinical trials, especially those targeting CD47 (Magro-
limab, ALX148) and TAM receptors (Bemcentinib, MRX-2843), illustrate how modulation of this
fundamental clearance pathway is being tailored to diverse disease landscapes (Mehrotra & Rav-
ichandran, 2022)

1.4.3 Iron Metabolism

Iron is an essential micronutrient involved in numerous physiological functions, such as transport-
ing oxygen, synthesizing DNA, supporting mitochondrial respiration, and regulating cell death
(Galy et al., 2024). Mo are the main cells regulating the systemic and local tissue iron homeosta-
sis by recycling iron from senescent erythrocytes, regulating iron storage, and influencing sys-
temic iron homeostasis (Figure 1-6). Mo tightly regulate the balance of iron uptake, storage, and
release through various transporters, surface molecules, and systemic signaling molecules (Winn
et al., 2020).

Injury Repair Resolution

e

"

DAMPS Growth factors Resolvins
y cytokines Anti-inflammatory cytokines
Figure 1-6 Iron-handling macrophages regulate iron recycling during tissue injury, repair/resolution and homeostasis, a
proposed model. Adapted from Winn et al. 2020, created with BioRender.
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Disruptions in M@ iron metabolism are implicated in several pathological conditions, such as ane-
mia of chronic disease (Theurl et al., 2009), infections (Moro et al., 2023) and iron overload dis-
orders. Disruptions in Mg iron metabolism are implicated in several pathological conditions, such
as anemia of chronic disease (Theurl et al., 2009), infections (Moro et al., 2023) and iron overload
disorders (Camaschella et al., 2020, Tanski et al., 2021; Zhao et al., 2023a) Multiple studies high-
lighted the dynamic role of Mg iron metabolism in inflammatory conditions, particularly in the con-
text of autoimmune diseases, such as RA (Tanski et al., 2021; Zhao et al., 2023a). For instance,
Mo in the inflamed synovial tissue of RA patients exhibit impaired iron-handling functions, con-
tributing to disease progression and systemic iron dysregulation. In a study of 63 RA patients,
Soares and Hamza (2016) found that 64% of the patients had iron deficiency and observed re-
duced levels of transferrin, ferritin, and hepcidin, along with elevated expression of soluble trans-
ferrin receptor (Soares & Hamza, 2016).

Macrophage Iron Import and Storage

Mo acquire iron from multiple sources, primarily through the uptake of heme-bound iron and in-
ternalization of non-heme iron. Transferrin Receptor 1 (TfR1/CD71) is responsible for cellular up-
take of iron (Fe®*) that is bound to transferrin. Once transferrin attaches to TfR1 on the Mo sur-
face, the entire complex undergoes endocytosis and is transported into acidic endosomes (Cao
et al., 2016). Within endosomes, the enzyme six-transmembrane epithelial antigen of the prostate
(STEAP3) catalyzes the reduction of Fe®** to its ferrous form (Fe**). The divalent metal transporter
1 (DMT1), also known as SLC11A2, then facilitates the transfer of Fe** into the cytosolic labile
iron pool (LIP), where it becomes available for cellular metabolic processes (Galy et al., 2024).
Together with ZIP14 (ZRT/IRT-like protein 14), DMT1 plays a key role in extracellular non-trans-
ferrin-bound iron uptake and erythrophagocytosis-derived iron transport and incorporation into
cytosolic LIP (Philpott & Jadhav, 2019; Winn et al., 2020). Mg also acquire iron through the clear-
ance of hemoglobin (Hb) and heme, both of which originate from erythrophagocytosis or intravas-
cular hemolysis. The CD163 scavenger receptor binds to hemoglobin-haptoglobin complex (Hb-
Hp complexes), facilitating their internalization (Schaer et al., 2006). Once inside the cell, hemo-
globin is degraded, and heme is released for further processing by heme oxidase (HO-1), which
degrades heme into Fe2+, carbon monoxide, and biliverdin. Fe2+ can then be stored in the LIP
or directly exported if needed. Free heme, which accumulates during tissue damage, is scav-
enged by the glycoprotein hemopexin (Hx) and taken up by Mg via the low-density lipoprotein
receptor-related protein 1 (LRP1/CD91). This prevents local heme-mediated oxidative tissue
damage and inhibits heme from entering the circulation (Mehta & Reddy, 2015).

Intracellular iron is stored in ferritin, a cytosolic protein complex that sequesters excess iron in a
bioavailable and non-toxic form by reducing Fe2+ to Fe3+ (Arosio et al., 2009). When extracellular
iron levels are high or LIP is low, ferritin acts as a reservoir, preventing free iron from catalyzing
the formation of harmful reactive oxygen species (ROS). In contrast, under conditions of iron
deficiency, iron can be mobilized from ferritin via NCOA4-mediated ferritinophagy, a lysosome-
mediated process where the protein NCOA4 helps degrade ferritin (an iron-storage complex),
thereby releasing free iron within cells (Tang et al., 2018)

Iron Export and Regulation: Role of Ferroportin (SLC40A1)

Iron efflux from Mg is mediated by ferroportin (SLC40A1), the only known mammalian iron ex-
porter. Ferroportin regulates systemic iron availability by transporting intracellular iron (Fe2+) into
the extracellular space, where it is oxidized to Fe3+ by ceruloplasmin or hephaestin and subse-
quently loaded onto transferrin (Tf-Fe3+) (Drakesmith et al., 2015; Winn et al., 2020).
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The activity of ferroportin is precisely regulated by hepcidin, a peptide hormone produced by the
liver, which binds to ferroportin and initiates its internalization and subsequent degradation
(Muckenthaler et al., 2017). An overview of iron importers and exporters is presented in Figure 1-
7. Elevated hepcidin levels, commonly observed during inflammation (induced by IL-6 and TNF-
a), inhibit iron export from Mg, leading to iron sequestration and hypoferremia (low serum iron
levels) (Chung et al., 2009; Muckenthaler et al., 2017).
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Figure 1-7 Iron recycling mechanistically. Uptake, catabolism, storage and export. TFR1 Transferrin receptor 1; DMT1
Divalent Metal Transporter 1, SLC11A2 Solute Carrier Family 11 Member 2, LRP1 LDL-related receptor 1 (LRP1; also
known as CD91), Hb-HP hemoglobin-haptoglobin, Hx-heme heme-hemopexin, LIP labile iron pool, FPN ferroportin,
(SLC40A1); HO-1 heme oxidase, NTBI non-Tf-bound Fe2+ iron. Adapted from Winn et al. 2020, created with BioRender.

Recent research has also highlighted the role of ferroptosis of FLS (which are resistant to most
other forms of cell death), a form of iron-dependent cell death, in RA pathogenesis, which has
been shown in mice and human arthritis (Liu, Liang, et al., 2024; Wu et al., 2022). Ferroptosis is
characterized by iron overload, lipid peroxidation, and oxidative stress, which contributes to syn-
ovial inflammation and joint destruction (Zhao et al., 2023b). Iron accumulation in M¢ can sensi-
tize FLS to ferroptotic death, amplifying inflammatory responses and exacerbating tissue damage
(Liu, Luo, et al., 2024). Understanding the mechanisms linking iron metabolism, ferroptosis, and
inflammation may offer novel therapeutic strategies for RA treatment by targeting key regulators
of iron homeostasis and oxidative stress.

Furthermore, deregulated Mg iron metabolism has been increasingly recognized as a critical fac-
tor in cancer progression. M¢ within the TME, particularly taMe, exhibit altered iron handling that
can promote tumor growth and immune evasion. Specifically, taM@ tend to adopt an iron-release
phenotype, supplying iron to tumor cells, which supports their proliferation and survival. This iron-
rich environment fosters tumor growth and contributes to immune suppression, aiding in the tu-
mor's evasion of the immune system (Karimova et al., 2025). High iron levels in taMg contribute
to oxidative stress, DNA damage to cancer and surrounding stromal cells, and enhanced prolif-
eration of cancer cells, while also supporting immune suppression by modulating T-cell activity
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and cytokine release (Badran et al., 2024). Additionally, ferroptosis has been identified as a po-
tential therapeutic target in cancer, as iron-induced lipid peroxidation can selectively eliminate
tumor cells (Candelaria et al., 2021). Targeting Mg iron metabolism, through strategies like in-
ducing ferroptosis in cancer cells or reprogramming taMg toward a pro-inflammatory state, may
represent promising therapeutic avenues to limit iron supply and hinder tumor growth.

1.5 Macrophage Functionality: Protective in IMIDs,
Pathogenic in Cancer

1.5.1 Harnessing Efferocytosis in the Resolution of Inflammation

While effective efferocytosis is associated with the resolution of inflammation, deficient efferocy-
tosis can contribute to IMID worsening. Sangaletti and colleagues (2021) demonstrated that mice
lacking the secreted protein acidic and rich in cysteine (SPARC) exhibited an earlier disease on-
set and more severe lupus-like symptoms, such as kidney disease, lung inflammation, and arthri-
tis, compared to their wild-type counterparts. Their findings indicated that the downregulation of
SPARC critically influenced the pathogenesis of SLE and arthritis. On a mechanistic level, de-
creased SPARC expression in neutrophils hindered their clearance by M, resulting in the buildup
of dying neutrophils in mouse tissues. Dying neutrophils represented a source of autoantigens for
dendritic cells and directly activated T cells by presenting these autoantigens. Besides being pro-
cessed by DCs, the dying neutrophils (especially those undergoing NETosis) also stimulate cer-
tain T cells directly, particularly yd T cells. These T cells, especially in the joints, produce inflam-
matory cytokines such as IL-17, fueling autoimmune inflammation. The authors observed en-
hanced joint swelling in SPARC-deficient efferocytosis-impaired mice as compared to wild-type
(WT) mice.

Kraynak and co-authors (2022) demonstrated that efferocytosis mechanisms can be harnessed
to promote resolution of arthritis in a mouse model of lipopolysaccharide-induced inflammation.
In this study, apoptotic body-inspired nanoparticles were used, designed to selectively target Mo
at sites of inflammation and promote an anti-inflammatory response. These nanoparticles are
coated with a plasma membrane layer enriched with PS. PS serves as an "eat-me" signal that
naturally attracts Mg and encourages them to engulf apoptotic cells. Mimicking this mechanism,
the nanoparticles are readily taken up by M@. To ensure site-specific targeting, the particles are
also functionalized with an acid-sensitive polyethylene glycol (PEG) layer that detaches in the
mildly acidic environment typical of inflamed tissues. This PEG shedding exposes the PS layer
beneath, increasing Mg recognition and uptake specifically at inflamed sites. Additionally, once
internalized, these nanoparticles induce a shift in M@ phenotype from pro-inflammatory (M1) to
anti-inflammatory (M2), aiding in the resolution of inflammation without the need for traditional
drugs or small molecule inhibitors (Urbano et al., 2015).

Taken together, these studies show that efferocytosis mechanisms can be harnessed for promot-
ing the resolution of inflammation, thereby holding a promising potential for pro-resolution target
discovery and drug development.
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1.5.2 Efferocytosis and Its Role in Cancer Immune Escape and Therapy
Resistance

In IMIDs, Mo-mediated efferocytosis typically drives the resolution of inflammation. In contrast,
within the TME, efferocytosis, primarily mediated by taMgs, but also involving DCs to a lesser
extent, contributes to an immunosuppressive milieu that facilitates immune evasion and cancer
progression (Tajbakhsh et al., 2021). Specifically, taM@-mediated efferocytosis directly promotes
an immunosuppressive phenotype in M and indirectly suppresses anti-tumor immunity by inhib-
iting DC maturation and antigen presentation, as well as impairing T cell proliferation and cytotoxic
function (Qiu et al., 2023b).

Building on this, Astuti et al. (2024) demonstrated that efferocytosis drives liver metastasis in
pancreatic ductal adenocarcinoma (PDAC). In this pathology, monocyte-derived M@ (MDMs) that
engulf apoptotic liver parenchymal cells undergo reprogramming toward an immunosuppressive
phenotype via a progranulin-dependent pathway. Progranulin modulates lysosomal acidification
through the cystic fibrosis transmembrane conductance regulator, enabling efficient apoptotic cell
degradation and activation of the nuclear receptor complex LXRa/RXRa, which in turn induces
Arg1 expression. This conversion of MDMs into an immunosuppressive phenotype suppresses
CD8+ T cell activity and promotes metastatic growth. Pharmacological blockade of efferocytosis
via MerTK inhibition, or genetic deletion of progranulin in Mg, impaired this immunosuppressive
reprogramming and significantly reduced metastatic tumor burden (Y. Zhou et al., 2021). Further-
more, MDMs efferocytosis of apoptotic liver parenchymal cells was shown to be active in early
metastatic niches, highlighting its role in both the initiation and progression of metastasis.

Efferocytosis plays a significant role in cancer progression and resistance to multiple therapies,
including chemotherapy, radiotherapy, targeted agents, and immune checkpoint inhibitors (Lahey
et al., 2022). In the TME, taM@ show an increased expression of the TAM receptors (Tyro3, Axl,
MerTK) engage in efferocytosis of apoptotic cancer cells in various cancer types such as lung,
breast, gastrointestinal cancer and leukemia. This process not only prevents the release of im-
munogenic content but also activates anti-inflammatory signaling pathways in Mg, leading to an
immunosuppressive microenvironment.

Activation of TAM family receptors, particularly Axl and MerTK, on both M@ and tumor cells
(Lahey et al., 2022) initiates key signaling pathways such as AKT and MAPK. These downstream
signals promote cell survival, contribute to the establishment of an immunosuppressive tumor
microenvironment, and are associated with increased resistance of cancer cells to chemotherapy,
radiotherapy, and targeted agents like epidermal growth factor receptor-tyrosine kinase inhibitors
(Myers et al., 2019). TAM receptors (especially AXL and MERTK) are expressed on both macro-
phages and cancer cells, and their presence has been linked to reduced efficacy of immune
checkpoint inhibitors in multiple cancers, such as non-small cell lung cancer and melanoma (Zhou
et al., 2021). This association highlights their potential as targets for combination treatment strat-
egies.

Complementing these findings, Galluzzi et al. (2021) showed that apoptosis of cancer cells can
paradoxically promote tumor growth when followed by rapid clearance through taMe efferocyto-
sis. Dying cancer cells release signals, such as growth factors and extracellular vesicles, that
stimulate nearby tumor cells and modulate the microenvironment to support tumor growth. When
apoptotic cells are swiftly removed, the resulting anti-inflammatory and tissue-repair responses
suppress immune surveillance, facilitating tumor progression and metastasis (Morana et al.,
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2022). This underscores the dual role of efferocytosis in the TME: while apoptosis is essential for
eliminating damaged or malignant cells, its coupling with efferocytosis-driven immune suppres-
sion can reprogram M¢ toward a tumor-supportive phenotype. This paradox reveals a complex
dynamic where efferocytosis, meant to maintain tissue homeostasis, promotes cancer resilience
and therapy resistance (Y. Zhou et al., 2021).

1.5.3 Iron Metabolism and Its Role in Cancer Immune Escape and
Therapy Resistance

Iron is essential for maintaining normal cellular activities, but it also plays a significant role in
cancer development. Due to its redox properties, iron can catalyze the Fenton reaction, in which
hydrogen peroxide is converted into highly reactive hydroxyl radicals (Meyerstein, 2021). These
radicals can cause extensive oxidative damage to cellular components, contributing to both nor-
mal metabolic processes and pathological conditions such as tumor progression (Pfeifhofer-Ober-
mair et al., 2018). DNA damage of this kind may lead to single or double-strand breaks, alterations
in tumor suppressor genes like TP53, and the activation of oncogenes, all of which contribute to
genomic instability, which is a key characteristic of cancer (Ying et al., 2021).

Cancer cells exploit iron's biological functions to support their aggressive proliferation. They com-
monly upregulate iron import mechanisms, particularly the TfR1, which has been reported in
breast, ovarian, and hepatocellular carcinoma as well as hematologic malignancies (Brown et al.,
2020). Conversely, the iron export protein ferroportin is downregulated in cancer cells, thereby
increasing intracellular iron levels. This iron dependency fuels DNA synthesis and metabolic ac-
tivity, giving cancer cells a growth advantage.

Furthermore, iron serves as a cofactor for key epigenetic regulators, including TET enzymes and
Jumonji-domain histone demethylases. TET enzymes (Ten-eleven translocation methylcytosine
dioxygenases) catalyze the oxidation of 5-methylcytosine, promoting DNA demethylation and in-
fluencing gene expression. In cancer, dysregulated TET activity can lead to aberrant activation or
silencing of genes involved in proliferation, differentiation, and survival, thereby contributing to
oncogenic transformation and progression (R. Brown et al., 2020)

The heightened reliance on iron also represents a potential therapeutic vulnerability. Targeting
iron metabolism has emerged as a promising approach in cancer therapy. Iron chelators can limit
tumor growth by depriving cancer cells of iron, while ferroptosis inducers trigger iron-dependent
cell death selectively in iron-overloaded cells (Lei et al., 2024). Ferroptosis is particularly effective
in tumors with high iron load or resistance to apoptosis, such as triple-negative breast cancer and
glioblastoma (Rishi et al., 2021). Moreover, novel nanotechnology-based strategies, including iron
oxide nanoparticles coupled with chemotherapeutics, are being explored to exploit this iron ad-
diction with enhanced specificity and minimal off-target effects (Q. Zhou et al., 2024).

Beyond intrinsic tumor cell changes, iron also influences the tumor microenvironment. taMe re-
lease iron into the surrounding tissue, creating an iron-rich microenvironment that promotes tumor
growth. Moreover, iron can stimulate angiogenesis by enhancing vascular endothelial growth fac-
tor (VEGF) expression by which cells, thereby facilitating metastasis and sustained tumor expan-
sion (Liang & Ferrara, 2021).

In summary, dysregulated iron metabolism promotes cancer through multiple mechanisms: ROS-
mediated DNA damage, enhanced proliferation, epigenetic reprogramming, and modulation of
the TME. These insights not only deepen our understanding of cancer biology but also highlight
iron metabolism as a promising target for novel therapeutic strategies.
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1.6 State-of-the-Art Knowledge About Human Tissue M@
Diversity

Culemann et al. (2019) provided evidence that synovial trM¢ perform critical protective roles in
maintaining joint homeostasis. Their study identified a distinct population of synovial trM¢ that
formed a physical barrier at the synovial lining in mouse joints, thereby preventing the infiltration
of inflammatory immune cells into the joint space. Using scRNAseq and high-resolution intravital
imaging, they characterized this M@ population as having epithelial-like features, including the
expression of tight junction proteins such as Claudin-5 and ZO-1. These cells were shown to self-
renew locally, independent of bone marrow-derived monocyte recruitment, indicating an ontogen-
ically distinct and stable tissue-resident M@ progenitor lineage. Lineage-tracing experiments con-
firmed that these Mo populated mouse joints during embryogenesis and persisted in the adult
joint through local proliferation. Functionally, the barrier-forming Mg were demonstrated to play
an anti-inflammatory role. Additionally, lining M@ expressed efferocytosis-associated molecules,
including Trem2, Axl and Mfge8. In preclinical serum transfer-arthritis and collagen-induced ar-
thritis mouse models, selective depletion of Mg subset led to a breakdown of the synovial lining
barrier, followed by increased immune cell infiltration, synovial inflammation, and joint damage.
Conversely, restoration of the Cx3cr1* lining Mg population by differentiation from proliferating
Cx3cr1-interstitial Mg was associated with re-establishment of the synovial lining Mo barrier and
resolution of inflammation. These findings highlighted the dynamic homeostatic capacity of the
synovial trMe compartment. This study has significant implications for the understanding of the
mechanisms of inflammatory arthritis. Further research is needed to understand whether a similar
barrier demonstrated in mice also exists in human joints and preserving or enhancing this barrier
may represent a novel joint-protective therapeutic approach.

Using scRNA-seq, Alivernini and colleagues (2020) analyzed over 32,000 synovial tissue Mg
(synMe) isolated from synovial tissue biopsies of RA patients including patients with treatment-
naive RA, treatment-resistant RA as well as patients in sustained remission. This study revealed
a remarkable heterogeneity in synMg subsets, underscoring their divergent roles in arthritis path-
ogenesis and inflammation resolution. Nine transcriptionally distinct Mo clusters were identified,
grouped into four main synM¢ subpopulations, specifically TREMZ2* FOLR2"" HLA*, and CD48*
synMeo.

In healthy and remission synovia, MerTK* Mg population, especially its TREM2high and LYVE1 *
FOLR2"sh subsets, were enriched in healthy and remission synovial tissues and exhibited gene
signatures linked to anti-inflammatory pathways, tissue remodeling, and immune regulation. No-
tably, these subsets were significantly enriched in genes linked to efferocytosis, such as MerTK,
TIMD4, GAS6 and AXL, inferring that these cells might exhibit efferocytosis capacity. Further,
these MERTK+ Mg showed high expression of regulatory genes such as VSIG4, NR4A2, KLF4,
and ATF3, DUSP1, NR4A1, genes encoding the enzymes involved in resolvin D1 biosynthesis.
MERTK* synMg subsets, sorted from synovial tissues and cultured in vitro, produced and pro-
moted fibroblast repair responses as defined by COL1A1, TGFBI, and TGFB3 expression, sug-
gesting their potential role in maintaining tissue homeostasis and drug-free remission. These ef-
fects were absent with MERTK CD206 ~ synM¢@, which instead promoted inflammatory pheno-
types in FLS.

In contrast, synovial tissues from patients with active RA were dominated by
MerTKCD206 TCR2* inflammatory Mg, many of which belonged to the CD48+SPP1* and
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CD48*S100A 127 clusters. These MERTK cells displayed a strong proinflammatory profile, in-
cluding elevated expression of TNF, IL1B, and alarmin ST100A8/A9/A12, and exhibited glycolytic
and migratory transcriptomic signatures. Vice versa, genes associated with efferocytosis
(MERTK, AXL, GAS6) were expressed low. Importantly, CCR2 *Meg appeared to contribute sig-
nificantly to this inflammatory compartment, consistent with CCR2’s known role in monocyte re-
cruitment from the blood into inflamed tissues.

The proportion of MERTKCD206 * Mg was significantly reduced in active RA but increased in
remission, and their abundance inversely correlated with disease activity (DAS28-CRP). Moreo-
ver, a low ratio of MERTK "CD206"* to MerTK TD206 Mg at the time of treatment-induced remis-
sion predicted future arthritis flare in patients stopping anti-TNF treatment, highlighting the poten-
tial of CCR2 * inflammatory Mg and MerTK * regulatory synM¢g as biomarkers and therapeutic
targets in RA.

1.7 Mo Platforms and Assays for Functional Analysis

1.7.1 Comparison of M@ Models for Functional In Vitro Studies

In vitro M@ models include MDMs and induced pluripotent stem cell (iPSC)-derived Mg (iM®),
whereas primary tissue Mg are rarely accessible for broad in vitro experimentation given limited
tissue accessibility and small quantities. M@ models offer unique advantages and limitations de-
pending on the research context. MDMs are derived from adult blood monocytes and are widely
used due to broad monocyte accessibility and scalability of in vitro MDM production. MDMs are
well-suited for modeling tiM@ because they share a common origin, both deriving from circulating
monocytes that enter tissues during inflammation. MDMs exhibit functional plasticity, allowing
them to polarize into inflammatory (M1) or healing (M2) phenotypes in response to environmental
cues, similar to what occurs in vivo (Hickman et al., 2023). Unlike trM¢, which often originate from
embryonic progenitors and possess self-renewal capacity, MDMs specifically reflect the dynamic
and responsive nature of M@ involved in active immune responses. Their ease of generation from
human peripheral blood and their relevance in many disease contexts make them a practical and
accurate in vitro model for studying the behavior of tiMg during inflammation, infection, and tissue
repair (ltaliani & Boraschi, 2014). However, MDMs generally lack tissue-specific identity and em-
bryonic/fetal ontogeny of most trM¢ as they arise from definitive hematopoiesis (Lee et al., 2018).
Most primary trMg, in contrast, populate the tissues during embryogenesis from yolk sac or fetal
liver erythro-myeloid progenitors and persist via local self-renewal (Ginhoux & Guilliams, 2016).
These cells are imprinted by local niche signals, such as CSF1, IL-34, and GM-CSF, and perform
specialized tissue functions (Guilliams et al., 2020). While highly physiologically relevant, they are
difficult to isolate, exhibit inter donor variability and often lose their identity ex vivo. iM@ provide a
scalable and genetically tractable alternative. They mimic embryonic M¢ development and repli-
cate many characteristics of fetal-derived trMeo in transcriptional and functional profiles (Lee et
al., 2018; Ginhoux & Guilliams, 2016). Notably, iM¢ can adopt tissue-specific features when cul-
tured with appropriate niche signals, making them a valuable platform for disease modeling and
personalized medicine (Guilliams et al., 2020). Takata et al. (2017) developed a method to gen-
erate primitive macrophages (iMg) from mouse and human iPSC, mimicking yolk sac-derived M.
These iMg@ can further differentiate into tissue-specific Mgs like microglia or alveolar M@ when
exposed to appropriate environmental cues. In co-culture with neurons, iM@ adopt microglia-like
features and functions, including phagocytosis and injury response. When introduced into the
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brain or lungs of mice, iMg integrate and restore tissue-specific M@ function. Additionally, iMacs
derived from a patient with familial Mediterranean fever showed disease-specific inflammatory
behavior, supporting their use in disease modeling. This platform offers a powerful tool for study-
ing tissue M@ development and pathology (Takata et al., 2017).

1.7.2 Mg Platforms and Their Suitability for Functional Analysis

The inherent capacity of different Mo types for the study of functions in question (phagocytosis,
efferocytosis and iron handling) defines the suitability of different Mg platforms for gain-and-loss
of function experiments, for example, with small molecule inhibitors or CRISPR genetic perturba-
tions. MDMs express core phagocytic markers and machinery and respond robustly to inflamma-
tory stimuli. Thus, MDMs are suitable for general studies of immune activation, cytokine secretion,
and uptake of particles or pathogens (Geissmann, 2010). However, their phagocytic and ef-
ferocytic activity does not fully recapitulate the capacities of trM¢ found in vivo (Lee et al., 2018).
Receptors involved in efferocytosis, such as MERTK and AXL, are expressed at lower levels in
MDMs compared to to primary trM¢ and iMg, possibly limiting the utility of MDMs in studies fo-
cused on apoptotic cell clearance (Wanke et al., 2021) or its inhibition. In contrast, primary trM¢e
These cells exhibit specialized phagocytic and efferocytic behaviors shaped by their local tissue
environment. These cells express high levels of phagocytic and efferocytic receptors, making
them the most physiologically relevant model for efferocytosis inhibition studies. trMes are es-
sential for iron recycling in the liver and synaptic pruning in the brain. They express high levels of
phagocytic and efferocytic receptors, making them the most physiologically relevant model. How-
ever, they are difficult to isolate, subject to donor variability, and rapidly lose their tissue-specific
phenotype in vitro (Guilliams et al., 2020).Likewise, primary trM¢, iM@ express high levels of
MERTK and AXL receptors, particularly under homeostatic conditions, and exhibit robust phago-
cytosis and efferocytosis capacity. Wanke et al. (2021) demonstrated that iMo effectively engulf
apoptotic cells and that this process is enhanced by GAS6, a TAM receptor ligand. Notably, ef-
ferocytosis by iM@ was shown to depend on MERTK kinase activity, aligning with in vivo findings
in mice, which showed impaired efferocytosis after MERTK KO in peritoneal Mg. These data
highlight iM¢ as a potential model for dissecting and inhibiting the molecular mechanisms under-
lying apoptotic cell clearance.

1.7.3 Existing Platforms for Phagocytosis and Efferocytosis Functional
Analysis

Several groups, including Clark et al. (2019) and Bravo et al. (2023), have developed pHrodo-
based efferocytosis assays, building on the foundational research by Miksa and colleagues,
(2009). Bravo and collegues (2023) have developed pHrodo-based efferocytosis assays, building
on the foundational research by Miksa et al., (2009). These assays involve bacterial particles (for
phagocytosis) or apoptotic cells (for efferocytosis) that are labeled with pHrodo™ Red SE, a pH-
sensitive dye that fluoresces brightly upon internalization into acidic phagolysosomes (Lindner et
al., 2020). This fluorescence shift serves as a specific indicator of successful particle/cell engulf-
ment.

Clark et al. (2019) implemented this approach to a high-content imaging platform using primary
human CD14* MDMs in a 384-well format, enabling fixed or live-cell readouts with multiparametric
analysis (flow cytometry and confocal microscopy) (Clark et al., 2019). Similarly, Bravo et al.
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(2023) developed a real-time assay using the Incucyte™ system, enabling live tracking of ef-
ferocytosis by TAMs (Bravo et al., 2023).

Expanding on this, Stohr et al. (2018) introduced a novel molecular probe, the Annexin A5-
pHrodo, which binds PS on apoptotic cells and fluoresces upon acidification. This method, vali-
dated in both murine and human Mg lines, provides a more physiological alternative to bead-
based assays and enables robust ex vivo and in vitro assessment of efferocytosis using either
microscopy or flow cytometry readouts (Stohr et al., 2018). Wang et al. (2024) explored efferocy-
tosis in a murine model of ischemia/reperfusion cardiac injury. Their study identified Sectm7a, a
Mo-enriched gene, as a novel regulator of efferocytosis, employing both in vitro assays (with
CellTracker™-labeled apoptotic targets and F4/80 staining) and in vivo models (e.g., knockout
mice and administration of recombinant SECTM1A) (Wang et al., 2024) .

Raymond et al. 2022 introduce CharON (Caspase and pH Activated Reporter, Fluorescence ON),
a genetically encoded fluorescent tool designed to track the process of apoptosis and efferocyto-
sis in vivo, particularly in Drosophila embryos. CharON combines two components: pH-CaspGFP,
a green-fluorescent reporter activated by caspase-3/7 cleavage during apoptosis and engineered
to resist quenching in acidic environments, and pHlorina, a red fluorescent sensor that intensifies
with decreasing pH, indicating corpse acidification inside phagolysosomes. This dual-reporter
system allows for real-time visualization of dying cells (via green fluorescence) and their subse-
quent digestion by Mg (via red fluorescence). By expressing CharON in Drosophila, it is possible
to track individual M@ as they migrated, engulfed apoptotic corpses, and digested them during
embryonic development (Raymond et al., 2022).

1.7.4 Limitations of Existing M@ Phagocytosis and Efferocytosis
Platforms

Despite the wide array of assays developed to assess M@ phagocytosis and efferocytosis, each
method has inherent limitations that can affect the accuracy, physiological relevance, and inter-
pretability of results. One of the most common challenges across many assays is the inability to
clearly distinguish surface binding from internalization of phRodo-labelled particles or cells. Fluo-
rescently labeled apoptotic cells or particles may adhere to Mg membranes without being en-
gulfed, potentially leading to overestimation of phagocytic activity unless specific controls are
used, for example, mimicking a pH drop artificially with HCI or using microscopy to validate find-
ings (Clark et al., 2019). Another limitation lies in the static nature of most experimental readouts.
Many assays capture a single endpoint, typically after one to two hours of incubation, offering
only a snapshot of the phagocytic or efferocytic process. This approach fails to capture the kinet-
ics of phagocytosis or efferocytosis and overlooks its downstream events, such as phagosome
maturation, lysosomal fusion, or degradation of engulfed material. A further concern is the physi-
ological relevance of the particles used. Bead-based or synthetic particle assays, while conven-
ient and reproducible, do not accurately mimic the complex surface and intracellular signals pre-
sented and derived by apoptotic cells. As a result, they may not engage the full spectrum of
phagocytic receptors and signaling pathways involved in apoptotic cell clearance. pHrodo™-
based assays, which rely on pH-sensitive fluorophores that emit fluorescence in acidic environ-
ments, provide a more specific readout of internalization. However, they are limited by their de-
pendence on phagosome acidification. Mg with impaired acidification, or experimental conditions
that disrupt lysosomal function, may produce false-negative results. Additionally, low-level back-
ground fluorescence from pHrodo-labeled apoptotic cells can complicate the interpretation of re-
sults without a series of proper controls. Novel probes such as Annexin A5-pHrodo, which bind
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phosphatidylserine on apoptotic cells, improve specificity but introduce new complexities. For ex-
ample, Annexin A5 itself can inhibit efferocytosis at high concentrations, and the reliance on arti-
ficial labeling may not fully reflect in vivo apoptotic signaling (Miksa et al., 2009). In vivo models,
such as the cardiac ischemia/reperfusion model used by Wang et al. (2024), offer unmatched
physiological relevance but come with their challenges. These include low throughput, higher
cost, and difficulty in isolating efferocytosis-specific outcomes from the broader complexity of tis-
sue inflammation and immune responses. Despite its innovative capabilities, CharON (Raymond
et al., 2022) does have several limitations. Technically, it relies on fluorescent signals that may
overlap with other markers, and it is subject to photobleaching and phototoxicity during extended
imaging. The tool requires genetic modification to express in model organisms, making its appli-
cation in non-genetically tractable systems more complex. Quantifying dynamic events like corpse
burden and signal ratios in live tissues can also be challenging. Biologically, the findings are
based on Drosophila, which may not fully represent mammalian efferocytosis. Additionally,
CharON tracks cell death and digestion but does not provide molecular insight into the down-
stream effects within Mg or distinguish between different phagocyte types without additional
markers. Finally, while it highlights heterogeneity in M@ behavior, it does not identify the underly-
ing causes of that variability, necessitating further mechanistic studies using complementary
methods. What all these assays have in common is a lack of phenotypic characterization of the
efferocyting cells. Incorporating this information could provide valuable insights into the molecular
machinery driving efferocytosis and open new avenues for identifying therapeutic targets.

1.8 Rationale and Objective

Current knowledge of synovial Mg subsets is primarily based on transcriptomic data, with a sig-
nificant lack of information on their functional roles. There is a pressing need to investigate these
subsets at the proteomic level and to perform functional analyses that go beyond gene expres-
sion. Moreover, existing functional Mg assays provide limited insight, as they do not incorporate
phenotypic information. This thesis shall bridge these gaps by combining functional assays with
phenotypic profiling to achieve a more comprehensive understanding of synovial Mg subsets.
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1.9 Hypothesis

The objective leads to the following hypothesis of this thesis:

1. Developing integrated phenotype-function assays facilitates the characterization of hu-
man Mg functions in health and disease, helping us identify candidate M targets for pro-
resolution drug development in IMIDs.

2. Different in vitro Mg models exhibit distinct efferocytosis and iron recycling abilities, de-
fining their applicability in gain-and-loss-of-function studies to discovery pro-resolution
Mo targets.

3. Human tissue Mo subsets differ in efferocytosis and iron recycling capacities, influencing
their roles in inflammation and pro-resolution in IMIDs.

Beyond the specific aims of this thesis, the work also contributes to a broader hypothesis
pursued by our research group: that identifying the molecules and pathways regulating Mg
efferocytosis can reveal novel therapeutic targets in immune-mediated inflammatory diseases
(IMIDs) and cancer.

1.10 Thesis Aims

1. AIM 1 - Assay Establishment
Establish scalable assays that enable combined analysis of macrophage phenotypes
and functions, integrating knowledge from human tissue Mg atlases and CRISPR
screens to identify functional regulators.

2. AIM 2 - Invitro M¢ Platforms

Establish in-vitro macrophage platforms to study macrophage functions.

3. AIM 3 — New Knowledge in Human Primary M¢
Characterize surface phenotype and function (phagocytosis, iron pools) of human syno-
vial tissue and synovial fluid Md.

