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ABSTRACT

Relapse and persistence remain major challenges in acute myeloid leukaemia
(AML) and myelodysplastic syndromes (MDS). Malignant cells endure not only
through clonal genetics but also through support from the marrow niche, where im-
mune restraint and metabolic adaptation coexist. Mitochondrial respiration and lipid
utilisation confer survival advantages under therapeutic stress, while intracellular
trafficking links immune signalling to mitochondrial metabolism. Clever-1 (STABI),
a scavenger receptor expressed in immunoregulatory myeloid compartments, inte-
grates these processes through endocytic—lysosomal routing.

In this PhD thesis, I examine whether Clever-1 functions solely as a niche-level
immunoregulatory receptor or also contributes directly to leukaemic cell fitness
through cargo routing, mitochondrial lipid handling and bioenergetic adaptation. I
characterise Clever-1 expression across malignant myeloid compartments in AML
and MDS, spanning immature progenitors and more differentiated myeloid popula-
tions, and relate its distribution to differentiation state and immune context. I then
investigate cell-intrinsic consequences of Clever-1 targeting. The findings support a
role for Clever-1 in endocytic trafficking to mitochondria and selective effects on
respiratory organisation. Blockade alters lipoprotein-derived cargo routing, reshapes
mitochondrial lipid composition, and reduces respiratory capacity under metabolic
constraint, consistent with impaired adaptive flexibility rather than baseline
cytotoxicity.

To bridge the mechanism with therapeutic relevance, I evaluate antibody-medi-
ated Clever-1 blockade (bexmarilimab) in AML and MDS in ex vivo systems and in
an early-phase clinical combination with azacitidine. In this setting, Clever-1 block-
ade is not primarily a direct cytotoxic therapy but rather a modulator of myeloid
state, with target engagement and variable effects shaped by disease context and im-
mune composition. Together, these findings identify Clever-1 as a state-linked traf-
ficking receptor active in both immune and malignant compartments and help define
the therapeutic role of Clever-1—directed strategies in AML and MDS.

KEYWORDS: acute myeloid leukaemia; myelodysplastic syndromes; Clever-1; en-
docytic trafficking; mitochondrial metabolism; immunotherapy
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TIVISTELMA

Taudin uusiutuminen ja hoitoresistenssi ovat keskeisid haasteita akuutissa mye-
looisessa leukemiassa (AML) ja myelodysplastisissa oireyhtymissd (MDS). Pahan-
laatuiset solut séilyvit klonaalisen evoluution lisdksi luuytimen mikroympériston tu-
ella, jossa aineenvaihdunnallinen sopeutuminen ja immuunivasteen vaimeneminen
limittyvéat. Mitokondrioissa tapahtuva soluhengitys ja lipidien hyddyntdminen tar-
joavat leukemiasoluille selviytymisedun hoitopaineen alla, ja solunsiséiset kuljetus-
reitit kytkevéit immuuniséételyn mitokondrioiden toimintaan. Clever-1 (STABI) on
immuunivastetta muokkaavissa myelooisissa soluissa ilmentyvéd haaskareseptori,
joka yhdistdd ndmé prosessit endosyyttisen kierron kautta.

Téssa viitoskirjassa tutkin, toimiiko Clever-1 yksinomaan mikroympériston im-
muniteetin sddtelijana vai liittyyko se myos leukemiasolujen vastustuskykyyn kulje-
tusreittien, mitokondrioiden lipidikésittelyn ja aineenvaihdunnallisen sopeutumisen
kautta. Mééritdn sen ilmentymistd AML- ja MDS-potilaiden soluissa ja suhteutan
havainnot taudin kliiniseen ja biologiseen taustaan seké tutkin Clever-1:n kohdenta-
misen solunsiséisid vaikutuksia leukemiasoluissa. Tulokset osoittavat, ettd Clever-1
osallistuu lipoproteiiniperdisen materiaalin reititykseen mitokondrioihin ja soluhen-
gityksen séételyyn osana aineenvaihdunnallista sopeutumista. Sen estdéminen muut-
taa kolesterolin solunsiséisté reititystd, muokkaa mitokondrioiden lipidikoostumusta
ja heikentdd hengityskapasiteettia aineenvaihdunnallisen kuormituksen aikana, mika
viittaa heikentyneeseen sopeutumiskykyyn eiké suoraan solunjakautumisen estoon.

Mekanismin kliinisen merkityksen arvioimiseksi tutkin my0s vasta-ainevilit-
teistd Clever-1-estdmistd AML:ssa ja MDS:ssa seké ex vivo -kokeissa ettd varhais-
vaiheen kliinisessé tutkimuksessa, jossa potilaat saivat yhdistelméihoitoa atsasitidii-
nin kanssa. Clever-1-estdminen ei ndyttdydy ensisijaisesti sytotoksisena hoitona,
vaan luuytimen immunologisen tilan kontekstiriippuvaisena sditelijdnd. Tulokset
osoittavat, ettd Clever-1 toimii sekd immuuni- ettd pahanlaatuisissa soluissa ja tar-
kentaa Clever-1-kohdennettujen hoitojen terapeuttista roolia AML:ssa ja MDS:ssa.

AVAINSANAT. akuutti myelooinen leukemia; myelodysplastiset oireyhtymat; Cle-

ver-1; endosyyttinen kuljetus; mitokondriaalinen aineenvaihdunta; immunoterapia
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1 Introduction

Haematopoiesis is a lifelong regenerative process that sustains oxygen transport, im-
mune defence, and tissue repair. Within the bone marrow, a hierarchically organised
system balances stem-cell self-renewal with lineage commitment and differentiation
according to systemic demand (Pinho and Frenette, 2019; Comazzetto et al., 2021).
This equilibrium requires tight regulation, as excessive proliferation or insufficient
renewal compromises functional output. In acute myeloid leukaemia (AML) and
myelodysplastic syndromes (MDS), this balance is disrupted as progenitor popula-
tions acquire clonal advantage while failing to mature appropriately, leading to im-
paired blood cell production and persistent disease (Steensma et al., 2015). These
disorders therefore develop within existing haematopoietic organisation rather than
outside it, and their biology must be considered not only through genetic lesions but
also in relation to the marrow environment in which malignant cells persist (Bonnet
& Dick, 1997; Shafat et al., 2017).

Despite advances in classification and therapy, relapse and disease persistence re-
main defining challenges in AML and MDS (Déhner et al., 2017; Hellstrom-Lind-
berg & Kroger, 2023). Although remission may be achieved, durable control is often
limited by residual malignant populations that survive therapeutic pressure and re-
emerge (Schuurhuis et al., 2018; Shlush et al., 2017). Recurrent genetic lesions have
clarified important aspects of disease biology, but they do not fully explain how ma-
lignant cells endure cytotoxic, epigenetic, or immune-mediated stress (Mulherkar &
Scadden, 2021; Tettamanti et al., 2022). Durable control therefore depends on fac-
tors beyond clone genetics, including both intrinsic properties of malignant cells and
the local conditions that sustain them (Mian et al., 2025).

Within the bone marrow, malignant cells remain embedded in a structured niche in
which spatial organisation and intercellular signalling influence both immune en-
gagement and metabolic adaptation (Bandyopadhyay et al., 2024; Mian et al., 2025).
A prominent feature of this environment is macrophage-dominant regulation, as my-
eloid-lineage cells shape antigen handling and inflammatory tone and thereby influ-
ence the balance between activation and restraint. In AML and MDS, immune dys-
function is not confined to a single compartment but involves coordinated alterations
across myeloid and lymphoid populations. The marrow microenvironment may
therefore favour restraint over activation and limit immune clearance in ways that

14
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are shaped by differentiation state and prior therapy (Barakos & Hatzimichael, 2022;
Maynard et al., 2022; de Jong et al., 2024).

A notable feature of AML and MDS is that the malignant clone arises from the same
myeloid lineage responsible for immune regulation. This overlap makes regulatory
and malignant programmes difficult to separate, as pathways associated with the mi-
croenvironment may also remain active within malignant progenitors or their prog-
eny. Myeloid-directed mechanisms therefore cannot be assumed to act exclusively
through non-malignant cells and may support persistence while also restraining im-
mune clearance (Khaldoyanidi et al., 2021; Tettamanti et al., 2022; Bachmann &
Ochsenbein, 2025). It remains unclear whether these mechanisms operate solely at
the niche level or also influence leukaemic cell-intrinsic behaviour, and this distinc-
tion has therapeutic implications.

Persistence is also shaped by metabolic state. Leukaemic stem and progenitor popu-
lations frequently depend on mitochondrial oxidative phosphorylation in a state-de-
pendent manner, particularly under therapeutic or environmental stress. This oxida-
tive metabolism can adjust in response to niche-derived cues and thereby support
survival under constraint (Moschoi et al., 2016; Farge et al., 2017). Selection for
such bioenergetic states may contribute to relapse (Farge et al., 2017). This depend-
ence positions mitochondrial fitness as a potential vulnerability in myeloid malig-
nancy (Lagadinou et al., 2013; Pollyea et al., 2018).

This metabolic dependence is closely linked to lipid handling. Fatty acids provide
substrate for oxidative phosphorylation, while cholesterol trafficking influences
membrane composition and mitochondrial redox balance (Mishra et al., 2023; Goi-
coechea et al., 2023). Altered lipid availability may stabilise stress-adapted pheno-
types in both malignant and immune compartments (Mishra et al., 2023; Veglia et
al., 2019). Lipid utilisation and cholesterol routing thereby link immune regulation
with bioenergetic state in myeloid malignancy (Maynard et al., 2022; Li et al., 2021).

These processes also depend on intracellular routing. Endocytic—lysosomal traffick-
ing links antigen processing with metabolic regulation by determining whether in-
ternalised material is degraded, recycled, or redistributed. Through this sorting func-
tion, trafficking influences immune priming thresholds as well as mitochondrial sub-
strate availability. Perturbations in this machinery may alter immune tone and met-
abolic adaptability, drawing attention to receptors that connect immune restraint with
mitochondrial function (Roche & Furuta, 2015; Settembre et al., 2013; Ledderose et
al., 2021).

Clever-1, also known as stabilin-1 (STABI), is a scavenger receptor expressed on
subsets of macrophages and endothelial cells and participates in endocytic traffick-
ing of modified lipoproteins and related cargo. Through its role in cargo routing and
lysosomal processing, it links antigen handling with lipid redistribution in myeloid

15



biology (Kzhyshkowska et al., 2010; Zhang et al ., 2009). In malignant diseases of
the bone marrow, where immune restraint and metabolic adaptation coexist, such a
receptor may influence both immune activity and mitochondrial fitness (Virtakoivu
et al., 2021). Whether Clever-1 functions exclusively within non-malignant myeloid
compartments or also contributes directly to leukaemic cell-intrinsic biology re-
mains unresolved.

Modulation of Clever-1 in AML and MDS therefore not determined by target ex-
pression alone. Functional consequences are likely to depend on differentiation state,
immune context, and prior or concurrent therapy. Combination treatment may re-
shape immune tone and cellular state, thereby altering the setting in which interven-
tion occurs (Vago & Gojo, 2020; Ciantra et al., 2025). In addition, receptor engage-
ment may not correlate directly with baseline surface abundance, given receptor cy-
cling and intracellular pools (Prevo et al., 2004; Kzhyshkowska et al., 2006). Anti-
body-mediated blockade of Clever-1 should therefore be understood as an interven-
tion whose effects depend on myeloid state, intracellular trafficking, and the thera-
peutic context in which it is given (Kzhyshkowska et al., 2010; Virtakoivu et al.,
2021).

These considerations frame the focus of this thesis. This work examines Clever-1
across immune and malignant compartments in AML and MDS, beginning with its
expression patterns and disease associations in relation to differentiation state and
immune context within the marrow niche. It evaluates Clever-1 blockade in a thera-
peutically conditioned setting, recognising that intervention occurs in tissue already
shaped by prior and concurrent therapy, and defines leukaemic cell-intrinsic func-
tions with emphasis on intracellular trafficking pathways intersecting with mito-
chondrial lipid handling and cholesterol-dependent bioenergetic adaptation. To-
gether, these studies link mechanistic investigation with clinical evaluation and place
Clever-1 within a broader framework of immune regulation and metabolic adapta-
tion in myeloid malignancy.
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2 Review of the Literature

2.1 Haematopoietic organisation and disruption in
myeloid malignancies

2.1.1 Normal haematopoiesis and marrow cell production

At the apex of the haematopoietic system is a rare population of haematopoietic stem
cells (HSCs), with long-term self-renewal capacity and the ability to generate all
major blood lineages (Orkin & Zon, 2008). Through progressive differentiation,
HSCs give rise to multipotent progenitors (MPPs), which gradually lose self-renewal
potential while retaining multilineage differentiation capacity. Subsequent linecage
commitment produces progenitors increasingly restricted towards myeloid or lym-
phoid fates (Pellin et al., 2019; Jacobsen & Nerlov, 2019).

This hierarchy is often depicted as a branching structure in which differentiation po-
tential narrows stepwise (Figure 1A). Single-cell analyses have refined lineage mod-
els and demonstrated heterogeneity within immunophenotypically defined compart-
ments; however, the central concept remains that stem and progenitor cells generate
mature effector populations through regulated and progressively restricted differen-
tiation (Pellin et al., 2019; Zeng et al., 2025). However, recent lineage-tracing data
in mice suggest that, during ageing, platelet production can also arise through a direct
HSC-derived pathway that bypasses aspects of the canonical hierarchy (Poscablo et
al., 2024). Disruption at defined developmental stages can translate into distinct clin-
ical phenotypes.

The myeloid branch produces several functionally distinct cell types. Erythroid pro-
genitors mature into erythrocytes, which circulate for approximately 120 days and
mediate oxygen delivery. Megakaryocytic progenitors generate platelets, anucleate
fragments essential for haemostasis and vascular repair. Granulocytic progenitors
give rise to neutrophils, the most abundant circulating innate immune cells, provid-
ing rapid antimicrobial defence. Monocytic progenitors generate monocytes that cir-
culate transiently before differentiating into macrophages or dendritic cells in tissues.
These mononuclear phagocytes contribute to antigen presentation, immune regula-
tion, and tissue homeostasis (Pishesha et al., 2022; Mosser & Edwards, 2008).
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The lymphoid branch produces B lymphocytes, T lymphocytes, and natural killer
(NK) cells. B cells differentiate into antibody-secreting plasma cells; T cells mediate
antigen-specific cellular immunity; and NK cells provide rapid cytotoxic responses
against infected or transformed cells. Although frequently described separately, ef-
fective immune defence depends on coordinated interaction between myeloid and
lymphoid compartments.

Production demands vary according to physiological state. Under steady conditions,
output is tightly regulated to match need while limiting excessive proliferation. Dur-
ing infection, bleeding, or other systemic stress, lineage output can shift rapidly. Pro-
inflammatory signals and growth factors alter progenitor proliferation and differen-
tiation to increase generation of selected effector populations, a process often re-
ferred to as “emergency haematopoiesis” (Passegué et al., 2015; Leimkiihler &
Schneider, 2019). Following resolution of stress, regulatory mechanisms restore bal-
anced production. The capacity to transition between quiescence, steady-state out-
put, and stress-adapted expansion underlies the resilience of the haematopoietic sys-
tem (Kokkaliaris & Scadden, 2020; Ciantra et al., 2025).

These processes occur within a structured bone marrow microenvironment. HSCs
and progenitors interact with stromal, endothelial, osteolineage, and immune ele-
ments that regulate quiescence, proliferation, retention, and differentiation (Hurwitz
et al., 2020; Chen et al., 2020; Kim et al., 2020). Current models describe a distrib-
uted regulatory network rather than control by a single cell type, with vascular and
osteolineage-associated structures frequently highlighted. Marrow macrophages and
related immune populations contribute to both steady-state and stress-adapted haem-
atopoiesis, indicating close linkage between blood formation and immune regulation
under physiological conditions (Lévesque et al., 2021; de Jong et al., 2024).