Project aims beyond the thesis

Human Atlas - Determine efferocytosis and iron metabolism of synovial tissue and syno-
vial fluid M.

Drug target discovery — Mg efferocytosis regulators as potential drug targets in IMIDs
and cancer.
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2. Materials and Methods

2.1 Materials

2.1.1 Reagents and Consumables

Table 2-1 Reagents and consumables

ITEM CATALOG NUMBER  VENDOR

LEUCOSEP 50ML RACKED STERILE, 25 PCS 227290 Greiner

FICOLL PAQUE PLUS, 6x500 ML GE17-1440-03 GE (Thermo Fisher
11778538)

ACKLYSING BUFFER A10492-01
EASYSEP™ HUMAN MONOCYTE ISOLATION KIT | 18001
ROBOSEP™ BUFFER 20104

DPBS, NO CALCIUM, NO MAGNESIUM, 10x500ML

14190169 / 12037539

ULTRAPURE EDTA 15575020
GM-CSF 215-GM-050
THERAPEAK™ X-VIVO™ 10 BEBP04-743Q
NUNC MULTIDISHES WITH UPCELL SURFACE, 6 | 174901

WELL

HUMAN IFN-GAMMA, 20 uG rcyec-hifng
LIPOPOLYSACCHARIDES FROM ESCHERICHIA | L4524-5MG
COLI 055:B5

HUMAN IL-4, PREMIUM GRADE, 25 uG 130-093-921

DEXAMETHASONE

D4902-100MG

IL-10 573204
RECOMBINANT HUMAN BMP-4 PROTEIN 314-BP-XXX-CF
HUMAN RECOMBINANT VEGF-165 78073.2
STEMMACS™ CHIR99021 130-106-539
HUMAN RECOMBINANT BFGF 78003
HUMAN RECOMBINANT SCF 78062
HUMAN RECOMBINANT IL-3 (CHO-EXPRESSED) | 78194
HUMAN RECOMBINANT IL-6 78050
HUMAN RECOMBINANT DKK-1 78208
HUMAN RECOMBINANT M-CSF, ACF 78150
MTESRTM PLUS 100-0276
STEMPRO MEDIUM 10639011
HUMAN TRANSFERRIN 10652202001
L-GLUTAMIC ACID 17431

100X PENICILLIN STREPTOMYCIN 15307583

Thermo Fisher Scientific
GmbH

STEMCELL Technologies

STEMCELL Technologies
Germany GmbH

Gibco

Thermo Fisher Scientific
GmbH

R&D Systems
Lonza Cologne GmbH
Fisher Scientific GmbH

Invitrogen

Sigma

Miltenyi Biotec GmbH

Sigma-Aldrich Chemie
GmbH now Merck

BioLegend

Bio-Techne

STEMCELL Technologies
Miltenyi Biotec
STEMCELL Technologies
STEMCELL Technologies
STEMCELL Technologies
STEMCELL Technologies
STEMCELL Technologies
STEMCELL Technologies
STEMCELL Technologies
Thermo Fisher Scientific

Sigma-Aldrich Chemie
GmbH now Merck

ROTH
Fisher Scientific GmbH
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L-ASCORBIC ACID

1-THIOGLYCEROL (MTG)

IMDM WITH GLUTAMAX

N2 SUPPLEMENT (100X)

HAM’S F12 MEDIUM

B27 SERUM-FREE SUPPLEMENT (50X)
10% BOVINE SERUM ALBUMIN

ROCK INHIBITOR Y-27632
PROPIDIUM IODIDE
IMATRIX-511

GLUTAMIC ACID
ASCORBIC ACID

GENTLE CELL DISSOCIATION REAGENT

HUMAN TRUSTAIN FCX™ (FC RECEPTOR
BLOCKING SOLUTION)

CELL STAINING BUFFER
MACS® BSA STOCK SOLUTION
AUTOMACS® RINSING SOLUTION

MACSXPRESS WHOLE BLOOD NEUTROPHIL
ISOLATION KIT

DMEM/F12 GLUTAMAX
FETAL BOVINE SERUM (FBS)
AMPHOTERICIN B

PENICILLIN/STREPTOMYCIN (PEN/STREP)
HEPES (1M)

0.25% TRYPSIN-EDTA

DMSO

NEUROCULT NS-A BASAL MEDIUM (HUMAN)
NEUROCULT NS-A PROLIFERATION SUPPLE-
MENTS — HUMAN (50ML)

EPIDERMAL GROWTH FACTOR (EGF)

MURINE EGF (SUBSTITUTABLE FOR HUMAN
EGF)

FIBROBLAST GROWTH FACTOR (FGF)
PENICILLIN — STREPTOMYCIN (PENN/STREP)
LAMININ FROM ENGELBRETH-HOLM-SWARM
MURINE SARCOMA BASEMENT MEMBRANE

DELBECCO’S PHOSPHATE BUFFERED SALINE
WITHOUT CALCIUM CHLORIDE, WITHOUT MAG-
NESIUM CHLORIDE (PBS)

ACCUTASE

EBIOSCIENCE™ ANNEXIN V APOPTOSIS DETEC-
TION KIT EFLUOR™ 450

RPMI 1640 MEDIUM, OHNE PHENOLROT

A5960-25G

M6145-25ML

31980048

17502048
P04-14550
17504044
A1595-50ML

72305
F23001-LG
NP892-012

17431
A5960-25G

100-0485
422302

420201

130-091-376
130-091-222
130-104-222

11554546
FBS-HI-11A
A2942-100ml

PS-B
15630080
25200072
A994 1
5750
5753

AF-100-15
100-18B

315-09
N/A
L2020

2017-10

AB6964-100mL
88-8006-72

11835030

Sigma-Aldrich Chemie
GmbH now Merck

Sigma-Aldrich Chemie
GmbH now Merck

Thermo Fisher Scientific
GmbH

Thermo Fisher Scientific
PAN-Biotech GmbH
Thermo Fisher Scientific

Sigma-Aldrich Chemie
GmbH now Merck

STEMCELL Technologies
BioCat GmbH

REPROCELL Europe Lim-
ited

Roth

Sigma-Aldrich Chemie
GmbH now Merck

STEMCELL Technologies
BioLegend

BioLegend

Miltenyi Biotec GmbH
Miltenyi Biotec GmbH
Miltenyi Biotec

Fisher Scientific
Capricorn Scientific GmbH

Sigma-Aldrich Chemie
GmbH

Capricorn Scientific GmbH
Life Technologies GmbH
Life Technologies GmbH
Carl Roth GmbH+Co. KG
Stem Cell Technologies

Stem Cell Technologies

Peprotech
Peprotech

Peprotech
N/A
Sigma-Aldrich

Gibco

Sigma-Aldrich

Fisher Scientific

Fisher Scientific
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M-SLIDE 8 WELL HIGH CELL CULTURE CHAM-
BER SLIDE WITH 8 WELLS AND HIGH WALLS
FOR HIGH-END MICROSCOPY

CELLMASK™ PLASMA MEMBRANE STAINS, OR-
ANGE

HOECHST 33342, TRIHYDROCHLORIDE, 10 ML

PHRODO™ GREEN E. COLIBIOPARTICLES™
KONJUGAT FUR DIE PHAGOZYTOSE

PHRODO™ GREEN STP ESTER
PHRODO™ RED, SUCCINIMIDYL ESTER
BIOTRACKER FAR-RED LABILE FE2+ DYE
ESSENTIAL 8 MEDIUM

POLY-D-LYSINE

HUMAN IL-34, PEPROTECH 100UG
BIOLAMININ 111

TGFB1

HUMAN FRACTALKINE (CX3CL1) RECOMBI-
NANT PROTEIN

ANTI-ANTI

LAMININ FROM ENGELBRETH-HOLM-SWARM
MURINE SARCOMA BASEMENT MEMBRANE 1
MG/ML IN TRIS, BUFFERED NACL

HYALURONIDASE

2.1.2 Equipment

Table 2-2 Equipment used

Name

Heraeus Megafuge 16R centrifuge
Centrifuge 5810R

Heracell 150i CO2 incubator
Binder CB170

Hera Safe KS 12

EVOS XL core

Precision GP 05
TSX60086V/165VT0C37M
Centrifuge 5418

VACUSIP

Chromium Controller

Qubit 4 Fluorometer

FACSAriaTM Fusion

Luna-FL Dual Fluorescence Cell Counter

"The Big Easy" EasySep™ Magnet

80806 IBDI
C10045 Invitrogen
H3570 Fisher Scientific GmbH
P35366 Fisher Scientific GmbH
P35369 Fisher Scientific GmbH
P36600 Fisher Scientific GmbH
SCT037 Sigma Alderich
A1517001 Fisher Scientific GmbH
A3890401 Fisher Scientific GmbH
2000-34-100UG Fisher Scientific GmbH
LN111-02 Biolamina
100-21C-10 Fisher Scientific GmbH
300-31-20UG Fisher Scientific GmbH
15240096 Fisher Scientific GmbH
L2020 Sigma Alderich
0000010- Sigma Alderich
9000010H3506-
100mg

Manufacturer

Thermo Scientific

Eppendorf

Thermo Scientific

Binder GmbH

Thermo Scientific

Life Technologies

Thermo Scientific

Thermo Scientific

Eppendorf

Integra

10x Genomics

Invitrogen

BD Biosciences

BioCat

STEMCELL Technologies
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Sony ID7000 multi-spectral flow cytometer Sony biotechnology
Vilber Bio Sun Microprocessor controlled Vilber
Incucyte S3 Live Cell Analysis Instrument Satorius

2.1.3 Solutions

Table 2-3 Solution compositions

Name Composition
100 mM Glutamic Acid 0.736g of Glutamic acid in 50 ml of PBS, pH adjusted to 7.5
500 mM Ascorbic Acid 2.2g in 25 ml of PBS
Stempro Medium Stempro-34 SFM, 200 ug/mL Human Transferrin, 2 mM Glutamic Acid, 1x
Pen Strep, 0.5 mM Ascorbic Acid, 0.45mM MTG
Serum-Free Differentiation Me- 75% IMDM with GlutaMAX, 25% F12, 1x N2 supplement, 1x B27 Supple-
dium ment, 0.05% BSA, 1x Pen/Strep
FACS staining buffer 1:20 of autoMACS® Rinsing Solution with MACS® BSA Stock Solution
FACS blocking solution FACS buffer 1:10 with FcR Blocking Reagent, human
Jurkat suspension buffer D-PBS + 1mM HEPES

2.1.4 Antibody Table

Table 2-4 Antibody table

Marker Fluorochrome Vendor Catalog number
B2M PE-Cy7 Biolegend 316317
BAI1 AF647 R&D FAB49692N-100
Cas9 AF 647 Cell signalling 7A9-3A3
CCR2 BV711 BD OptiBuild 747848
CD114 BUV615 BD OptiBuild 751179
CD11b BV570 Biolegend 301325
CD11b BB515 BD Horizon 564517
CD11b BB515 Biolegend

CD11b AF700 Biolegend

CD14 cFluorB548 Cytek R7-20115
CD14 PE/fire 810 SONY 2596115
CD14 PE/Fire640 Biolegend 367154
CD146 R718 BD OptiBuild 752158
CD15 APC Biolegend 323007
CD163 BUV563 BD OptiBuild 741402
CD172alb PerCPCy5.5 Biolegend 323811
CD192 BV421 Biolegend 357210
CD1c BV650 BD OptiBuild 742749
CD206 BUV805 BD OptiBuild 742042

CD206 PE/fire 700 SONY 2205765
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CD206 PE

CD209 BB515
CD209 APC/Fire 750
CD209 APC

CD209 APC Fire750
CD26 BV480
CD274 BUV661
CD31 AF647

CD31 BUV395
CD33 PerCP Cy5.5
CD34 BUV661
CD36 BV605
CD36 PerCPCy5.5
CD38 BV711

cd40 buv805
CD45 BUV496
CD45 PE/fire 810
CD45 BV750
CD47 APC

CD48 PE-CF594
CD52 APC750
CD52 PerCP Cy5.5
CD54 BUV737
CD55 BV605
CD64 BV421

CD64 BV510
CD64 Pacific Blue
CD68 AF647
CD68 APC/Fire 750
CD68 R718

CD68 PE

CD68 R718

CD80 BV605
CD80 BUV395
CD80 BV650
CD86 BUV615
CD90 BUV496
CD91 BUV661
CD91 BUV661
CX3CR1 R718
CXCR4 BV650
CXCR4 BUV395
FCER1alpha R718
FOLR2 AF350
FOLR2 PE

HLA-DR APC-Fire810
HLA-DR BV650

Biolegend 321105
BD Horizon 564548
Biolegend 330115
SONY 2315025
Biolegend 330115
BD OptiBuild 76532
BD 741666
BD Pharmingen 561654
BD Horizon 565290
Biolegend 303414
BD OptiBuild 750195
BD Horizon 563518
Biolegend 336223
Biolegend 303527
BD 742028
BD OptiBuild 750179
SONY 1116435
Biolegend 368541
Biolegend 323123
BD Horizon 5627171
SONY 2180075
SONY 2180045
BD OptiBuild 741841
BD OptiBuild 742679
Biolegend 30519
BD OptiBuild 744975
SONY 2125085
SONY 2269095
SONY 2269115
BD Horizon 568070
Biolegend 333807
BD Horizon 568070
BD Horizon 563315
BD Horizon 565210
Biolegend 305227
BD 751042
BD OptiBuild 741160
BD OptiBuild 750155
BD OptiBuild 750155
BD OptiBuild 752200
BD OptiBuild 740599
BD Horizon 563924
BD OptiBuild 752192
NOVUS

Biolegend 391703
Biolegend 307674

Biolegend 307649
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HLA-DR
HLA-DR
Lyve1
Lyve1
MERTK
MERTK
Notch3
Podoplanin
SLC40a1
SPP1
SSEA-4
TIM-4
Tra-1-60
Tra-1-60
TREM-2

2.1.5 Cells

Table 2-5 Cell lines

Name

StemRNA Human iPSC 771-3G

6TF
Jurkat T cells E6.1

Monocytes

BUV395 BD 56794

BV650 Biolegend 307649

AF750 NOVUS NB100-725AF750

AF488 NOVUS NB100-725AF488

BV785 BD OptiBuild 748106

PE Biolegend 367608

BV650 BD OptiBuild 745317

BB700 BD OptiBuild 749715

AF488

eFluor660 Invitrogen

VioGreen Miltenyi 130-123-901

PE Biolegend 354004

BUV395 BD Horizon 563878

AF488 Biolegend 330613

PE-Cy7 NOVUS NBP1-07101PECY1
Type Catalog No. Manufacturer
iPSC RCRPO05N Stemgent™
iPSC Shared from Jackson (Drager et al., 2022)
Immortalized Igni?yovial: 300223 Vital: . .

330223 CLS Cell Line Services

Primary - Blutbank Mannheim

2.1.6 Software and Tools

During the preparation of this thesis, various digital tools and software platforms were utilized to
support data analysis, visualization, and manuscript preparation. For the analysis of conventional
flow cytometry data, FlowJo was employed. Spectral flow cytometry data were processed using
the SONY ID7000 software, which was used for spectral unmixing and autofluorescence correc-
tion; further detailed analyses were conducted using CellEngine. Confocal microscopy images
were deconvoluted using Huygens software and subsequently analyzed with Fiji (ImageJ).
GraphPad Prism was used for all statistical analyses (Table 2-6).

Table 2-6 Software used

NAME

DESCRIPTION OF USE REFERENCE

FLOWJO

FIJI (IMAGEJ) 2.3.0

Analysis of FACS data The flow cytometry results were analyzed using FlowJo™

v10.8.1 Software (BD Life Sciences).

Analysis of microscopy
images
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HUYGENS SOFTWARE | Deconvolution of confo- Huygens Professional version [24.10] (Scientific Volume Im-

cal microscopy images aging, The Netherlands, http://svi.nl).

GRAPHPAD 6.01 Graph preparation and GraphPad Software, San Diego, California USA,
statistical analysis www.graphpad.com.

CELL ENGINE Multi-spectral flow cy- CellEngine by CellCarta https://cellengine.com/#/

toemty data analysis

SONY ID7000 SOFT- | Multi-spectral flow cy-
WARE tometry data analysis

OpenAl's ChatGPT (2024) was used during the thesis process for language and structure refine-
ment, including grammar, clarity, and style improvements. No full paragraphs were generated by
the tool, and it was not used for idea generation or content development. Additionally, ChatGPT
and Perplexity were used as supplementary tools to aid in literature searches. Perplexity assisted
with the identification of relevant academic sources during the literature review process. Mendeley
was used as a reference management tool to organize citations and generate references in APA
format.

OpenAl. (2024). ChatGPT (May 12 version 4.0) [Large language model]. https://chat.openai.com/

Perplexity. (2024). Perplexity Al [Al research assistant]. https://www.perplexity.ai/

Mendeley. (2024). Mendeley Reference Manager (Version 2.132.2) [Software]. https://www.mendeley.com/

2.2 Study Participants and Human Samples

2.2.1 Study Participants

Table 2-7 presents the study participants. The biological samples were obtained as biopsies at
the Rheumatology Department of the Gulbenkian Institute for Molecular Medicine, Lisbon, Portu-
gal, in collaboration with R. Teixeira, R. Barros, J. Polido-Pereira, and A. Calado. The study was
conducted in accordance with ethical guidelines and was approved by the institutional ethics com-
mittee The study was approved by CAML Ethics Committee, Lisbon, Portugal (Reference N.
110/22).

Table 2-7 Study participants synovial biopsies, Lisbon, Portugal used for CITE Sequencing

Project ID Sex Age Diagnosis

1 F NA Joint replacement surgery. Therapy leflunomide. Patient wash out the drug prior to sur-
gery

2 F 61 Refractory RA change from anti-TNF

3 M 58 Refractory RA, change from MTX

4 F 66 MTX inadequate

5 M 67 Early RA
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6 F 39 Early RA
7 M 29 Early RA
8 F 66 Early RA
9 M 68 Early RA
10 F 61 Early RA
11 F 58 csDMARD-inadequate
12 F 55 DMARD-inadequate (SSZ)
13 F 82 DMARD-inadequate
14 F 51 anti-TNF-inadequate
15 F 51 Remission RA
16 F 48 PDN/MTX-IR
17 M 77 Remission RA
18 F 53 anti-TNF-inadequate
19 F 51 Remission RA
20 F 32 anti-TNF-inadequate
21 F 59 Remission RA

2.2.2 Human Samples

2.2.2.1 Synovial Biopsies Portugal

Table 2-8 Rheumatoid Arthritis patient groups used for Cite Sequencing

Group Total number sequenced
DMARD naive 6
csDMARD-inadequate 6
Remission 4
Anti-TNF/IL-6- inadequate 5

End stage disease
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2.2.2.2 Synovial Fluid cells

Synovial fluid cells were collected, aliquoted, and cryopreserved with viability at two international
rheumatology centers: University Medical Centre Ljubljana, Department of Rheumatology,
Ljubljana, Slovenia, and Gulbenkian Institute for Molecular Medicine, Rheumatology Department,

Lisbon, Portugal (see Table 2-6 for patient characteristics).

Table 2-9 Human synovial fluid sample details

Patient Sex Age Diagnosis Therapy
group
1 Female 52 Polyarthritis Artherial hyperten- Movalis (2016), depoMedrol intramuscular, then
sion, celiac diseases, kliver ste- Movalis, Hyplaxy (2022), start MTX therapy March
atosis 2023, MTX stop because of adverse effects after 2
months (gingivitis, leukopenia, nausea), July 2023
start of therapy with Leflunomide (2023), Arava,
Naklofen (2024)
2 un- 68 Chronic erosive oligoarthritis Arcoxia, MTX
known
3 un- 49 Known hip OA (status post sur- Asthma therapy till 2012, intraarticular corticoid 2x, ar-
known gery), syndrome of chronic pain  throscopic surgery - necrektomy and ablation of radial

epicondyl, brufen, Analgin, paracetamol( 2023)

2223 PBMCs

For isolation of monocyte-derived macrophages (MDMs), buffy coats from healthy blood donors
were ordered from the blood bank Mannheim. DRK-Blutspendedienst Baden-Wurttemberg/Hes-
sen. Friedrich-Ebert-StralRe 107, 68167 Mannheim. Buffy coats were not cooled and were not
subjected to PCR testing.

2.3 Cell Isolations

2.3.1 Cell Isolations from Fresh Synovial Biopsies

Synovial tissues as collected during ultrasound-guided synovial biopsies or joint replacement sur-
gery from patients with RA and osteoarthritis. Samples were transported to the laboratory in
RPMI-medium and processed within 2 hours post-collection. Synovial biopsy fragments were dis-
sociated using an optimized synovial tissue dissociation protocol published by Edalat S., Gerber
R., et al. 2024, a publication which | co-authored. This protocol was derived from the method of
(Donlin et al., 2018)

Briefly, synovial tissue fragments were placed on a 70 um cell strainer and washed with D-PBS
to remove potential non-synovial cell contaminants. Synovial biopsies were then minced into ~1
mm fragments in pre-warmed RPMI medium (glutamine, HEPES, without antibiotics or FBS) and
digested and dissociated at 37°C using a combined enzymatic-mechanical approach. The enzy-
matic digestion mix contained 100 pug/ml Liberase (Roche) and 100 ug/ml DNAse | (Roche) in
RPMI-1460 medium (glutamine, HEPES, without antibiotics or FBS). Minced tissue fragments were
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transferred into the digestion solution using a wide-bore pipette tip, forceps, or scalpel, ensuring
minimal tissue loss.

Tissue digestion was performed at 37°C in a water bath, ensuring a stable digestion temperature.
The tissue fragments were continuously stirred for 30 minutes using a combination of ball- and
cylinder-shaped magnetic stirrers. Fifteen minutes into digestion, mechanical dissociation was
applied by passing the tissue fragments through a 16G needle ten times using a 1 ml syringe.
Special care was taken to prevent needle clogging, which could result in tissue and cell loss.
Enzymatic digestion was halted by 10% FBS in RPMI medium.

Minced tissue fragments were prepared in pre-warmed RPMI medium (glutamine, HEPES, with-
out antibiotics or FBS).

Following digestion, the cell suspension was filtered through a 40 um strainer pre-wet with 2 ml
RPMI medium containing 10% FBS. An additional 1 ml of RPMI/10% FBS was used to wash the
tube and maximize cell recovery. The remaining synovial tissue fragments were gently pressed
against the strainer using a syringe plunger head to enhance the remaining cell release and enrich
for synovial cells. The filtered single cell suspension was collected into a 15 ml Falcon tube,
washed with 5 ml RPMI/10% FBS, and centrifuged at 300 x g for 10 minutes at RT.

Red blood cells were lysed using 1x Red Blood Cell Lysis buffer (Roche, prepared by diluting 10x
RBC Lysis Buffer in nuclease-free water). Briefly, the cell pellet was resuspended in 0.5 ml
RPMI/10% FBS and 1x RBC Lysis buffer (4.5 ml) was added to the cell suspension, followed by
gentle vortexing for 5 seconds and incubation at RT for 2 minutes. The sample was then centri-
fuged at 300 x g for 10 minutes, and the supernatant was discarded. The cells were resuspended
in D-PBS by gently flicking the pellet, resuspending in 10 ml PBS, and

The red blood cell-free pellet of synovial cells was washed with 10 ml D-PBS, centrifuged at 300
x g for 10 minutes, with a second centrifugation step at 300 x g for 2 minutes to remove any
residual buffer.

To prepare a single-cell suspension suitable for scRNA-seq with 10xGenomics technology, cells
were resuspended in 150 pl of 0.2% BSA-D-PBS (prepared by diluting 4 ul of 50 mg/ml BSA per
100 ul D-PBS). The cell viability and yield were determined using the Luna-FL dual fluorescence
cell counter (Logos BioSystems) and Acridine Orange/Propidium lodide cell labeling (Ther-
moFisher).

If debris or clumps were observed during cell counting, the cell suspension was filtered again
through a 35 pym strainer into a 1.5 ml Eppendorf tube to prevent clogging of the 10X Genomics
chips. The final cell concentration was adjusted to 700 cells/ul for loading on the 10X Genomics
chips, for optimal loading efficiency and minimized clogging risk. For multispectral flow cytometry,
cell concentration was set to 1x108 cells/mL Cells were maintained on ice until processing with
FACS sorting, multispectral flow cytometry or 10x Genomics protocol.

2.3.2 Cell Isolations from Fresh Synovial Fluid Cells

Cryopreserved synovial fluid samples were thawed in prewarmed 37 degrees RPMI 1640 medium
and washed twice with DPBS. Cell concentration and viability were assessed using the Luna™
Automated Cell Counter. To reduce viscosity and digest extracellular matrix components, sam-
ples were incubated in a solution containing 500 L of 0.5 yM hyaluronidase and 500 pL of DNase
| (prepared as 10 yL/mL in DPBS) at 37 °C for 30 minutes in a water bath with continuous agita-
tion. Following enzymatic digestion, cells were pelleted by centrifugation at 400 x g for 10 minutes,
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followed by a second centrifugation step at 300 x g for 10 minutes to further purify the cell sus-
pension.

2.3.3 Isolation of CD14+ Monocytes from Human Blood Samples

Peripheral Blood Mononuclear Cells (PBMCs) were isolated from buffy coats, which we obtained
from Blutbank Mannheim. D-PBS + 2 mM EDTA was prepared by adding 2 mL of 0.5 M UltraPure
EDTA to 500 mL of PBS. Seventeen mL of Ficoll Paque Plus was added to six Leucosep™ tubes
per donor, followed by centrifugation at 1,000 x g for 30 seconds at room temperature. The re-
maining Ficoll above the separation membrane was aspirated. The buffy coats were transferred
into a T75 cell culture flask and diluted to a total of 180 mL with PBS + 2mM EDTA, and 30 mL of
the diluted blood was added per Leucosep™ tube at a 45° angle, to avoid disruption of the mem-
brane. Tubes were centrifuged at 1,000 g for 10 minutes at RT with acceleration set to 1 and
brake to 0. The serum phase was aspirated, and PBMCs were carefully collected from the inter-
phase using a 5 mL pipette and pooled into four tubes per donor.

The PBMCs were washed by filling 50 mL Falcon tubes with PBS + 2mM EDTA, centrifuging at
250 x g for 10 minutes, and removing the supernatant with a pump. Pellets were pooled into two
tubes, resuspended in PBS + 2mM EDTA, and centrifuged at 200 x g for 10 minutes. After super-
natant removal, pellets were pooled into a single tube with 10 mL ACK lysing buffer and incubated
for 7 minutes. The tubes were refilled with PBS + 2mM EDTA, centrifuged at 250 x g for 10
minutes, and supernatant removed. PBMCs were resuspended in 50 mL PBS + 2 mM EDTA and
counted. The cells were spun down for 5 minutes at 700 rpm, adjusted to 5x107 cells/mL in Ro-
boSep Buffer (STEMCELL), and transferred to FACS tubes. CD14+ monocyte enrichment was
performed using the STEMCELL CD14 enrichment kit following the manufacturer’s instructions.
The solutions were added sequentially, mixed by pipetting, and incubated for 5 minutes. Magnetic
beads were vortexed for 30 seconds before being added, and cells were incubated, resuspended
in RoboSep Buffer, and placed in "The Big Easy" EasySep™ Magnet for 2.5 minutes. The PBMC-
containing supernatant was transferred to a 15 mL Falcon tube while still positioned in the magnet
and the FACS tube with beads was discarded after. CD14+ monocytes were counted, and if the
yield exceeded 15%, samples were examined for platelet contamination under a microscope.
Monocytes were palleted at 300 x g for 10 minutes, supernatant was removed, and residual liquid
was aspirated.

Monocytes were resuspended at 1x10° cells/mL in XVIVO medium. For differentiation, 100 ng/mL
GM-CSF was added to polarize towards M1-like Mg, and 100 ng/mL M-CSF was added for M2-
like Mg polarizations. Three million cells (3 mL) were plated per well in a NUNC UpCell™ 6-well
plate and incubated at 37°C, 5% CO, for six days without disturbance.

2.4 Human Cell Culture

2.41 JurkatT cells

Jurkat T cells (JTs) were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium sup-
plemented with 10% fetal bovine serum (FBS) and 1X Penicillin/Streptomycin (Pen/Strep). To
prepare the complete medium, 50 mL of FBS and 5 mL of Pen/Strep were added to a 500 mL
bottle of RPMI 1640. Cells were maintained in T75 flasks at a density of 0.2—-3.0 x 108 cells/mL in
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suspension culture. The cell density was monitored regularly, ensuring it did not exceed 3.0 x 10°
cells/mL to prevent cellular stress.

Cryopreservation

For cryopreservation, cells were collected and counted as described above. Cells were resus-
pended at a density of 4.0-5.0 x 10° cells/mL in culture medium supplemented with 10% dimethyl
sulfoxide (DMSO). Aliquots of 1 mL were transferred into cryovials and stored in a CoolCell XL
box at —80°C for no longer than 48 hours before transfer to liquid nitrogen for long-term storage.

Thawing of Cryopreserved Cells

Cryopreserved cells were thawed by first pre-warming RPMI-1640 medium in a 37°C water bath.
Nine milliliters of warm medium were added to a Falcon tube. Cryovials were retrieved from liquid
nitrogen and transported on dry ice to the culture facility. Cells were rapidly thawed in a 37°C
water bath until partially thawed and immediately transferred into the Falcon tube containing warm
medium. The suspension was centrifuged at 400 x g for 5 minutes, and the supernatant was
aspirated. The cell pellet was resuspended in 1 mL of warm RPMI-1640 medium and transferred
into a T75 flask containing 14 mL of fresh culture medium. Cells were then incubated under stand-
ard culture conditions.

2.4.2 Human Glioblastoma PBT-04FHTC

Plate coating

PBT-04 FHTC cells are adherent and maintained on coated 10 cm? culture dishes. To prepare
the coating, Laminin (Engelbreth-Holm-Swarm murine sarcoma basement membrane, 1 mg/mL
in Tris-buffered NaCl; Sigma-Aldrich, Cat. #L2020) is diluted 1:100 in PBS to create a 1x working
solution. This solution should fully cover the surface of the tissue culture-treated plate or flask.
For a 10 cm? dish, 5 mL of the 1x Laminin solution is applied. The plates are then incubated at
37 °C for at least one hour to facilitate Laminin polymerization.

Media preparation

To one bottle of NeuroCult NS-A Media (450ml), add one bottle of NeuroCult NS-A Proliferation
Supplements — Human (50ml), Pen/Strep (5ml), 20 ug/ml epidermal growth factor (EGF) and 20
ug/ml Fibroblast growth factor (FGF). The prepared media was filter sterilized, and stored at 4°
and used at a pre-warmed temperature of 37° C.

Establishing Cultures from Frozen Cells

To establish cultures from frozen cells, a 15 mL conical tube was prepared with 9 mL of room
temperature phosphate-buffered saline (PBS). A cryo-vial containing frozen cells was rapidly
thawed in the warming bath. The contents of the cryo-vial were gently transferred into the PBS-
containing tube using a pipette. The suspension was then centrifuged at 400 x g for 4 minutes to
pellet the cells. Following centrifugation, the supernatant was carefully aspirated to avoid disturb-
ing the cell pellet, which may not always be clearly visible. The pellet was resuspended in 1 mL
of complete Neurocult media, ensuring that the conical end of the tube was rinsed with media to
maximize cell recovery. The resuspended cells were then plated in the coated tissue culture dish
(10 cm or smaller). Cells were maintained in culture until they formed a confluent lawn before
further dissociation and expansion.

Cells were maintained by replacing the media when splitting. When cells reached confluence or
required passaging, the media was removed, and the cells were rinsed with PBS, which was then
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aspirated. RT Accutase was added to completely cover the cells, and the plate was incubated at
room temperature or 37°C until the cells detached (3—-5 minutes). Detached cells were collected
by adding PBS, transferred to a centrifuge tube, and spun at 400 x g for 4 minutes. The resulting
cell pellet was resuspended in 1 mL of media, and 20 uL of the suspension was used for cell
counting. Cells were then plated at a density of approximately 10,000 cells per cm? on freshly
laminin-coated tissue culture plates or flasks. For cryopreservation, cells were resuspended in
media supplemented with 10% DMSO.

2.5 Human iPSC Culture

2.5.1 StemRNA Human iPSC 771-3G cell line

The dishes were coated using the pre-mixing method. iMatrix 511 was diluted in DPBS to achieve
a laminin concentration of 0.5 pg/cm? per well in a six-well plate. Specifically, 9.6 pL of laminin
511 was mixed with 2 mL of DPBS and then pipetted onto the culture dish. The volume was
adjusted according to the size of the cell culture dishes. Laminin coating was performed either at
37 °C for 1 hour or at 4 °C overnight.

Cells were cultured on dishes pre-coated with Laminin-511 (2.4 pg/ml) in mTeSR™ Plus medium
supplemented with a ROCK inhibitor (10 uM). Typically, within 24 to 48 hours post-seeding, the
medium was replaced with mTeSR™ Plus without the ROCK inhibitor. Regions of spontaneous
differentiation were manually removed by scratching under the microscope. The culture medium
was changed daily, with occasional exceptions where a change was skipped when cell confluency
was particularly low.

771 cell line splitting

Prior to splitting, iPSCs were washed three times with PBS. Depending on the experimental re-
quirements, iPSCs were dissociated using one of the following methods:

+ Gentle Cell Dissociation Reagent: Used when maintaining iPSC in clumps was desired.
Briefly, Gentle Cell Dissociation Reagent was added to the wells and incubated at room temper-
ature (RT) for 3—4 minutes and checked under the microscope. The cells were then washed twice
with mTeSR™ Plus. To fully detach the cells, the wells were scraped, and then collected in a tube
and centrifuged at 300 x g for 10 min at RT. The iPSCs were seeded dropwise following careful
visual assessment of the confluency.

+ Ez-Lift: Used to reduce the proportion of spontaneously differentiating cells. Briefly, iPSCs
were washed once with Ez-Lift and incubated with Ez-Lift for 4 minutes at 37 °C. The plate was
tapped from the bottom, followed by an additional 4-minute incubation at 37 °C. If necessary,
incubation was extended in 2-minute intervals with tapping until satisfactory detachment was
achieved. The cells were then collected and centrifuged (300 x g, 10 min, RT) before being
seeded dropwise following careful assessment of confluency.

» Accutase: Used when single-cell dissociation was required. Cells were incubated with Ac-
cutase for 6-8 minutes at 37 °C. Following incubation, cells were collected in PBS at a volume
three times that of the Accutase solution and centrifuged (300 x g, 10 min, RT). The iPSCs were
then counted and seeded at the desired confluency.
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771 Cell line iPSCs cryopreservation

Cells were detached using the appropriate dissociation method and resuspended in CryoStor,
typically at a concentration of 1x10° or 2x10° cells/mL. In cases of clump detachment, two vials
were used per six-well plate of culture.

2.5.2 6TF iPSC Cell Line

To prepare plates for 6TF-iPSC culture for iMicroglia differentiation, a double-coating procedure
was carried out using Poly-D-Lysine (PDL) and truncated Vitronectin (VTN-N). For the initial PDL
coating, a 1X borate buffer (BB) was prepared by diluting 2 mL of 20X BB stock in 38 mL of
deionized water (dH,0O), yielding a total volume of 40 mL. This solution was sterile filtered, and 2
mL of PDL was added to the 38 mL of filtered 1X BB to prepare the coating solution. Each 10 cm?
dish was coated with 6 ml of PDL solution and incubated at 37°C for 2 hours. Following incubation,
the PDL solution was aspirated, and dishes were washed three times with sterile dH,O. Subse-
quently, a second coating was performed using VTN-N diluted 1:50 in dPBS. For six dishes, 600
ML of VTN-N was mixed with 30 mL of dPBS, and 5 mL of this solution was added to each dish.
The dishes were then incubated at room temperature for 1 hour.