The organisation of normal haematopoiesis clarifies the clinical manifestations of
myeloid malignancies. Because erythrocytes, platelets and granulocytes arise from
this hierarchy, disruption of differentiation commonly results in cytopenias such as
anaemia, thrombocytopenia, and neutropenia (Figure 1B). Impairment of granulo-
cytic and monocytic compartments compromises innate immune defence. Somatic
alterations affecting HSCs or early progenitors may be carried through multiple
downstream lineages. Myeloid malignancies therefore present as disorders of
dysregulated blood formation rather than isolated expansions of a single mature cell
type (Khwaja et al., 2016; Arber et al., 2022).
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Figure 1. Organisation of normal haematopoiesis and clinical consequences of its disrup-
tion. (A) Schematic representation of adult bone marrow haematopoiesis. Haematopoietic stem
cells (HSCs) reside within the marrow and give rise to multipotent progenitors that progressively
restrict lineage potential through hierarchical differentiation. The myeloid branch generates eryth-
rocytes, megakaryocytes and platelets, granulocytes, and monocytes (which further differentiate
into macrophages and dendritic cells), whereas the lymphoid branch produces B cells, T cells, and
natural killer (NK) cells. In addition to the conventional hierarchical pathway, the dashed arrow de-
notes an early megakaryocyte-biased differentiation route from the haematopoietic stem and pro-
genitor cell compartment. Continuous and tightly regulated lineage output maintains oxygen
transport, haemostasis, and immune defence. (B) Conceptual illustration of disrupted or ineffective
haematopoiesis. Impairment at the level of haematopoietic stem and progenitor cells reduces ef-
fective lineage output, resulting in peripheral cytopenias. Decreased erythrocyte production mani-
fests clinically as anaemia; reduced neutrophil production increases susceptibility to infection (neu-
tropenia); and diminished platelet production leads to bleeding tendency (thrombocytopenia). To-
gether, these features characterise myeloid malignancies as disorders of dysregulated blood for-
mation rather than isolated expansion of a single mature cell population. (lllustrations A and B cre-
ated with BioRender).
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Long-term haematopoietic durability depends on genomic integrity and balanced
regulatory input within stem and progenitor compartments (Shih et al., 2012; Hunter
and Padron, 2021). With ageing, the haematopoietic stem cell compartment under-
goes functional attrition, including reduced regenerative capacity and diminished
clonal diversity, even as the phenotypic HSC pool may expand (Verovskaya et al.,
2019; Symeonidi et al., 2022). With advancing age, cumulative replication, environ-
mental exposure, and inflammatory signalling increase the probability that somatic
variants arise in haematopoietic stem and progenitor cells. Many variants remain
functionally neutral, whereas others confer a competitive advantage, enabling grad-
ual clonal expansion within otherwise preserved haematopoiesis (Mitchell et al.,
2022; Robertson et al., 2022). When such clones are detectable in individuals with-
out overt haematologic malignancy, this state is broadly referred to as clonal haem-
atopoiesis. When mutations in haematologic malignancy-associated genes are pre-
sent at a variant allele frequency of at least 2% in individuals without diagnostic
cytopenias or morphological criteria for a myeloid neoplasm, the condition is termed
clonal haematopoiesis of indeterminate potential (CHIP) (Genovese et al., 2014;
Jaiswal et al., 2014; Steensma et al., 2015). When persistent unexplained cytopenias
coexist with clonal mutations but without definitive features of a myeloid neoplasm,
the condition is designated clonal cytopenia of undetermined significance (CCUS)
(Valent et al., 2018; Taborda et al., 2024). These premalignant states illustrate that
clonal dominance may precede overt malignancy and provide a biological bridge to
myeloid neoplasia. The stepwise relationship between age-associated clonal haema-
topoiesis, molecular evolution, and overt myeloid malignancy is summarised sche-
matically in Figure 2 (Chandra et al., 2024).
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Figure 2. Stepwise clonal evolution from normal haematopoiesis to overt myeloid malig-
nancy. Normal polyclonal haematopoiesis may acquire somatic mutations at the level of haemato-
poietic stem and progenitor cells (HSC/HSPC), leading to clonal haematopoiesis of indeterminate
potential (CHIP). Further clonal expansion associated with impaired effective blood production can
result in clonal cytopenia of undetermined significance (CCUS). Accumulation of additional trans-
forming events gives rise to overt myeloid neoplasms, represented here by myelodysplastic syn-
dromes (MDS), chronic myelomonocytic leukaemia (CMML), and acute myeloid leukaemia (AML).
Early lesions frequently involve epigenetic regulators and RNA-splicing factors. Acquisition of addi-
tional transforming lesions affecting signalling pathways, transcription factors, or tumour suppres-
sors is associated with progression to overt malignancy (Sperling et al., 2017). Increasing genomic
instability accompanies this transition. Overt myeloid neoplasms consist of genetically distinct sub-
clones derived from a common ancestral clone. Therapeutic pressure promotes selective expan-
sion of resistant subclones, contributing to relapse. The lower gradient indicates increasing clinical
impact, including cytopenias and disease-related symptoms, across progression. (lllustration cre-
ated with BioRender).
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21.2 Myeloid malignancies as disorders of dysregulated
haematopoiesis

Myeloid malignancies comprise a broader group of clonal disorders arising from
haematopoietic stem and progenitor cells, including AML, MDS, CMML, and
myeloproliferative neoplasms (MPNs) such as polycythaemia vera, essential throm-
bocythaemia, and primary myelofibrosis (Arber et al., 2022). Among these, AML,
MDS, and CMML form a biologically related spectrum of myeloid neoplasms char-
acterised predominantly by disrupted differentiation and ineffective haematopoiesis
(Figure 2). Although classified as distinct entities, they share key features: recurrent
somatic alterations, abnormal differentiation, competitive expansion of malignant
clones within the marrow, and suppression of effective blood formation (Ades et al.,
2014; DeZern, 2018; Dohner et al., 2022). In these disorders, the marrow serves as
a shared regenerative system in [h malignant and non-malignant populations coexist
and compete, shaping clinical manifestations and contributing to persistence of treat-
ment-tolerant clones (Kokkaliaris & Scadden, 2020; Mulherkar & Scadden, 2021).

MDS is characterised primarily by ineffective haematopoiesis, with cytopenias de-
veloping despite typically normo- or hypercellular marrow. Morphological dysplasia
and variable risk of progression to AML are central features (Ades et al., 2014; Mal-
covati et al., 2023). Clinical behaviour ranges from relatively indolent cytopenic
states to progressive marrow failure and transformation to AML. Contemporary risk
models integrate clinical and biological variables to reflect this heterogeneity (Ber-
nard et al., 2022; DeZern, 2018).

AML represents a more advanced failure of haematopoietic regulation. It is charac-
terised by expansion of immature myeloid blasts accompanied by suppression of
normal lineage output (Ddhner et al., 2022; Newell & Cook, 2023). Clinical conse-
quences reflect both loss of normal marrow function and complications related to
blast accumulation. Although remission can be achieved in defined patient subsets,
relapse remains frequent (Ddhner et al., 2017; Dohner et al., 2022).

CMML occupies an intermediate position, combining dysplastic and proliferative
features. It is characterised by persistent monocytosis with variable cytopenias and
splenomegaly, and may present either with ineffective haematopoiesis resembling
MBDS or with a more proliferative myeloid phenotype accompanied by inflammatory
features (Patnaik & Tefferi, 2018; Tremblay et al., 2021).

AML, MDS, and CMML are predominantly diseases of older adults, and their

clinical burden is shaped by cytopenias, repeated diagnostic assessment, pro-
longed supportive care, and treatment-related complications. Incidence
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increases markedly after the sixth decade of life, with median age at diagnosis
typically around 70 years in AML and MDS (Woolthuis & Park, 2016; Zeidan
et al., 2019; Dohner et al., 2022; Malcovati et al., 2023). This age dependence
is consistent with the cumulative acquisition and selection of somatic altera-
tions within long-lived haematopoietic stem and progenitor compartments, as
outlined above (Genovese et al., 2014; Jaiswal et al., 2014; Ogawa, 2019).
Additional environmental and iatrogenic exposures, including benzene, ion-
ising radiation, tobacco use, and prior cytotoxic therapy, may further contrib-
ute to disease risk, particularly in therapy-related AML and MDS (McNerney
etal., 2017; Zeidan et al., 2019). Thus, these myeloid neoplasms arise through
interaction between age-associated biological vulnerability, clonal evolution,
and external or treatment-related insults.

213 Recurrently perturbed pathways and founder lesions

Recurrent mutations in myeloid neoplasms cluster in defined functional domains,
particularly epigenetic regulation, transcriptional control, RNA splicing, and signal
transduction (Bejar et al., 2011; Sperling et al., 2016; Dohner et al., 2022). In AML,
frequently altered genes include FLT3, NPMI1, DNMT3A4, IDHI/2, and RUNXI
(Sperling et al., 2016; Dohner et al., 2022). In MDS and CMML, alterations in
DNMT3A, TET2, ASXL1, and spliceosome components such as SF3B1, SRSF2, and
U2AF1 are common and often detected early in clonal evolution (Papaemmanuil et
al., 2016; Sperling et al., 2016; Huber et al., 2022).

Chromosomal alterations are likewise common and biologically consequential in
myeloid malignancies. Recurrent cytogenetic abnormalities include complex karyo-
type, monosomy 5 or del(5q), monosomy 7 or del(7q), trisomy 8, and rearrangements
involving KMT2A4, MECOM, or core-binding factor genes, depending on disease
context (Dohner et al., 2022; Arber et al., 2022). These lesions contribute to disease
classification and risk stratification and, in many settings, are associated with adverse
clinical outcome (Bernard et al., 2022; Doéhner et al., 2022). In del(5q) MDS, co-
occurring 7P53 mutations further refine progression risk, including among patients
otherwise classified as lower risk (Jidersten et al., 2011).

Lesions affecting epigenetic regulation are overrepresented among early events in
clonal evolution, consistent with altered chromatin and methylation states supporting
long-term clonal persistence (Sperling et al., 2016; Dohner et al., 2022). Among re-
current early lesions, DNMT3A represents a prototypic founder mutation in clonal
haematopoiesis, whereas other alterations show more variable evolutionary timing
and disease associations. Longitudinal studies indicate that DNMT3A-mutant clones
often emerge and expand earlier in adult life, whereas spliceosome mutations tend
to show later expansion dynamics and are more closely linked to malignant
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progression (Watson et al., 2022; Mitchell et al., 2022). TET2 and ASXLI may also
occur as early clonal lesions, but their expansion behaviour appears more context-
dependent and can be modified by inherited mechanisms, including 7CLI1A4-
associated effects described in clonal haematopoiesis (Miller et al., 2023). Individu-
als with CHIP have a higher risk of subsequent myeloid neoplasia than CHIP-
negative individuals, although absolute risk remains low in most cases and rises sub-
stantially only in higher-risk genetic and clinical contexts (Weeks et al., 2023; Bolton
et al., 2023). Acquisition of additional alterations, including those affecting signal-
ling pathways, transcription factors, or tumour suppressors, is associated with more
pronounced disruption of differentiation and increased blast burden or proliferative
features (Papaemmanuil et al., 2013; Ddhner et al., 2022). Contemporary classifica-
tion systems identify biologically adverse categories, including 7P53- and ASXLI-
mutated disease and spliceosome-associated profiles, which are linked to poor treat-
ment response and rapid progression (Attardi et al., 2023).

In MDS, temporal sequencing studies indicate that early alterations in epigenetic
regulation and RNA splicing often precede overt dysplasia, whereas later lesions are
enriched in transforming disease (Papaemmanuil et al., 2013; Malcovati et al., 2017).
Genetic and cytogenetic context informs, but does not fully determine, phenotype
and risk; transcriptomic approaches can provide additional information on disease
state, expressed variants, fusions, and therapy-relevant biology in AML (Docking et
al., 2021; Dohner et al., 2022). At diagnosis, many patients harbour multiple genet-
ically distinct subclones derived from a shared ancestral population, and clonal ar-
chitecture may change over the course of disease and treatment. Relapse frequently
reflects expansion of pre-existing resistant subclones rather than acquisition of en-
tirely new driver events, indicating that clinically relevant diversity may already be
present at initial diagnosis (Hemmati et al., 2017; Dohner et al., 2022). These obser-
vations provide a bridge from cell-intrinsic genetic lesions to the marrow context in
which subclones are selected, retained, and exposed to therapeutic pressure.

214 Therapeutic landscape and persistence

Therapeutic strategies in AML and MDS aim to achieve disease control while pre-
serving acceptable haematopoietic function. Current management includes support-
ive care, disease-modifying non-transplant therapy, immunological approaches, and
allogeneic haematopoietic stem-cell transplantation, increasingly guided by geno-
type-informed stratification (Ddhner et al., 2017; Dohner et al., 2022). Relapse re-
mains the principal clinical limitation and reflects persistence of treatment-tolerant
malignant populations (Pang et al., 2019; Sarhan et al., 2020; Vago & Gojo, 2020;
Ciantra et al., 2025).

Supportive care remains fundamental, particularly in MDS and in older or frail pa-
tients, and includes transfusion support, erythropoiesis-stimulating agents in selected
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settings, and anti-infective or other symptom-directed measures that may improve
quality of life without eliminating the underlying clone (Kaur et al., 2021).

Disease-modifying non-transplant therapy includes both intensive and lower-inten-
sity approaches. Cytarabine- and anthracycline-based induction regimens induce re-
mission in many younger AML patients; relapse is nevertheless common without
allogeneic stem-cell transplantation, particularly in older individuals and in adverse-
risk disease (Dohner et al., 2017; Arber et al., 2022; Seipel et al., 2023). Liposomal
cytarabine—daunorubicin has been incorporated into frontline strategies for selected
high-risk categories (Lancet et al., 2018). For older or medically unfit patients, hy-
pomethylating agents form a core platform and are frequently used in combination.
Hypomethylating agent—venetoclax regimens have improved initial response rates
in AML, but durable control is limited by resistance and relapse, including in ad-
verse-risk genotypes (DiNardo et al., 2019; Lachowiez et al., 2023; Dohner et al.,
2024; Nwosu et al., 2024). Targeted inhibitors against FL73 or IDHI1/2 alterations
provide benefit in molecular subsets; however, resistance remains common. In
FLT3-ITD AML treated with midostaurin, relapse may occur with disappearance of
the FLT3-ITD clone in a substantial proportion of cases. In contrast, resistance to
more selective FLT3 inhibition frequently remains associated with /L 73-dependent
or kinase-pathway lesions rather than simple loss of the original target (Kayser et al.,
2021; McMahon et al., 2022). These observations suggest that persistence and re-
lapse are not explained by target presence alone, but reflect broader clonal and mi-
croenvironmental mechanisms of survival (Wang et al., 2022; Belt et al., 2024; Hu-
ber et al., 2023). Menin inhibitors have recently emerged as an additional targeted
strategy, particularly in KMT2A-rearranged and NPM1-mutated AML. Early clini-
cal data support their activity in genetically defined relapsed or refractory disease,
and 2024 trial updates have increasingly shifted attention toward rational combina-
tions with venetoclax, hypomethylating agents, and intensive chemotherapy, alt-
hough their long-term role in combination therapy and resistance management re-
mains under evaluation (FDA, 2024; Cao et al., 2025).

Immunological approaches have thus far demonstrated modest activity in myeloid
malignancies. Immune checkpoint blockade has shown limited efficacy as mono-
therapy and is mainly explored in combination regimens, while bispecific engagers
and cellular therapies remain challenged by antigen heterogeneity, overlapping ex-
pression on normal haematopoietic cells, and immune suppression within the mar-
row (Daver et al., 2019; Vago & Gojo, 2020; Haddad & Daver, 2021; Abaza & Zei-
dan, 2022; Kuen et al., 2023; Shahzad et al., 2023).