To differentiate 6-TF iPSCs into iMicroglia, the culture medium was aspirated, and the iPSC col-
onies were rinsed once or twice with dPBS. To detach the cells, 700 pL of Accutase was added
to each well, followed by a 7-minute incubation at 37°C. Afterward, 1 mL of dPBS was added
directly into each well, and cells were gently dissociated by pipetting. The cell suspension was
collected into a sterile Falcon tube, and wells were further washed with an additional 2 mL of
dPBS, which was also added to the tube. The collected iPSC suspension was centrifuged at 300
x g for 10 minutes. The supernatant was discarded, and the cell pellet was resuspended in 1-2
mL of dPBS. Cells were counted using an automated cell counter / Trypan blue staining and then
seeded at a density of 2 x 108 cells per dish in 10 mL of Essential 8 Medium supplemented with
1:100 RevitaCell and 2 pg/mL Doxycycline (1:1000).

2.5.3 Human iPSC to iM¢g Differentiation

The differentiation of induced pluripotent stem cells (iPSCs) (771 cell line) into induced macro-
phages (iMgs) followed four distinct phases (Table 2-8):

Table 2-10 Distinct differentiation stages

Phase Day Stage of differentiation

1 0-6 Mesoderm specification and induction of hemangioblast-like cells
2 6-10 Commitment of hemangioblasts to a hematopoietic cell lineage.
3 12-13 Maturation of hematopoietic cells

4 16-20 Differentiation of hematopoietic progenitors into iM@s.

The iMg differentiation process followed the protocol described by Takata et al. (2017). iPSCs
were cultured until they reached 60-80 % confluency. The first eight days of differentiation were
carried out under hypoxic conditions (5 % CO,, 5 % O,). From day 0 to day 16, cells were main-
tained in Stempro Medium (Stempro-34 SFM supplemented with 200 ug/mL human transferrin, 2
mM glutamic acid, 1x penicillin-streptomycin, 0.5 mM ascorbic acid, and 0.45 mM MTG) with
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media changes every other day. During this period, small molecules listed in Table 2-8 were
added to the culture.

From day 16 to day 28, cells were transferred to a serum-free differentiation medium (SF-diff),
which consisted of 75% IMDM with GlutaMAX, 25% F12, 1x N2 supplement, 1x B27 supplement,
0.05% BSA, and 1x penicillin-streptomycin. Media changes were performed every three days.

Floating cells began to appear from day 8 onward. These cells were collected by centrifugation
(400 x g, 5 min), resuspended in fresh media, and returned to the differentiation dish. Additionally,
from day 8, differentiation cultures were moved from hypoxic to normoxic conditions (5% CO.).
The differentiation protocol was adapted from Takata et al. (2017).

Table 2-11 Differentiation protocol

Day Supplementation Media Cell returning
0 *  5ng/ml BMP-4 Stempro medium No
e 50 ng/mL VEGF
e 2 uM CHIR99021
. 5 ng/mL BMP-4 .
2 . 50 ng/mL VEGF Stempro medium No
e 20 ng/mL FGF2
. 15 ng/mL VEGF .
4 e 5ng/mL FGF2 Stempro medium No
6-10 : ?8 :g;:t ?giz Stempro medium From day 8
. 20 ng/mL IL-3
. 10 ng/mL IL-6
. 10 ng/mL VEGF
e 30 ng/mL DKK1
12 -14 2 SIS Stempro medium Yes
e 10 ng/mL FGF2
e 20 ng/mL IL-3
. 10 ng/mL IL-6
16 - 28 *  S0ng/ml m-CSF SF-diff medium Yes

Post-differentiation culture

Cells we typically used straight from the differentiation protocol for experiments. If necessary, we
transferred floating cells to the new culture dish, in SF-Diff supplemented with 50 ng/ml M-CSF
with medium change twice a week.

2.5.4 6TF iPSC to iMicroglia Differentiation

The differentiation protocol was conducted in accordance with Drager et al. (2022). Briefly, after
seeding iPSCs, 10cm dishes were gently shaken in all directions to ensure even distribution of
cells across the dish and dishes were incubated in cell culture incubator at 37°C and 5% CO2.
From day 2 onwards the differentiating iPSCs were cultured in Advanced DMEM/F12 Medium
supplemented with doxycycline and different cytokines. The medium was changed every other
day for the duration of the iPSC-to-iMicroglia differentiation as presented in Table 2-9.



2 Materials and Methods 39

Table 2-12 iMicroglia differentiation media and cytokines

DAY MEDIA COMPOSITION
0 Essential 8 Medium
RevitaCell (1:100)
2 pg/ml Doxycycline (1:1000)
2 Advanced DMEM/F12 Medium
1x Anti-anti (1:100)
1x GlutaMAX (1:100)
2 ug/ml Doxycycline (1:1000)
100 ng/ml Human IL-34 (1:1000)
10 ng/ml Human GM-CSF (1:10.000)
4 Advanced DMEM/F12 Medium
1x Anti-anti (1:100)
1x GlutaMAX (1:100)
2 pg/ml Doxycycline (1:1000)
100 ng/ml Human IL-34 (1:1000)
10 ng/ml Human GM-CSF (1:10.000)
50 ng/ml Human M-CSF (1:2000)
50 ng/ml Human TGFB1 (1:2000)
6 Advanced DMEM/F12 Medium
1x Anti-anti (1:100)
1x GlutaMAX (1:100)
2 ug/ml Doxycycline (1:1000)
100 ng/ml Human IL-34 (1:1000)
10 ng/ml Human GM-CSF (1:10.000)
50 ng/ml Human M-CSF (1:2000)
50 ng/ml Human TGFB1 (1:2000)
8 Advanced DMEM/F12 Medium
1x Anti-anti (1:100)
1x GlutaMAX (1:100)
2 pg/ml Doxycycline (1:1000)
100 ng/ml Human IL-34 (1:1000)
10 ng/ml Human GM-CSF (1:10.000)
50 ng/ml Human M-CSF (1:2000)
50 ng/ml Human TGFB1 (1:2000)
50 ng/ml Human CX3CL1 (1:4000)

For the detachment of differentiated microglia, TrypLE Express was used. The required volume
was 4 ml per 10 cm? dish. The culture medium was first aspirated, and cells were gently washed
with PBS. TrypLE was then added to each dish, followed by a 10-minute incubation at 37°C to
allow for enzymatic detachment. After incubation, 5 mL of D-PBS was added to each dish to
neutralize the TrypLE, and the cells were gently detached and collected into a sterile Falcon tube.
The dish was subsequently washed with an additional 5 =10 mL of PBS to ensure maximal cell
recovery, and the wash was also added to the same tube. The collected cell suspension was
centrifuged at 300 x g for 10 minutes, after which the supernatant was aspirated. The resulting
cell pellet was resuspended in D-PBS and cell concentration was determined using an automated
cell counter.

2.5.5 Differentiation of CD14+ Monocytes into Monocyte-Derived
Macrophages (M)

Up to day six post-monocyte isolation, the plates remained in the incubator without media
changes or movement of the plate until processing to prevent detachment due to temperature
drop. Cells were removed and left at room temperature for 20 minutes to one hour to facilitate
lifting. Cells were collected, counted using Countess, and resuspended at 1x10° cells/mL. A re-
quired number of cells was polarized by adding the following factors: For M1 Mg, 100 ng/mL GM-
CSF, 50 ng/mL IFNy, and 20 ng/mL LPS were added. For M2 Mo, two alternative protocols were
used: one with 100 ng/mL M-CSF, 50 ng/mL IL-4, and 50 ng/mL IL-10, and another with 100
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ng/mL M-CSF, 50 ng/mL IL-10, and 100 nM Dexamethasone. After polarization, the cells were
seeded into a fresh 6-well NUNC Up cell well plate at 1x10°. The cells were incubated for 24
hours to complete polarization.

2.6 Staining and FACS sorting

2.6.1 Antibody Panel Development

For the development of flow cytometry panels used for Mg characterization, including MDMs and
iMps, marker selection was based on several decisive criteria. These included coverage of M-
specific markers, global leukocyte markers, tissue-residency-associated markers, as well as
markers linked to pro-resolution and tissue-protective functions. Additionally, markers indicative
of inflammatory responses and tissue infiltration were incorporated. For panels applied to primary
synovial tissue cells and synovial fluid cells, additional markers specific to stromal and structural
cell populations were included. The selection of these markers was informed by published litera-
ture as well as single-cell RNA sequencing (scRNA-seq) data generated within our research team.

Antibody selection was further guided by marker abundance on the cell surface. For highly ex-
pressed markers, dim fluorochromes were assigned, whereas bright fluorochromes were used for
low-abundance markers to optimize signal resolution. To minimize spillovers and maintain a low
complexity index, fluorochrome choices were carefully evaluated. In functional assays, such as
the efferocytosis assay, the 488 nm laser was sparingly used to prevent signal spillover into the
pHrodoGreen channel and ensure accurate readouts. Similarly, for iron uptake assays, channels
surrounding the APC channel were avoided to prevent spillover effects and ensure reliable quan-
tification. Additionally, specific markers for iron metabolism were incorporated. Furthermore, the
panel was designed to allow for flexibility and easy adaptation based on emerging data from
ongoing research within our team.

Antibodies were titrated on MDMs for Me, leucocyte and inflammation markers, FLS and Huvecs
for structural cell markers. The starting point for titrations was titrations made on FACS Aira fusion.

2.6.2 General Staining Protocol

Cells were collected, pelleted by centrifugation, and washed once with FACS staining buffer (au-
toMACS® Rinsing Solution + MACS® BSA Stock Solution). After washing, cells were counted
and resuspended at 100,000 cells per 45 pL of FACS staining buffer, followed by the addition of
5 pL FcX block (BioLegend) to minimize nonspecific binding. The suspension was incubated for
15 minutes at 4°C.

For antibody staining, a 50 yL antibody cocktail was prepared per sample, with an additional 10%
volume to account for pipetting loss. The cocktail contained the required volumes of all antibodies,
10% Brilliant Stain Buffer (BD Biosciences) to stabilize tandem dyes, and FACS staining buffer to
reach the final volume. After blocking, 50 pL of the antibody cocktail was added to each sample,
bringing the final staining volume to 100 pL.

Samples were incubated at the appropriate at 4°C in the dark for 1h. After incubation, samples
were washed 3 x and resuspended in FACS staining buffer + 10% brilliant stain buffer for meas-
urement in SONY ID7000.
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2.6.3 Flow cytometry - Fluorescence Activated Cell Sorting

The following protocol was used to collect, stain, and sort differentiated iM@s after Takata protocol
to isolate a pure Mg (CD45+, CD14+ and CD11b+/ double positive sort) population for later ex-
periments.

Culture media containing floating cells from post-Takata iMg plates were collected into a 15 mL
Falcon tube. To wash the cells, 2 mL of 1X DPBS was added to each well, and the collected
DPBS was combined with the media in the Falcon tube. SF-Diff plus M-CSF was added back to
the plates and they were transferred back to the incubator.

The Falcon tubes containing the floating cells were spun down, and the total number of cells was
determined using the Countess Il cell counter with Trypan Blue staining. Cells were then centri-
fuged at 400 x g for 10 minutes at RT, and the supernatant was removed. The resulting cell pellet
was resuspended in blocking buffer, which is prepared 1:5 FcR blocking reagent: staining buffer.

A total of 1x10° cells were allocated for control samples, with 200,000 cells transferred into five
separate 5 mL Falcon tubes for unstained control, single-stain control for CD45-APC, CD14-PE,
CD11b-PE and single-stain control for viability dye. If necessary, the volume in each tube was
adjusted to 100 uL using cell staining buffer. The remaining cells were transferred to a separate
5 mL Falcon tube for sorting. Cells were stained according to the specified scheme, using appro-
priate antibody volumes per 100 pL of cell staining buffer and 200,000 cells. For the sorting sam-
ple, antibody volumes were adjusted based on the total cell number (Table 2-10).

Table 2-13 Antibody volumes for FACS sorting

CD45-APC CD14-PE CD11b-PE Zombie NIR
Unstained - - - -
Single stained control 1 0.5ul - -
Single stain control 2 - 0.3 ul - -
Single stain control 3 0.3 ul
Single stain control 4 0.1 ul

Multi Stain for Sorting calculated
based on cell number

Following the addition of antibodies, all tubes were incubated at 4°C for 30 minutes. After incuba-
tion, cells were centrifuged at 400 x g for 5 minutes, the supernatant was removed, and the pellet
was resuspended in 3 mL of PBS, followed by another centrifugation at 400 x g for 5 minutes.
This wash step was repeated twice. The control cell pellets were resuspended in 300 uL of cell
staining buffer and transferred to FACS tubes, while sorting sample pellets were resuspended at
5 million cells/ml of cell staining buffer and transferred to FACS tubes through a filter cap for
analysis. Celld were then sorted on FACSAriaTM Fusion (Becton Dickinson). After sorting, col-
lection in 4°C SF-Diff media and confirming the purity of the CD45+ viable CD14+ CD11b+ and
live cell population, the sorted cells were centrifuged and resuspended in SF-Diff + M-CSF. Fi-
nally, the cells were seeded into so-called post-Takata culture in 6-well NUNC Up-cell plates and
incubated for recovery for 4-5 days before reseeding into experimental plates.
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2.7 Induction of Cell Apoptosis and Apoptotic Cell Staining

2.7.1 Drug-induced Apoptosis

JTs were collected into a Falcon tube, spun down at 400 x g for 5mins, RT, and resuspended in
their normal culture media at 1x10° cells/mL. Cells were seeded into a 24 well-plate at 500k cells
per well. JTs were treated at t= 6 hours, t = 4 hours and t = 3 hours with 7.5 yM Camptothecine
at a concentration of 1 um Staurosporine. After treatment incubation, cells were washed 3x with
D-PBS, and spun down at 400 x g for 5 and minced at RT and resuspended in FACS staining
buffer.

2.7.2 UV-radiation of Jurkat T cells

JTs were collected in Falcon tubes and centrifuged at 400 x g for 10 minutes at RT. The pallet
was resuspended in RPMI 1640 Medium, no phenol red to avoid UV-reflection during radiation
and the cell number was determined. Cells were resuspended at 1x10° cells/mL and seeded into
a 6-well plate, 2 mL/well. The plates were then transferred to the Vilber Bio Sun Microprocessor
for radiation with required doses of UV-A and UV-B radiation. Cells were transferred back into the
incubator.

2.7.3 UV-radiation of Human Glioblastoma PBT-04FHTC

For collecting, the media was removed, and the cells were rinsed with PBS, which was then as-
pirated. Accutase (RT) was added to completely cover the cells, and the plate was incubated at
37°C until the cells detached (3 to 5 minutes). Detached cells were collected by adding PBS,
transferred to a centrifuge tube, and spun at 400 x g for 4 minutes. The resulting cell pellet was
resuspended in 1 mL of PBS, and 20 uL of the suspension was used for cell counting. Cells were
then resuspended in PBS and distributed in 6-well plates. The plates were then transferred to
Vilber Bio Sun Microprocessor and treated at the required doses of UV-A and UV-B radiation.
After UV radiation, cells were collected in a Falcon tube, spun down, and resuspended in their
usual culture media.

2.7.4 Apoptotic cell staining with AnxV and 7AAD

Apoptotic cell fractions post-treatment were detected using the eBioscience Annexin V Apoptosis
Detection Kit eFluor 450 was used according to the manufacturer's protocol. Briefly, JTs cells
were collected after UV-radiation of apoptosis-inducing drug treatment, washed once with D-PBS,
and resuspended in 1X Binding Buffer (contained in the KIT) at a density of 1-5 x 108 cells/mL. 5
uL of eFluor 450-conjugated Annexin V was added to 100 pL of the cell suspension, followed by
incubation for 10—15 minutes at room temperature in the dark. After staining, cells were washed
with 1X Binding Buffer, resuspended in 200 uL of 1X Binding Buffer, and, where applicable, 5 pL
of 7-AAD was added to distinguish late apoptotic and necrotic cells. Samples were analyzed by
flow cytometry or multi-spectral flow cytometry within 4 hours, maintaining them at 2-8°C and
protected from light. All buffers contained calcium to ensure proper Annexin V binding, and che-
lating agents such as EDTA were avoided.
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2.7.5 Labelling of apoptotic cells with pHrodoGreen

pHrodo™ Green STP Ester or pHrodo™ Red, Succinimidyl Ester were diluted in DMSO according
to the manufacturer's protocol. Exposure of the dyes to light was avoided at all times. Apoptotic
cells (JTs or glioblastoma cells) were detached if required and collected in a Falcon tube and
spun down at 400G for 10 min, and washed 1x with PBS. Then, apoptotic cells were resuspended
in Jurkat Suspension buffer (D-PBS + 1mM HEPES) at 1 x 108 cells/ mL (adopted from (Clark et
al., 2019). Diluted pHrodo dyes were added at the required concentration and incubated for 45
min at RT in the dark. After incubation, the samples were washed 3x with 10 mL of Jurkat sus-
pension buffer and suspended in Jurkat suspension buffer at required concentrations.

2.8 Discoverer Mo

2.8.1 General Assay Set Up

The developed Discovery Mg platform was used to determine Mg functions, including efferocy-
tosis, phagocytosis, and iron metabolism capacity of M@ derived from several sources. Mg were
seeded into the experimental set-up, a 96-well plate. Attached Mo are then stained with a multi-
marker panel. For functional analysis, those Mg are then either exposed to E. coli bioparticles to
determine their efferocytosis capacity, to apoptotic cells to determine their efferocytosis capacity
or to an iron tracker, to determine their iron metabolism capacity (Figure 2-1).

Mo source Me labelling Functional assay Readout

Nonfunctional Functional
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Figure 2-1 General assay set-up.

2.8.2 Spectral Flow Cytometry-based Efferocytosis Assay
General Considerations

* Phagocytes were pre-labeled with the antibodies against leukocyte and Mg (e.g., CD45,
CD14, CD11b, CD163 for iM@s), enabling differentiation between phagocytes and Jurkat T cells
in cocultures.

« Efferocytosis inhibitors (eg. Cytochalasin D, Chloroquine, Flavopiridol and Bafilomycine) were
re-added at every buffer changing step.

» Experimental plates containing phagocytes were centrifuged before each staining step to
minimize cell loss.

»  All staining steps were performed at 37°C to mimic physiological conditions, as 4°C incubation
would inhibit efferocytosis.
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» Different types of phagocytes can exhibit variable apoptotic cell uptake capacities; time-
course measurements were performed as needed to distinguish time point of maximum apoptotic
cell uptake.

Day 1
Phagocyte Seeding

Phagocytes were detached (if required), collected in a 15 mL or 50 mL Falcon tube, and centri-
fuged. Cells were counted and resuspended at a density of 1x108 cells/mL in the appropriate
culture medium: X-vivo (+ required polarization cytokines, see chapter 2.5.5) for MDMs or SF-Diff
+ M-CSF for iMgs. If no polarization was required cells were directly seeded. If polarized is re-
quired, this was done according to table 2-14 in the falcon tube and then seeded into fetal bovine
serum (FBS)-coated 96-well flat-bottom plates (to allow Mg detachment prior to measurement) at
a density of 0.5 — 1 x 105 cells per well, with 1 x 10° cells.

Table 2-14 Cytokines used for M@ polarizations

Cytokine, Corticosteroid  Polarization Required concentration
IL-10 Anti-inflammatory 50 ng/ml
Dexamethasone Anti-inflammatory 100 nM

TNF Pro-inflammatory 20 ng/mL

IFNy Pro-inflammatory 50 nM

Phagocytes were polarized at a concentration of 1x10”6 cells/mL, then resuspended and seeded
into FBS-coated 96-well plates. Plates were incubated at 37°C with 5% CO, for ~24 hours before
further processing to allow recovery.

Induction of Apoptosis in Jurkat T Cells

Apoptosis was induced 13 hours (with 0.075 J/cm? UV-A and UV-B for JTs) before efferocytosis
assays in accordance with the UV-induced apoptosis-induction protocol (chapter 2.7.2). Alterna-
tively, apoptosis can be induced with 1 uM Staurosporine 3h before the efferocytosis assay Chap-
ter 2.7.1).

Day 2

Treatment with phagocytosis/efferocytosis Inhibitors/Facilitators

If applicable, inhibitors or facilitators of phagocytosis/efferocytosis were added to required wells
containing efferocytic cells before JT feeding. The following inhibitor/facilitator concentrations
were used:

Table 2-15 Small molecules used for efferocytosis perturbation/ promotion studies

Compound Mechanism Concentration Treatment pre-
Jurkat addition

Cytochalasin D Atkin polymerization inhibitor 10 uM 1h

Bafilomycine A1 specific inhibitor of the vacuolar-type H*-ATPase 100 nM 1h
(organelle acidification inhibitor)

Chloroquine prevents acidification of the phagolysosome 100 nM 3h
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Apoptotic superna- Expose phagocytes to released find-me signal re-  15% 3h
tant leased during apoptosis
Gas6 Bridging molecule between phagocytes and apop- 10 uM 24h

totic cells (TAMs)

Protein S Bridging molecule between phagocytes and apop- 5 uM 1h
totic cells (TAMs)

Pre-labelling of phagocyted
Antibody Cocktail Preparation

For each experimental condition, 50 pL of antibody staining cocktail was prepared, consisting of
the required antibody volumes, 10% BD Horizon Brilliant Stain Buffer (if using Brilliant Violet (BV)
antibodies, to improve violet signal), and topped up with FACS staining buffer to a total volume of
50 pL. Cocktails were stored on ice in the dark. Viability (Zombie NIR) dye was added to the
cocktail just before staining in a concentration of 1:2000 of total cocktail volume.

Blocking and Staining Procedure

»  FBS-coated plates containing cultured phagocytes were centrifuged at 300 x g for 5 minutes,
RT.

+ Cells were then washed once with 100ul FACS staining buffer, and blocked with 5 uL FcXin
45 uL FACS buffer per well for 10 minutes at 37°C.

» The blocking solution was removed, and the antibody cocktail was added to the appropriate
wells (50 pL per well). 50 pL of FACS staining buffer was added to control wells to have unstained
controls for flow cytometry measurements.

» If inhibitors were used, they were re-added to according wells.
» Cells were incubated for 1 hour at 37°C in the dark (5% CO,).
Note: Inhibitors/ facilitators were re-added, if required.

Labelling of apoptotic Jurkat T cells with pHrodoGreen

During phagocyte pre-labelling with antibodies, JT were collected, centrifuged at 400g for 10
minutes at RT, counted, and resuspended at 1x10° cells/mL in Jurkat suspension buffer (D-PBS
+ 1 mM HEPES). Cells were stained with 5 uM pHrodoGreen (prepared from 10 yM pHrodoGreen
in DMSO) for 45 minutes at room temperature in the dark.

Efferocytosis Assay

After 1 h of antibody incubation on phagocytic cells, 96 well-plates containing stained phagocytes
were spun down and washed 2x with 100uL FACS staining buffer. After the second wash, 100 uL
of Jurkat suspension buffer was added to each well.

Note: Efferocytosis/phagocytosis inhibitors/ facilitators were re-added into the required wells.
Jurkat Feeding

»  Wash pHrodoGreen stained apoptotic JTs 3x with 10ml Jurkat suspension buffer (centrifuga-
tion after each washing step at 400 x g for 10 minutes, RT)

» 50 L of Jurkat cell suspension containing the appropriate cell number (1:5 Me: JT ratio) was
added to the required wells; control wells received 50 uL of Jurkat suspension buffer.
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» 96-well plates containing now stained phagocytes + pHrodoGreen labelled JTs were gently
swirled for even distribution.

+ Plates were centrifuged at 400g for 1 minute to bring JTs into contact with efferocytic cells
and incubated at 37°C, 5% CO, until measurement.

»  For selected experiments, unengulfed JTs were removed after 30 minutes using a P200 pi-
pette, and fresh Jurkat suspension buffer was added.

» Cells were incubated for a total efferocytosis period of 120-300 minutes until measurement
on the multi-spectral flow cytometer SONY ID7000.

Note: Efferocytosis/ phagocytosis inhibitors/ facilitators were re-added, if required.

Multi-Spectral Flow Cytometry Analysis

Cells were resuspended with a multichannel p200 pipette. Phagocyte detachment was validated
under the microscope. Analysis was performed using a SONY ID7000 multi-spectral flow cytom-
eter. Plates were not cooled before or during measurement to maintain phagocytosis and ef-
ferocytosis functionality. Additional measurements were performed at 240 and 300 minutes post-
apoptotic JTs addition for efferocytic cells requiring extended engulfment times.

2.8.3 Spectral Flow Cytometry Phagocytosis Assay

This assay may also be employed as a readout for phagocytosis. In this context, pHrodoGreen-
labeled Escherichia coli particles are utilized as phagocytic targets in place of apoptotic JTs. All
subsequent steps in the protocol, including washing procedures, staining, and flow cytometric

analysis, remain unchanged.

2.8.4 Iron Metabolism Analysis

This assay setup can also be utilized to determine iron metabolism. By following the manufactur-
er's protocol for BioTracker Far-red Labile Fe2+ Dye, Sigma Aldrich, researchers can assess iron
uptake and processing within cells. The workflow remains largely the same, with modifications
tailored to incorporate iron-sensitive staining and analysis methods. In short, seeded Mo, stained
with an adjusted panel for iron metabolism assay, including antibodies against iron importers and
the exporter ferroportin. To assess intracellular Fe* accumulation, cells were pretreated with 100
MM ferrous ammonium sulfate (FAS) in serum-free DMEM for 30 minutes before dye staining.
The FAS solution was freshly prepared immediately before use. Measurement was done the
same way as in efferocytosis and phagocytosis assay.

2.9 Assay validation using Confocal microscopy

2.9.1 Sample Preparation for Confocal Microscopy

Post Takata iMgs were seeded in density between 0.5-1 x10° per well into p-Slide 8 Well polymer
cover slip in SF-Diff + M-CSF, prior to the experiment. For negative efferocytosis/phagocytosis
controls, wells were treated with 10 uM Cytochalasin D 1h pre-experiment and incubated at 37°C.
After incubation, samples were stained with CellMask™ Plasma Membrane Stains orange, in a
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1:1000 dilution, and Hoechst 33342, Trihydrochloride 1:500, were added and incubated for 10
min. After incubation, slides were washed 2x, and Jurkat suspension buffer was added.

For Phagocytosis assay: pHrodo™ Green E. coli Bioparticles™ Konjugat for Phagocytosis were
diluted according to the manufacturer's protocol and added in a 1:10, iM@s: beads ratio. After 30
minutes of incubation at 37°C, images were acquired at intervals of 15 minutes.

For efferocytosis assay: apoptotic JTs (radiated with 0.075J/cm? and 13 hours post radiation in-
cubation) were labelled with 5 yM pHrodoGreen were added at a ratio of 1:5 iM@s:pHrodoGreen
Jurkat T-cells were added, and incubated for 30 min.

2.9.2 Confocal Microscopy

Images were taken on a Leica DMi8 Spinning Disk microscope with the confocal scanner CSU-
X1. At ZMBH Heidelberg. Lasers: Laser: 405 nm - diode laser, 488 nm - 50 mW diode laser, 561
nm - 50 mW diode laser, 640 nm - Diode laser. We used the HC PL FLUOTAR 25x/0.8 IMM
CORR objective and the Hamamatsu Orca Flash 4.0 LT (C11440-42U) camera. Pictures were
acquired in 20 z-stacks at 1 um distance. Confocal microscopy was performed in cooperation with
Tomasz Stadler (BioMedX Institute) and Dr. Holger Lorent (ZMBH Heidelberg).

2.10 Cite-Sequencing

2.10.1 Sorting Strategy of Synovial Cells

Prior to CITE-sequencing, total synovial cells were isolated from joint biopsy samples collected in
Lisbon, Portugal, using the optimized protocol described by Edalat et al. Cell sorting was per-
formed by Janine Liickgen and Maria Del Pilar Palacios, with decisions regarding sorting based
on post-isolation cell counts. Specifically, samples with low cell numbers were processed directly
for scRNA-seq and CITE-seq without prior sorting. Various sorting strategies were employed and
iteratively refined throughout the project based on experimental findings. The decision-making
process and applied sorting strategies are illustrated in Figure 2-2.



2 Materials and Methods 48

[ Synovial cell isolation J

Yield
Yes 1. Sorting? No
[Sorted M@ and structural cells ] [ Unsorted total synovial cells ]
Myeloid cell composition Yield
3. Sorting strategy? |
l 2. ADT seq?
No Yes
[CD45neg structural cells ] SCRNA-seq scRNA-seq
+ ADT-seq
[ CD45+CD11b+CD64+ ] CD45+CD11B
. CD45+CD116+CD14+ With CD14 & CD64 ADTs

+ N=1 paired library + CD45+CD11B+CD64+ & CD45+CD11B+CD64-

* N=1 paired library
l | )

M@ - structural cell pooling

Figure 2-2 Decision tree, sorting strategy, and downstream analysis of synovial cells isolated from joint biopsies. Fol-
lowing total synovial cell isolation, the decision to proceed with fluorescence-activated cell sorting (FACS) was based on
total cell yield. Samples with insufficient cell numbers were processed directly for single-cell RNA sequencing (scRNA-
seq), and, when feasible, also included antibody-derived tag (ADT) profiling for CITE-sequencing. For samples with suf-
ficient yield, initial sorting strategies were guided by the myeloid cell composition. In samples with low frequencies of
CD45* cells, only CD45" cells were isolated. In samples enriched for CD45* cells, further selection was performed for
macrophage populations using markers such as CD11b and CD64. As the project progressed, the sorting strategy was
refined to isolate CD45"CD11b* cells. Sorted populations were subsequently subjected to CITE-sequencing, including
both transcriptomic (scRNA-seq) and protein (ADT) profiling.

2.11 Single-cell and Cell Surface Protein Library Preparation

Single-cell suspensions were processed using the Chromium Next GEM Single Cell 3' v3.1 with
Cell Surface Protein (CSP) protocol, following the manufacturer’s instructions (10x Genomics,
CG000317 Rev C, 2021). Briefly, cells were labeled with barcoded antibodies targeting surface
proteins, then encapsulated into Gel Bead-in-Emulsions (GEMs) using the Chromium Controller.
Inside each GEM, cells were lysed, and reverse transcription occurred, capturing both mRNA and
CSP tags. After GEMs were broken, cDNA was purified and amplified. Separate libraries were
constructed for gene expression and CSP tags, which were quantified, pooled, and sequenced.
This was performed by Janine Lickgen.

2.12 Data Analysis and Statistics

2.12.1 Analysis of Multispectral Flow Cytometry Data using Sony ID7000
Software

| used Sony ID7000™ software (Version 2.0.2) for sample unmixing, autofluorescence compen-
sation and preliminary data analysis.
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To accurately separate overlapping fluorescence signals, we employed spectral unmixing using
the Sony ID7000 Spectral Cell Analyzer software (Version 2.0.2). This process involved recording
the full emission spectra of each fluorochrome and computationally distinguishing their contribu-
tions to the detected signals.

First, Reference spectra were generated from singly antibody-labelled control samples using U
ltracomp eBeads™ Kompensations-Beads (Invitrogen 01-2222-42), ensuring that each fluoro-
phore’s emission profile was accurately captured. These spectral profiles were then used to de-
convolute the mixed signals in experimental samples. The unmixing algorithm assigned the ap-
propriate contribution of each fluorophore to the overall detected fluorescence, correcting for
spectral overlap and minimizing signal spillover.

Additionally, autofluorescence was accounted for by including unstained cell controls, allowing
the software to subtract autofluorescence signals from the final unmixed data. This approach
ensured a precise quantification of fluorescence intensities, leading to improved resolution and
more reliable interpretation of multi-parameter flow cytometry data.

To correct for autofluorescence, we utilized the Autofluorescence Finder tool in the Sony ID7000
Spectral Cell Analyzer software. This tool enabled the detection and subtraction of autofluores-
cence, minimizing its impact on fluorescence signal quantification. Initially, unstained control sam-
ples were analyzed to identify inherent autofluorescence signals. Using virtual filters across mul-
tiple wavelengths, particularly in the ultraviolet and violet ranges where autofluorescence is more
pronounced, distinct autofluorescent populations were identified. These populations were then
gated, and their spectral signatures were recorded to serve as reference spectra. During spectral
unmixing, these reference spectra were incorporated to computationally separate autofluores-
cence from fluorochrome-specific signals. This method allowed for a more accurate representa-
tion of true fluorescence, improving signal resolution and data reliability. By implementing this
adjustment, autofluorescence interference was minimized, ensuring precise quantification of flu-
orescence signals from labeled markers.

2.12.2 Unsupervised Analysis of Multi-Spectral Flow Cytometry Data

After unmixing and autofluorescence adjustment in the SONY ID7000 software, flow cytometry
data was further processed using CellEngine (Primity Bio). Unsupervised analysis was performed
to identify population distributions and fluorescence intensity patterns. Compensation, transfor-
mation, and quality control were conducted within CellEngine using default or user-defined pa-
rameters.

To explore cellular heterogeneity, Uniform Manifold Approximation and Projection (UMAP) was
applied for dimensionality reduction, allowing visualization of distinct cell populations based on
marker expression. Hierarchical clustering and heatmaps were generated to assess relationships
between populations and their marker co-expression profiles. Mean fluorescence intensity (MFI)
values were computed for key markers, and comparisons were performed to evaluate expression
differences across conditions.

2.12.3 Image Processing and Deconvolution

Raw fluorescence microscopy images were processed using Huygens Professional software (ver-
sion 24-10), Scientific Volume Imaging, Hilversum, Netherlands) for deconvolution. The images
were corrected for background noise and deconvolved using the Classic Maximum Likelihood
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Estimation (CMLE) algorithm with a signal-to-noise ratio (SNR) set according to image acquisition
conditions. To ensure consistency, identical deconvolution settings were applied across all im-
ages within the same experimental condition. Processed images were further analyzed using Im-
ageJ/Fiji.

2.12.4 Analysis of CITE-seq Data

CITE sequencing data was analyzed by our external bioinformatician Helena Crowell using R. In
short, Gene expression (GEX) and antibody capture (CSP) data were read and imported. The
GEX data were formatted into a SingleCellExperiment object, with CSP data included as an al-
ternative experiment (altExp). Low-quality cells were filtered based on quality control metrics.
Feature selection and Leiden clustering were performed using a shared nearest neighbor (SNN)
graph. Potential doublets were identified and removed using scFbIFinder. Selected features were
used for batch correction via Harmony integration. Dimensionality reduction was performed using
UMAP, followed by SNN graph-based Leiden clustering. Cluster abundances, dimensionality re-
duction embeddings, and differentially expressed genes were visualized. Cells were stratified into
stromal, myeloid, and other immune cell types for more targeted analysis. Each group was repro-
cessed and visualized using the same procedures as above. Clusters were annotated, and both
GEX and CSP data were visualized by cluster, patient, condition, and sorting strategy.

2.12.5 Statistical Analysis

All statistical analyses outside Cell Engine were performed using GraphPad Prism (version 10,
GraphPad Software, San Diego, CA, USA). Descriptive statistics were used to summarize the
data, and results are presented as mean + standard deviation (SD) or mean * standard error of
the mean (SEM), as appropriate. Normality was assessed using the Shapiro-Wilk test. Compari-
sons between two groups were conducted using an unpaired two-tailed t-test. For comparisons
involving multiple groups, one-way or two-way analysis of variance (ANOVA) was performed. The
significance level of p < 0.05 was considered statistically significant.
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3. Results

3.1 Discoverer M Enables the Analysis of M@ Phenotypes
and Functions Across Different Tissues, Pathologies, and
Perturbations

To enable the systematic analysis of Mg phenotypes and functions across diverse tissues, patho-
logical contexts, and experimental perturbations, | developed the Discoverer Mg Assay. This me-
dium-throughput platform enables temporal profiling of Mg functional states through data acqui-
sition at defined time points. The assay is partially automated, featuring automated data collec-
tion, and is designed for scalability. Its versatility lies in its compatibility with a broad range of Mg
subtypes derived from multiple sources, and the modularity of its phenotyping panels, which can
be readily tailored to specific experimental objectives. Moreover, the assay supports the assess-
ment of multiple key Mo functions, including efferocytosis, phagocytosis, and iron metabolism,
and permits dynamic tracking of functional changes in response to perturbations.
Beyond assessing Mg surface marker-linked phenotypes, the Discoverer Mg Assay enables the
development, optimization, and fine-tuning of functional and phenotypic readouts for perturbation
studies using tool compounds or genetic perturbations, such as functional CRISPR screens.

A key strength of the assay lies in its capacity to simultaneously resolve immunophenotypic and
functional characteristics of target cells (e.g, M) at the single-cell level, yielding multiparametric
data per cell. While originally developed for M, the assay is adaptable to other cell types due to
its low complexity fluorochrome panels. These panels are designed within a green-red fluores-
cence window, allowing broad compatibility with commonly used fluorescent reporters and
readouts. This design enables flexible antibody selection and functional assays across diverse
cell types, enhancing the assay’s utility in multi-omics workflows and broader immunological stud-
ies.

3.1.1 Discoverer M@ — Design

In the first step, | developed and optimized a prototype Discoverer Mg assay focusing on the
phagocytosis and efferocytosis M@ readouts. The Discoverer Mg assay started with M@ seeding
in a 96-well plate under different experimental conditions. Next, Mg were prelabeled with a 25 to
30 antibody panel against general Mg markers (CD68, CD11b, CD14, CD64), markers indicative
of trMo (FOLR2, TREMZ2, TIMD4, CD163, CD206), markers indicative of tiMgp (CCR2), inflamma-
tion linked markers (CD48, CD86, CD80, CD274), efferocytosis receptors (MERTK) and the
global leukocyte marker CD45 enabling detailed immunophenotyping. Different tool molecules
were added during defined assay steps in accordance with the experimental design.

Subsequently, pHrodo™ Green-labeled E. coli bioparticles (for phagocytosis assays) or pHrodo™
Green-prelabeled apoptotic cells (for efferocytosis assays) were incubated with antibody-prela-
beled Mg. pHrodo™ Green is a pH-sensitive fluorophore that exhibits increased fluorescence
intensity in acidic environments. Upon internalization of the bioparticles or apoptotic cells from the
extracellular milieu (pH ~7.2) into Mg, phagosomes are formed, which subsequently fuse with
lysosomes to create phagolysosomes. Within these compartments, the pH decreases to approx-
imately 5.0 and can reach as low as 4.5 during degradation processes (Westman & Grinstein,
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2021), thereby enhancing the fluorescence of pHrodo™ Green (Lindner et al., 2020). This fluo-
rescence increase serves as a quantitative readout for particle internalization and progression
into the acidic intracellular compartment (Figure 3-1).

By combining targeted and carefully selected antibody labeling with pHrodo-based functional as-
sessment, Discoverer Mg enables concurrent phenotypic and functional profiling of phagocytic
cells in a single experiment, using the multispectral flow cytometer SONY 1D7000.
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Figure 3-1 Assay principle. Created with BioRender, SONY ID7000 panel design tool.

Initially, | explored high-content imaging using the Incucyte platform to quantify efferocytosis, mo-
tivated by its ability to provide kinetic, spatially resolved readouts in live-cell assays (Clark et al.,
2019). This approach utilized pHrodo™ Red-labeled apoptotic JTs, which was titrated (Appendix
A-a) as targets for engulfment by M. However, under our experimental conditions, the assay
failed to generate a robust or interpretable signal. Specifically, pHrodo™ Red fluorescence meas-
ured in wells containing both Mg and labeled apoptotic cells was comparable to control wells
containing only pHrodoRed-labeled JTs. These observations suggested a lack of discrimination
between engulfed and non-engulfed cells, raising concerns about assay sensitivity and specificity.

Nevertheless, | acknowledge that this result does not definitively reflect a limitation of the Incucyte
platform itself. It remains plausible that efferocytosis did not occur to a detectable extent under
these conditions, and that the low signal was a true biological outcome rather than a technical
failure. Contributing factors may include suboptimal Mg activation (in this case, M2-like Mg po-
larized from MDMSs) or inadequate apoptotic cell to phagocytic cell ratios. At the time, we did not
perform complementary imaging (e.g., confocal microscopy) to confirm whether engulfment had
taken place. Thus, we cannot entirely exclude the possibility that the assay underperformed due
to ineffective efferocytosis rather than inadequate detection.

A critical technical challenge was the inability to efficiently remove non-internalized JTs after co-
culture. Since pHrodo™ Red fluorescence is pH-dependent, residual apoptotic JTs adhering to
Mo or present in the medium could contribute to a background signal. As shown in our HCI-
treated control (Appendix A-b), Jurkat cells exposed to acidic pH exhibited strong fluorescence,
further supporting the idea that extracellular acidification or residual unengulfed targets may mask
specific signals from internalized apoptotic cells (Appendix A-c,d).

A key limitation of this approach was the lack of phenotypic resolution, as the Incucyte system
used in our experiments was equipped with only two lasers and corresponding detection chan-
nels, restricting analysis to the functional readout and a single M¢ surface marker. Given these
limitations, both experimental and interpretational, it was concluded that the Incucyte platform
was not suitable for reliably quantifying efferocytosis under our assay conditions and needs. The
inability to confidently distinguish between internalized and non-internalized apoptotic cells, cou-
pled with the lack of phenotypic information on Mg, led us to discontinue this approach.



3 Results 53

| subsequently transitioned to multispectral flow cytometry (SONY ID7000), which offered signifi-
cantly higher sensitivity, robust internalization readouts via pHrodo™ Green fluorescence, and
the added advantage of simultaneous high-dimensional phenotyping of phagocytic cells. The flow
cytometry platform ultimately enabled a reliable and multiplexed characterization of efferocytic
capacity, overcoming several limitations encountered in the initial imaging-based approach.

The multi-spectral flow cytometry approach was initially developed and optimized to evaluate both
phagocytic and efferocytic capacities of M. The procedure begins with seeding Mg into a 96-
well plate, followed by staining with a high-parameter panel comprising 25-30 markers for com-
prehensive M@ characterization. After staining and washing steps, chemical inhibitors, if applica-
ble, are added, followed by an additional incubation period prior to functional analysis.

3.1.2 Design and Optimization of a Multi-Parameter Assay for
Investigating M¢ Function and Efferocytic Pathways

To develop a versatile assay applicable across diverse experimental goals, including human tis-
sue Mg characterization, drug and CRISPR perturbation studies, and functional readout devel-
opment, | systematically evaluated and optimized multiple assay parameters. A central objective
in the assay design was to enable mechanistic insights into Me function, particularly in the context
of phagocytosis and efferocytosis. The design of the assay was thus designed to closely track the
sequential mechanistic steps of phagocytosis and efferocytosis under physiologically relevant
conditions as close as possible.

For the efferocytosis assay, specific focus was placed on optimizing the ‘find-me’ and ‘eat-me’
signals presented by apoptotic cells. This included fine-tuning the extent of PS exposure on the
surface of JTs by selecting an appropriate cell death inducer. In parallel, | assessed the expres-
sion of Mg surface proteins and receptors known to interact with apoptotic cell ligands to confirm
their potential involvement in efferocytic uptake. Particularly, the expressions of MERTK, CD163,
TIMD4, TREM2, FOLR2 and CD206 (Mehrotra & Ravichandran, 2022; Moon et al., 2020) were
tested based on published literature.

Several additional experimental variables were optimized, including the composition and concen-
tration of the antibody panel used for M@ phenotyping, labeling conditions for Mg, and incubation
times for apoptotic cell uptake and subsequent degradation. Furthermore, a panel of pharmaco-
logical inhibitors was tested to evaluate their ability to modulate efferocytosis, allowing for func-
tional perturbation of the pathway. An overview of the key optimization steps and assay parame-
ters is provided in Figure 3-2.

Optimize M¢ efferocytosis capacity

3.1.7 Selection of optimization M¢ platform Noneater  Eater
3.1.8 -10 Surface efferocytosis receptors.
3.1.12-13 Eating/digestion time. ‘

3.1.12 Inhibitors/ perturbations

pHrodo fluorescence T

iMa(O/ e—’ ) =

Optimize find me & eat me signals pHrodo fluorescence
3.1.3 Selcetion of cell apoptotic model Optimized efferocytosis readout
3.1.4/5 Apoptotic induction & PtSer exposure 3.1.6 pHrodo labeling and eaters vs.

pHrodo labelled

apoptotic cell non-eaters discriminated

Figure 3-2 Required assay optimization steps. Bold numbers indicate chapters. Created with BioRender.
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3.1.3 Selection of Apoptotic Target Cell Model

Jurkat T cells (JTs) (ATCC TIB-152), a human T lymphocyte-derived cell line, were selected as
the apoptotic cell model for the efferocytosis assay due to their extensive use in efferocytosis
research, which facilitates direct comparison with previously published studies (Elliott & Ravi-
chandran, 2010). JTs are considered a gold standard in in vitro efferocytosis assays because
they exhibit a well-characterized and reproducible apoptotic phenotype, are readily accessible,
and are easily manipulated in culture. While other cell lines, such as PBMCs, can also undergo
apoptosis and be engulfed by phagocytes, they are more variable in cell composition and culture
and less frequently used in efferocytosis models, which would limit the comparability and repro-
ducibility of the assay. JTs have been shown to be efficiently engulfed by various phagocytic cell
types, including Mo, reinforcing their utility in studying apoptotic cell clearance in vitro (Kraynak
et al., 2022;Ballerie et al., 2019).

3.1.4 Drug-Induced Apoptosis Induction: Staurosporine Identified as
Optimal Candidate

The gold standard for inducing apoptosis in JTs for efferocytosis assays involves the use of apop-
tosis-inducing agents such as staurosporine or camptothecin (Sanchez-Alcar et al., 2000; Ullal &
Pisetsky, 2010). Staurosporine induces apoptosis by broadly inhibiting protein kinases, leading
to mitochondrial dysfunction, cytochrome c release, caspase activation, ROS generation, and
downregulation of anti-apoptotic proteins, ultimately triggering programmed cell death (Ullal &
Pisetsky, 2010). Camptothecin induces apoptosis in JTs by inhibiting DNA topoisomerase |, lead-
ing to DNA damage and activation of the intrinsic apoptotic pathway. This process involves mito-
chondrial cytochrome c¢ release and caspase activation, resulting in programmed cell death
(Sanchez-Alcar et al., 2000)

To minimize potential pro-inflammatory effects caused by necrotic cells on phagocytes, my ob-
jective was to enrich JTs in the early stages of apoptosis. Specifically, | aimed to achieve a high
proportion of early apoptotic cells relative to necrotic cells. Early apoptotic cells are characterized
by maximal externalization of PS on the outer leaflet of the plasma membrane. Additionally, PS
serves as a key ligand for efferocytic receptors on phagocytes. Its externalization on the surface
of apoptotic cells functions as an "eat-me" signal, facilitating recognition and subsequent engulf-
ment by phagocytes through receptor-mediated pathways (Ravichandran & Lorenz, 2007).

To determine the optimal inducer and incubation time, | employed Annexin V (AnxV) staining,
which detects PS exposure, in combination with 7-Aminoactinomycin D (7AAD), a DNA interca-
lating dye that penetrates cells with compromised membranes. This allowed discrimination of
distinct cell populations via flow cytometry using a FACS Aria Fusion system. Early apoptotic cells
were identified as AnxVP°® and 7AAD"9, indicating high PS exposure with intact membrane integ-
rity. Late apoptotic cells were double-positive for both AnxV and 7AAD but displayed reduced
AnxV signal, consistent with compromised membranes and diminishing PS externalization. Ne-
crotic cells were identified as AnxV-negative and 7AAD-positive, while viable cells were negative
for both markers (Gating strategy presented in Figure 3-3a).

Treatment with 1 uM staurosporine for 4 hours resulted in a significantly higher proportion of
AnxV*/7-AAD~ early apoptotic JTs proportion (62.5%) as compared to 4-hour treatment with 7.5
MM camptothecin (43.03 % early apoptotic cells). However, 7.5 yM camptothecin treatment led to
a notable increase in the early apoptotic cell fraction, when incubated for 6 hours, (58%) which
was comparable to that observed with 4-hour treatment of cells with 1 uM staurosporine (Figure
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3-3b). PS surface exposure as determined by the AnxV mean fluorescence intensity (MFI), was
significantly greater in 4h staurosporine treated JTs compared to 6h camptothecin-treated JTs
(1474.33 a.u. versus 463.67 a.u., p=0.0001, Figure 3-3c).

Based on these findings, staurosporine was identified as the most suitable apoptosis-inducing
agent for our experimental requirements, as it elicited the highest proportion of AnxV*/7AAD" early
apoptotic cells in the 4 hour condition, induces the highest phosphatidyl serine exposure on JTs
surfaces and demonstrated a more rapid induction of apoptosis, particularly evident at the 4h
treatment time point, accelerating experimental workflows.

After identifying staurosporine as the optimal apoptosis-inducing agent, the experimental condi-
tions for staurosporine-induced apoptosis in JTs were further optimized, with particular focus on
the duration of exposure. As shown in Figure 3-3d, among tested treatment times (3 hours, 4
hours and 6 hours), treatment with 1 uM staurosporine for 3 hours resulted in the highest propor-
tion of Annexin V*/7-AAD™ early apoptotic cells (58.48%), accompanied by a relatively low per-
centage of Annexin V*/7-AAD" late apoptotic (16.3%) and Annexin V7/7-AAD* necrotic cells
(3.5%). When analyzing Annexin V MFI, a proxy for PS surface exposure, 4-hour staurosporine
treatment yielded the highest PS exposure (488.3 a.u.), compared to 359 a.u. observed at 3 hours
(Figure 3-3e).

Consequently, a 3-hour treatment with 1 uM staurosporine was selected as the optimal condition
for inducing apoptosis in JTs for downstream applications, such as Mg efferocytosis assays. This
condition maximized the yield of early apoptotic cells while maintaining relatively high PS expo-
sure, only slightly lower than that observed at 4 hours.
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Figure 3-3 Drug-induced apoptosis induction. a) Gating strategy used in Annexin V/7-AAD apoptosis assay to identify
cell populations: live cells (Annexin V=/7-AAD"), early apoptotic cells (Annexin V*/7-AAD"), late apoptotic cells (Annexin
V*/7-AAD"), and necrotic cells (Annexin V7/7-AAD*). BV421 = Annexin V staining, PE Cy-5.5 = 7AAD signal. b) Percent-
age of live, early apoptotic, late apoptotic, and necrotic Jurkat T cells after treatment with apoptosis-inducing drugs: Stau-
rosporine (1 uM, 4 h), and Camptothecin (7.5 uM, 4 h and 6 h). One-way Anova, n=3. c) Direct comparison of apoptotic
response between Staurosporine (1 uM, 4 h) and Camptothecin (7.5 uM, 6 h). d) Titration of Staurosporine (1 uM) treat-
ment for 3h, 4h, and 6h, showing the highest phosphatidylserine exposure at 3 h. Data are presented as mean + SEM of
n = 3). Statistical analysis was performed using one-way ANOVA. e) Annexin V exposure upon 1 yM staurosporin expo-
sure for 3h, 4h, and 6h. Data shown as MFI + SEM. BV421 Brilliant Violet 421; PE-Cy5.5 Phycoerythrin-Cyanine5.5,
Stauro Staurosporine, Campto camptothecin, MFI mean fluorescence intensity

3.1.5 UV-radiation Efficiently Induced Apoptosis in Jurkat T cells

| established a UV-induced apoptosis assay to generate drug-free apoptotic cell supernatants, as
drug-based apoptosis models are unsuitable for studying Mg responses due to potential interfer-
ence from residual drugs. First, | optimized the apoptosis-inducing conditions including UV radia-
tion dose, exposure duration, and post-exposure incubation time to achieve consistent and repro-
ducible induction of early apoptosis. These conditions led to a high percentage of early apoptotic
cells characterized by PS exposure on the cell surface. UV radiation induces apoptosis through
mechanisms such as DNA damage, oxidative stress, and activation of death receptor pathways,
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culminating in caspase activation and cell death (Nakvasina et al., 2023). The resulting superna-
tants contain a diverse array of "find-me" signals that attract and potentially prime Mg, allowing
for a physiologically relevant model of apoptotic cell communication. Moreover, UV-induced PS
exposure has been proposed as a potential therapeutic strategy in skin cancer (Shurin et al.,
2009).

To achieve the highest possible PS exposure on the cell surface and the greatest proportion of
early apoptotic cells, characterized by Annexin V-positive and 7-AAD-negative staining, | tested
a range of UV radiation doses, from 0.025 J/cm? to 0.2 J/cm?, using both UV-A and UV-B wave-
lengths and harvesting and assessing AnxV and 7AAD signal after different time points (10h, 13h
and 16h post radiation).

These experiments demonstrated that a dose of 0.075 J/cm? of combined UV-A/UV-B radiation,
followed by a 13-hour post-exposure incubation period, resulted in the highest surface exposure
of PS (AnxV signal) on JTs. This condition yielded the greatest MFI of Annexin V binding (MFI
AnxV = 2261 a.u., Figure 3-4a) and the highest proportion of early apoptotic cells (53,3%), defined
as Annexin V-positive and 7-AAD-negative, compared to late apoptotic (2.45%) or necrotic pop-
ulations (19,57%) (Figure 3-4b). This optimized UV-induced apoptosis condition was then bench-
marked against staurosporine-induced apoptosis, a commonly used gold standard. UV radiation
induced an even higher level of PS exposure as measured by AnxV binding signal (0.075 J/cm?
UV: 22261 vs. 1984 in staurosporine condition; Figure 3-4b). Notably, the fraction of early apop-
totic cells under UV treatment was even higher than that observed with staurosporine, with a
lower proportion of late apoptotic and necrotic cells, suggesting a more favorable apoptotic profile
for downstream applications (53,3% vs. 38.34%, Figure 3-4d).

Based on these results, UV-induced apoptosis induction with a dose of 0.075 J/cm? was per-
formed in the following efferocytic experiments.
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Figure 3-4 Optimizing UV-induced apoptosis of Jurkat T cells. Annexin V/7-AAD apoptosis assay. a) Mean fluorescence
intensity (MFI) of Annexin V binding on Jurkat T cells exposed to varying doses of UV radiation (x-axis). Following UV
exposure, cells were incubated for 10—16 hours prior to analysis. Unstained cells and staurosporine-treated cells served
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as negative and positive controls, respectively. n = 3. b) Distribution of apoptotic populations (live, early apoptotic, late
apoptotic/necrotic) across UV radiation doses at 13 hours post-exposure. ¢) Representative dot plots comparing untreated
control cells and cells treated with 0.075 J/cm? UV radiation. d) Comparison of UV-induced (0.075 J/cm?) and staurospor-
ine-induced apoptosis in Jurkat T cells. Proportions of live, early apoptotic, late apoptotic, and necrotic cells are shown as
percentages of total cells. n = 3. Analysis done with CellEngine.

3.1.6 Titration of pHrodoGreen Dye to Track Apoptotic Cell Acidification

To monitor apoptotic corpse engulfment by phagocytes, | employed pHrodoGreen staining of
apoptotic cells, a pH-sensitive dye that increases in fluorescence as pH decreases. This dye was
selected over pHrodoRed due to compatibility with our existing staining panel, which contains
multiple red-emitting fluorophores. Using pHrodoRed would have resulted in excessive spectral
overlap. Additionally, according to the manufacturer (Thermo Fisher Scientific), pHrodoGreen has
a narrower emission peak compared to pHrodoRed, reducing spillover into adjacent detection
channels.

The goal of this experiment was to determine an optimal concentration of pHrodoGreen for label-
ing apoptotic JTs, enabling reliable tracking of pH changes associated with their uptake and in-
ternalization into the acidic phagolysosome (pH ~4.5-5) from the extracellular environment (pH
~7.2). | tested a titration range from 100 nM to 10 uM pHrodoGreen. JTs were labeled with each
concentration and subjected to pH adjustment. The resulting fluorescent signal was measured by
multi-spectral flow cytometry.

Titration results (Figure 3-5a) showed that concentrations between 1 yM and 10 yM yielded opti-
mal separation between labeled and unlabeled JTs. At these concentrations, pHrodoGreen fluo-
rescence was sufficiently bright to distinguish labeled apoptotic cells from background and anti-
body-derived signals used to phenotype the phagocytes. Importantly, the signal remained sensi-
tive to subtle variations in uptake efficiency. From this range, 5 yM pHrodoGreen was identified
as the optimal concentration for labeling JTs in a separate experiment. This concentration pro-
vided a robust signal for detecting apoptotic cell uptake and confirmed their subsequent acidifica-
tion upon internalization into the phagolysosome (Figure 3-5b). 5 uM pHrodoGreen labelled JTs
were used for following efferocytosis experiments.
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Figure 3-5 pHrodoGreen titration on apoptotic Jurkat T cells. a) pHrodoGreen fluorescence intensity upon staining with
pHrodoGreen dye concentrations pf 100nM, 200nM, 400nM, 600nM, 800nM, 1000nM and 10000nM. Graphs represent
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pHrodGreen labelled apoptotic Jurkat T cells (light green) and pHrodoGreen LaBelle apoptotic Jurkat T cells + HCI to
mimic acidic environment within the phagolysosme (pH4.5-5) (dark green) b) apoptotic Jurkat T cells stained with a con-
centration of 5 yM pHrodoGreen dye. Samples were acquired, unmixed, and autofluorescence-adjusted on the SONY
ID7000 and analyzed using CellEngine. N=2.

3.1.7 Selection of Mg Platforms for Studies of M@ Functions and
Phenotypes

scRNA-seq studies have revealed the broad transcriptional diversity of human tissue Mg subsets.
However, their functional roles remain largely elusive and are primarily inferred from tran-
scriptomic data. For example, synM¢ from both healthy individuals and patients with RA express
high levels of genes associated with efferocytosis. Yet, there are currently no established assays
that enable direct tracking of efferocytosis in these cells (Alivernini et al., 2020).

Access to and the quantity of primary tissue Mg are often limited, which precludes assay devel-
opment and optimization using these valuable cells.

To address this gap, a variety of in vitro Mg models have been developed. These models support
the development of new M@ assays, facilitate the study of Mg biology, and aid in the identification
of novel molecular targets for Mg-targeted therapies. Findings from in vitro systems can then be
validated in primary human Mg through focused, hypothesis-driven experiments.

Core Aims of the Discoverer-Mg Platform:

1. Enable multiparameter functional and phenotypic characterization of primary human Mg
isolated from human organs/tissues, with a primary focus on synovial tissue and synovial
fluid-derived Me.

2. Characterize and compare various in vitro Mg platforms with primary Mo to identify the
most suitable models for gain and loss-of-function studies targeting diverse M@ pheno-
types and functions.

3. Optimize phenotypic and functional Mg readouts for perturbation studies, including chem-
ical tool molecules and CRISPR-based perturbations (single and pooled CRISPR
screens).

Peripheral blood CD14* monocytes are an accessible source for generating monocyte-derived
macrophages (MDMs) in vitro. These cells can be polarized using various cytokine combinations
to simulate distinct features of primary human Mg, particularly those of tiM¢. However, MDMs
reflect trM¢ biology only to a limited extent. trM¢g often arise from yolk sac progenitors during
embryogenesis and are maintained locally throughout adulthood. These embryonically derived
trMe are distinct from tiM¢, which are primarily derived from circulating monocytes.

To better replicate the characteristics of trMo in vitro, we established induced pluripotent stem
cell (iPSC)-derived macrophage (iM@) platforms. iM@ recapitulate several features of trMe, and
the iPSC-to-iMe differentiation protocols mimic yolk sac hematopoiesis. The advantages and dis-
advantages of different M platforms used for studying Me biology and target discovery are sum-
marized in Table 3-1.

Given our research focus on trMo pathobiology, we established and optimized the Discoverer Mg
platform using the iM@ model. iMg not only reflect key characteristics of trMg but can also be
generated in sufficient quantities. Moreover, iPSCs are amenable to large-scale genetic pertur-
bation studies, such as those using CRISPR technologies(Singh et al., 2024).

To generate iMg, we followed the protocol described by Takata et al., 2017 and colleagues.
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Table 3-1 Advantages and disadvantages of selected M@ models.

Md model selection Tissue-derived

Accessibility

Very limited

Capacity for genome ed- Limited

iting

Association

Tissue-resident like

Monocyte-derived Md
Good

Limited

Circulating

iPSC derived Md
Unlimited

Easier

Tissue resident-like

3.1.8 Panel with low complexity index and spillover allows discrimination
of M@ subtypes and connects to functionality

The Mg immunophenotyping antibody panel was designed to comprehensively cover a range of
biologically relevant targets. These included M@-specific markers, pan-leukocyte, tissue-resi-
dency-associated markers, and markers linked to Mg infiltration, inflammation, pro-resolution,
and tissue-protective functions. This strategic panel composition enabled us to assess Mg identity
and functional state across multiple axes, including phenotype, localization, and activation status.
For the efferocytosis panel study, the antibody panel was extended to include markers associated
with efferocytosis (MERTK, TIMD4, FOLR?2), incorporating antibodies against proteins previously
implicated in this process (Table 3-2).

Table 3-2 M@ marker phenotyping panel

MARKER

FUNCTION

CD45
CD64
TIMD4
MERTK
TREM2
FOLR2
CD163
CD206
CcD11B
CD14
CD68
HLA-DR
CD40
CD48
CD86
CD80
CD274
CD38
CD36
CCR2

Global leukocyte marker

tissue residency/ trM¢ marker

Global Mg marker

Antigen presentation and M¢ activa-
tion

Immunoregulation

linked to M@ inflammation
lipid metabolism

tiMe marker

Additional panels were developed to investigate further Mg-associated targets and to include
functional readouts, such as indicators of iron metabolism (CD91, SLC40a1, CD71) (Appendix E-
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d). Furthermore, to facilitate analysis of the synovial tissue microenvironment, antibodies targeting
non-myeloid structural cells were included (e.g., antibodies for fibroblast markers, endothelial cell
markers, etc.) (Appendix E-e).

The flexibility and versatility of our panel design were enabled by careful fluorochrome selection
criteria. These were driven by the need to: 1. maximize marker coverage within available detector
space, 2. minimize spectral overlap, and 3. preserve channel availability for functional probes. A
key principle guiding fluorochrome assignment was to match fluorochrome brightness to antigen
density. Highly expressed and abundant markers such as CD45 and CD14 were assigned to
dimmer fluorochromes, thereby reserving the brightest dyes for low-abundance or weakly ex-
pressed targets (Figure 3-6a).

Furthermore, widely used markers (e.g., CD11b, CD45) are commercially available in a broad
range of fluorochrome conjugates. This allowed us to assign such markers to less commonly used
or more spectrally unique dyes (“exotic” channels), providing greater flexibility in panel construc-
tion. Conversely, less common markers with limited fluorochrome options, such as FOLR2, were
allocated to more standard and brighter channels such as PE, even though PE exhibits relatively
higher spectral spillovers. This strategic balancing of brightness, availability, and spectral behav-
ior was crucial to maximizing panel performance.

To evaluate the performance of spectral unmixing in the spectral flow cytometry setup, | analyzed
the R? matrix derived from single-stained controls using the Sony ID7000 spectral analyzer. This
matrix quantifies spectral spillover (non-orthogonality) between fluorophores, which is a critical
determinant of panel quality.

Our core antibody panel comprises 23 different fluorophores. The average R? value across all
fluorophore pairs was 0.093, indicating low overall spectral spillover. The median R? was 0.011,
suggesting that most fluorophores exhibited minimal interference with others. The minimum R?
value reached ~0.000004, representing near-perfect spectral separation in certain fluorophore
combinations (Figure 3-6b).

Among the 23 fluorophores analyzed, PE displayed the highest overall spillover, particularly into
PE-Fire 810 (R? = 0.34). Despite this relatively high value, it remained within the acceptable
threshold for panel performance and did not compromise downstream analysis. Notably, AF488
exhibited the lowest overall spillover, making it an optimal choice for channels requiring minimalin-
terference. This informed us of our decision to assign AF488 to the functional pHrodoGreen
readout, which is particularly sensitive to spectral contamination.

Regarding the choice of pHrodoGreen, the selection was influenced by the limited number of
commercially available conjugations. We prioritized fluorophores that minimized spillover into pH-
sensitive channels while ensuring compatibility with the remaining antibody panel.
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Figure 3-6 Panel design. a) Exemplary Mo panel for functional efferocytosis and phagocytosis readout. b) R* matrix of
Md panel for functional efferocytosis and phagocytosis readout. Created with SONY ID7000 template.

Further optimization of the panel could include re-evaluating fluorophore combinations with high
R? values, adjusting detector configurations, or implementing computational corrections to im-
prove unmixing accuracy.

3.1.9 Accurate Discrimination of Engulfed Versus Free-Floating Jurkat T
Cells in Efferocytosis Experiments

In the context of efferocytosis assays involving a mixed population of JTs and Me, a critical chal-
lenge arises from the incomplete or non-performed removal of non-engulfed JTs cells. In experi-
ments in which JTs were removed, despite extensive washing steps, some JTs remain freely
floating within the culture, and additional washes might have led to detachment and unintended
loss of adherent M@. Consequently, there is a need for an alternative strategy to reliably discrim-
inate between free-floating JTs and those that are either attached to or engulfed by M.

This distinction is essential, particularly when analyzing pHrodoGreen signals. pHrodo-positive
signals originating from internalized JTs indicate true efferocytosis events, while signals from ex-
ternal, non-engulfed JTs may produce false positives. Thus, to accurately quantify efferocytosis,
it is critical to establish a gating strategy that distinguishes between these populations.
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To enable this, M@ were pre-labelled with a panel containing the pan-leukocyte marker CD45 and
Mg identifying CD14 and CD11b, allowing for clear identification and discrimination from JTs dur-
ing flow cytometric analysis. Cells were first gated based on viability dye (Zombie NIR) exclusion
and CD45 expression. Specifically, CD45-negative and viability dye-high events were excluded
from the analysis to remove dead cells and non-target populations (Figure 3-7a and 3-7b).

Several assay controls were implemented to validate and optimize the gating strategy. Unstained
Mo or antibody-prelabelled Mg were incubated with either unlabeled (Figure 3-7c), or pHrodo-
Green-labelled JTs, both in the presence and absence of co-culture (Figure 3-7c). These controls
helped define fluorescence thresholds and signal characteristics for positive versus negative pop-
ulations. Additionally, JTs labelled with pHrodoGreen were analyzed both in the absence and
presence of hydrochloric acid (HCI), simulating the acidic milieu of phagolysosomes. This allowed
further refinement of gating parameters to detect the pHrodo signal shift during engulfment
events.

The final gating strategy enabled reliable discrimination between Mg and JTs and allowed further
sub-gating of M@ into phagocytic (‘eater’) and non-phagocytic (“non-eater”) subsets based on
internalized pHrodoGreen-positive JTs (Figure 3-7e). This approach ensured precise quantifica-
tion of efferocytosis while minimizing false-positive signal attribution.
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Figure 3-7 Gating strategy of mixed macrophage and Jurkat T cell populations in efferocytosis experiment. a) Gating of
unstained induced macrophages (iM@) based on forward scatter area (FSC-A) and side scatter area (SSC-A) to exclude
debris. Doublets were excluded using FSC-A vs. FSC-height (FSC-H). A negative gate for the viability dye Zombie NIR
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was then set on debris- and doublet-excluded iMg. Viable cells (Zombie NIR-negative) were further gated for CD45 ex-
pression. b) Gating performed on unstained iM@ was applied to stained iM@ to identify the macrophage population. c)
Negative gating of pHrodo Green signal was established using iM@-stained plus unstained Jurkat T cells. d) Positive
gating for pHrodo Green signal was defined using iM@-stained + pHrodo Green-labeled Jurkat T cells. €) The overall
gating strategy enables discrimination between iM@ and Jurkat T cells. n = 3. Samples were acquired, unmixed, and
autofluorescence-adjusted on the SONY ID7000 and analyzed using CellEngine.

3.1.10 iPSC-Derived Mo Express Efferocytosis-Associated Markers Across
Harvests, Making it a Suitable Platform for Assay Optimizations

To establish an optimal setup for efferocytosis platform development, optimization, and future
phenotypic and functional studies, we assessed the iPSC-to-iMg differentiation protocol pub-
lished by Takata et al. (2017) and evaluated its suitability for our experimental needs. Upon com-
pletion of the differentiation protocol from iPSCs to induced iMg, a confluent adherent cell layer
remains at the bottom of the culture well. This adherent layer can be sustained in SF-Diff medium
supplemented with M-CSF for up to 21 days, continuously producing non-adherent, floating cells,
including iMo (~89 % Mg in total floating cells) (Figure 3-8). These floating cells can be collected
at regular intervals, and iM@ populations can be subsequently isolated through fluorescence-ac-
tivated cell sorting (FACS; see Appendix C & D) to obtain a highly purified iMg fraction (72.8%).
Incorporation of the FACS step is essential to eliminate contaminating non-Mg differentiated cell
types, which may otherwise confound downstream analyses.

Prolonged maintenance of the adherent layer beyond the originally described differentiation pro-
tocol, with repeatable harvesting of iMg for up to 21 days, has been successfully established in
our laboratory as part of Work Package 2 (Dr. Carolina Gamez, Tomasz Stadler). This represents
a methodological extension to the original protocol published by Takata et al. (2019).
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Figure 3-8 iPSC to iMg differentiation and multiple harvests strategy a) Induced macrophages (iM¢) are derived from
human induced pluripotent stem cells (iPSCs) through a 28-day differentiation protocol. Starting around day 25, the ad-
herent “mother” cell layer at the bottom of the culture wells begins to release non-adherent, floating cells into the super-
natant. These floating cells, which include newly differentiated iM@, are maintained in culture. Beginning on day 28 -
coinciding with the completion of the differentiation protocol - floating cells are collected at defined time points and sub-
jected to fluorescence-activated cell sorting (FACS) based on CD45, CD14, CD11b, and viability markers to obtain a
purified iM@ population. The adherent mother layer remains intact and continues to generate new floating cells over time.
b) Sorted iMo are reseeded into fresh culture plates and maintained for up to three weeks before experimental use, with
medium (SF-Diff supplemented with M-CSF) changed three times per week. When the mother layer yields a sufficient
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number of new floating cells, the harvesting and sorting procedure is repeated, enabling multiple rounds of iM@ isolation
from a single differentiation batch.