Allogeneic haematopoietic stem-cell transplantation remains the only potentially cu-
rative approach for AML, MDS, and CMML and is mediated in part by graft-versus-
leukaemia effects. Relapse and transplant-related morbidity remain substantial, and
outcomes depend on pre-transplant disease biology and residual disease burden (Be-
janyan et al., 2015; Jentzsch et al., 2019; Cao et al., 2023). Beyond graft-versus-
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leukaemia activity, transplantation also resets haematopoiesis within a profoundly
perturbed marrow microenvironment, so post-transplant control depends not only on
disease eradication but also on successful re-establishment of donor haematopoiesis
within the niche (Cencini et al., 2022).

Current therapies can induce remission and extend survival in defined settings; re-
lapse nevertheless remains common. Persistence under treatment pressure reflects
clonal diversity and context-dependent fitness, rather than failure of any single ther-
apeutic class alone (Huber et al., 2023; Kouroukli et al., 2022). The following section
therefore considers the bone marrow microenvironment as a setting in which malig-
nant and non-malignant populations interact, immune clearance is constrained, and
treatment-tolerant clones may be retained.

215 Marrow niche constraints in disease

The bone marrow provides the anatomical and cellular context in which relapse and
treatment resistance emerge. Haematopoiesis is regulated by local inputs within the
marrow microenvironment, and in myeloid malignancies these inputs become inte-
gral to disease biology because they influence how malignant and non-malignant
populations coexist, compete, and respond to therapeutic stress (Daver et al., 2018;
Kouroukli et al., 2022). Thus, disease persistence is shaped not only by cell-intrinsic
genetic lesions, but also by the marrow context in which subclones are selected and
retained.

Altered intercellular signalling and support programmes are consistently described
in AML and related myeloid disorders (Kokkaliaris & Scadden, 2020; Ennis et al.,
2023). Changes in cytokine networks, adhesion signals, and stromal responses are
associated with marrow environments that protect treatment-tolerant populations un-
der inflammatory or cytotoxic stress, without complete loss of immune or stromal
cellularity (Luciano et al., 2022; Ennis et al., 2023). Immune activity may therefore
be detectable but insufficient to achieve effective clearance, reflecting functional
limitation rather than absence of immune cells (Straube et al., 2024; Chandra et al.,
2024).

Spatial organisation also contributes to this functional constraint. Recent proteoge-
nomic and spatial analyses of human bone marrow have shown that malignant and
non-malignant populations may occupy distinct niches, and that immune and anti-
gen-presenting cells are unevenly positioned relative to leukaemic compartments
(Triana et al., 2021; Bandyopadhyay et al., 2024; Koedijk et al., 2024; Ly et al.,
2025). Such localisation may reduce the efficiency of immune engagement (Dol-
galev & Tikhonova, 2021; Unger et al., 2025). Notably, paediatric AML may repre-
sent a partially distinct immunological context, as multidimensional and spatial
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profiling has identified a subset of cases with marked T-cell infiltration and organ-
ised immune aggregates within the bone marrow (Koedijk et al., 2024).

Remodelling of myeloid-lineage compartments is frequently reported in myeloid
malignancies (Hegde et al., 2021; Jackett et al., 2024). Expanded macrophage pop-
ulations with immune-restraining phenotypes, together with increased representation
of myeloid-derived suppressor cells, have been associated with impaired T-cell acti-
vation and broader immune suppression within the marrow of patients with myeloid
malignancies (Bauer et al., 2021).

Chronic inflammatory and niche-derived signalling intersect with these changes. El-
evated inflammatory mediators have been described in AML and MDS marrow, re-
flecting contributions from both malignant and non-malignant populations (Ofir et
al., 2012; Ogawa, 2019; Luciano et al., 2022). Among the best-characterised support
pathways, the CXCL12-CXCR4 axis is overrepresented in AML relative to healthy
bone marrow and contributes to leukaemic-cell retention, survival, and protection
within the marrow niche (Korbecki et al., 2024). Sustained exposure to inflammatory
and stromal signals may reinforce suppressive immune states and influence progen-
itor fitness in a genotype-dependent manner (Navada & Silverman, 2016; Lévesque
et al.,, 2021; de Jong et al., 2024; Huber et al., 2023). Although disruption of
CXCLI12—CXCR4 signalling can mobilise AML cells and increase treatment sensi-
tivity in some settings, therapeutic targeting of this axis alone may be insufficient
because marrow protection is maintained through redundant adhesion, stromal, and
inflammatory programmes (Uy et al., 2012; Korbecki et al., 2024). Together, these
niche-associated features provide a microenvironmental basis for persistence of ma-
lignant populations under immune and therapeutic pressure (Daver et al., 2018; Kou-
roukli et al., 2022). They also provide the conceptual basis for the following chapter,
which focuses on myeloid-lineage immune regulation and introduces Clever-1 as a
macrophage-associated scavenger receptor linked to immune organisation within the
marrow.

2.2 Niche immunoregulation in myeloid malignan-
ci?s:_macrophage dominance and adaptive pa-
ralysis

As described in Chapter 2.1, persistence in myeloid malignancies reflects interaction
between clonal properties, therapeutic pressure, and the marrow microenvironment.
The following sections focus on the immune dimension of this environment, with
emphasis on macrophage-centred regulation and adaptive immune dysfunction.
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221 Disorganised and immunosuppressive bone marrow
niches in AML and MDS

The bone marrow is a tissue in which immune cells are positioned, maintained, and
instructed within microanatomical contexts (Méndez-Ferrer et al., 2020; Cooper et
al., 2025). Marrow immune organisation is therefore not fully captured by peripheral
blood measurements. Single-cell profiling indicates that marrow immune-cell com-
position and cytokine-associated patterns vary with disease status and progression
more clearly than can be inferred from peripheral blood alone (Guo et al., 2021).

Building on Chapter 2.1.5, recent proteogenomic, spatial, and single-cell analyses
support the view that immune architecture in AML marrow is heterogeneous and
clinically relevant (Triana et al., 2021; Bandyopadhyay et al., 2024; Briick et al.,
2020; Koedijk et al., 2024; Ly et al., 2025; Unger et al., 2025). Malignant and non-
malignant populations may occupy distinct or unevenly distributed niches, and im-
mune and antigen-presenting cells are not uniformly positioned relative to leukaemic
compartments (Triana et al., 2021; Bandyopadhyay et al., 2024; Unger et al., 2025).
Briick et al. (2020) identified discrete immune architectures that stratified patients
by age, T-cell clonality, and outcome. Y ounger patients more often displayed diverse
cytotoxic and memory T-cell populations, whereas older patients exhibited patterns
consistent with immunosenescence, including restricted T-cell repertoires and in-
creased representation of suppressive myeloid subsets (Briick et al., 2020; Triana et
al., 2021). Thus, immune context varies across patients and is shaped by age and
marrow-local factors rather than representing a uniform feature of AML or MDS
(Dolgalev & Tikhonova, 2021; Unger et al., 2025).

Across AML and MDS,; several immunological features recur despite biological dif-
ferences. Impaired antigen presentation, expansion of regulatory populations, en-
richment of immunosuppressive cytokines, and altered innate and adaptive effector-
cell function have been reported, contributing to a milieu in which inflammatory
activation is constrained rather than absent (Barakos & Hatzimichael, 2022; Va-
dakekolathu et al., 2024). In AML, leukaemic blasts can contribute directly to im-
mune remodelling, while stromal and myeloid interactions may stabilise restrained
immune states and reduce the tractability of adaptive dysfunction to single-pathway
interventions (Vago et al., 2020; Zhao et al., 2012; Mian et al., 2025).