As this platform was utilized to optimize the efferocytosis assay, | validated the relevance of our
iMe model in the context of efferocytosis and assessed the expression of key surface markers
previously implicated in the efferocytosis process. Using a newly developed M@ phenotyping
panel and multispectral flow cytometry, | comprehensively characterized the marker profile of
freshly sorted (viable, CD45+ CD11b+ CD14+) iM@ on day 28 of differentiation. As illustrated in
the histograms comparing stained versus unstained iM¢g (Figure 3-9a), the iM@ exhibited robust
expressions of MERTK, FOLR, CD14, CD163 and TREM2, all of which have been reported to
play roles in efferocytosis. TIMD-4 (important phagocytosis marker) expression was detectable,
albeit at lower levels. CD206 showed minimal signal above background, with only a slight peak
shift. These findings were further corroborated by heatmap analysis across three biological repli-
cates (n = 3), supporting consistent marker expression patterns among iM¢ (Figure 3-9b).
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Figure 3-9 Evaluation of efferocytosis marker expression on sorted iM¢ using multi-spectral flow cytometry. Cells were
pre-gated to exclude debris, doublets, non-viable and CD45 negative cells. a) Representative histograms comparing
unstained (blue) versus stained (orange) induced macrophages (iM@). Robust expressions of MERTK, TREM2, FOLR2,
CD163, and CD14 were observed, while CD206 and TIMD4 showed low to minimal expression. (n = 1). b) Heatmap of
marker expression across the same panel in independent biological replicates (n = 3). Heatmap displays median fluores-
cence intensity of n=3. Data acquisition was performed on a SONY ID7000 cytometer with spectral unmixing and auto-
fluorescence correction. Downstream analysis was conducted using CellEngine.

To assess the consistency of efferocytosis marker expression across differentiation protocols, the
experiment was replicated using an independently derived Mg differentiation. Additionally, to
evaluate the robustness of marker expression across different harvests, floating cells were col-
lected from above the adherent mother layer on day 28 of differentiation. These cells were sorted
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for CD45*, CD11b*, CD14*, and viability to isolate iMg, which were then seeded into a post-
differentiation culture. On day 42, two weeks after completion of the differentiation protocol, newly
generated floating cells were again harvested, sorted using the same gating strategy, and seeded
into a parallel post-differentiation culture. Both cell populations were subsequently analyzed in
parallel on day 46 of the protocol. The same staining panel as previously described was applied
in this experiment, except for TIMD4, which was omitted due to institutional constraints on reagent
availability. As shown in Figure 3-10, MERTK expression remained robust in the second harvest,
indicating stable expression across differentiation batches. TREM2 expression exhibited a slight
reduction but remained detectable. CD206 expression was unchanged in between harvests, rel-
ative to previous measurements, although a modest increase in signal intensity was observed,
potentially reflecting improved staining efficiency. In contrast, FOLR2 expression was reduced in
the second harvest, while CD163 and CD14 expression levels remained consistent with the initial
differentiation (Figure 3-10). It remains unclear whether the observed reduction in certain markers
in the second harvest is attributable to the extended duration these cells remained above the
adherent mother layer before collection, or to the longer post-harvest culture period in the first
harvest. As these variables were not independently controlled, the precise contribution of time
spent away from the mother layer to marker stability cannot be definitively determined. Ideally,
this could be addressed through experiments assessing multiple harvests with matched durations
post-isolation; however, such a design was not feasible within the current study due to constraints
in time, funding, and available personnel.
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Figure 3-10 Multi-spectral flow cytometry analysis of efferocytosis-associated marker expression in sorted iM@ across
independent differentiation harvests. iM¢ were pre-gated to exclude debris, doublets, non-viable cells and CD45 negative
cells. iM@ were independently differentiated and harvested at two timepoints: Harvest 1 (orange), collected on day 28
and maintained in post-differentiation culture until analysis, and Harvest 2 (green), collected on day 42. All samples were
stained and analyzed on day 46 using a multi-spectral flow cytometer. Unstained control from Harvest 1 is shown in blue.
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Marker expression profiles are overlaid to compare efferocytosis-associated phenotypes between harvests. Slight de-
crease in TREM2 and FOLR2 expression from Harvest one to Harvest two. Robust expression of CD206, CD14, CD163
and MERTK. N=4. Data acquisition was performed on a SONY ID7000 cytometer with spectral unmixing and autofluores-
cence correction. Downstream analysis was conducted using CellEngine.

The expression of markers not directly related to efferocytosis is presented in Appendix D. Addi-
tional markers detected include CD40, CD86, and CD274, which are associated with immunoreg-
ulation and antigen presentation. Notably, CCR2 (a marker linked to tissue infiltration) is absent
in both harvests, supporting the tissue-resident phenotype of the iMgp model. Interestingly, CD48,
a marker involved in inflammatory regulation, was not expressed in the first harvest but appeared
in the second. This may indicate a slight shift toward a more pro-inflammatory phenotype in the
latter population.

These findings demonstrate that the iMg platform is well-suited for our intended applications, as
key efferocytosis markers, including MERTK, TREM2, CD206, and CD163, are consistently ex-
pressed. While some variation was observed between different harvests, the overall marker pro-
file remained stable, indicating robustness across differentiation batches and post-differentiation
time points. This supports the platform's suitability for downstream functional efferocytosis assays
and future phenotypic studies.

3.1.11 Optimization of Apoptotic Cell Exposure Times to Phagocytes -
Eating Times. Assay allows Tracking Dynamic Range of
Efferocytosis.

To quantitatively assess the dynamics of efferocytosis, including the rate of apoptotic cell uptake,
the digestion time window, and the fluorescence intensity of the pHrodoGreen signal, was meas-
ured at defined time intervals over 2 hours of JTs cell efferocytosis. In this experiment, pHrodo-
Green-labeled apoptotic JTs cells were co-cultured with antibody-prelabeled iM@s. Data acquisi-
tion was performed at 15, 30-, 60-, 90-, and 120-minutes following JTs addition. All cells were
included in the analysis, meaning JTs remained in the wells throughout the measurement pro-
cess. To distinguish iMg with their potentially attached or engulfed apoptotic JTs from free, not
iM@-bound JTs, pre-gating was performed using CD45 signal. This signal is only positive on iM,
as JTs have not been stained with the antibody cocktail.

Over time, a progressive increase in pHrodoGreen fluorescence intensity was observed in the
CD45+ fraction (Figure 3-11a), with the most pronounced shift occurring between 60 and 90
minutes. This increase could be attributed either to the successive uptake of one or multiple apop-
totic JTs or to the intracellular localization of engulfed corpses into the phagolysosome within
iMps, where acidification occurs. Furthermore, the data indicates that the pHrodoGreen signal
reaches saturation after 90 minutes, as no further fluorescence increase was detected thereafter.
This plateau is further corroborated by Figure 3-11b.

To further dissect the dynamics of M@ pHrodoGreen signal changes during JTs' efferocytosis, |
employed small molecule inhibitors known to interfere with distinct stages of efferocytosis. Exper-
iments were conducted in the presence and absence of these inhibitors, and pHrodoGreen fluo-
rescence signals were recorded over multiple time points. Specifically, Cytochalasin D (CytoD),
an inhibitor of actin polymerization that blocks phagocytic cup formation, was used (Clark et al.,
2019). These experiments demonstrated a marked reduction in pHrodoGreen signal in CytoD-
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treated M@ beginning at 60 minutes post-JT addition (Figure 3-11b). This finding implies that the
pronounced increase in pHrodoGreen signal in CD45+CD14+ Mg at 90 minutes primarily reflects
phagolysosomal acidification of apoptotic JTs.

As additional controls, the CD45" cell population, representing the apoptotic, pHrodoGreen-la-
beled JTs, was gated and analyzed for pHrodoGreen fluorescence (Appendix F). No shift in fluo-
rescence intensity was observed within the CD45" fraction over time, indicating that the pHrodo-
Green signal increase observed in the CD45* Mg population is attributable to phagocytic uptake
and subsequent acidification within the phagolysosomal compartment. Furthermore, wells con-
taining only pHrodoGreen-labeled JTs (without iM@) were analyzed at baseline (t = 15 min) and
after 120 minutes to assess whether progressive apoptosis and cell death or extracellular acidifi-
cation could account for increased pHrodoGreen signal. No measurable increase in fluorescence
was detected under these conditions, thereby excluding the possibility that apoptotic JTs alone
contribute to the observed fluorescence changes due to extracellular medium acidification or con-
tinued cell death (Appendix Fb).
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Figure 3-11 Macrophage efferocytosis dynamics over time. a) Efferocytosis assay: Viable CD45*CD14" interstitial mac-
rophages (iM@) were analyzed over time for phagocytosis of apoptotic Jurkat T cells labeled with pHrodo™ Green. Stain-
ing panel presented in Appendix Ea. Debris, doublets, and Jurkat cells were excluded from the analysis. Histograms
represent the increase in pHrodo™ Green fluorescence signal at 15, 30, 60, 90, and 120 minutes, as measured on the
SONY ID7000 analyzer. Jurkat T cells were not removed from the co-culture during the time course. N = 2 b) Comparison
of efferocytosis kinetics in CD45*CD14* macrophages treated with or without 10 uM Cytochalasin D, an inhibitor of actin
polymerization. pHrodo™ Green fluorescence signal was used to assess internalization over time. N =2. Antibody panel
details are provided in Appendix C. Data acquisition was performed using the SONY ID7000 software with unmixing and
autofluorescence correction. Downstream analysis was conducted using Cell Engine. Data shown are representative of
N = 2 independent experiments.

To demonstrate that the dynamics of efferocytosis are robust and reproducible across different
iMo differentiation runs, we include data from an independent iPSC-to-iMo differentiation experi-
ment performed under identical experimental conditions (Figure 3-12a). The rationale for this rep-
lication was to verify that the observed kinetics of pHrodoGreen signal accumulation, used as a
readout for efferocytosis, are not specific to a single differentiation batch but represent a con-
sistent functional behavior of iM@, which is crucial for potential utilization in a CRISPR screen.
This assurance is crucial for the reliability and reproducibility of the assay across experiments and
users.

Importantly, this experiment included additional extended time points beyond 120 minutes to re-
fine the temporal resolution of pHrodoGreen signal saturation in efferocyting iM@. No further in-
crease in pHrodoGreen fluorescence was observed after 120 minutes post the addition of pHrodo-
labelled apoptotic Jurkat T cells. This defines a stable signal window, crucial for downstream
assay applications. This window likely represents the point at which most engulfed Jurkat T cells
have reached the acidic phagolysosomal compartment, where pHrodo becomes maximally fluo-
rescent - and before significant signal degradation occurs due to fluorochrome breakdown or re-
cycling of phagosomes. Thus, this 120-240 min window offers an optimal period to quantify ef-
ferocytosis robustly and reproducibly without signal variability due to ongoing phagocytic events
or dye instability.

We also observed a higher MFI of pHrodoGreen in the second differentiation experiment (Figure
3-12) compared to the first run (Figure 3-11). These differences might have been observed due
to an expanded antibody panel (see expanded panel presented in Appendix E-c vs original panel
presented in Appendix E-a), which introduced additional fluorochromes and required compensa-
tion adjustments. The expanded panel included markers (e.g. CD80, CD86, CD40, CD274, CD38
& CD172a) to characterize subpopulations and assess phenotypic shifts during efferocytosis,
providing more granular data on the efferocyting population. This expanded panel caused a
higher baseline fluorescence of stained iMg as compared to previous experiments adding up on
pHrodoGreen signal.

Further evidence that the fluorescence increase over time is due to acidification is provided in
Figure 3-12b, which includes pHrodoGreen-labelled JT controls. These JTs, maintained in a neu-
tral environment (Jurkat suspension buffer pH ~7.2), displayed fluorescence intensity of 2641
a.u., supporting the interpretation that acidification becomes apparent from 60 minutes onward in
the efferocytosing iMg (which reach ~3919.9 + 99 a.u. at 60 min, Figure 3-12a).

Upon addition of HCI to the JT-only condition, the pHrodoGreen fluorescence increased dramat-
ically to approximately 14,000 a.u., whereas the maximum fluorescence observed in the efferocy-
tosis condition plateaued at around 6861 a.u. It is important to emphasize that this comparison is
not quantitative, but rather qualitative. The acid-treated JT control represents endpoint acidifica-
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tion in a bulk population (500,000 cells), which is not directly comparable to the number of apop-
totic JTs internalized by iM@ during efferocytosis, where each M typically engulfs only a few
cells. Additionally, the phagolysosomal environment in iM¢g is dynamic and regulated, in contrast
to the abrupt and extreme acidification caused by HCI. Furthermore, because the pHrodoGreen-
labelled apoptotic JTs are enclosed within phagolysosomes in iM@, factors such as light scatter-
ing, spectral interference, and signal dampening from surrounding cellular components may re-
duce fluorescence intensity. In contrast, JTs in acid are measured in suspension without such
structural or environmental barriers, which likely allows for a clearer, stronger signal.

While the HClI-treated condition provides a useful positive control to confirm pHrodoGreen re-
sponsiveness to low pH, it does not reflect the biological complexity of the intracellular environ-
ment. In macrophages, acidification occurs alongside fluorochrome degradation, signal quench-
ing, and dynamic trafficking of the phagosome, all of which can modulate the overall pHrodo
signal.

Finally, the pH in the HClI-treated JT condition was likely lower than the physiological pH typically
found in phagolysosomes. However, because these samples must be measured immediately af-
ter HCI addition to prevent total cell degradation, it is not feasible to re-adjust or confirm the pH
prior to spectral flow cytometry analysis. Despite these limitations, the HCl-treated JTs provide a
valuable reference point for assessing the maximum fluorescence potential of pHrodoGreen un-
der highly acidic conditions and support the interpretation that fluorescence increase in Mg is
primarily driven by acidification.
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Figure 3-12 Tracking macrophage efferocytosis over time — time window of stable efferocytosis signal in macrophages
following Jurkat T cell (JT) addition. a) Spectral flow cytometry efferocytosis assay and assay controls. pHrodo™ Green
fluorescence intensity was measured iM@ co-cultured with pHrodo™ Green-labeled apoptotic Jurkat T cells over time
(minutes), comparing untreated macrophages in the absence (n=4, dark blue) or presence (light blue) of 10 yM Cyto-
chalasin D (n = 1). b) Jurkat T cell-only experimental controls (n = 1) included the following conditions: A unstained Jurkat
T cells, B Jurkat T cells stained with pHrodo™ Green, and C pHrodo™ Green-stained Jurkat T cells treated with HCI to
mimic the acidic environment of the phagolysosome. Samples were acquired on the Sony ID7000 spectral flow cytometer.
Spectral unmixing and autofluorescence adjustments were performed using Sony ID7000 software. Data were further
analyzed using CellEngine.

3.1.12 Proof of Principle: Tracking M@ Efferocytosis with Discoverer Mg
Using Small Molecule Efferocytosis Inhibitors

To further deconvolute the capacity of Discoverer Mg to monitor the efferocytosis process, | em-
ployed a set of well-characterized efferocytosis inhibitors. These compounds were selected based
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on extensive literature evidence demonstrating their effectiveness in disrupting distinct stages of
efferocytosis (Figure 3-13a).

Cytochalasin D (Cyto D) is a potent inhibitor of actin polymerization; it binds to the barbed (plus)
end of actin filaments, thereby blocking filament elongation and disrupting cytoskeletal dynamics
necessary for phagocytic cup formation and engulfment of apoptotic cells (Das et al., 2014). In
the presence of Cyto D, apoptotic cells can still bind to the Mo surface, but their internalisation is
effectively prevented. Chloroquine disrupts the maturation of the phagolysosome by blocking the
fusion of phagosomes with lysosomes (Bhat & Hickey, 2000). Consequently, while Mg treated
with chloroquine can still engulf apoptotic cells, the acidic environment required to activate the
pHrodoGreen fluorescence does not form, resulting in no detectable fluorescence shift. Flavopir-
idol, a CDK®9 inhibitor, has been shown to impair continual efferocytosis by interfering with RNA
Polymerase Il pause release, thereby limiting the transcriptional program necessary for sequential
engulfment events (Tufan et al., 2024). As a result, Mg exposed to flavopiridol internalize fewer
Jurkat T cells, which leads to reduced pHrodo fluorescence intensity.

My experimental findings are summarized in Figure 3-13 b and c. With measurements recorded
240 minutes post-JT addition after Jurkat T cells were removed after 90 minutes (efferocytic "eat-
ing time"). The strongest pHrodoGreen fluorescence signal (blue) was observed in Mg that were
not exposed to any inhibitor, indicating efficient efferocytosis under control conditions. Treatment
with Cyto D resulted in a substantial decrease in fluorescence, reflecting impaired efferocytic up-
take. Among the three inhibitors tested, chloroquine produced the most pronounced reduction in
fluorescence, consistent with its inhibition of phagolysosomal acidification. Flavopiridol had the
weakest inhibitory effect under our experimental conditions. This milder effect is likely due to the
continued, albeit reduced, engulfment and transport of apoptotic cells to phagolysosomes, where
pHrodoGreen can still be activated by the acidic environment. However, since flavopiridol restricts
the number of apoptotic cells processed per Mg, the overall signal remains lower than in untreated
controls.

These findings provide strong evidence for the capability of Discoverer Mg to sensitively and
robustly track Mg efferocytosis and distinguish between different mechanistic stages affected by
pharmacological inhibition.
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Figure 3-13 Literature-reported efferocytosis inhibitors demonstrate the capability of Discoverer M@ to track macrophage
efferocytosis. Schematic illustration of experimental conditions and the mechanisms of efferocytosis inhibitors. Grey: neg-
ative control (iMo stained with macrophage panel, co-cultured with unstained Jurkat T cells); dark blue: positive control
(stained iM@ + 5 uM pHrodo™ Green-labeled Jurkat T cells, no inhibitor); light blue: Cytochalasin D (10 uM, inhibitor of
actin polymerization); red: Chloroquine (100 nM, inhibitor of phagolysosomal fusion and acidification); green: Flavopiridol
(10 uM, CDK® inhibitor, blocks continual efferocytosis). b) Histogram showing pHrodo™ Green fluorescence intensity in
macrophages following treatment with each inhibitor. Data are pregated to exclude debris and doublets, and gated on
viable CD45*CD14"* cells. c) Dot plot summarizing median pHrodo™ Green fluorescence intensity across all treatment
groups. Statistical significance: p < 0.05, p < 0.001. d) Overlay histogram of replicate numbers (n = 2) across inhibitor and
control conditions. Samples were acquired on a SONY ID7000 spectral flow cytometer, unmixed, and corrected for auto-
fluorescence. Data were analyzed using CellEngine, and statistical analyses were performed using GraphPad Prism
v10.2.3, Ordinary one-way Anova N = 2 independent biological replicates.
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3.1.13 Proof of Principle - Confocal Microscopy Confirms Spectral Flow
Cytometry Results. M@ Fluorescence Increases upon Efferocytosis
of Apoptotic Jurkat T cells.

Spectral flow cytometry provides strong evidence for efferocytosis, as indicated by increased
pHrodoGreen fluorescence intensity; however, due to its lack of spatial resolution, it cannot de-
finitively confirm that the fluorescence originates from internalized apoptotic JTs. To address this
limitation and verify that the fluorescence increase results from the engulfment of apoptotic JTs
followed by phagosomal acidification, confocal microscopy was employed. As shown in Figure 3-
14, pHrodoGreen-labeled apoptotic JTs were clearly localized within the phagolysosome of ef-
ferocytosing iMgs at 120 minutes post co-incubation. Notably, a marked increase in pHrodoGreen
fluorescence was observed in the internalized Jurkat T cells (Figure 3-14c), consistent with the
data obtained using the SONY ID7000 spectral flow cytometer (Figure3-14b).

To further validate that the fluorescence increase depends on active efferocytosis, Cyto D, was
used to block the engulfment process. In the presence of Cyto D, spectral flow cytometry revealed
a striking reduction in pHrodoGreen signal (Figure 3-14b, histogram: red line) compared to the
untreated control (green line). Similarly, confocal microscopy showed no internalization of apop-
totic Jurkat T cells and no increase in pHrodoGreen fluorescence intensity under these conditions
(Figure 3-14a). Together, these results support and complement the findings obtained with the
Discoverer Mg system, providing direct spatial and functional evidence that the observed pHrodo-
Green signal increase in macrophages is indeed associated with efferocytosis.

a) b) c)

Cytochalasin D No inhibitor

Events time [min]

@ pHrodoGreen -0* 0 Wt n®
@ cCell mask-Md & Jurkat T cells pHrodoGreen - A
. Hoechst

Figure 3-14 Confocal microscopy as a proof of principle for the spectral flow cytometry-based efferocytosis assay. Ef-
ferocytosis of UV-irradiated, pHrodoGreen-labeled apoptotic Jurkat T cells by iM@ was assessed using both confocal
microscopy and spectral flow cytometry. Jurkat T cells were labeled with pHrodoGreen (5 uM), and iM@s were counter-
stained with Hoechst (nuclear staining, 1:500) and CellTracker Orange (1:1000). Cells were co-cultured at a 1:5 iM¢:Jurkat
ratio, and efferocytosis was allowed to proceed for 240 minutes. Non-engulfed or non-attached Jurkat T cells were re-
moved after a 30-minute incubation ("eating time"). a) For the Cytochalasin D (CytoD) condition, iM@s were pre-treated
with 10 uM Cytochalasin D for 1 hour prior to Jurkat T cell addition. To maintain effective inhibition of phagocytosis, Cyto-
chalasin D was re-added immediately after Jurkat addition. b) Spectral flow cytometry analysis was performed using the
SONY ID7000 cytometer. iM@s were stained with a macrophage-specific surface marker panel. Histogram overlay shows:
Blue: Negative control: pre-labeled iM@s co-cultured with unlabeled apoptotic Jurkat T cells (no pHrodoGreen). Red: Cyto
D-treated: pre-labeled iM@s co-cultured with pHrodoGreen-labeled apoptotic Jurkat T cells + 10 yM Cyton D. Green:
Untreated control, pre-labeled iM@s co-cultured with pHrodoGreen-labeled apoptotic Jurkat T cells (active efferocytosis).
A marked reduction in pHrodoGreen signal was observed in the Cyto D condition compared to the untreated control,
confirming inhibition of efferocytosis. c) Representative confocal microscopy image of the untreated control condition
shows pHrodoGreen-positive apoptotic Jurkat T cells localized within the iMgs, indicating successful engulfment and
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phagosomal acidification. No internalized fluorescence was observed in the Cyto D condition. Confocal imaging was
performed using a Leica TCS SP5 confocal microscope. Image analysis and interpretation were conducted in collabora-
tion with Tomasz Stadler. Spectral flow cytometry experiments were performed in biological duplicates (n=2). Confocal
microscopy was performed on seven spots per well, with one representative field shown, scale bar = 5 pM.

3.1.14 Discoverer M@ Can Detect Phagocytosis Capacity in iM¢@

To establish a reliable phagocytosis readout, | tested our established iMg model for its phagocytic
capacity and evaluated the applicability of Discoverer Mg to monitor this process. As shown in
Figure 3-15a, a shift in pHrodoGreen fluorescence intensity indicates phagocytic activity. The
pHrodoGreen-positive population - gated based on the iM@-only condition (left panel) - was 6.34%
in the Cyto D-treated condition and 14.19% in the untreated control.

Interestingly, in the corresponding dot plots (Figure 3-15b), an increase in SSC-A was observed
in pHrodoGreen-positive events. This suggests increased granularity upon engulfment of pHrodo-
Green-labeled E. coli particles, supporting the feasibility of tracking phagocytosis using this ap-
proach. These results point to either a modest phagocytic capacity of iM@ or suboptimal experi-
mental conditions for the Discoverer Mg assay.

To further support the phagocytic potential of iMg, a confocal microscopy-based phagocytosis
assay was performed. This assay confirmed that iM@ exhibit phagocytic activity. These micros-
copy data are part of Tomasz Stadler’s thesis and are not included in the present work.

Importantly, this preliminary experiment was conducted primarily to assess whether pHrodoGreen
fluorescence intensity could be reliably tracked using our current setup. As no pre-labelling of iM
was performed and gating was based solely on FFC/SSC to exclude debris and doublets, the
experiment should be considered a pilot. Further optimization, such as refined gating strategies,
optimized co-culture times and pre-labelling, will be necessary to enhance data quality and repro-
ducibility. Following this initial validation step, | proceeded with experiments focusing on efferocy-
tosis, which constitutes the main objective of this study.
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Figure 3-15 Phagocytosis assay on iM@ using spectral flow cytometry. Histograms indicating pHrodoGreen fluorescence
of iMg only, iM@ + 10uM Cytochalasin D + pHrodoGreen E.coli bioparticles and iMg + pHrodoGreen labelled E.coli bi-
oparticles. Corresponding Dot plot below histogram. Samples were acquired on the SONY ID7000 flow cytometer, un-
mixed, and corrected for autofluorescence, n=1.

3.1.15 Discoverer M@ Applicable to Detect Iron Metabolism in M¢ and
Allows Phenotyping of Iron Metabolism Associated Markers

Dysregulated iron metabolism is increasingly recognized as a key contributor to the pathogenesis
of inflammation and tissue damage in RA. Mg, as pivotal regulators of tissue iron homeostasis,
are central to this process (Zhao et al., 2023b). We hypothesized that re-establishing iron home-
ostasis may mitigate inflammatory responses and promote tissue repair. Accordingly, targeting
aberrant iron metabolism pathways represents a potentially promising therapeutic strategy for
inflammatory diseases.

To investigate iron trafficking dynamics in Mg, we modified the Discoverer M platform to incor-
porate iron-linked immunophenotypic and functional readouts, resulting in the development of the
Discoverer Mgp-IRON assay. The assay was conceptualized and designed in partnership with
Janine Luckgen, with both its establishment and subsequent experimental applications carried
out in collaboration with her.

A distinguishing feature of the Discoverer M@-IRON assay is its ability to assess the intracellular
labile iron pool in M@. This was accomplished by integrating the Labile Iron Tracker Far-Red
fluorescent dye. The antibody panel was refined by swapping fluorochromes on existing antibod-
ies and expanding the panel to include markers for surface receptors involved in iron transport,
specifically CD71 (transferrin receptor), CD91 (LRP1), SLC40A1 (ferroportin), and CD163, as
detailed in Appendix E-e.

For experimental conditions, M@ were cultured either in standard medium (X-vivo, Lonza) or sup-
plemented with ferric ammonium citrate (FAS) at a final concentration of 100 uM, which was
added one hour ptior to adding the iron tracker (Figure 3-16).

iP_SC to iMA_C FACS sort* Low labile iron High labile iron
differentiation . r/w
— CD45Pos | % .\:,
CD14pos [ * FAS incubation ] ~ ’ e
\ CD11bPos
s - Antibody labelling A. N
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—_— AR A AR
l 24-30 MO marker panel* f
MDMs Iron BioTracker far-red labile Fe2+ l
4 | .

Tissue isolated M® Spectral flow cytometry
SONY ID7000

Figure 3-16 Discoverer M@ — IRON assay concept. Representative assay schematic. Primary human synovial fluid
cells and model in vitro macrophage s were utilized. The assay runs in a 96-well plate format from seeding to reading
on Sony ID7000 spectral analyzer. Cells were labelled with an adapted macrophage marker targeting antibody panel,
incorporating antibodies against direct and indirect iron transporters. Culture media were enriched or not for extracellular
iron using ferric ammonium sulfate (FAS) supplementation., Finally, cells were stained with Iron BioTracker™ Far-Red, a
fluorescent probe specific for labile Fe?*. Samples were analyzed on the SONY ID7000 spectral analyser.
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The data presented in Figure 3-17 shows that M1-like M@ exposed to iron showed a moderate
level of iron accumulation, consistent with the known tendency of pro-inflammatory Mg to retain
iron. In comparison, M2a Mg polarized with dexamethasone and IL-10 accumulated slightly lower
iron levels under the same conditions. Similarly, M2b M¢ polarized with IL-10 and IL-4 showed
comparable iron levels to the dexamethasone/IL-10 condition. When pre-incubated with FAS, iron
levels increased in both M1 and M2 populations, indicating active iron import. The effect of FAS
treatment was particularly strong in M2 Mg polarized with IL-10 and IL-4, which showed the
highest iron levels across tested conditions (Figure 3-17b,c). To further analyze marker
expression and correlate with measured labile iron contents, each cell type was compared to the
unstained control (Appendix J). This analysis revealed that markers commonly expressed across
all polarization conditions included CD14, CD45, CD64, CD206, HLA-DR, CD209, and Trem2.
MERTK expression was observed only in M2-polarized cells. Markers involved in iron import,
such as CD71 (transferrin receptor) and CD91 (heme—haptoglobin transporter), were expressed
across all polarizations. In contrast, the iron exporter SLC40A1 was not expressed in any
polarization state. CD163 also appeared to be absent, although this is likely due to an issue with
the antibody used.

To investigate the role of M polarization in iron uptake, key surface markers associated with iron
metabolism were analyzed across different M@ phenotypes. The resulting heatmap (Fig. 3-17d)
illustrates the differential expression of these markers in M1 Mg, M2a Mg (stimulated with IL-10
and dexamethasone), and M2b Mg (stimulated with IL-10 and IL-4). A notable increase in CD71
(transferrin receptor) expression was observed in M2-polarized Mg, particularly under IL-10/IL-4
stimulation, indicating a heightened capacity for transferrin-bound iron uptake in these cells.
CD91, a receptor involved in the endocytosis of heme-iron complexes, also showed elevated
expression in M2 conditions, further supporting their enhanced iron-handling capabilities.

These surface marker patterns were corroborated by a complementary experiment measuring
intracellular iron content, which revealed the highest levels in M2b Mg, moderate levels in M2a,
and the lowest in M1. This distribution aligns closely with the expression levels of CD71 and CD91
and highlights the increased iron uptake capacity of M2b Me (Figure 3-17d). These findings
reinforce the established role of M2 Mg, particularly those activated by IL-10 and IL-4, in tissue
repair, inflammation resolution, and iron recycling. Conversely, the minimal iron accumulation
observed in M1 Mg is consistent with their primary function in host defense rather than in
metabolic regulation or tissue remodeling (Gaetano et al., 2010).

Furthermore, CD206, another marker associated with endocytosis and scavenging functions, was
upregulated in M2 M, further supporting their enhanced iron-handling capacity. In contrast, M1
Mo displayed comparatively lower levels of these iron uptake markers, aligning with their primary
role in microbial defense rather than tissue repair.

Markers such as CD14, HLA-DR, and CD45 were broadly expressed across all phenotypes,
reflecting general Mg activation and immune function. Additional upregulation of TREMZ2,
MERTK, and FOLR2 in M2-polarized cells may indicate their involvement in anti-inflammatory
signaling pathways and the promotion of homeostasis.

Collectively, these data suggest that Mo polarization significantly influences iron uptake
pathways, with M2 Mg exhibiting a phenotype more conducive to iron acquisition and recycling.
This aligns with their functional role in resolving inflammation and maintaining tissue homeostasis.
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Figure 3-17 Proof-of-principle for iron metabolism assay in macrophage subtypes. a) Expression of iron importers (CD71,
CD91, CD163) and the iron exporter SLC40A1 across macrophage subtypes. b) Histogram of APC-A signal indicating
intracellular labile iron content. Conditions include: black (unstained control), grey (Iron BioTracker only (no FAS)), yellow
M1-like macrophages (FAS + Iron BioTracker), green (M2a-like macrophages (IL-10 + dexamethasone, FAS + Iron Bio-
Tracker)), blue-green (M2b-like macrophages (IL-4 + IL-10, FAS + Iron BioTracker)). 1h incubation. All samples were pre-
gated for debris, doublet exclusion, viability, and CD45*CD14*CD64" cell populations. Normalized to mode. c) Bar plot
summarizing APC signal intensity corresponding to intracellular labile iron levels across conditions (n=2). d) Heatmap
showing differential expression of iron-transporters and macrophage surface marker expression across monocyte-derived
macrophage (MDM) subtypes of CD45°'CD14*CD64" population. Only markers displayed that are expressed (based on
stained vs unstained, heatmaps presented in Appendix J), n=2. Heatmap scaled to x. Samples were acquired using the
SONY ID7000 flow cytometer, unmixed, and autofluorescence-corrected using SONY ID7000 software. Histogram, bar
plot, heatmap created with CellEngine.

After broadly testing and establishing efferocytosis readout on Discoverer Mg with iPSC-derived
Mg and primary human monocyte-derived Mg, we developed additional readouts of M@ functions
and tested other Mo in vitro models to understand the versatility of Discoverer Mg as a tool for
Mo function-phenotype analyses. The Discoverer Mg platform is not only suitable for assessing
Mo efferocytosis capacity but also enables the evaluation of phagocytic activity and the quantifi-
cation of labile iron pools.
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3.2 Discoverer M@ Enables Differential Analysis on Different
Cell Platforms, Across Various Readouts and
Perturbations

3.2.1 Discoverer Mg identifies highest efferocytosis capacity in iPSC
derived Mo and reveals efferocytosis driving surface markers

To better match in vitro Mg models with relevant functional surface marker profiles, | assessed
the applicability of Discoverer Mg across other commonly used polarization conditions. Specifi-
cally, | evaluated human monocyte-derived macrophages (MDMs) generated from two healthy
donors, polarized into M1-like (GM-CSF, LPS, IFNy) and M2-like (M-CSF, IL-10, Dexame-
thasone) phenotypes. These were compared to iM@ under identical experimental conditions (Fig-
ure 3-18a).

To characterize the efferocytosis-related and general immunophenotypic features of each subset,
| analyzed surface markers using spectral flow cytometry. Markers were grouped into functional
categories: inflammation-linked, lipid metabolism-associated, immune activation, antigen presen-
tation, general leukocyte and Mg markers, and efferocytosis/tissue-resident Mo (trMe) features.
Only marker signatures consistently observed across both donor replicates were included for in-
terpretation.

As presented in the heatmap (Figure 3-18a), M1-like M (D1, D2) exhibited strong enrichment for
inflammatory and immune activation markers including CCR2, CD274 (PD-L1), CD38, CD86,
HLA-DR, and CD40, reflecting a robust pro-inflammatory surface profile. These cells lacked or
showed minimal expression of efferocytosis and trMg-associated markers.

In contrast, M2-like M¢ (D1, D2) demonstrated high expression of CD36 (associated with lipid
metabolism), along with several efferocytosis/trMe-related markers including CD206, CD163,
TREM2, and FOLR2. TIMD4 and MERTK were modestly more enriched in D2 compared to D1,
suggesting minor donor-specific variation; however, both donors showed consistently higher ex-
pression of these markers relative to M1-like M.

iMe displayed broad and consistent expression of efferocytosis and trM¢ markers (TIMDA4,
MERTK, TREM2, FOLR2, CD163, CD206), often at the highest levels among all subsets. Notably,
CD48 was markedly elevated in iM@ and largely absent from both M1- and M2-like Me, providing
distinguishing feature of the iM@ model. This distinct expression pattern, especially for key ef-
ferocytosis markers such as TIMD4, MERTK, and TREMZ2, was further evident in high-resolution
histogram plots (Figure 3-18b).

Overall, iM@ share substantial phenotypic overlap with M2-like Mg in terms of efferocytosis and
tissue residency features yet remain distinguishable through unique markers such as CD48. M1-
like M retain a distinct pro-inflammatory and antigen-presenting surface signature with minimal

reparative marker expression. Importantly, inter-donor variability in MDM subsets was limited,
supporting the robustness and reproducibility of these polarization protocols.
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Figure 3-18 Comparative immunoprofiling of differentially polarized MDM and iM@ in in vitro platforms. Heatmap showing
surface marker expression profiles across macrophage (M@) platforms, including monocyte-derived macrophages
(MDMs) from two donors (D1: donor 1; D2: donor 2) and induced macrophages (iM@). Surface markers were grouped
into functional categories, including: efferocytosis and tissue-resident macrophage (trM@) markers; global Mg markers;
global leukocyte markers; macrophage activation and antigen-presenting cell (APC) markers; inflammation- and immune
activation-associated markers; lipid metabolism-related markers; and tissue-infiltrating signatures. Data were derived from
viable CD45" cells, pre-gated to exclude debris, doublets, and dead cells (see Appendix H for gating strategy). N = 4
samples. Expression values were scaled and normalized to a 0-1 range. Original dot plots and unstained controls are
provided in Appendix G. b) Higher-resolution heatmap view focusing on efferocytosis and tissue-residency-associated
marker subsets. Corresponding histograms illustrate expression differences in key surface markers identified in the
heatmap. Samples were acquired using a SONY ID7000 spectral flow cytometer, unmixed and corrected for autofluores-
cence using SONY ID7000 software. Data analysis including heatmap and histogram generation was conducted in Cel-
IEngine.
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Quantitative analysis of efferocytosis using the Discoverer Mg profiling system revealed signifi-
cant heterogeneity in the efferocytic capacity across distinct in vitro Mg platforms. Among the
evaluated subtypes, M1-like Mg exhibited minimal pHrodoGreen fluorescence following co-incu-
bation with apoptotic pHrodoGreen-labeled Jurkat T cells, indicative of poor to no efferocytic ac-
tivity (Figure 3-19a,b). The temporal kinetics of pHrodoGreen signal accumulation in M1-like Mg
was markedly slower than in both M2-like M@ and iMg, further supporting their limited capacity
for apoptotic cell uptake (Figure 3-19b). Notably, pharmacological disruption of actin polymeriza-
tion using CytoD did not significantly affect the already low fluorescence signal in M1-like Mo,
suggesting an inherent deficiency in efferocytic competence within this subset, independent of
cytoskeletal rearrangement (Figure 3-19c).

Conversely, M2-like M@ demonstrated significantly elevated pHrodoGreen fluorescence intensity
upon co-culture with apoptotic Jurkat T cells, with a robust and accelerated signal increase over
time relative to M1-like M@. The efferocytic response in M2-like Mg was notably diminished by
CytoD treatment (Appendix I), confirming actin-dependent internalization and highlighting their
comparatively higher phagocytic efficiency.

Among all tested Mg phenotypes, iMg displayed the greatest pHrodoGreen fluorescence inten-
sity, indicative of the highest efferocytosis capacity (Figure 13-19b). The fluorescence signal in
iMe reached a plateau more rapidly than in other subtypes, underscoring unique and efficient
efferocytic kinetics that distinguish this Mg platform.
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Figure 3-19 Capacity for efferocytosis of apoptotic Jurkat T cells across in vitro macrophage platforms. a) Representative
pHrodo™ Green fluorescence peak shifts in gated live CD45* macrophages from different macrophage models over time,
indicating uptake of pHrodo™ Green-labeled apoptotic Jurkat T cells. A progressive increase in peak fluorescence was



3 Results 81

observed in both M1 and M2 macrophages. iPSC-derived macrophages (iM@) exhibited a marked fluorescence shift be-
tween 60 and 120 minutes, suggesting rapid efferocytosis followed by signal saturation. (n = 4 per condition) b) Quantifi-
cation of efferocytosis kinetics measured as median pHrodo™ Green fluorescence intensity over time. M1 macrophages
(blue) showed the slowest uptake, M2-like macrophages (orange) displayed intermediate kinetics, while iM@s (green)
demonstrated the fastest and most robust increase in fluorescence. (n = 4 per timepoint per macrophage type c) Com-
parison of pHrodo™ Green fluorescence in untreated M1 macrophages (blue) versus M1-like macrophages pre-treated
with 10 yM Cytochalasin D, an actin polymerization inhibitor, and exposed to apoptotic Jurkat T cells. Cytochalasin D
treatment significantly impaired efferocytosis capacity. (n = 4 per condition). Data were acquired using the SONY ID7000
spectral flow cytometer, unmixed and autofluorescence-corrected using SONY ID7000 software. Data analysis, including
histogram and plot generation, was performed with CellEngine.

Taken together, these findings demonstrate that M2-Mg possess a notable capacity for efferocy-
tosis, further supported by their elevated expression of efferocytosis-associated receptors (Figure
3-18b). In contrast, M1 Mo appeared largely incapable of engulfing apoptotic JTs, which corre-
lated with their limited expression of key efferocytosis-related receptors. These results underscore
the ability of Discoverer Mg to reveal both functional and phenotypic divergence between Mg
subtypes, enabling inference of their potential roles, including, but not limited to, immunoregula-
tory and tissue homeostatic functions. Moreover, these findings highlight the differential applica-
bility of in vitro Mg platforms for studying distinct aspects of efferocytic and regulatory behavior.

3.2.2 Discoverer M@ Reveals Maximum to High Efferocytosis Capacity in
iM@ Making them Ideal Candidates for Perturbation Studies

To investigate whether distinct polarization conditions modulate the efferocytic capacity of iMo,
we subjected iMg to classical (M1; IFN-y + TNF-a) and alternative (M2; IL-10 + Dexamethasone)
polarization stimuli. We hypothesized that efferocytosis would be enhanced in iMg treated with
IL-10 and Dexamethasone, and suppressed following IFN-y and TNF-a treatment.

The ability of model Mg to dynamically increase or decrease their efferocytosis capacity is critical
for enabling gain- and loss-of-function studies involving genetic or pharmacological perturbations.
In this context, we established iMg as a tractable model of trM¢ suitable for efferocytosis-targeted
investigations.

Supporting this model, differentially polarized human MDMs exhibited distinct capacities to engulf
apoptotic JTs, highlighting the influence of cytokine microenvironment on efferocytic function.

Interestingly, when assessing key efferocytosis-associated surface markers, TIMD4, TREMZ2, and
MERTK, across the polarization in iM¢ conditions, | observed minimal to no change in their ex-
pression levels (Figures 3-12a,b). This suggests that modulation of efferocytic activity in polarized
iMe may occur independently of changes in the expression of these canonical receptors.
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Figure 3-20 Expression of efferocytosis-associated surface markers in differentially polarized iM@. a) Heatmap compar-
ing the expression of key efferocytosis-related surface markers across distinct iM@ polarization states: non-polarized iMe,
M1-like iMo (polarized with IFN-y + TNF-a), and M2-like iM¢ (polarized with IL-10 + Dexamethasone. Only markers with
detectable expression (determined by comparison to unstained controls; see Appendix X) were included. Heatmap was
generated from CD45* viable cells following exclusion of debris and doublets. Color intensity represents raw median
fluorescence intensity (MFI). n = 2. b) Representative histogram overlays of marker expression in each polarization con-
dition, normalized to mode. Histograms show positively expressed markers, as determined by comparison to unstained
controls (Appendix K). All samples were acquired using the SONY ID7000 spectral flow cytometer. Data were unmixed,
autofluorescence-corrected using ID7000 software, and analyzed in CellEngine. Data are representative of N = 2 repli-
cates.

To investigate whether M1 and M2 polarizing cytokines affect the efferocytosis capacity of iMe,
pHrodo™ Green fluorescence intensity was measured in iMg 120 minutes after target addition.
Spectral flow cytometry analysis of the pHrodo Green signal revealed no significant differences
in efferocytosis capacity across the different experimental conditions. These findings suggest that
iM possess an intrinsically high efferocytosis capacity, which could not be significantly enhanced
or suppressed by M1 or M2 polarizing cytokines under our experimental conditions (Figure 3-
21a,b). However, it is possible that longer exposure durations to the polarizing cytokines may be
required to induce detectable changes in efferocytosis capacity, and future experiments could
explore this variable to further elucidate the modulatory potential of M1/M2 cytokine environ-
ments.
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Figure 3-21 Efferocytosis capacity of iM@ under different polarization conditions. a) Representative histogram overlay of
pHrodo™ Green fluorescence signal intensities in iPSC-derived macrophages (iM®) polarized for 24 hours with either IL-
10 and dexamethasone (anti-inflammatory/M2-like), IFN-y and TNF (pro-inflammatory/M1-like), or left unpolarized
(iMo_0). Apoptotic Jurkat T cells labeled with pHrodo™ Green were added at a 1:5 ratio (macrophages to apoptotic cells).
Data were acquired 120 minutes after addition, without removal of apoptotic cells prior to measurement. The histogram
illustrates efferocytosis activity under different polarization states. b) Quantification of efferocytosis capacity based on
median fluorescence intensity of pHrodo™ Green signal across the three polarization conditions (n = 4). Statistical anal-
ysis was performed using ordinary one-way ANOVA followed by pairwise comparisons. All samples were acquired on a
SONY ID7000 spectral flow cytometer, unmixed, and corrected for autofluorescence using SONY ID7000 Software. Data
were analyzed using CellEngine and statistical analysis was performed in GraphPad Prism.

From this data the question arose whether the intrinsically high efferocytosis capacity of iM¢ could
be further enhanced or suppressed. To answer this and thus assess whether iM@ are suitable for
studies investigating perturbation or inhibition of efferocytosis through gain- and loss-of-function
approaches, we evaluated a panel of pharmacological inhibitors targeting key efferocytosis path-
ways, alongside molecules known to enhance efferocytosis (including Protein S1). Protein S1
promotes efferocytosis by acting as a bridging molecule that binds to PS on apoptotic cells and
engages TAM family receptors (Tyro3, Axl, and MerTK) on Mg, thereby facilitating the engulfment
process. As shown in Figure 3-22 a and b, untreated cells and cells treated with Protein S1 ex-
hibited the highest efferocytosis capacity across all polarization states, significantly exceeding
that of the negative control (no inhibitor or promotor control) (p < 0.0001).

Treatment with CytoD, chloroquine, bafilomycin A1, and flavopiridol resulted in a marked reduc-
tion in efferocytosis capacity compared to untreated conditions (p < 0.0001). CytoD, which inhibits
actin polymerization, disrupts the cytoskeletal rearrangements necessary for apoptotic cell en-
gulfment. Chloroquine and bafilomycin A1 impair lysosomal acidification and maturation, interfer-
ing with phagosome-lysosome fusion and degradation of engulfed material. Flavopiridol, a broad-
spectrum cyclin-dependent kinase inhibitor, suppresses transcriptional programs required for sus-
tained efferocytic activity. Among the inhibitors tested, chloroquine and bafilomycin exerted the
most pronounced inhibitory effects. Flavopiridol, in contrast, exhibited the least inhibition of ef-
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ferocytosis, which is consistent with its mechanism of action as it is primarily targeting transcrip-
tional regulation required for sustained, but not initial, efferocytic activity. Notably, all inhibitors
demonstrated comparable efficacy across Mg polarization states, indicating a general vulnerabil-
ity of efferocytosis to disruption of these cellular processes.

In contrast, treatment with Protein S1 preserved high efferocytosis capacity, comparable to that
observed in untreated cells. Protein S1 functions as a bridging molecule between PS on apoptotic
cells and efferocytosis receptors on phagocytes, facilitating recognition and uptake. The main-
tained or slightly enhanced efferocytosis observed upon Protein S1 treatment is likely due to more
efficient receptor-ligand interactions. Statistical analysis confirmed significant differences among
treatment groups (p < 0.0001), with a modest but significant increase in Protein S1-treated iMg
IL-10/dexamethasone compared to wild-type iMg (p < 0.05).

These findings infer that iM@ have a high basal efferocytosis activity, which can be inhibited,
making iMg a well-suited in vitro M@ model for loss-of-function mechanistic and target discovery
studies of efferocytosis. Pharmacological blockade of actin dynamics, lysosomal function, and
transcriptional regulation robustly impaired efferocytosis, providing valuable positive controls as
well as tools for dissecting the molecular underpinnings of this critical process for maintaining
human tissue homeostasis.

a) c)

+ wT

Continual untreated control @
efferocytosis untreated @
CytoD
Chloro @
Bafilo
Flavo @
Pros1 @

Find Bind Engulf Digest
G s <

ns

oo ‘ ‘ IL10, dexa

IFNg, TNF

pHrodoGreen-A median + SEM

unstained @ control CytoD @ Chloroquine @ Bafilomycin @ Flavopiridol @ Protein S1

Do TS s )

pHrodoGreen: FITC-A

Figure 3-22 Pharmacological modulation of efferocytosis in iM¢ under different polarization conditions. a) Schematic
illustration of efferocytosis stages targeted by different inhibitors and promoters. Protein S1 (brown) was used to promote
the binding phase; Cytochalasin D (pink) to block the engulfment phase; chloroquine (turkeys) and bafilomycin A1 (green)
to impair phagolysosome formation and function; and flavopiridol (dark green) to interfere with continual efferocytosis.
Untreated control (blue) and unstained control (pre-labeled iM@ + unlabeled Jurkat) (grey) were used as controls and
comparators. b) Quantification of efferocytosis capacity following treatment with inhibitors or Protein S1 across different
polarization conditions. A highly significant reduction in efferocytosis signal was observed with all inhibitors compared to
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paired untreated controls. No significant enhancement of efferocytosis by Protein S1 was detected under most experi-
mental conditions, except for a modest increase in iM@ treated with IL-10 + dexamethasone. Each experimental condition
represents n = 4 biological replicates. Statistical analysis: ordinary one-way ANOVA for inhibitor/promoter comparisons
to untreated controls, and two-way ANOVA for comparisons between cytokine treatments and inhibitor/promoter effects.
Results were considered significant at p < 0.05. ****p < 0.0001, *p < 0.05. c) Representative histograms showing the
effects of inhibitors on pHrodo Green fluorescence peak shifts in iM@ under different polarization conditions. Data were
gated on viable CD45* single cells (debris and doublets excluded). Data acquisition was performed on a SONY ID7000
spectral analyzer with unmixing and autofluorescence correction using SONY ID7000 software. Data analysis was con-
ducted using CellEngine.

When examining the expression of efferocytosis-associated surface markers, treatment with n
CytoD altered the expression of several markers, likely due to disruption of cytoskeletal dynamics
affecting receptor trafficking and membrane localization (Figure 3-23a). In contrast, treatment with
other inhibitors, such as chloroquine, bafilomycin A1, and flavopiridol, which primarily interfere
with intracellular processing pathways (e.g., endosomal acidification or lysosomal degradation),
induced only slight changes in surface marker expression patterns in iMg, both in the presence
and absence of polarizing cytokines. Protein S1 slightly increased the expression of MERTK, and
the expression of the other efferocytosis markers remained stable, supporting the findings demon-
strated in the previous figure 3-22. Together these findings suggest that receptor expression is
differentially regulated depending on whether cytoskeletal trafficking or intracellular degradation
pathways are disrupted.
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Figure 3-23 Impact of cytokine polarization and efferocytosis modulators on efferocytosis-linked surface marker expres-
sion in iIM®. CytoD: 10 uM Cytochalasin D; Chloro: 100 nM Chloroquine; Bafilo: 10 uM Bafilomycin A1; Flavo: 10 yM
Flavopiridol; Pros1: 5 yM Protein S1.a) Heatmap showing expression levels of key efferocytosis-related surface markers
across iM® treated with two different cytokine polarization conditions (M1 and M2) in the presence or absence of efferocy-
tosis modulators. Heatmaps were generated from CD45" viable cells, normalized to one, with scaling representing raw
marker expression intensities. Data represent n = 4 biological replicates per experimental condition. b) Representative
histograms showing FOLR2 expression across different treatment conditions and efferocytosis modulators. Histograms
for all markers presented in the heatmap are available in Appendix K. Data were obtained from gated viable CD45" single
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cells, with debris and doublets excluded. Samples were acquired using a Sony ID7000 spectral analyzer with the DIS-
COVERER M assay. Spectral unmixing and autofluorescence correction were performed using Sony ID7000 software.
Data analysis was conducted with CellEngine.

3.2.3 iPSC-Derived Microglia might be Better Suited In Vitro M¢ Platform
for Gain-of-Efferocytosis Studies

Given that the efferocytosis capacity of iM@ could not be further augmented beyond their intrinsi-
cally high baseline levels, these cells may be suboptimal for investigating gain-of-function pertur-
bations in efferocytosis studies. Consequently, we sought to identify alternative in vitro Mg models
with a more modifiable efferocytic phenotype and evidence of compatibility with large-scale
CRISPR-based screening platforms. To this end, we successfully optimized the differentiation of
6-transcription factor (6-TF) iPSCs into induced microglia-like cells (iMicroglia), building on the
original protocol in collaboration with Dr. Nélio Oliveira and the laboratory of Prof. Bill Skarnes
(The Jackson Laboratory, US). As part of this optimization, we evaluated the impact of cytokine
conditioning by incubating iMicroglia with either GM-CSF (following the original protocol) or sub-
stituting M-CSF during the final 24 hours prior to initiating the efferocytosis assay.

Preliminary characterization of iMicroglia revealed a distinct efferocytosis-associated surface
marker profile compared to iM@ (Figure 3-24a, b). Specifically, expression of markers such as
MERTK, CD206, and CD14 were detected in iMicroglia, while CD163 and TREM2 were absent.
Functional assessment using the Discoverer Mg efferocytosis assay demonstrated a limited ca-
pacity of iMicroglia to engulf apoptotic Jurkat T cells relative to iM¢ under comparable experi-
mental conditions (Figure 3-24c). Notably, only iMicroglia conditioned with M-CSF exhibited de-
tectable efferocytosis activity, with approximately 30-40% of cells showing pHrodo-positive up-
take. Furthermore, this residual efferocytosis activity was completely abrogated by chloroquine
treatment, which suppressed pHrodo fluorescence signal (Figure 3-24c), indicating that lysosomal
acidification remains critical for detection of engulfed apoptotic targets in this model.
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Figure 3-24 Characterization of efferocytosis marker expression and efferocytic activity in iMicroglia. a) Expression of
efferocytosis-linked surface markers in iMicroglia, comparing unstained cells (blue) versus stained iMicroglia labeled with
the adjusted antibody panel (orange).b) Heatmap showing differential surface marker expression in unstained (bottom
two rows) and antibody-labeled (top two rows) iMicroglia following GM-CSF withdrawal and replacement with M-CSF for
either 24 or 48 hours. Heatmap conditions represent mean fluorescence intensity values, normalized across the full data
range, scaled to one. c) Representative histograms of pHrodo™ Green fluorescence intensity in live CD14*CD206* iMi-
croglia (blue) after addition of apoptotic pHrodo™-labeled Jurkat T cells. Cells were either maintained under standard
GM-CSF conditions or cultured without GM-CSF but with M-CSF replacement for the last 24 hours (orange). Cells treated
with chloroquine (10 uM, grey) are shown to highlight inhibition of efferocytic activity. Samples were acquired using a
SONY ID7000 spectral analyzer; spectral unmixing and autofluorescence correction were performed with SONY ID7000
software. Cells were pre-gated to exclude debris and doublets, and viability gating and CD14*CD206* selection were
applied prior to analysis. Data were analyzed using CellEngine. N = 2 biological replicates per experimental condition.

These preliminary findings suggest that iMicroglia may represent a more suitable in vitro Mg plat-
form than iMe for investigating strategies aimed at enhancing efferocytosis. However, further val-
idation and optimization of this model are necessary before it can be applied to large-scale per-
turbation studies. These efforts are ongoing within our broader research project but fall outside
the scope of the current PhD thesis.

To assess the suitability of Discoverer-derived iMicroglia for quantifying the engulfment of cancer
cells, a pilot experiment was conducted in which iMicroglia were exposed to apoptotic glioblas-
toma cells labeled with pHrodoGreen. As shown in Figure 3-25a, a moderate increase in pHrodo-
Green fluorescence was detected relative to both the CytoD-treated negative control and a non-
cancer cell control. Notably, when compared to iMicroglia incubated with pHrodoGreen-labeled
JTs, the glioblastoma condition elicited a higher fluorescence intensity and a more substantial
peak shift. These preliminary findings suggest that iMicroglia may exhibit a preferential efferocytic
response toward glioblastoma cells, indicating potential target specificity in their phagocytic ac-
tivity. However, as this was a preliminary experiment, additional controls and replicates are re-
quired to rule out alternative explanations for the observed differences in pHrodoGreen signal.
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Figure 3-25 Pilot glioblastoma efferocytosis experiment on iMicroglia cells. Representative pHrodo™ Green fluorescence
peak shifts in gated live CD14*CD206" iMicroglia. a) Minimal peak shift of efferocytosis condition (blue) containing stained
iMicroglia incubated with pHrodoGreen labelled apoptotic glioblastoma cells as compared to negative control (orange)
containing stained iMicroglia, no apoptotic cancer cells and inhibitor-treated condition (green) containing stained iMicroglia
incubated with pHrodoGreen labelled apoptotic glioblastoma cells plus 10uM Cytochalasin D. b) Comparison of iMicroglia
cells incubated with pHrodoGreen labelled Glioblastoma cells (blue) compared with pHrodoGreen labelled apoptotic
Jurkat T cells reveals more distinct peak shift in glioblastoma condition. Samples were acquired using a SONY ID7000
spectral analyzer; spectral unmixing and autofluorescence correction were performed with SONY ID7000 software. Cells
were pre-gated to exclude debris and doublets, and viability gating and CD14*CD206* selection were applied prior to
analysis. Data were analyzed using CellEngine. N = 2 biological replicates per experimental condition.
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3.3 Discoverer Mo Data Integration Creates New Knowledge
in Functional Phenotypization of Synovial Cells

Following extensive validation across functional readouts, phenotyping antibody panels, and in
vitro Mo platforms, we proceeded to employ the Discoverer Mg system to generate new insights
into human tissue Mg diversity using valuable patient-derived biospecimens. With a focus on pro-
resolution target discovery in IMIDs, we selected RA as a prototype disease model to study the
phenotypic and functional heterogeneity of Mg populations within the synovium.

To build a comprehensive understanding of tissue biology during IMID remission and flare states,
we are integrating multiple advanced technologies, including CITE-sequencing (CITE-seq), spec-
tral flow cytometry, CosMx spatial transcriptomics, and large-scale multiomics data integration
(Figure 3-26).

Synovial macrophages (synM@) and structural cells are being isolated from synovial tissue and
synovial fluid samples collected from arthritis patients presenting with various forms of arthritis
(e.g., osteoarthritis, RA) and across different disease activity states (remission, active RA, and
end-stage disease requiring joint replacement), as well as varying treatment responses (including
cDMARD-naive patients, cDOMARD-inadequate responders, and anti-TNF therapy-resistant RA
cases). Biospecimens are obtained via ultrasound-guided synovial biopsy, arthrocentesis, or joint
replacement surgery. To date, we have collected 39 synovial tissue samples and 20 synovial fluid
samples from arthritis patients.

Processing and analysis of the biospecimens have involved multiple complementary methodolo-
gies. The majority of human synovial tissue biopsies were processed and CITE-seq libraries gen-
erated by Janine Luickgen. Maria del Pilar Palacios Cisneros and Mojca Frank Bertoncelj contrib-
uted by dissociating synovial biopsies and creating CITE-seq libraries for a subset of patient sam-
ples. For synovial tissues obtained during joint replacement surgery, the PTA research team con-
ducted intensive overnight experiments encompassing tissue dissociation, fluorescence-acti-
vated cell sorting (FACS), CITE-seq library preparation, and spectral flow cytometry. Bioinformatic
analysis of the CITE-seq data was performed by Helena R. Crowell, with data annotation and
interpretation carried out by Mojca Frank Bertoncel.

My contributions to the experimental work on human synovial tissue included the optimization of
antibody concentrations for FACS sorting and CITE-sequencing, tissue processing, and the com-
plete spectral flow cytometry workflow. This encompassed the design and optimization of multi-
spectral flow cytometry panels for phenotyping synovial Mg, stromal, and structural cells, the es-
tablishment and execution of functional assays (including assay set-up optimization and experi-
mental execution), as well as subsequent data analysis and interpretation.

In this PhD thesis, | present a subset of data from the synovial CITE-seq analyses, focusing pri-
marily on synovial M@ but also partially addressing structural cell populations. These tran-
scriptomic data were aligned with multicolor spectral flow cytometry analyses of synovial tissue
and synovial fluid cells from patients with inflammatory arthritis, using the Discoverer Mg platform
(Figure 3-26). By integrating CITE-seq with Discoverer Mgp-based phenotyping and functional as-
says, we were able to uncover differential abundances, phenotypes, and functional characteristics
of diverse synMo and structural cell subsets across various arthritis types, disease activity states,
and therapeutic response categories.
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Many of these cellular subsets are currently definable primarily (and often exclusively) by their
distinct transcriptional signatures. The integration of transcriptomic, surface protein, and func-
tional data enables the identification of specific synovial Mg and structural cell populations
(Who?), elucidation of their functional roles (What?), and association with clinical metadata such
as disease activity, therapeutic response, and remission status. Ultimately, this multidimensional
approach supports the construction of a comprehensive multi-omics map of human synovial tis-
sue in both remission and active arthritis, providing a valuable resource for the scientific commu-
nity and informing future research and therapeutic development initiatives.

Not part of PhD thesis
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Figure 3-26 Integrative analysis of synovial CITE-seq, spectral flow cytometry, and spatial transcriptomics datasets. Com-
bined single-cell and spatial analyses were performed to identify the diversity of synovial macrophage (synM¢) and struc-
tural cell subsets (Who?), define their phenotypic and functional characteristics (What?), and assign their spatial localiza-
tion and cellular neighborhoods within synovial tissue (Where?). These analyses were conducted across different rheu-
matoid arthritis (RA) activity states, treatment response categories, and arthritis types.

3.3.1 CITE-Seq Uncovers Synovial Cell Diversity

Figure 3-27 presents a comprehensive multi-omics analysis of synM¢g in RA, combining single-
cell RNA sequencing (scRNA-seq), antibody-derived tag (ADT) profiling, and surface marker phe-
notyping. As shown in Figure 3-27a UMAP plot displays the integrated scRNA-seq data from
167,650 synovial cells isolated from 21 RA patient synovial tissues with DMARD-naive RA (n=6,
28,6% contributed cells), RA inadequately responding to csDMARDs (n=6, 28,6 % contributed
cells), Anti-TNF/IL-6 inadequate responsers (n=5 23,8 % contributed cells) and RA in remission
(n=4, 19% contributed cells). Total synovial cells were derived from unsorted samples (n=9) and
sorted samples (n=14). In sorted samples, we enriched for CD45" structural cells (n=1 samples)
and myeloid cells sorted as CD45*CD11B* (n=5 biopsies), CD45*CD11B*CD64* (n=7 biopsies),
CD45*CD11B*CD14* (n=1 biopsy), and CD45*CD11B*CD64" (n=1 biopsy). Thus, the proportion
of different main synovial cell populations on the UMAP (Figure 3-27a) is skewed toward domi-
nance of structural and myeloid cells, whereas lymphoid cells originate primarily from non-sorted
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tissue samples. In general, we detected all key synovial cell populations, including a distinct fi-
broblast-like synoviocyte (FLS) population, two endothelial cell clusters, pericytes/mural cells,
lymphoid clusters consisting of T cells and natural killer (NK) cells, B cells, an avascular cluster
consisting of endothelial cells and mural cells, and a myeloid cluster consisting of synM¢ and
neutrophils. In the next step, we performed in silico sorting of myeloid cells to enable more gran-
ular sub-clustering of Mg subsets, as illustrated in Figure 3-27b. Principal clusters were identified
based on the top enriched cluster-specific genes and informed by prior reference synovial scRNA-
seq datasets (Alivernini et al., 2020; Edalat et al., 2024). Sub clustering of myeloid cells revealed
four transcriptionally distinct Mg populations, along with a cluster of NAMPT* IFITM2* synovial
neutrophils. The identified synM¢g populations included: (1) trMe, characterized by high expres-
sion of FOLR2, MERTK, and SLC40A1 (yellow cluster); (2) a Mg subset with low FOLR2 but high
TREM2 and SPP1 expression (dark pink cluster); and (3-4) two distinct subsets of infiltrating
CCR2* Mo. The infiltrating CCR2* Mg were further distinguished based on gene expression pro-
files, with one subset enriched for CLEC10A (light pink cluster) and the other for IL1B and
SLC11A1 (green cluster).

Notably, SLC40A1 (encoding the iron exporter ferroportin) and SLC11A1 (encoding the iron im-
porter DMT1), genes involved in iron homeostasis, were specifically enriched in the FOLR2high
tissue-resident and IL1B"9" infiltrating Mg subsets, respectively. These findings suggest a com-
partmentalization of iron metabolism functions across different synMg populations within the syn-
ovial tissue. Further investigation using the Discoverer M@-IRON assay will provide deeper in-
sights into iron transporter signatures and iron metabolic pathways in these synovial Mg subsets.

scRNA-seq data, visualized in the heatmap in Figure 3-27c, further revealed high expression of
genes encoding complement components (C1QA, C1QB, C1QC) alongside other key markers
(SELENOP, CD163, GLIPR1) previously associated with synovial tissue residency (Alivernini et
al., 2020), specifically within the tissue-resident FOLR2"9", MERTKM", and SLC40A1"9" M sub-
sets. Consistent with findings from M profiling platforms, FOLR2* cells also displayed elevated
expression of CD163, MERTK, TIMD4, and CD14, further supporting their classification as tissue-
resident synovial M.

Within the synM¢ populations, the FOLR2* TREM2'°% SPP 19 cluster displayed the highest ex-
pression of TIMD4, TREM2, and MARCO, markers closely linked to tissue residency. In contrast,
the CCR2* CLEC10A" subcluster exhibited the highest expression of EREG, a gene associated
with inflammation and fibrosis. These findings mirror the model of Trzebanski et al. (2024) who
described a monocyte-derived dendritic cells progenitors (MDP) derived monocytes/Mg popula-
tion in a murine model (whole BM isolated from C57BL/6 WT animals). In their study, CLEC10A
expression was enriched in CD319" classical monocytes, which originate from MDPs and were
shown to contribute preferentially to Mg populations with dendritic-cell-like features, including
high MHC-II expression and antigen-presenting capacity. Notably, although these monocytes co-
expressed CCR2, their functional fate was distinct from that of granulocyte-monocyte progenitors-
derived (inflammatory) monocytes (Trzebanski et al., 2024). The presence of CLEC10A suggests
that this subset may serve a specialized role in immune regulation or antigen presentation within
the inflamed synovium. Thus, the identification of CLEC10A* M@ in human synovial tissue sup-
ports a model in which monocyte ontogeny shapes Mg heterogeneity and function in chronic
inflammatory environments.

Finally, the CCR2* IL1B* SLC11A1* subcluster showed strong expression of FCN1, LYZ, and
MPEGH1, genes linked to inflammatory responses and immune activation.
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As shown in Figure 3-27d, transcriptomic profiles and ADT signatures largely corresponded with
the transcriptomic profiles of surface markers across transcriptionally defined synovial M@ sub-
sets. Several key Mg markers, including FOLR2, CD163, CD74, CCR2, CD52, CD48, and
CX3CR1, were robustly validated at the protein level (Figure 3-27d). Integration of CITE-seq data
further enabled the identification of surface markers distinguishing specific synM¢ subsets. Fi-
nally, transcriptomic and ADT-based Mg sub clustering were aligned, as summarized in Table 3-
3 and Figure 3-27e.

Table 3-3 Clusters identified in scRNAseq vs. ADT-based clusters

Cluster scRNA-based clusters ADT-based clusters

1 FOLR2M""MERTK""SL.C40a1Meh FOLR2"ghmed CCR2Ne9

2 FOLR2*TREM2"s"Spphish FOLR24MCCR24mCX3CR1"9
3 CCR2*CLEC10A* CCR2+CD74+

4 CCR2'IL1B*SLC40A1* CCR2+CD74"9
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This alignment of protein and transcriptomic data supports both unbiased exploration and tar-
geted functional analyses of subset-specific synovial Mg phenotypes and functions, thereby ad-
vancing our understanding of their roles in RA pathogenesis.
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Figure 3-27 Multi-Omics Profiling — CITE-Sequencing of Human Synovial Macrophages in Rheumatoid Arthritis. Synovial
cells were isolated fresh during synovial tissue dissociation (CITE Edalat) and labelled with CITE-Seq and sorting anti-
bodies (in a subset of samples that underwent sorting). Next, scRNA-seq and ADT libraries were generated (10x Ge-
nomics, 3' v3.1 chemistry) and sequenced on the lllumina NovaSeq 6000 platform (paired-end reads, with minimum cov-
erage of 50,000 RNA and 5,000 ADT reads per cell). a) UMAP plot showing integrated scRNA-seq data from 167,650
synovial cells from 21 patients with DMARD-naive RA (n=6), csDMARD-inadequate (n=6) and Anti-TNF/IL-6 inadequate
responders-inadequate (n=5) responders, as well as RA patients in remission (n=4). See Table 2-8 for cell quantity per
patient group. b) Synovial myeloid cells were in silico sorted and further subclustered into four distinct macrophage (M)
clusters and one neutrophil cluster. ¢c) Heatmap of top enriched genes across synovial myeloid cell clusters. Gene ex-
pression was calculated across all cells in each subcluster in pseudo bulk. d) ADT signatures for selected macrophage
surface marker genes shown on heatmaps, as determined by synovial cell CITE-Seq (n =16 samples). e) The aligned
transcriptomics and ADT classifications of synovial macrophage clusters. Data were created by Janine Liickgen, Mojca
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Frank Bertoncelj, and Maria del Pilar Palacios Cisneros. Samples were acquired in partnership with the teams of Vasco
Romao and Joao Eurico Fonseca, University of Lisbon, Lisbon, Portugal, as well as in collaboration with Georg Schett,
University Clinic Erlangen, Germany. Bioinformatics data analysis was performed by Helena R. Crowell, with data anno-
tation and interpretation by Mojca Frank Bertoncelj.

3.3.2 Spectral Flow Cytometry

Spectral flow cytometry analysis was conducted on freshly isolated synovial cells (Edalat et al.,
2024), allowing for a high-resolution identification of diverse structural and myeloid cell popula-
tions within the synovial tissue compartments. The antibody panel for spectral flow cytometry was
designed to comprehensively capture diverse synovial M@ populations, with parallel adaptations
of the antibody panel for analysis of synovial structural cells. The selection of surface markers
targeted in the spectral flow cytometry antibody panels was based primarily on our synovial
scRNA-seq atlas by Edalat et al. (2024), which | coauthored. Additionally, the antibody panel was
further fine-tuned in accordance with synovial Mg scRNA-seq finidings from Alivernini S et al.,
(2020) as well as synovial CITE-Seq data by Zhang et al (2023). The panel markers global leu-
kocyte/myeloid cell/M@ markers as well as markers linked to various Mg phenotypes, including
tissue residency, pro-resolution, pro-inflammatory, tissue infiltrating phenotypes. Structural cell
markers included endothelial cell, mural cell/pericyte and FLS markers (Table 3-4).

Table 3-4 Surface markers to characterize total synovial cells

Characteristics Marker

Global leukycyte, myeloid cells, macro- CD45, CD54, CD64, CD11b, CD14, CD68

phages

Tissue residency linked FOLR2, TIMD4, (SLC40A1)

Pro-resolution linked CD163, MERTK, CD206, TREM2, CD209

Inflammation linked!/ infiltration linked CD114, CD52, CD48, SPP1, CX3CR1, CCR2

Antigen presentation-linked HLA-DR

Iron transporters CD71, CD91, SLC40A1

Lipid metabolism CD36

Non-M¢ marker CD31, CD34, CD26, Notch3, Podoplanin, CD90, CD55, CD146

A pilot Discoverer Mg-based analysis was performed on total synovial cells isolated from the
synovial tissue of an osteoarthritis (OA) patient undergoing joint replacement surgery (Figure 3-
28). By plotting CD45 against CD14 expression, three main populations were clearly distin-
guished: CD45™ structural cells, CD45*CD14* Mg, and CD45*CD14~ non-Mg leukocytes (Figure
3-28a). Further sub-classification of synovial macrophages (synM@) using the Discoverer Mg an-
tibody panel identified three key populations: CCR2*FOLR2" infiltrating synovial macrophages
(tiMp), FOLR2*CCR2" tissue-resident synovial M@, and an intermediate population of
CCR2*FOLR2* synM¢g (Figure 3-28b). Consistent with previous findings (Zhang et al., Nat. Im-
munity, 2019), OA synovium demonstrated a relative enrichment of trMo over tiMe.