Together, these niche-level features help explain why immune activation in AML
and MDS may be detectable yet insufficient for disease control. Macrophage-centred
regulation, myeloid-derived suppressor cells, and phagocytic checkpoint pathways
are discussed in Chapter 2.2.2, whereas T-cell dysfunction, NK-cell impairment, reg-
ulatory T-cell expansion, and defective antigen presentation are considered in Chap-
ter 2.2.3. These processes are summarised schematically in Figure 3 and help explain
the limited efficacy of immunotherapies in AML and MDS (Li et al., 2020; Lévesque
et al., 2021; de Jong et al., 2024).
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Figure 3. Organisation of immune restraint in the bone marrow niche of myeloid malignan-
cies. Schematic overview of immunoregulatory architecture in the bone marrow niche of acute my-
eloid leukaemia and related myeloid malignancies. Malignant myeloid cells are embedded within a
network of innate and adaptive immune elements that collectively favour immune restraint. Inhibi-
tory surface interactions and soluble mediators attenuate T-cell and NK-cell effector function, while
altered antigen handling and reduced co-stimulatory signalling limit effective immune activation.
Macrophages, dendritic cells, and myeloid-derived suppressor cells contribute to this restrained
immune tone through altered antigen handling, impaired antigen presentation, and production of
immunomodulatory mediators, including IL-10, TGF-B, IL-35, reactive oxygen species (ROS), ar-
ginase 1 (ARG1), IDO1, and extracellular vesicles (EVs). Scavenger receptors associated with im-
munoregulatory macrophage states, including Clever-1, are shown as part of this broader endocytic
and immunoregulatory programme. Expansion of regulatory T cells and suppressive myeloid pop-
ulations further stabilises feedback loops that maintain immune dysfunction within the marrow en-
vironment. lllustration created with BioRender.
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22.2 Myeloid dominance and macrophage-centred
regulation

Macrophages occupy a spectrum of activation states shaped by cytokines, stromal
interactions, and signals derived from malignant and dying cells (Mosser et al., 2008;
Siebeler et al., 2023). Classically activated macrophages support inflammatory re-
sponses through mediators such as TNF-a and IL-12, whereas immunoregulatory
macrophage states are associated with scavenger receptor expression and production
of IL-10 and transforming growth factor (TGF)-P (Siebeler et al., 2023). In AML,
increased expression of markers associated with immunoregulatory macrophages
has been linked to adverse outcomes (de Jong et al., 2024). CD206, the macrophage
mannose receptor and a commonly used marker of immunoregulatory or M2-like
macrophage states, has been reported to reflect inferred M2 macrophage abundance
in AML and to associate with inferior overall and event-free survival, supporting the
clinical relevance of macrophage-associated immune polarisation in this disease (Xu
et al., 2019).

In AML, Briick et al. (2020) identified spatial immune architectures associated with
outcome after intensive therapy. In particular, regulatory populations such as Tregs
were linked to inferior survival in independent AML cohorts, whereas M2-like mac-
rophages are more consistently supported as contributors to a leukaemia-supportive
and therapy-resistant marrow microenvironment than as a uniformly validated prog-
nostic marker (Briick et al., 2020; Szczepanski et al., 2020; Al-Matary et al., 2021).
These findings are consistent with the broader observation that older patients more
often exhibit immune architectures characterised by restricted T-cell repertoires and
increased representation of suppressive myeloid subsets (Briick et al., 2020; Triana
et al., 2021).

A related feature of myeloid dominance is expansion of MDSIwhich can arise under
chronic inflammatory cues and accumulate in marrow and peripheral blood in asso-
ciation with disease progression (Hegde et al., 2021; de Jong et al., 2024). Monocytic
and granulocytic MDSC subsets suppress effector T-cell activity through multiple
mechanisms, including arginase 1-mediated depletion of extracellular L-arginine,
production of nitric oxide and reactive oxygen species, and secretion of IL-10 and
TGF-B (Kim et al., 2019; Bizymi et al., 2020; Schieber et al., 2020). In higher-risk
MDS, inflammatory mediators such as IL-6, TNF-0, and S100A9 have been linked
to sustained MDSC expansion and reinforcement of suppressive myeloid states
(Christiansson et al., 2013; Pellin et al., 2019). Stromal and myeloid interactions may
further support a niche configuration in which immune suppression is maintained
through several overlapping mechanisms (Zhao et al., 2012; Mian et al., 2025). Ele-
vated frequencies of MDSCs and Tregs have also been associated with progression
from MDS to AML (Kittang et al., 2015), supporting coupling between suppressive
myeloid expansion and disease progression in selected settings.
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Myeloid regulation further includes inhibitory surface signalling that constrains
clearance of malignant cells and limits downstream immune activation. A prototypic
example is the CD47-signal-regulatory protein alpha (SIRPa) axis, which provides
a ‘do not eat’ signal and suppresses phagocytosis through inhibitory signalling path-
ways (Veillette & Chen, 2018; Matlung et al., 2017). Increased CD47 expression on
leukaemic blasts has been associated with reduced susceptibility to macrophage-me-
diated clearance and impaired downstream immune engagement (Galli et al., 2015;
Swatler et al., 2021). More broadly, receptors regulating phagocytosis, endocytosis,
and antigen handling contribute to thresholds for macrophage activation and the
availability of antigen for adaptive priming (Cullen & Steinberg, 2018; Gopaldass et
al., 2024). Within this category, the scavenger receptor Clever-1 represents a mye-
loid-lineage molecule associated with immunoregulatory macrophage states and
with endocytic programmes relevant to immune restraint (Viitala et al., 2019).

223 Adaptive immune dysfunction and immune paralysis

Adaptive immune dysfunction in AML and MDS reflects the cumulative effects of
chronic antigen exposure, inhibitory signalling, regulatory-cell expansion, and im-
paired antigen presentation within a myeloid-dominant niche (Hegde et al., 2021; de
Jong et al., 2024). Whereas the preceding sections introduced these features as com-
ponents of the disorganised marrow niche and myeloid-centred regulation, this sec-
tion focuses on their consequences for adaptive immune function.

Cytotoxic T-cell responses are frequently characterised by reduced effector function
together with sustained and combinatorial expression of inhibitory receptors, alt-
hough these states are heterogeneous and do not uniformly recapitulate the canonical
terminal exhaustion described in highly immunogenic solid tumours (Li et al., 2020;
Vadakekolathu & Rutella, 2024; Abbas et al., 2021). In AML, marrow-resident
CDS8* T-cell subsets expressing PD-1, TIM-3, LAG-3, TIGIT, and related inhibitory
programmes have been reported, particularly in relapsing disease, and are associated
with impaired cytokine production, restricted proliferative capacity, and adverse
clinical features (Noviello et al., 2019; Vadakekolathu & Rutella, 2024). These find-
ings suggest that adaptive dysfunction is shaped by heterogeneous checkpoint com-
binations and marrow-local immune restraint rather than by a single dominant ex-
haustion programme. TIM-3 is additionally relevant in AML because it is expressed
on leukaemic stem cells, and its detection therefore cannot be interpreted solely as a
marker of dysfunctional T cells (Kikushige et al., 2010). CD4* T-helper populations
similarly show enrichment of inhibitory and regulatory features, including dimin-
ished co-stimulatory capacity and altered memory formation (Noviello et al., 2019).
These changes may be accentuated in older patients through immunosenescence-as-
sociated restriction of repertoire diversity, as noted above (Briick et al., 2020; Va-
dakekolathu & Rutella, 2024).
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Natural killer (NK) cells represent a parallel component of immune dysfunction
within this suppressive architecture. In MDS, NK cells show reduced cytotoxic ca-
pacity, impaired maturation, and altered activating and inhibitory receptor balance,
and recent studies suggest that these defects may be reinforced by both the marrow
microenvironment and disease-associated mutations such as TET2 (Arellano-Balles-
tero et al., 2023; Boy et al., 2023). More recent single-cell work further suggests that
functionally impaired NK cells can contribute to immune escape already at early
disease stages, supporting the view that defective innate cytotoxic surveillance is not
merely secondary to advanced marrow remodelling (Rodriguez-Sevilla et al., 2025).

Expansion of Tregs provides an additional stabilising mechanism of immune re-
straint (Hegde et al., 2021; Jackett et al., 2024). Increased marrow Treg frequencies
have been associated with adverse clinical outcome and disease progression (Kor-
dasti et al., 2007; Alfinito et al., 2009; Han et al., 2018). In AML, leukaemic blasts
may also contribute directly to this regulatory state. For example, interferon-y—
driven activation of indoleamine 2,3-dioxygenase 1 (IDO1) has been associated with
expansion of regulatory T cells, linking malignant-cell signalling to suppression of
cytotoxic T-cell function (Vago et al., 2020; Corradi et al., 2022). Stromal and my-
eloid interactions can reinforce this state. Mesenchymal stromal cells have been re-
ported to promote differentiation of naive CD4* T cells into FoxP3-positive Tregs
(Zhao et al., 2012), supporting a niche configuration that limits effector activation
and reduces the tractability of adaptive dysfunction to single-pathway interventions
(Mian et al., 2025).