Detailed phenotypic profiling revealed that CCR2*FOLR2" tiM@ expressed elevated levels of
CD48, a marker associated with pro-inflammatory activity. In contrast, FOLR2*CCR2™ trM¢ ex-
hibited high expression of markers linked to tissue residency and immunoregulatory functions,
including CD163, MERTK, CD206, TREM2, TIM4, and CD209. Additional markers such as CD14,
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HLA-DR, and CD54 were also enriched in the trMeo cluster. These findings support a model in
which trMe contribute to tissue-protective and homeostatic roles within the OA synovium.

Strikingly, the spectral flow cytometry data closely mirrored observations from our synovial CITE-
sequencing dataset, identifying the same three M@ subpopulations: FOLR2*CCR2™ trMe,
FOLR2*CCR2" intermediate Mg, and CCR2*FOLR2" tiMe.
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Figure 3-28 Spectral flow cytometry analysis of synovial macrophages in OA synovium. Total live, unsorted synovial cells
were analyzed. Debris, doublets, and dead cells were excluded using forward and side scatter gating, singlet discrimina-
tion, and ZombieNIR viability staining. a) Live ZombieNIR-negative synovial cells were gated based on CD45 and CD14
expression to identify CD45- structural cells, CD45+CD14+ macrophages (M¢), and other CD45+CD14- leukocytes.
CD45+CD14+ macrophages were further gated based on FOLR2 and CCR2 surface expression to define three macro-
phage subsets, including FOLR2+CCR2- tissue-resident macrophages and CCR2+FOLR2- infiltrating macrophages. (b)
Heatmap comparing marker expression profiles of FOLR2+CCR2- and CCR2+FOLR2- synovial macrophage subsets.
Expression values were normalized using z-score transformation across markers. The heatmap scale represents z-score
values of marker expression intensity. Samples were acquired on a SONY ID7000 spectral flow cytometer with autofluo-
rescence adjustment and spectral unmixing applied (SONY ID700 software). Data analysis was performed using Cell
Engine. Representative data shown from one biological replicate (n = 1).

These findings are further corroborated by our previously published study (Edalat et al., 2024), in
which integrated single-cell RNA sequencing (scRNA-seq) data from 25 synovial tissue samples
derived from patients with various forms of inflammatory arthritis revealed 12 transcriptionally
distinct subclusters within the M@ and myeloid dendritic cell compartment. Consistent with our
current observations, FOLR2*high subclusters displayed the highest expression of canonical Mg
marker genes, including CD14, CD68, TREM2, CD163, TIMD4, MERTK, MRC1 (CD206), and
CD209. In contrast, elevated expression of CD48 was observed in CCR2* macrophage subclus-
ters, in line with an infiltrating monocyte-derived Mg phenotype.

As part of the validation strategy described in Edalat et al. (2024), | conducted multispectral flow
cytometry experiments to phenotypically characterize synovial cell populations and independently
validate the main immune and stromal cell clusters identified by scRNA-seq. Synovial tissue sam-
ples, two in total were obtained via ultrasound-guided wrist biopsies from patients with early rheu-
matoid arthritis and processed by Janine Lickgen in collaboration with our partners at the Uni-
versity of Lisbon, Portugal. Following tissue dissociation, cells were fixed and stained with a com-
prehensive antibody panel targeting key leukocyte (CD45), myeloid (CD14), lymphoid (CD3, CD4,
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CD8, CD19), and stromal (CD31, PDPN) surface markers. Data acquisition was performed using
the Sony ID7000 spectral flow cytometer.

Flow cytometric analysis confirmed the presence of major synovial immune populations, including
CD45*CD14* M@, CD45*CD19" B cells, and CD45*CD3* T cells, with the latter further subdividing
into CD4* and CD8" subsets. Moreover, CD45" stromal cells segregated into two discrete popu-
lations: CD31* (PECAM1*) endothelial cells and PDPN* synovial fibroblasts (Figure 3-29)

In summary, the spectral flow cytometry analysis not only validated the major transcriptionally
defined cell clusters reported in Edalat et al. (2024) but also provided strong orthogonal support
for the synovial cell populations identified in our current scRNA-seq dataset. Together, these
complementary approaches underscore the reproducibility and robustness of synovial cell identity
assessments across transcriptomic and proteomic single-cell platforms.
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Figure 3-29 Spectral flow cytometry analysis of freshly isolated synovial tissue cells. Synovial cells were isolated from a
wrist biopsy and fixed before staining with a multispectral antibody panel targeting surface markers for leukocytes (CD45),
myeloid cells (CD14), lymphocytes (CD3, CD4, CD8, CD19), and structural cells (CD31, PDPN). Analysis with the Sony
ID7000 spectral cytometer identified two main compartments based on CD45 expression. The CD45* immune cell popu-
lation included CD14* macrophages, CD19* B cells, and CD3* T cells, which were further subdivided into CD4* and CD8*
subsets. The CD45" population comprised CD31* endothelial cells and PDPN* synovial fibroblasts. Data analysis was
performed using Sony ID7000 software. N=2; one representative example is shown. Adapted from Edalat et al., 2024,
already published data.

3.4 Synovial M@ exhibit E. coli Particle Binding Capacity. A
Pilot Experiment for Functional Analysis of Human Tissue
Me.

As part of our continued work using Discoverer Mg-based immunophenotyping of primary human
synovial structural cells and Mg, we performed a pilot assay aimed at incorporating functional
phagocytosis readouts into ex vivo synovial cell analysis. Fresh synovial cells were isolated from
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joint tissue obtained during total joint replacement surgery from two RA patients. Cells were im-
mediately stained with antibody panels, incubated for 30 minutes at 37°C with pHrodo™ Green-
labeled E. coli bioparticles at a 1:10 cell-to-particle ratio, and analyzed using a Sony ID7000 spec-
tral flow cytometer.

CD45*CD14* Mo were seeded directly into plates and fed with particles immediately after isola-
tion, without a pre-adherence phase. This likely limited their ability to attach to the well surface
and form a stable cytoskeletal architecture conducive to phagocytosis. Additionally, the pHrodo™
Green bioparticles were not removed by washing prior to cytometric analysis. This prevented the
exclusion of free or loosely associated beads and made it difficult to distinguish true internalization
events from external attachment, especially in highly adhesive structural cell populations.

Indeed, fluorescence signal analysis showed minimal pHrodo™ Green signal in CD45*CD14~
leukocytes (Figure 3-30b, purple) as compared to the no- E.coli particles control (Figure 3-30a),
consistent with their expected low phagocytic capacity. In CD45"CD14" cells (Figure 3-30b blue)
FLS, higher pHrodoGreen signal was detected. However, based on FSC/SSC characteristics and
the known adhesive nature of FLS, we suspect this signal reflects non-specific adhesion and/or
bead aggregation within the structural cell gate, rather than active uptake. Signal intensity in this
population did not exceed 10° fluorescence units.

The subset of CD45*CD14* Mg exhibited elevated pHrodo™ Green fluorescence (between 10*
to 10° units), indicating likely particle internalization. This supports some functional activity in the
Mg compartment. However, M¢ without pHrodoE.coli particles already display high fluorescence
intensity, which indicated high autofluorescence of Mg interfering with pHrodoGreen signal. Ad-
ditionally, the overall magnitude and frequency of this response were lower than expected.

Several factors contributed to this reduced phagocytic readout. First, a pronounced shift in cell
viability was observed across the entire sample, suggesting compromised cell health during iso-
lation or incubation, which may have impaired overall functional responsiveness. Second, as
mentioned, Mg were not given time to adhere before exposure to particles, potentially affecting
uptake. Third, the short 30-minute incubation window may have captured only early particle bind-
ing stages, potentially missing later internalization and acidification phases, especially given that
the precise timing of signal acquisition relative to incubation completion was not tightly controlled.
Fourth, due to the low number of viable cells retrieved from RA synovial tissue, it was not feasible
to run parallel experimental conditions or include appropriate technical controls (e.g., time-course,
wash vs. no-wash, or viability-enhancing conditions). This underscores the exploratory nature of
the study.

Finally, the use of synovial tissue from RA patients, whose Mg may exhibit chronic activation,
phenotypic skewing, or impaired phagocytic capacity, adds an important biological variable. RA-
associated inflammation has been shown to alter Mg function, which may further explain the lim-
ited response observed here. Therefore, while this pilot study demonstrates conceptual feasibility
of integrating functional readouts into spectral cytometry-based immunophenotyping, it also high-
lights key technical and biological limitations.
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Figure 3-30 Pilot spectral flow cytometry analysis of synovial macrophages in RA synovium to assess phagocytic ca-

pacity using Discoverer M. Total live, unsorted synovial cells from rheumatoid arthritis (RA) patients were analyzed.

Following pre-labeling with surface antibody panels and washing, pHrodo™ Green E. coli bioparticles were co-incu-

bated with the cells at 37 °C for 30 minutes. Samples were then immediately analyzed on a SONY ID7000 spectral flow

cytometer. Debris, doublets, and dead cells were excluded through forward and side scatter (FSC/SSC) gating, singlet

discrimination, and Zombie NIR viability staining. a) Negative control condition: no pHrodo™ Green bioparticles added,
used to establish baseline fluorescence. b) Phagocytosis condition: pHrodo™ Green E. coli bioparticles were added to

assess uptake. Live Zombie NIR-negative synovial cells were gated based on CD45 and CD14 expressions to identify
three major populations: CD45" structural cells (blue), CD45*CD14* macrophages (red), and CD45*CD14~ non-macro-

phage leukocytes (purple). All three populations were subsequently plotted for their pHrodo™ Green fluorescence inten-

sity to assess bioparticle uptake.
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3.4.1.1 Experimental Considerations and Planned Refinements

To address these limitations and improve assay robustness, we propose the following optimiza-
tions for future experiments:

1. Macrophage Pre-Adherence
Allow CD45*CD14* macrophages to adhere for 1-2 hours prior to bioparticle incubation
to better mimic physiological conditions and promote functional uptake.

2. Wash Step Post-Incubation
Introduce gentle washing after incubation to remove unbound beads, reduce back-
ground noise, and clarify signal specificity.

3. Time-Course Analysis with Controlled Readout
Implement precise readout timing and analyze additional timepoints (e.g., 15, 30, 60,
120 minutes) to differentiate early binding from later internalization and acidification
phases

4. Bead-Only Controls and FSC/SSC Calibration
Include bead-only controls and monitor scatter profiles to detect and gate out bead ag-
gregates, particularly within CD45" structural cell gates.

5. Enhanced Structural Cell Phenotyping
Use additional markers (e.g., CD90 or PDNP) to more precisely identify and gate fibro-
blast-like synoviocytes.

6. Viability Optimization
Modify tissue digestion, reduce manipulation time, and potentially include survival fac-
tors to preserve the viability and functionality of isolated cells.

7. Healthy Donor Synovial Tissue
Include synovial samples from healthy or non-inflammatory donors (e.g., trauma or OA
patients) to establish baseline phagocytic performance, distinguish disease-related de-
fects, and validate the assay.

8. Positive Control Cell Lines
Use phagocytosis-competent controls (e.g., our established iM@) to benchmark assay
performance and interpret signal ranges.

9. Cell Enrichment or Pooling
Enrich for macrophage populations or pool tissue from multiple donors to increase via-
ble cell numbers and enable parallel experimental conditions.

This pilot study provides critical technical and biological insights for the development of a synovial
phagocytosis assay. While some functional activity was observed in Mo, the experimental limita-
tions, including lack of adherence time, absence of bead removal, low cell viability, short incuba-
tion duration, and disease-altered cell functionality, collectively limited the robustness of the data.
Future iterations incorporating the outlined refinements will improve assay specificity and reliabil-
ity, supporting a deeper investigation of phagocytic function in synMg across health and disease.

3.5 Discoverer M@ Uncovers Iron Metabolism in Fresh RA
Synovial Mo

CITE-seq analysis uncovered that various synM¢ subsets display distinct gene expression pro-
files related to iron metabolism. As illustrated in Figure 3-31a, trM¢ characterized by high levels
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of FOLR2, MERTK, and SLC40A1, formed one cluster, while a separate group marked by low
FOLR2, high TREM2, and elevated SPP expression showed the strongest expression of
SLC40A1, the gene encoding the iron exporter ferroportin. Conversely, tiM¢ expressing CCR2,
IL1B, and SLC11A1, or alternatively, CCR2-negative and CLEC10A-positive cells, displayed the
lowest SLC40A1 expression. In contrast, SLC11A1, which codes for the iron importer DMT1, was
most abundantly expressed in tiM¢ and minimally expressed in trM¢@, suggesting an inverse re-
lationship in iron import/export regulation among these Mg populations.

To support these transcriptomic observations with protein-level and functional evidence, multi-
spectral flow cytometry was employed using paired synovial cell suspensions from rheumatoid
arthritis (RA) patients. These were the same donor tissues utilized in parallel phagocytosis assays
(presented in Figure 3-30). M@ were identified as CD45*CD14* and further categorized based on
CCR2 and FOLR2 surface expression. In contrast to OA synovium, RA samples showed a pre-
dominance of CCR2* Mg. These are segregated into CCR2*FOLR2~ tiM¢ (comprising roughly
21.2% of M@) and a CCR2*FOLR2* double-positive subset (approximately 44%), the latter rep-
resenting an intermediate phenotype. Notably, the proportion of FOLR2*CCR2™ trM¢ was signif-
icantly lower in RA samples compared to OA donors (14%).

Iron transporter expression and labile Fe?* levels were next examined within CCR2*FOLR2* and
CCR2*FOLR2™ subpopulations (Figure 3-31b). As presented in Figure 3-31c, the CCR2*FOLR2*
subset exhibited slightly higher surface expression of SLC40A1 and reduced levels of CD71
(transferrin receptor), mirroring gene expression data. However, the overall expression is quite
low, which becomes obvious when comparing total stained cells to the unstained control (Figure
3-31d). When labile intracellular Fe** was assessed using a far-red iron-sensitive dye after ferric
ammonium sulfate (FAS) treatment, both subsets showed similar Fe** levels, with a slight in-
crease observed in the FOLR2* group. However, due to the small number of events captured,
these findings are considered preliminary and will need validation in future experiments with ad-
ditional synovial samples.

Overall, this proof-of-concept study highlights the capacity of the Discoverer Mg platform to sim-
ultaneously assess labile intracellular iron content and phenotype-specific expression of iron-han-
dling proteins in defined M@ subsets.
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Figure 3-31 Iron transporter expression and labile iron content of synovial macrophages derived from RA synovium.

a) CITE-seq analysis of synovial macrophage subsets reveals distinct expression patterns of iron metabolism-related
genes. b—d) Pilot spectral flow cytometry assessment of intracellular Fe?* levels and iron transporter expression in synovial
macrophages from RA patients using the DISCOVERER Mg platform. Live, unsorted synovial cells were isolated from
rheumatoid arthritis (RA) patient samples. Following surface staining with an iron-related antibody panel and washing,
cells were treated with ferric ammonium sulfate (FAS) and then incubated with an iron tracker dye. Samples were imme-
diately analyzed on a SONY ID7000 spectral flow cytometer. Debris, doublets, and dead cells were excluded using
FSC/SSC gating, singlet discrimination, and Zombie NIR viability staining (n = 2). b) Macrophages were identified as
CD45*CD14* cells and further subdivided into CCR2*FOLR2* and CCR2*FOLR2" subsets. c) Comparative histograms
showing surface expression of CD71 (transferrin receptor; iron importer) and SLC40A1 (ferroportin; iron exporter) between
FOLR2*CCR2* (orange) and FOLR2"CCR2* (blue) macrophage populations. d) Histograms from doublet-excluded cell
populations comparing: unstained total synovial cells (grey), stained synovial cells without FAS or tracker (turquoise), and
stained cells treated with FAS and iron tracker (green), to assess transporter expression and iron tracker signal. Data
acquisition was performed using the SONY ID7000; spectral unmixing and autofluorescence compensation were carried
out using SONY ID7000 software, and downstream analysis was completed in CellEngine.

3.5.1 Synovial Fluid Mg Suitable to Deepen Functional and Phenotypic
Knowledge

For future functional analyses on primary human synM¢ we will use synovial fluid samples in
addition to synovial tissue samples from patients with various types of arthritis. Given the chal-
lenges in obtaining synovial tissue, we aimed to fine-tune the Discoverer Mg assay for application
on more accessible synovial fluid samples. Synovial fluid cells were collected, aliquoted, and cry-
opreserved with viability at two international rheumatology centers: University Medical Centre
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Ljubljana, Department of Rheumatology, Ljubljana, Slovenia and Gulbenkian Institute for Molec-
ular Medicine, Rheumatology Department, Lisbon, Portugal (see Table 2-9 for patient character-
istics).

Our experimental design comprised the following sequential steps:
1. Optimization of synovial fluid cell preparation for spectral flow cytometry.

2. Immunophenotyping of synovial fluid samples to identify macrophage-containing sam-
ples.

3. Application of the Discoverer Mg assay to perform combined immunophenotype-function
analysis of synovial fluid macrophages.

In the initial experiment, we selected synovial fluid cells from three patients with Polyarthritis (Pa-
tient group 1) chronic erosive arthritis (patient group 2) and known hip osteoarthritis (patient group
3). Cells were thawed and processed into single-cell suspensions using hyaluronidase and
DNase |. To identify appropriate patient groups for functional studies, samples from one, two and
three were analyzed.

Multispectral flow cytometry revealed that synovial fluid cells predominantly comprised CD45*
leukocytes, with a smaller fraction of CD45™ cells likely representing synovial structural cells. The
composition of leukocyte populations varied between the three donors. Notably, Patient Group 3
exhibited the highest proportion of leukocytes. Across all patient groups, neutrophils were the
most abundant leukocyte subtype, identified as CD15+ cells.

When comparing leukocyte subsets, synovial fluid from Patient Group 3 with OA displayed the
highest frequency of CD45*CD14" Mo (Figure 3-32a). Further analysis revealed that this patient
also exhibited the highest abundance of CCR2*FOLR2~ Mes (Figure 3-32b).

These results demonstrate that the Discoverer Mg assay effectively enables detailed immuno-
phenotyping of synovial fluid cells and highlights substantial inter-donor variability in both total
leukocyte composition and M¢ subsets.

Based on these findings, samples from Patient Group 3 will be prioritized for future functional
analyses. We are currently expanding synovial fluid analyses across our collected cohort and
concurrently optimizing functional readouts on samples enriched in M.

Once fine-tuned, the Discoverer Mg assay will be used for combined functional and immunophe-
notypic analyses of synovial Mg from both fluid and tissue sources. These analyses will cover
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key macrophage functions, including phagocytosis, efferocytosis, and iron metabolism, with the
goal of building a comprehensive function-phenotype map of synovial Mg in human joints.
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Figure 3-32 Pilot immunophenotyping analysis of human synovial fluid cells from arthritis patients using the Discover Mg
assay and spectral flow cytometry. Viable synovial fluid cells were thawed and enzymatically treated with hyaluronidase
and DNase | to generate single-cell suspensions. Cells were subsequently labeled with a multidimensional antibody panel
for spectral flow cytometry-based immunophenotyping. a) Gating strategy used to identify major synovial fluid cell popu-
lations. CD45 and CD14 expression were used to distinguish leukocytes (CD45%), monocytes/macrophages
(CD45*CD14"), and CD45" structural cells. Further discrimination of macrophage subsets was achieved using CCR2 and
FOLRZ2, allowing the identification of infiltrating monocytes/macrophages (CCR2*FOLR2™) and tissue-resident macro-
phages (CCR2"FOLR2*). Additional details on the gating strategy are provided in [Appendix M]. b) Distribution of immune
cell populations within the CD45* leukocyte compartment across synovial fluid samples from three donors (N = 3; donor
characteristics in Table 2-9). CD45"9"CD14* monocytes/macrophages are indicated in blue, CD45highCD14- CD3* T
cells in light green, and CD45™ CD14- CD3~ CD15"9" neutrophils in dark green. Representative CD3 and CD15 expres-
sion plots are shown in Appendix 6-9.

3.6 Summary

The Discoverer Mg assay is a versatile, medium -throughput platform that enables simultaneous
analysis of M@ phenotypes and functions within a single 96-well plate, supporting unbiased and
targeted studies across tissues and disease models, facilitating mechanistic insights, CRISPR
screen optimization, and multi-omics integration, while remaining adaptable for applications be-
yond Mo research (Figure 3-33).
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4. Discussion

4.1 Overview / Summary of Key Findings

In my PhD thesis, | developed and validated Discoverer Mg, a novel spectral flow cytometry-
based assay that enables integrated phenotypic and functional analysis of Mg, with a focus on
Mo tissue clearing and homeostatic functions, including efferocytosis, phagocytosis, and iron me-
tabolism-linked readouts.

By enabling the simultaneous analysis of Mg functions and surface markers, Discoverer Mg
bridges the current methodological gap in assigning functions to distinct human M¢g populations
identified through single-cell omics approaches. Conversely, Discoverer Mg enables an unbiased
functional classification of human M@ across a range of functions, followed by the identification of
functionally divergent subsets through surface marker signatures.

It is reasonable to consider that different M subsets exhibit a continuum of capacities for a given
function, potentially ranging from minimally to maximally capable of performing that function. As
a direct consequence, distinct primary or in vitro-generated Mg subsets will serve as more-or-
less suitable models for gain or loss-of-function perturbation experiments, whether genetic
(CRISPR) or drug-based. My experiments demonstrated that Discoverer Mg can successfully
guide the selection of suitable Mg models for a given function readout and gain/loss of function
experiments. Specifically, iMg exhibited superior efferocytosis capacity compared to M2- polar-
ized MDMs, while M1-polarized MDMs were not efferocyting. Furthermore, iM@ robustly ex-
pressed the canonical efferocytosis receptors, such as MERTK and TIMD-4, which were not or
minimally detectable in M1-polarized MDMs. This indicated that iMo closely mimicked trM¢g phe-
notype, which is consistent with transcriptomic studies and the stem cell origin of iM (Lee et al.,
2018; Ginhoux & Guilliams, 2016). Furthermore, this study demonstrates that iM¢ are well-suited
for efferocytosis inhibition assays. Using the Discoverer Mg platform, | observed a robust and
reproducible reduction in efferocytic capacity in response to treatments with inhibitors previously
described in the literature. Conversely, preliminary data from pilot studies using iMicroglia suggest
that microglia exhibit a comparatively lower baseline efferocytic activity than iMg, indicating their
potential utility in gain-of-function efferocytosis studies. Taken together, the Discoverer M plat-
form is well-positioned to support both gain and loss-of-function approaches for dissecting the
molecular mechanisms governing efferocytosis.

The Discoverer Mg platform enables precise optimization of complex experimental conditions,
making it particularly well-suited for phenotypic and functional CRISPR screening in M. By sys-
tematically refining key assay parameters, such as the incubation time between Mg and apop-
totic cells, as well as optimizing pHrodo-Green labeling conditions for maximal peak separation,
| was able to enhance assay sensitivity. These adjustments allowed for the detection of even
subtle changes in pHrodo-Green fluorescence intensity, thereby ensuring that the efferocytosis
assay is robust and sensitive enough to support high-resolution CRISPR-based perturbation
studies.

Furthermore, Discoverer Mg facilitates functional characterization of primary synM¢ from RA
patients, aligning with single-cell transcriptomic evidence of pro-resolving and inflammatory Mg
populations (Alivernini et al., 2020; Culemann et al., 2019).
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A key strength of the Discovery Mg assay lies in its flexible, modular antibody panel, which can
be easily adapted to suit diverse biological questions. Designed for spectral flow cytometry prin-
ciples, the panel balances low spillover, minimal complexity, and sufficient spectral space to in-
clude functional probes (e.g., pHrodoGreen for efferocytosis, iron-sensitive dyes like IronTracker
for labile iron tracking). This tunability allows rapid repositioning of markers to explore specific
axes of Mg biology, such as co-staining for iron metabolism-related transporters (e.g., TFR1,
FPN, DMT1) or immune resolution markers linked to efferocytosis (e.g., MERTK, AXL, TIMD4).
The panel’s versatility extends beyond M. Its structure can accommodate markers for other my-
eloid cells, stromal cells, and even tumor cells, enabling multiparametric analysis of cellular inter-
actions within complex co-culture or tissue-derived systems. Moreover, the use of fluorochrome-
efficient marker choices and scalable gating strategies enables live cell sorting of phenotypically
and functionally defined subpopulations. These sorted subsets can then be subjected to targeted
downstream analyses, such as bulk or single-cell RNA-seq, proteomics, or metabolic assays,
offering a bridge between surface phenotype, functional state, and molecular signature.

4.2 Comparison with Existing Methods and Findings

Current functional assays for phagocytosis and efferocytosis largely rely on simplified assays,
based on pHrodo-labeled particles and apoptotic cells, often analyzed via confocal microscopy or
bulk flow cytometry (Clark et al., 2019). While these methods provide basic uptake data, they fall
short in providing multiplexed readouts that can identify which Mg subsets are functionally active.

Bravo et al. (2023) and Clark et al. (2019) used high-content imaging and Incucyte platforms to
monitor efferocytosis in real time; however, these methods lacked phenotypic resolution and pro-
vided limited kinetic precision. | initially explored similar experimental approaches, including track-
ing efferocytosis tracking using the Incucyte system and conventional flow cytometry based on
pHrodoGreen fluorescence increase. These experiments were stopped because of their insuffi-
cient sensitivity and temporal resolution for capturing the nuanced dynamics of efferocytosis ro-
bustly measured in Discoverer M. Similarly, Stohr et al. (2018) introduced Annexin A5-pHrodo,
to label apoptotic cells to track efferocytosis as a more physiological probe, yet these approaches
are typically limited to single-endpoint analysis and cannot deconvolve the heterogeneity within
Mo populations.

Discoverer Mg advances the field by integrating dynamic functional analysis with surface marker
profiling using spectral flow cytometry. This allows real-time analysis of Mg functions (e.g. ef-
ferocytosis) while also capturing protein marker expression patterns that define efferocytosis-
competent subsets (e.g., MERTK*CD206*). Moreover, the optimization of “eating” and “removal”
times enables kinetic resolution, which is often missing from static assays. To my best knowledge,
Discoverer M is the first assay to combine subset-level resolution with functional readouts across
multiple Mo platforms, including iMgp, MDMs, and ex vivo primary human tissue M@. This assay
is also broadly re-purposable to other cell types and other fluorescence-linked function readouts.
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4.3 Implications for Macrophage Biology

My research provides critical functional validation of Mg traits that have previously been inferred
from single-cell transcriptomic analyses. For instance, the study by Alivernini et al. (2020) identi-
fied a subset of CD206*MerTK* Mg that predominated in healthy and remission-phase RA syno-
vial tissue, as opposed to inflamed tissue. These Mg were characterized as pro-resolving, en-
riched for phagocytic and efferocytic gene signatures, and expressed key markers such as
TIMD4, CD163, AXL, MERTK, and Gas6.

Consistent with these transcriptomic insights, | observed high surface expression of MerTK and
other efferocytosis-associated markers (e.g., CD206, TIMD-4) in FOLR2* tissue-resident synovial
Mo derived from osteoarthritic (OA) synovium. To functionally validate these observations, | em-
ployed the Discovery Mg assay using iM@, which confirmed robust expression of key phagocytic
and efferocytic markers, including the MerTK*CD206" described by Alivernini et al. Together with
TIMD4, TREM2, FOLR2, CD163 phenotypes. Moreover, the higher efferocytic activity of iM¢ cor-
relates with their enhanced expression of receptors such as MerTK, CD206 and TIMD-4, known
regulators of apoptotic cell clearance (Zhou et al., 2021; Park et al., 2015). Importantly, these
MerTK*CD206* iM@ demonstrated the highest efferocytic capacity in vitro, surpassing monocyte-
derived macrophages (MDMs) in both M1 and M2-like polarizations in performance. MDMs po-
larized toward an M1-like state exhibited a markedly different profile: they lacked expression of
FOLR2 and CD206, displayed minimal to no efferocytosis, and instead showed a pro-inflamma-
tory surface signature, including upregulation of CD48, CD80, and CD86.

These results begin to bridge the gap between phenotypic identity and functional behavior, high-
lighting the importance of subset-specific efferocytosis capacity in Mg biology.

The inclusion of iron metabolism-linked signature in Discoverer Mg further adds a critical dimen-
sion to understanding homeostatic Mg functions. Mg are central to systemic and local iron home-
ostasis, and dysregulated iron metabolism is a feature of many inflammatory and malignant dis-
eases (Soares & Hamza, 2016; Winn et al., 2020). Our findings show that iron-linked transporters
and intracellular labile Fe2+ concentrations (upon exposing Mg to iron reach environment) vary
across differentially polarized monocyte-derived M. These results suggest that functional iron-
handling capacity might differ among distinct primary human M¢ subsets whose characteristics
can be partially replicated with distinct in vitro polarized Mg states. Indeed, our scRNAseq data
from human synovial tissues in remission and active, treatment naive/inadequately responding
RA, show that synovial FOLR2"S" MERTKM" tissue resident and CCR2 IL1b infiltrating Mg are
differentially enriched in the expression of iron-linked transporters, including SLC40A1, CD163
and SLC11A1. To further scRNA-seq data, we conducted pilot spectral flow cytometry experi-
ments in synovial M from synovial tissues, obtained from two RA and one OA patient undergoing
joint replacement surgery. These data demonstrate that FOLR2* subsets exhibit higher expres-
sion of SLC40A1 compared to their FOLR2™ counterparts. Conversely, CD71 (TFRC) expression
appeared to be elevated in the FOLR2™ subset. Due to the phagosomal localization of SLC11A1
in Mg, it was not feasible to validate its expression using the Discoverer Mg platform. Unfortu-
nately, no suitable antibody was available for SLC11A2 (DMT1), a closely related transporter to
SLC11A1, which is expressed on the plasma membrane and mediates the uptake of non-trans-
ferrin-bound iron.
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Regarding CD163 and CD91, no significant differences in expression were observed between
subsets. However, the low frequency of Mg populations within the RA synovium may have limited
our ability to detect potential differences, likely due to insufficient cell numbers.

Thus, Discoverer Mg provides a novel functional validation to single-cell transcriptomic data from
synovial tissue in inflammatory arthritis (Edalat et al., 2024; Tanski et al., 2021), and can facilitate
studies on the role of iron dysregulation in chronic inflammation and autoimmunity.

4.4 Application to Disease Models: RA and Beyond

4.4.1 Discoverer Mg in fresh OA and RA tissue

In RA, Mg contribute to chronic inflammation in the synovial tissue. Specifically, inflamed synovial
tissues are characterized by an overrepresentation of pro-inflammatory tissue-infiltrating tiMo,
and a depletion or dysfunction of trM¢ (Mclnnes & Schett, 2011; Alivernini et al., 2020).

Alivernini et al. (2020) utilized scRNAseq to identify transcriptionally distinct M@ populations in
RA synovial tissues across different arthritis activity states. MerTK*CD206* M@ were enriched in
efferocytosis-related genes (e.g., MerTK, Axl, Timd4, Gas6) and regulatory markers (e.g., VSIG4,
NR4A2) and were associated with maintenance of clinical remission, while inflammatory CCR2*
Mo (MerTK-CD2067) predominated in active disease. By analyzing immunophenotypes of syno-
vial M@ with spectral flow cytometry, | demonstrated the presence of tissue-resident-
FOLR2+CCR2-, “transitional” FOLR2+CCR2-, and infiltrating CCR2+FOLR2- Mg subsets in syn-
ovial samples from OA and RA patients. In line with published studies, OA synovial sample was
dominated by FOLR2+ Mg, and RA synovia were populated by FOLR2+CCR2- and
CCR2+FOLR2- Mg. Combined efferocytosis and immunophenotyping experiments on synovial
Mo are beyond the scope of this PhD thesis but within the scope of my post-PhD project. How-
ever, my results showed that FOLR2"ds" CCR2"9 CD206"" MERTK" tissue resident-like iMg
exhibit near maximal efferocytosis capacity under our experimental conditions, whereas CCR2M9",
FOLR2"¢ CD206"" MERTK"*¢ infiltrating-like M1-polarized MDMs do not efferocyte. These find-
ings support the hypothesis that defective apoptotic cell clearance by inflammatory M¢ subsets
contributes to the persistence of inflammation in RA (Sangaletti et al., 2021; Mehrotra & Ravi-
chandran, 2022).

Linking efferocytosis capacity with M@ subsets in active RA and remission, could identify M¢
subsets as targets for efferocytosis-facilitating therapies. In RA, unresolved inflammation results
in continuous neutrophil recruitment, antigen presentation, and tissue destruction. Improving ef-
ferocytosis, especially in specific Mg subsets, could help restore resolution pathways and break
the cycle of chronic inflammation. Candidate drugs enhancing MERTK signaling, specialized lipid
mediator (e.g. resolvin) secretion or efferocytosis, e.g., efferocytosis-targeting nanoparticles
(Kraynak et al., 2022), could be tested using Discoverer Mg or could be evaluated to assess
efferocytosis capacity at the whole population as well as M@ subset level.

In addition to efferocytosis, the capability of Discoverer Mo to measure iron metabolism-linked
readouts can provide further insight into RA pathophysiology. Disrupted Mg iron handling contrib-
utes to synovial inflammation, oxidative stress, and systemic hypoferremia seen in anemia of
chronic disease (Tanski et al., 2021; Soares & Hamza, 2016). By measuring surface expression
of iron transporters (e.g., Ferroportin, CD71), my data support the notion that iron metabolism is
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skewed in disease-associated Mg, and that this skewing is subset-specific. Recent research ev-
idence linked ferroptosis and iron dysregulation to RA progression and immune cell dysfunction
(Liu et al., 2024).

Beyond its relevance to autoimmune diseases, Discoverer Mg also offers promising applications
in the cancer field, particularly in understanding Mo-tumor interactions. In this context, | evaluated
the platform’s suitability for quantifying the engulfment of UV-irradiated pHrodoGreen-labelled
apoptotic glioblastoma cells into iPSC-derived microglia (iMicroglia). The results demonstrated a
modest but distinct increase in pHrodoGreen fluorescence in Microglia compared to Cytochalasin
D-treated iMicroglia and engulfment of JTs targets, suggesting a preferential uptake of glioblas-
toma cells by iMicroglia.

This observation hints at a possible cell target specificity of efferocytosis responses by tissue-
adapted M@ or microglia, aligning with previous findings in taMg and their selective interactions
with apoptotic tumor cells. For instance, Qiu et al. (2023) and Astuti et al. (2024) demonstrated
that efferocytosis of apoptotic tumor cells can drive Mg reprogramming toward an immunosup-
pressive, tumor-promoting phenotype. The enhanced uptake of glioblastoma cells observed in
my experiments may reflect early stages of this reprogramming process, consistent with the im-
munosuppressive polarization reported in TAMs in glioblastoma and other solid tumors (Cend-
rowicz et al., 2021).

Moreover, this result connects to the broader concept demonstrated in the Introduction: while
efferocytosis is a pro-resolving mechanism in inflammatory diseases, in cancer, it can paradoxi-
cally support immune evasion and resistance of cancer to therapy. Galluzzi et al. (2021) and
Morana et al. (2022) highlighted that signals derived from apoptotic tumor cells can skew M@
function, particularly when efferocytosis is coupled with release of tolerogenic mediators such as
IL-10 or expression of checkpoints like MerTK, which can be tested in future research applying
Discoverer M.

By enabling the functional quantification of such interactions, Discoverer Mg provides a powerful
platform to dissect the specificity, magnitude, and downstream consequences of cancer cell en-
gulfment across Mg subsets. This capability could be extended to co-culture systems, therapeutic
testing (e.g., MerTK or AXL inhibitors), or engineered iMicroglia/iM¢e models to better understand
TAM plasticity in the glioblastoma/cancer microenvironment.

Moreover, iron metabolism is increasingly implicated in cancer progression and therapy re-
sistance (Candelaria et al., 2021). By enabling functional detection of iron export and uptake in
Mo with simultaneous iron transporter analysis, Discoverer Mg paves the path to investigate taMeo
iron metabolism in the tumor niche, an area currently under explored.

4.4.2 Transcriptomic Profiling of Synovial Macrophage Subsets

To complement phenotypic and functional analyses, transcriptomic profiling was performed on
sorted synMg subsets using bulk RNA sequencing. This provided deeper molecular insights into
the M@ compartment in RA, validated marker-based gating strategies, and contextualized func-
tional potential across subsets.

We have combined CITE-sequencing (scRNA-seq + antibody-derived tag (ADT) profiling) and
spectral flow cytometry-based surface marker phenotyping to build a high-resolution map of Mg
heterogeneity in the synovial tissue microenvironment of actively inflamed and quiescent RA
joints. The CITE-seq map contains 167,000 synovial single-cell profiles, with a primary focus on
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myeloid and structural synovial cell populations. Structural cells included fibroblast-like synovio-
cytes, endothelial cells, and mural cells/pericytes, whereas the myeloid compartment consisted
of diverse M@ subsets and IFITM2*NAMPT* neutrophils. These neutrophils, also observed in
Edalat et al. (2024), represent a specialized, previously under characterized, IFITM* population
enriched in inflamed tissue.

Utilizing scRNA-seq profiles, we identified four distinct Mg subclusters, accompanied by a sepa-
rate cluster of IFITM2*NAMPT" neutrophils. Within the Mg compartment, a key distinction
emerged between FOLR2* trMgs and infiltrating CCR2* M¢. Two FOLR2* subsets were ob-
served: one expressing FOLR2M" MERTKM" and SLC40A"" and another FOLR2Y,
TREM2¢eh  and SPP1*. Likewise, two CCR2* subsets were defined: CCR2*CLEC10A* and
CCR2*IL1B*SLC11A1". Interestingly, the CCR2*CLEC10A* subset displayed a transcriptional
profile distinct from the CCR2*IL1B*SLC11A1" cluster. In particular the CLEC10A expression,
has recently been linked to a monocyte population of monocyte-dendritic cell progenitor (MDP)
origin in mice, characterized by enhanced antigen presentation and DC-like features (Trzebanski
et al., 2024). In contrast to granulocyte derived CCR2*" monocytes, which are primed for inflam-
matory responses, this paper shows that MDP-derived CLEC10A* monocytes exhibited regula-
tory or tolerogenic potential and were shown to seed specific trM@ populations under steady-state
and post-inflammatory conditions. The presence of this subset in synovial tissue suggests that
monocyte ontogeny may shape M@ heterogeneity even within inflamed environments, potentially
influencing the balance between inflammation and resolution. This ontogeny-aligned functional
divergence may underlie distinct roles of CCR2* Mg subsets in synovitis and offers a conceptual
framework for interpreting Mo plasticity in tissue inflammation.

Gene expression analysis of these in silico-sorted Mg subsets revealed that the FOLR2* popula-
tions exhibited higher expression of genes associated with phagocytosis and efferocytosis (e.g.,
TIMD4, CD163, SRGN, CD14), as well as CX3CR1, consistent with a tissue-patrolling, homeo-
static role.

This pattern is consistent with earlier transcriptomic studies in RA and other forms of arthritis
(Edalat et al., 2024; Alivernini et al., 2020; Zhang et al., 2023). Alivernini et al. identified nine
phenotypically distinct Mg clusters across 32,000 single-cell transcriptomes of synovial Mg, which
grouped into four core subpopulations: FOLR2M", TREM2"9", HLAMS", and CD48Md". Of these,
FOLR2"9" and TREM2M9" M, which co-express MerTK and CD206, were enriched in patients in
clinical and ultrasound-defined remission and exhibited signatures linked to lipid mediator biosyn-
thesis, immune regulation (e.g., VSIG4, ALDH1A1), and fibroblast-supportive functions. Con-
versely, inflammatory MerTK"9CD206"¢ subsets, including SPP1*CD48* and ISG15*HLAMd,
dominated in treatment-naive and refractory RA and were associated with antigen presentation,
interferon response, and pro-inflammatory cytokine production.

These findings are further supported by our previously published study (Edalat et al., 2024), which
applied integrated scRNA-seq to 25 synovial tissue samples from patients with various forms of
inflammatory arthritis, revealing 12 distinct M@ and myeloid DC subclusters. Notably, FOLR2"h
subclusters in that dataset consistently expressed the highest levels of M@ markers, including
CD14, CD68, TREM2, CD163, TIMD4, MERTK, MRC1 (CD206), and CD209, markers typically
associated with tissue-resident or homeostatic Mg identities. This aligns closely with the current
study’s identification of FOLR2""MERTK* M¢ as a core tissue-resident population, further char-
acterized by expression of the iron exporter SLC40A1 and a lack of CCR2 expression. Edalat et
al. further defined functional modules of trM¢ with iron recycling (LYVE1*SLC40A1*) and matrix
sensing (FOLR2*COLEC12"9") activities, underscoring their diversity and specialized functions.
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Our transcriptomic analysis further reveals elevated expression levels of complement system
genes (C1QA, C1QB, and C1QC) within FOLR2" cell subsets. These findings are consistent with
those reported by Alivernini et al. (2021), who demonstrated increased expression of scavenger
receptor and complement-associated genes, including C2, C1QA, C1QB, C1QC, CD59, DEFB1,
and CFD, in MERTK" subsets.

The convergence of these findings across independent datasets strengthens the evidence for a
dichotomy between resident and recruited macrophage lineages in RA synovium and reinforces
the biological significance of FOLR2 and CCR2 as potential markers for functionally distinct Mg
phenotypes. Notably, Zhang et al. (2023) provided a comprehensive single-cell atlas of over
314,000 synovial cells, stratifying RA synovitis into six inflammatory phenotypes or cell-type abun-
dance phenotypes, each characterized by distinct cellular compositions and enriched cell states.
Their analysis highlighted the dynamic nature of synovial inflammation and the role of specific M@
subsets, including MERTK*HBEGF* and SPP1* Mg, in defining particular inflammatory states
such as CTAP-M. The SPP1* subset in particular overlapped with Alivernini’'s CD48M" M¢, and
was associated with NAMPT, IL1B, and TNFAIP6 expression. These insights reinforce the rele-
vance of Mo diversity in shaping the tissue microenvironment and predicting treatment response.

Also in our study, we applied ADT profiling. We selected antibodies based on Edalat's and
Alivernini’s findings. Protein expression studies confirmed several of the transcriptomic differ-
ences. Differential expression of FOLR2, CD163, CD74, CCR2, CD52, CD48, CX3CR1, and SPN
(CD14) were robustly validated at the protein level. Matching protein expression profiles with
scRNA seq maps revealed that FOLR2, CD74, CCR2 and CX3CR1 could be used to Flow Cy-
tometry sort the four transcriptionally identified Mg subsets, which could be utilized for down-
stream functional analysis of those subsets. However, we noted variability in antibody perfor-
mance, as not all TotalSeq reagents yielded robust signals.

As described previously, we performed multi-spectral flow cytometric analysis of OA synovial
cells. Multi-spectral cytometry confirmed elevated expression of CD14, CD68, TREM2, CD163,
TIMD4, MERTK, MRC1 (CD206), and CD209 in the FOLR2* subpopulation, as well as increased
levels of CD48 and CCR2 in the CCR2* inflammatory subset. These flow-based phenotypic find-
ings independently validated our transcriptomic observations and supported a functionally distinct
role for each M@ subset in tissue homeostasis versus inflammation.

Together, these multi-omics findings support a refined model of synovial M@ compartmentaliza-
tion, where subsets are distinguished not only by surface phenotype and developmental origin
but also by metabolic function, particularly in iron handling. This molecular stratification comple-
ments the functional profiling offered by Discoverer Mg, providing a foundation for mechanistic
investigations and therapeutic targeting of specific Mg states in RA.

4.5 Technical Limitations and Challenges

While Discoverer Mg represents a significant methodological advance in integrated M pheno-
typing and functional profiling, several limitations must be acknowledged to contextualize its ca-
pabilities and guide future improvements.

First, the assay is based on an in vitro setup, which, although optimized for reproducibility and
control, does not fully replicate the complexity of tissue environments. The absence of stromal
and immune cell interactions, such as those provided by fibroblasts or T cells, limits the biological
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context in which M@ naturally operate. Paracrine signaling from these cell types is known to
strongly influence Mg behavior, and its absence may lead to oversimplified interpretations of ef-
ferocytic or iron-handling capacity.

A further limitation relates to the model apoptotic cells used in the assay. JTs were selected for
their reproducibility and compatibility with pHrodo-based labeling. However, this model may not
faithfully represent the heterogeneity of apoptotic cell signals in tissue, including differences in
“eat-me” or “don’t-eat-me” markers and membrane compositions. While the use of these models
enables assay standardization, they do not fully mimic the immunogenicity or clearance signals
of primary apoptotic cells. Future studies using patient-derived apoptotic targets would provide
greater physiological relevance, although logistical challenges remain.

Tissue access was also a major limiting factor in this thesis. Although phenotypic profiling of syn-
ovial M@ was successfully performed using freshly digested human tissue, it was not feasible to
run efferocytosis assays on these cells so far. Limited tissue availability, variability in Me yield,
and unpredictable cell ratios within the synovial compartment made it difficult to consistently iso-
late sufficient numbers of viable Mg for functional assays. This limitation is particularly relevant in
RA research, where the abundance and composition of synMe vary widely between patients and
biopsy sites. Additionally, the high clinical value of tissue samples prevented antibody titration
directly on tissue-derived cells. Instead, titrations were performed on MDMs or cell lines, which
do not fully represent the expression profiles or autofluorescence characteristics of synovial Me.
Some markers of interest were not expressed on the titration platforms, limiting their optimal in-
clusion in the tissue staining panel.

Technical sensitivity also presents challenges, particularly with the use of pHrodo Green for de-
tecting efferocytosis. While pHrodo provides a sensitive and intuitive readout of phagolysosomal
acidification, its signal is highly dependent on precise experimental conditions. Small deviations
in temperature, cell number, buffer pH, or timing (delay of experiments) can lead to considerable
variability in fluorescence intensity. Consequently, direct comparison between independently con-
ducted experiments is difficult, and quantitative comparisons are only meaningful when conditions
are tightly matched within the same experiment. This restricts the assay’s suitability for longitudi-
nal or cross-experiment comparisons unless normalization strategies are rigorously applied.

The application of spectral flow cytometry, particularly utilizing the Sony ID7000 platform, facili-
tates comprehensive high-dimensional phenotypic profiling. However, this advanced technology
introduces considerable analytical complexity. At present, there are no universally standardized
workflows for critical processes such as autofluorescence correction, gating strategies, or panel
design optimization specific to this system. As a result, data analysis remains partially user-de-
pendent and prone to inter-operator variability, a challenge that is especially pronounced when
working with primary tissue samples that possess inherent background autofluorescence. As one
of the early adopters of the newly launched ID7000 platform, | was engaged in parallel learning
and optimization efforts in collaboration with the manufacturer. While this collaborative process
contributed valuable insights into the system’s capabilities, it also resulted in procedural delays
and preventable errors that might have been mitigated had the technology and its analytical pipe-
lines been more mature and widely established.

Further development of community guidelines and data processing pipelines for spectral cytom-
etry will be essential to improve reproducibility and standardization.

In addition, the iM@ model, while powerful for functional assay, requires a lengthy differentiation
process of approximately 30 days. This makes it time-consuming, expensive, and sensitive to



4 Discussion 111

cumulative technical errors such as contamination or drift in cytokine responsiveness. These fac-
tors can limit scalability and reproducibility, particularly when comparing across different experi-
mental batches.

So far, | have primarily used apoptotic JTs in the assay. However, these cells may not be suitable
for all Mg types. For example, iMicroglia cells exhibited poor uptake of JTs, which could be due
to their similar cell sizes. When running the assay on confocal microscopy, we observed that JTs
are roughly the same size as iMicroglia, this may hinder efficient engulfment. Additionally, ef-
ferocytosis might be cell type-specific and limited to phagocytes typically found in the brain. Sup-
porting this idea, iMicroglia cells showed a significantly greater increase in fluorescence when
apoptotic glioblastoma cells were used instead.

Itis important to recognize that Discoverer Mg is inherently correlative in its current form. Although
it robustly links surface marker expression with efferocytic and iron-handling behavior, it does not
establish causality. For example, high MerTK expression is associated with enhanced efferocy-
tosis, but the direct regulatory role of MerTK cannot be inferred without perturbation studies. As
outlined in the aims of this thesis, future integration with CRISPR-based functional genomics
screens will be essential to identify causal regulators and signaling networks governing Mo func-
tions.

In addition to the inherent limitations of the Discoverer Mg platforms, our CITE-seq data also
presents certain constraints. One major challenge arises from the variability in cell sorting strate-
gies across different patient samples, which complicates direct comparisons. Because the major-
ity of cells included in the CITE-seq analysis came from non-sorted samples (n = 9), the overall
cell distribution is skewed. In the sorted samples (n = 14), we specifically enriched for CD45~
structural cells and CD45* myeloid cells, which included various subsets. As a result, structural
and myeloid cells are overrepresented in UMAP, while lymphoid populations mainly originate from
the non-sorted samples. Still, we were able to detect all major synovial cell types, including FLS,
endothelial cells, pericytes, T cells, B cells, NK cells, and myeloid cells such as synovial macro-
phages and neutrophils.

Initially, samples were sorted based on CD45* CD11b* CD64* markers, yielding a relatively pure
Mo population. However, upon identification of a novel CD64~ Mg subset on spectral flow cytom-
etry, the gating strategy was revised to include all CD45" CD11b* cells. While this broader ap-
proach captures a more heterogeneous myeloid compartment, including both Mg and neutrophils,
it introduces complexity in downstream analysis due to mixed cell populations. Despite these
challenges, this revised strategy was necessary to achieve sufficient sample sizes (n-numbers).
Consequently, meticulous and consistent annotation was essential to ensure accurate cell type
identification and comparative analysis across the dataset.

4.6 Future Directions and Therapeutic Outlook

The Discoverer Mg assay establishes a robust platform for advancing our understanding of Mg
functional diversity and provides a blueprint for multiple translational applications. This includes
clinical biomarker development, therapeutic screening, and high-dimensional systems biology ap-
proaches.

Longitudinal sampling of synovial tissue or peripheral blood in RA patients, both before and after
therapy, offers a promising avenue for determining whether dynamic changes in Mg efferocytosis
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or iron metabolism predict therapeutic outcomes. Given the central role of M@-driven resolution
in IMIDs, functional Mg profiling could enable precision medicine by stratifying patients for tar-
geted, pro-resolving interventions. For example, efferocytic capacity and ferroportin-mediated iron
export could serve as biomarkers of therapeutic responsiveness or disease remission.

The Mo subsets identified via CITE-seq in this study can be FACS-isolated for downstream in
vitro functional assays, including efferocytosis, phagocytosis, and iron metabolism. These assays
could assign distinct functional capacities to transcriptionally defined subsets. Additionally, inte-
grating lipidomics (e.g., specialized pro-resolving mediators [SPMs] via e.g. LEGENDplex) and
metabolomics will provide deeper insight into the immunometabolic programs of Mgs across dif-
ferent RA disease stages. Combining these functional data with the Discoverer Mg assay creates
a multidimensional platform for delineating macrophage heterogeneity and plasticity in RA.

Discoverer Mg can also function as a screening tool for therapeutic discovery. Our group is ac-
tively investigating small molecules and biologics that enhance efferocytosis, such as MerTK ag-
onists and resolvins, as potential interventions. A key future direction involves the optimization of
pooled CRISPR knockout screening in iMicroglia, with a focus on efferocytosis and differentiation-
related phenotypes.

For this purpose, a custom-pooled guide RNA (gRNA) library targeting 765 experimentally and
computationally prioritized M@ genes has been developed in our team, guided by human cross-
tissue single-cell RNA atlases. The library includes 100 non-targeting controls. Preliminary exper-
iments have successfully generated CD14*MERTK" iMicroglia with high viability. Spectral flow
cytometry data indicate that 30 - 40% of these cells are capable of efferocytosis, as measured by
pHrodoGreen-labeled apoptotic JTs. Further validation, including functional blockade and orthog-
onal readouts, is underway.

An extensive biobank of mKate2* Cas9-expressing 6-TF iPSCs has been established. Titration
experiments confirmed an optimal multiplicity of infection (MOI = 0.3) for maintaining gRNA diver-
sity during large-scale screening. Importantly, the iMicroglia differentiation protocol (~8 days) is
substantially shorter and less proliferative than conventional iM protocols, offering improved fea-
sibility for maintaining representation in pooled CRISPR screens. This platform has high potential
for identifying novel regulators of human microglial differentiation and efferocytic competence.

Beyond CRISPR, Discoverer Mg can be integrated with spatial transcriptomics, high-dimensional
lipidomics (e.g., SPM profiling), and immune co-culture models (e.g., with synovial fibroblasts or
T cells). This would provide systems-level insights into M@-mediated resolution mechanisms,
aligning with the therapeutic framework proposed by Kraynak et al. (2022), who used phosphati-
dylserine-coated nanoparticles to reprogram Mg in inflamed tissues,a concept directly testable
using this assay.

While this thesis primarily applies Discoverer Mg to RA as a model of IMIDs, its utility extends to
cancer biology, particularly in studying taMg. Despite their clinical relevance, taMg functional
plasticity remains poorly understood due to the lack of scalable, multiparametric assays linking
phenotype to function.

Discoverer Mg provides a unique platform to fill this gap, allowing simultaneous quantification of
efferocytosis, iron metabolism, and phagocytosis. This is particularly relevant in tumors, where
apoptotic cancer cells exploit Mg efferocytosis to dampen inflammation and promote immune
tolerance. Using this assay, it becomes possible to investigate how tumor-derived factors modu-
late TAM function, identify surface markers of immunosuppressive phenotypes, and dissect the
signaling pathways involved in immune evasion.
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Additionally, Discoverer Mg allows real-time detection of phenotypic and functional shifts in taMeg
following cancer cell engulfment, which can be coupled with cytokine profiling and lipidomics to
explore how efferocytosis shapes the TME. This has implications for understanding cancer pro-
gression and therapeutic resistance.

A particularly novel aspect of Discoverer Mg is its capacity to interrogate Mg iron metabolism at
single-cell resolution. We have demonstrated feasibility in tracking iron uptake (e.g., via transferrin
receptor 1, TFR1) and storage, with potential to assess labile iron pools and iron export (e.g.,
ferroportin, FPN). This enables dissection of iron-driven M plasticity, a key component in shaping
immune responses in cancer.

Emerging research suggests that tumors exhibit “iron addiction,” upregulating TFR1 and sup-
pressing FPN to enhance intracellular iron availability, thereby promoting proliferation and angio-
genesis. In parallel, tumors often deprive taM¢ of iron, altering their function. Using Discoverer
Mgp, we can experimentally manipulate these iron dynamics. For example, recent evidence
(Zhang et al., 2024) suggests that iron oxide nanoparticle supplementation (e.g., ferumoxytol) can
reprogram M2-like TAMs toward a pro-inflammatory phenotype. Our platform is ideally suited to
test such hypotheses and identify therapeutic strategies targeting iron metabolism to restore anti-
tumor immunity.

4.7 Conclusion

This thesis set out to explore the functional diversity of human Mes in inflammatory disease, with
a central hypothesis that integrating phenotypic and functional readouts would reveal subset-
specific differences in efferocytosis and iron metabolism, key processes in immune regulation and
tissue homeostasis. The development and application of the Discoverer Mg assay have substan-
tiated this hypothesis by enabling scalable, multidimensional assessment of M activity at single-
cell resolution.

In alignment with Aim 1, | successfully established a modular assay platform that couples surface
phenotyping with functional metrics such as phagocytosis, iron uptake/storage, and efferocytosis.

In fulfillment of Aim 2, we developed and validated in vitro human Mg platforms, including induced
pluripotent stem cell (iPSC)-derived M@s and primary RA-derived Mgs, to enable controlled dis-
section of functional states. These models demonstrated reproducible capacity for efferocytosis
and can now serve as a basis for high-throughput perturbation studies (e.g., pooled CRISPR,
small-molecule screening).

In support of Aim 3, our phenotypic and preliminary functional characterization of primary synovial
tissue derived Mg from RA patients revealed Mg subsets heterogeneity in phenotype indicating
distinct functional properties. These features were subset-specific and aligned with transcriptional
signatures identified through CITE-seq, supporting the second hypothesis: that distinct M¢ sub-
sets play differential roles in IMID pathogenesis and resolution, depending on their effector func-
tions.

Moreover, this work contributes to the broader hypothesis pursued by our research group: that
defining the molecular regulators of M efferocytosis and iron metabolism can uncover novel
therapeutic targets for IMIDs and cancer. The Discoverer Mg assay now provides a powerful
framework to test this at scale. For instance, we demonstrated the feasibility of integrating this
platform with lipidomics, cytokine profiling, and CRISPR screening to map Mg response programs
across disease contexts and perturbations.
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Looking forward, Discoverer Mg has clear translational potential. It can be deployed to function-
ally stratify patients, assess therapeutic responsiveness, and identify Mg-targeted immunomod-
ulators. In oncology, its application to taM¢@ may reveal how efferocytosis and iron availability
shape immune suppression and tumor progression, while in IMIDs, it could help identify resolu-
tion-promoting subsets amenable to therapeutic activation.

In conclusion, the work presented in this thesis demonstrates that combining phenotypic and
functional Mo profiling not only elucidates the diversity of Mg roles in health and disease but also
lays the groundwork for developing M@-centered therapeutic strategies across immune-mediated
conditions.
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6. Appendix:

6.1 Appendix A: Initial Assay Development Using Incucyte
Live-Cell Imaging System
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Figure 6-1 Initial Assay Development Using Incucyte Live-Cell Imaging System a) Titration of pHrodo™ Red SE on
apoptotic Jurkat T cells. Apoptosis was induced with 1 yM staurosporine for 3 hours. Jurkat cells were subsequently
stained with increasing concentrations of pHrodo™ Red SE (100 nM, 200 nM, 400 nM, and 600 nM). A concentration of
400 nM was selected for further experiments as it provided a robust and clearly detectable fluorescent signal without
evidence of saturation. b) Acidification assay to simulate phagolysosomal environment. Jurkat T cells stained with 400 nM
pHrodo™ Red SE were treated with HCI to mimic the acidic environment of the phagolysosome. A clear distinction in
fluorescence was observed between untreated and HCl-treated cells, validating the pH-sensitivity of the dye. c) Efferocy-
tosis assay using M2-like macrophages. Efferocytosis of pHrodo™ Red-labeled apoptotic Jurkat T cells was assessed
using M2-like macrophages derived from monocyte-derived macrophages (MDMs) differentiated with M-CSF, IL-10, and
dexamethasone. Over a 7-hour period, there was no significant difference in fluorescence kinetics between untreated
macrophage conditions and those treated with the actin polymerization inhibitor Cytochalasin D (yellow), indicating a lack
of detectable efferocytic activity. Jurkat-only controls displayed comparable signal kinetics to efferocytosis conditions,
suggesting dye signal may not be specific to phagocytosis. d) Validation in independent M2 differentiation and enhanced
time-resolution imaging. Findings were confirmed in an independent M2 differentiation experiment with higher temporal
resolution. Fluorescence kinetics remained indistinguishable between Jurkat-only and macrophage co-culture conditions,
and Cytochalasin D had no observable inhibitory effect. Based on these results, this approach was not pursued further
for efferocytosis quantification.
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6.2 Appendix B Titration of M@ Antibodies
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Figure 6-2 M@ antibody titration. Antibody titration based on previous titrations done in our team for conventional flow
cytometry. 1to 10 1 to 50 and 1 to 100 dilutions were tested.



6 Appendix:

130

6.3 Appendix C - iM@ Sorting Strategy
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Figure 6-3 Sorting strategy of iM@ post differentiation. iM@ were sorted on day 28 and day 42 of differentiation protocol.
Supernatants including the floating cells were collected and pooled together. Staining was performed regarding general
staining protocol. iM¢ population was gated based on debtry and doublet exclusion. Then we gated for viability (Zombie
NIR). From this viable population, we identified CD45 positive cells (75.3% of total cells) and from these we further iden-
tified macrophages based on CD14 and CD11b positive signal, resulting in a 72,8% positive fraction if iM¢. Positive gates
were created using unstained and single stained controls. Sorting was performed on FACS Aria Fusion Il.
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771-Purity check
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Figure 6-4 Puritiy check of sorted iM post differentiation. iM¢ were sorted on day 28 and day 42 of differentiation protocol.
Supernatants including the floating cells were collected and pooled together. Staining was performed regarding general
staining protocol. iM@ population was gated based on Debry and doublet exclusion. Then we gated for viability (Zombie
NIR). From this viable population, we identified CD45 positive cells (75.3% of total cells) and from these we further iden-
tified macrophages based on CD14 and CD11b positive signal. Purity checked revealed a 82.0% are iM¢ and survived
the sorting process. Positive gates were created using unstained and single stained controls. Sorting was performed on
FACS Aria Fusion II.
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. . . .
6.4 Appendix D — iMe Platform Characterization Across
Harvests
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Figure 6-5 Multi-spectral flow cytometry analysis of efferocytosis-associated marker expression in sorted iM¢ across in-
dependent differentiation harvests. iM@ were pre-gated to exclude debris, doublets, non-viable cells. and CD45 negative
cells. iM@ were independently differentiated and harvested at two timepoints: Harvest 1 (orange), collected on day 28
and maintained in post-differentiation culture until analysis, and Harvest 2 (green), collected on day 42. All samples were
stained and analyzed on day 46 using a multi-spectral flow cytometer. Unstained control from Harvest 1 is shown in blue.
Marker expression profiles are overlaid to compare efferocytosis-associated phenotypes between harvests. Slight de-
crease in TREM2 and FOLR2 expression from Harvest one to Harvest two. Expression of CD40, CD86, CD274. CD48

only expressed in Harvest 2 . N=4. Data acquisition was performed on a SONY ID7000 cytometer with spectral unmixing
and autofluorescence correction. Downstream analysis was conducted using CellEngine.
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6.5 Appendix E — Panels used

Panel used for assay optimization experiments (Chapter 3.1.11, 3.1.12)
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b) Panel used for iMicroglia testing (Chapter 3.2.1)
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c) Panel used for Perturbations and platform comparison (Chapters 3.2.1,3.2.2)
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d) Panel used for iron metabolism experiment on MDMs (Chapter 3.1.16)
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e) Panel used on OA synovium phenotyping (Chapter 3.3.1)
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Figure 6-6 Flow cytometry panels used for various experimental setups. Colors indicate the excitation laser lines: blue =
355 nm, purple = 405 nm, turquoise = 488 nm, green = 561 nm, and red = 637 nm. a) Panel used for efferocytosis assay
optimization. pHrodo Green was measured exclusively using the 488 nm laser to minimize spectral spillover and prevent
false-positive signals. Markers included CD45, CD64, and CD11b as general leukocyte markers; CD163, CD206, FOLR2,
TREM2, MERTK, and TIMD4 as markers associated with tissue-resident macrophages and efferocytosis; CD48 as an
immune-regulatory marker; CCR2 as a marker of infiltrating macrophages; CD114 as a myeloid lineage marker; and HLA-
DR as a marker of antigen presentation. b) Panel used for iMicroglia characterization, with an expanded marker set
including GPR34, a microglia-specific marker. c) Panel used for perturbation studies employing pharmacological inhibitors
and for platform comparisons between monocyte-derived macrophages (MDMs) and iPSC-derived macrophages. d)
Panel used for iron metabolism studies, incorporating antibodies against iron transporters such as CD91, CD71, and
SLC40A1. Iron Tracker signal was acquired using the 637 nm (red) laser. e) Panel used for osteoarthritis (OA) phenotyp-
ing. In addition to macrophage markers, the panel includes structural cell markers such as podoplanin, CD90, CD55, and
Notch3. f) Panel used for pilot phagocytosis assays, containing macrophage and leukocyte markers. pHrodo Green-la-
beled E. coli bioparticles were detected on the 488 nm laser. g) Panel used for labile iron assays in rheumatoid arthritis
(RA) synovial tissue. This panel included additional iron-specific markers as well as CD19 and CD3 to identify B and T
cells, respectively, alongside monocyte/macrophage markers.
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6.6 Appendix F: CD45 negative fraction over time
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Figure 6-7 Additional efferocytosis control. A= CD45 negative fraction pHrodoGreen dynamics over time. a) Histograms
represent the increase in pHrodo™ Green fluorescence signal at 15, 30, 60, 90, and 120 minutes, as measured on the
SONY ID7000 analyzer. Jurkat T cells were not removed from the co-culture during the time course. N = 2 b) Jurkats only
wells. Detected at T = 15 nad t =120 minutes. Data acquisition was performed using the SONY ID7000 software with
unmixing and autofluorescence correction. Downstream analysis was conducted using Cell Engine. Data shown are rep-
resentative of N = 2 independent experiments.
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6.7 Appendix G: Capacity for efferocytosis of apoptotic Jurkat
T cells across in vitro macrophage platforms
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Figure 6-8 Supplementary material for figure 3-20 .Capacity for efferocytosis of apoptotic Jurkat T cells across in vitro
macrophages. Quantification of efferocytosis kinetics measured as median pHrodo™ Green fluorescence intensity over
time. Comparison of pHrodo™ Green fluorescence in untreated M1-like, M2-like and iPSC-derved macrophages (dark
blue) versus M1-like, M2-like and iPSC-derved macrophages pre-treated with 10 yM Cytochalasin D, an actin polymeri-
zation inhibitor (light blue), and exposed to apoptotic Jurkat T cells. Cytochalasin D treatment significantly impaired ef-
ferocytosis capacity. (n = 4 per condition). Data were acquired using the SONY ID7000 spectral flow cytometer, unmixed
and autofluorescence-corrected using SONY ID7000 software. Data analysis including histogram and plot generation was
performed with CellEngine.
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6.8 Appendix H: Gating strategy used for platform
comparison.
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Figure 6-9 Gating strategy used for platform comparison. For all conditions, debris was excluded based on FSC-A vs.
SSC-A, and doublets were excluded using FSC-A vs. FSC-H on unstained control samples. Viable cells were gated as
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Zombie NIR-negative, and macrophages were identified by CD45 positivity. To define the gate for pHrodo Green-positive
signal, pre-labelled macrophages incubated with non-labelled apoptotic Jurkat T cells were used. The positive pHrodo-
Green gate was set on the CD45+ fraction to exclude non-bound Jurkat T cells, which were not stained with theantibody
cocktails. Stained macrophages were chosen for this purpose, as they exhibited higher baseline fluorescence in the
pHrodo Green channel compared to unstained controls and the allow discrimination from Jurkat T cells.
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6.9 Appendix I: Platform comparison based on marker
expression
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Figure 6-10 Supplementary Material: Supporting data for the heatmap presented in Figure 3-18. Marker expression pro-
files for different macrophage platforms, comparing stained versus unstained samples. All markers were analyzed within
the live cell gate (Zombie NIR-negative), following exclusion of debris and doublets. Positive and negative gates were
defined based on the corresponding unstained controls.
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6.10 Appendix J: Detect iron metabolism in macrophages and
allows phenotyping of iron metabolism associated

markers
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M1-like macrophages
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Figure 6-11 Supplementary Material: Proof-of-principle for an iron metabolism assay in macrophage subtypes. Histo-
grams display the expression of surface markers, comparing unstained controls (blue) with fully stained samples (orange).
Macrophage subtypes include M1-like macrophages polarized with GM-CSF, IFN-y, and LPS; M2a-like macrophages
polarized with M-CSF, IL-10, and dexamethasone; and M2b-like macrophages polarized with M-CSF, IL-10, and IL-4.
Histograms were generated from live, single cells, excluding debris and doublets. Markers showing positive signal:
TREM2, MERTK, HLA-DR, FOLR2, CD206, CD45, CD14, CCR2, CD91, and CD71 were included in the heatmap pre-
sented in Figure 3-16. Samples were acquired on a SONY ID7000 spectral flow cytometer, with spectral unmixing and
autofluorescence correction performed using SONY ID7000 software. Histogram were generated using CellEngine. Sam-

ple size: n = 2.
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6.11 Appendix K: Expression of efferocytosis-associated
surface markers in differentially polarized iM¢
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Figure 6-12 Supplementary Material: Polarization experiment of iPSC derived macrophages (iM@) corresponding to data
presented in Figure 3—19. Histograms compare unstained controls (grey) with fully stained iM¢ samples (blue). These
histograms were used to confirm specific marker expression and to exclude false-positive signals prior to inclusion in the
heatmap. Data were gated to exclude debris and doublets. Samples were acquired using the SONY ID7000 spectral
flow cytometer, with spectral unmixing and autofluorescence correction performed using SONY ID7000 software. Histo-
grams were generated using CellEngine. The experiment was performed with n = 4 biological replicates; one repre-
sentative replicate is shown.
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6.12 Appendix L: Pharmacological modulation of efferocytosis
markers in iM@ under different polarization conditions.
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Figure 6-13 Impact of cytokine polarization and efferocytosis modulators on efferocytosis-linked surface marker expres-
sion in iM®. CytoD: 10 uM Cytochalasin D; Chloro: 100 nM Chloroquine; Bafilo: 10 yM Bafilomycin A1; Flavo: 10 uM
Flavopiridol; Pros1: 5 uM Protein S1. bHistograms showing eefferocytosis linked markers expression across different
treatment conditions and efferocytosis modulators. Data were obtained from gated viable CD45* single cells, with debris
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and doublets excluded. Samples were acquired using a Sony ID7000 spectral analyzer with the DISCOVERER M assay.

Spectral unmixing and autofluorescence correction were performed using Sony ID7000 software. Data analysis was con-

ducted with CellEngine.

6.13 Appendix M: Synovial fluid patient group anaylsis
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Figure 6-14 Additional plots to support analysis of human synovial fluid cells from arthritis patients using the Discover Mg
assay and spectral flow cytometry. Viable synovial fluid cells were thawed and enzymatically treated with hyaluronidase
and DNase | to generate single-cell suspensions. Cells were subsequently labeled with a multidimensional antibody panel
for spectral flow cytometry-based immunophenotyping. a) Gating strategy used to identify major synovial fluid cell popu-
lations. CD45 and CD14 expression were used to distinguish leukocytes (CD45%), monocytes/macrophages
(CD45*CD14"), and CD45" structural cells. Further discrimination of macrophage subsets was achieved using CCR2 and
FOLRZ2, allowing the identification of infiltrating monocytes/macrophages (CCR2*FOLR2™) and tissue-resident macro-
phages (CCR2"FOLR2").
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