Defects in antigen presentation further compound adaptive failure. Dendritic cells
(DCs) coordinate antigen processing and T-cell priming, yet are quantitatively and
functionally altered in AML and MDS. Plasmacytoid DCs exhibit impaired matura-
tion and reduced expression of co-stimulatory molecules required for naive T-cell
activation (Zalmai et al., 2021). Differentiation and function of myeloid DCs can be
suppressed by cytokines including IL-10 and TGF-f, thus limiting antigen pro-
cessing and cross-priming (Wang et al., 2013; Maher et al., 2021). In MDS, reduced
expression of CD80, CD86, and human leukocyte antigen—DR (HLA-DR) on DCs
has been associated with impaired T-cell stimulation and immune escape (Krevvata
et al., 2018). Because CIITA is the central transcriptional regulator of MHC class II
expression, reduced CII/TA-dependent antigen-presentation capacity in APCs would
be expected to impair CD4 T-cell activation rather than imply a general defect in
HLA class I expression (Machado et al., 2021). Contact-dependent disruption of im-
mune synapse formation has been described as an additional route by which interac-
tions between AML blasts and T cells may limit effective T-cell activation. In par-
allel, altered CD40—CD40L co-stimulatory signalling is biologically relevant in
AML, although CD40 engagement may have context-dependent effects on both an-
tigen-presenting cells and CD40-positive AML blasts (Le Dieu et al., 2009; Zhang
et al., 2013; Aldinucci et al., 2002). Together, these alterations reduce the likelihood
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that antigen exposure within the niche translates into durable effector responses (Li
et al., 2020).

The combination of heterogeneous checkpoint-associated T-cell states, impaired
NK-cell function, regulatory expansion, and defective antigen presentation supports
the concept of immune paralysis as a property of the marrow environment rather than
a defect in a single immune compartment (Lévesque et al., 2021; de Jong et al.,
2024). Within this architecture, immune organisation introduces additional selection
pressures by determining whether antigen exposure is coupled to productive immune
engagement or diverted towards tolerance (Mian et al., 2025). Immune restraint
therefore contributes to disease persistence as part of the broader structure of the
marrow niche (Lévesque et al., 2021; Jackett et al., 2024).

2.3 Metabolic organisation and mitochondrial fit-
ness in AML and related myeloid malignancies

As described in Chapter 2.2, immune restraint in AML and MDS is organised at the
level of the bone marrow niche, with macrophage-dominant regulation and adaptive
dysfunction emerging as structural features of diseased tissue. These immune states
are not independent of intracellular bioenergetics. Mitochondrial metabolism influ-
ences survival, differentiation state, apoptotic priming, and treatment tolerance in
leukaemic and myeloid-lineage cells, and may thereby reinforce persistence within
the marrow environment (de Jong et al., 2024; Mishra et al., 2023).

Across myeloid malignancies, mitochondrial respiration has emerged as a recurrent
axis of vulnerability and adaptation (de Beauchamp et al., 2022; Shi et al., 2024).
Oxidative phosphorylation (OXPHOS) refers to ATP generation through the mito-
chondrial electron transport chain (ETC), in which electron flow across respiratory
complexes drives proton pumping and ATP synthesis (Cogliati et al., 2021). Func-
tionally, OXPHOS dependence denotes a requirement for intact mitochondrial res-
piration to sustain ATP levels and cellular viability, and is reflected experimentally
by impaired oxygen consumption, ATP maintenance, or survival following respira-
tory-chain perturbation (Lagadinou et al., 2013; Farge et al., 2017; Saito et al., 2021).
This chapter focuses on mitochondrial respiration, lipid utilisation, and cholesterol
handling as interlinked but mechanistically distinct contributors to AML persistence
and as background for the findings of Manuscript I11.
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2.3.1 Mitochondrial respiration and state-dependent
fitness in AML

AML is genetically heterogeneous, yet recurrent patterns of mitochondrial reliance
have been described across biologically diverse disease states. Within this landscape,
leukaemic stem-like cells (LSCs) represent a relapse-relevant compartment sus-
tained by distinct bioenergetic programmes (de Beauchamp et al., 2022; Rattigan et
al., 2023). Several studies indicate that primitive and quiescent AML populations
display disproportionate reliance on mitochondrial OXPHOS, distinguishing them
from more proliferative or glycolysis-biased blast populations and conferring rela-
tive survival advantage under metabolic and therapeutic stress (Ye et al., 2016; Patel
et al., 2022; Egan & Schimmer, 2023; Shi et al., 2024). Heightened mitochondrial
respiration in these compartments has been associated with persistence following
cytotoxic exposure and with features linked to relapse risk (Farge et al., 2017,
Panuzzo et al., 2020).

This association between mitochondrial respiration and survival wiring is further il-
lustrated by the sensitivity of quiescent LSC-enriched populations to perturbation of
anti-apoptotic control at the level of the mitochondrion (Lagadinou et al., 2013). In
this setting, mitochondrial bioenergetics and apoptotic priming appear closely
aligned, such that disruption of mitochondrial function can destabilise survival pro-
grammes in stem-like compartments (de Beauchamp et al., 2022; Rattigan et al.,
2023). However, this vulnerability is not uniform across AML states. Developmental
plasticity and differentiation-state transitions can reconfigure mitochondrial depend-
encies. Pei et al. (2020) demonstrated that sensitivity to mitochondrial disruption
tracks with developmental state, and that resistance may emerge in more differenti-
ated, monocytic-like subclones with alternative survival requirements. OXPHOS re-
liance is therefore enriched in selected primitive or quiescent AML states, but it is
not a fixed property of AML as a whole.

Therapeutic and cytokine-derived pressures further modify mitochondrial configu-
ration. In a chemotherapy regression—regrowth model, Nobrega-Pereira et al. (2018)
reported that AML cells recovered at terminal regrowth exhibited altered metabolic
characteristics compared with untreated disease, including changes in lipid content,
cellular energy state, and mitochondrial features. Stromal support has also been
linked to enhanced mitochondrial metabolism in AML cells through an IL-
6/STAT3/OXPHOS axis, indicating that inflammatory and niche-derived signals can
reinforce oxidative metabolism (Hou et al., 2020). In addition, organelle-level adap-
tation may preserve respiratory competence under stress. Saito et al. (2021) showed
that exogenous mitochondrial transfer and endogenous mitochondrial fission con-
tribute to resistance to OXPHOS inhibition, while Fu et al. (2024) reported chemo-
therapy-associated connexin-43-linked mitochondrial transfer from bone marrow
stromal cells into stem-like AML cells. These observations support the interpretation
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that mitochondrial fitness is a selectable phenotype shaped by differentiation state,
cytokine exposure, treatment pressure, and marrow-derived support.

This dynamic framing has therapeutic implications. OXPHOS-directed strategies are
biologically attractive because mitochondrial respiration supports survival in se-
lected stem-like and therapy-tolerant AML states. However, inhibition of mitochon-
drial respiration can induce compensatory ATP production through glycolysis, and
resistance may arise through differentiation-state switching, stromal support, mito-
chondrial transfer, or altered substrate utilisation (Sabnis et al., 2016; Egan & Schim-
mer, 2023; Rattigan et al., 2023). Mitochondrial dependence should therefore be
viewed as a context-dependent vulnerability rather than a universal metabolic hall-
mark. This is also relevant to BH3 mimetics, including venetoclax-based regimens,
because mitochondrial bioenergetics and apoptotic priming are closely linked in
AML (Bhatt et al., 2020; Nwosu et al., 2024). Changes in mitochondrial state, dif-
ferentiation programme, and lipid composition can alter sensitivity to both
OXPHOS-directed approaches and apoptosis-targeting therapies.

2.3.2 Fatty-acid utilisation as a component of mitochondrial
support in AML

Building on the mitochondrial dependencies outlined in Section 2.3.1, lipid utilisa-
tion represents a complementary route by which AML cells can sustain respiratory
ATP production under stress. Fatty-acid oxidation (FAO) provides reducing equiv-
alents that support electron flow through the respiratory chain and can therefore pre-
serve mitochondrial output when alternative substrates are constrained (Mishra et
al., 2023). In AML, FAO is best treated as a state-enriched programme rather than a
universal feature of blasts, with evidence suggesting preferential deployment within
quiescent, stem-like, and stress-adapted compartments (de Beauchamp et al., 2022;
Shi et al., 2024; Singh et al., 2024; Dembitz et al., 2025).

A key entry point to this axis is uptake of exogenous fatty acids from the marrow
environment, which should be distinguished from de novo fatty-acid synthesis and
desaturation within leukaemic cells. The fatty-acid transporter CD36 has been linked
to stem-like, therapy-protected leukaemic populations. Ye et al. (2016) showed that
CD36-positive leukaemic cells preferentially utilise fatty acids to support FAO and
mitochondrial respiration, and that this lipid-fuelled configuration is associated with
persistence in protective tissue niches and reduced sensitivity to chemotherapy. This
supports the broader principle that mitochondrial fitness in AML depends not only
on intrinsic bioenergetic wiring but also on access to niche-derived substrates (Ye et
al., 2016; Tabe et al., 2020).

Marrow architecture may amplify this substrate dependence through adipocyte-rich
compartments. Bone marrow adipocytes are increasingly recognised as
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metabolically active niche components capable of shaping local haematopoietic and
malignant-cell states (Bandyopadhyay et al., 2024; Frenz-Wiessner et al., 2024;
Dembitz et al., 2025). In co-culture and niche-modelling studies, leukaemic blasts
have been reported to induce adipocyte lipolysis and to utilise adipocyte-derived
fatty acids through lipid chaperones such as fatty acid-binding protein 4 (FABP4),
reinforcing FAO-linked mitochondrial metabolism and survival signalling (Shafat et
al., 2017; Tabe et al., 2017). These findings are consistent with selection for AML
states with higher fatty-acid uptake and oxidative capacity in adipocyte-enriched
niches (Bandyopadhyay et al., 2024; Singh et al., 2024).

Lipid metabolism also influences therapy sensitivity by modifying mitochondrial
function and apoptotic priming. FAO-linked programmes can support respiratory
ATP production, whereas changes in lipid composition, including sphingolipid and
cholesterol-related alterations, can affect mitochondrial membrane function,
OXPHOS performance, and sensitivity to OXPHOS inhibition or BH3 mimetics
(Ribas et al., 2016; Garcia-Ruiz et al., 2021; Fisher-Wellman et al., 2021; Egan &
Schimmer, 2023). Thus, lipid metabolism should not be viewed only as a source of
oxidisable substrates, but also as a determinant of the physical and functional mito-
chondrial state in which respiration and apoptosis occur.

Therapeutic strategies aimed at lipid metabolism should likewise distinguish be-
tween interference with fatty-acid uptake or oxidation and interference with de novo
lipid synthesis, desaturation, or intracellular lipid distribution. FAO-directed strate-
gies and CPT14-linked approaches have been explored in experimental models, alt-
hough interpretation of pharmacological FAO inhibition requires caution because
commonly used agents may have off-target effects (Raud et al., 2018). In parallel,
inhibition of lipid synthesis or desaturation, including stearoyl-CoA desaturase-as-
sociated strategies, and broader agents such as metformin have been investigated as
ways to perturb AML lipid handling and oxidation-linked vulnerabilities (Dembitz
et al., 2024; Dembitz et al., 2025; Sternadt et al., 2026). These approaches remain
biologically relevant because lipid metabolism can influence fuel availability, mito-
chondrial state, apoptotic sensitivity, and treatment tolerance.

2.3.3 Cholesterol handling as a distinct mitochondrial regula-
tory pathway

While fatty acids can support mitochondrial respiration through oxidation, sterol
handling influences mitochondrial performance through distinct mechanisms (Gar-
cia-Ruiz et al., 2021; Tabe et al., 2020). Cholesterol is not a bioenergetic substrate
in non-steroidogenic cells; instead, its distribution across intracellular membranes
affects mitochondrial function by shaping membrane material properties, redox ho-
meostasis, and organisation of respiratory machinery (Ribas et al., 2016; Mari et al.,
2013; Garcia-Ruiz et al., 2021). In this view, mitochondrial cholesterol content
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becomes a regulatory variable expressed through membrane order, metabolite
transport, stress tolerance, and apoptotic priming rather than through ATP generation
by direct substrate oxidation (Tatsuta et al., 2014).

Experimental work in non-haematological systems has shown that excess mitochon-
drial cholesterol can impair mitochondrial function. Cholesterol enrichment in-
creases membrane order and decreases membrane fluidity, which can disturb
transport processes and the activity of membrane-associated proteins (Fernandez et
al., 2009). It has also been linked to depletion of mitochondrial glutathione (mGSH),
impaired redox homeostasis, and weaker respiratory performance (Mari et al., 2006;
Barbero-Camps et al., 2013; Torres et al., 2017; Solsona-Vilarrasa et al., 2019). Be-
cause mGSH is important for buffering mitochondrial oxidative injury, impaired glu-
tathione import provides one route by which altered cholesterol distribution can in-
crease vulnerability to redox stress and compromise mitochondrial fitness (Coll et
al., 2003; Mari et al., 2009). Although most of this evidence comes from outside
haematological malignancies, it supports the general principle that mitochondrial li-
pid composition can influence respiratory fitness under stress.

Sterol enrichment has also been linked to altered organisation of the ETC. In liver
models, mitochondrial cholesterol accumulation disrupts assembly of respiratory su-
percomplexes and impairs OXPHOS (Solsona-Vilarrasa et al., 2019). These obser-
vations sit alongside broader evidence that respiratory supercomplex organisation is
sensitive to membrane lipid composition and contributes to respiratory efficiency
while constraining reactive oxygen species production from complex I (Maranzana
etal., 2013). Together, these findings support the broader proposition that mitochon-
drial lipid state can regulate OXPHOS through higher-order membrane and protein-
assembly effects.

In AML, relevance of this sterol-centred pathway is suggested by evidence that cho-
lesterol programmes are engaged during cytotoxic stress and that mitochondrial cho-
lesterol trafficking can occur through regulated transport mechanisms (Banker et al.,
2004; Rattigan et al., 2023; Garcia-Ruiz et al., 2021). In cancer models, sterol-trans-
fer pathways linked to mitochondrial cholesterol accumulation have been associated
with chemoresistance and altered apoptotic priming (Montero et al., 2008; Yue et
al., 2022). These observations support the plausibility that sterol routing to mito-
chondrial membranes may contribute to therapy tolerance by modifying bioenergetic
resilience, although direct mechanistic evidence in AML remains limited. In MDS
and CMML, support is more indirect and derives mainly from broader evidence of
mitochondrial dysfunction, oxidative stress, and altered energy metabolism rather
than direct demonstration of sterol trafficking to mitochondria (Mozes et al., 2021).

Intracellular cargo routing provides a focused mechanistic link between scavenger

receptor function and lipid-associated mitochondrial phenotypes. Scavenger recep-
tors internalise extracellular material and route cargo through endosomal and
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lysosomal compartments, where lipids, proteins, and other ligands can be degraded,
recycled, or redirected to intracellular membranes (Hsu et al., 2012; Seaman, 2021).
For this thesis, this pathway is relevant primarily because Clever-1 is an endocytic
scavenger receptor expressed in myeloid-lineage cells, and altered cargo handling
may influence cholesterol availability, membrane composition, and mitochondrial
function. Cargo routing is therefore considered here not as a separate cell-biological
topic, but as a mechanism that may connect Clever-1 targeting to lipid trafficking
and mitochondrial metabolism in Manuscript II1.

In summary, cholesterol handling is positioned as a mitochondrial regulatory path-
way intersecting with respiratory competence through membrane and redox mecha-
nisms (Ribas et al., 2016; Garcia-Ruiz et al., 2021). This differs from FAO as a fuel
module (Tabe et al., 2020) and provides a conceptual bridge to lipid-associated im-
mune modulation, in which lipid availability and intracellular lipid handling can also
shape antigen processing and durability of suppressive-cell states within the marrow
niche (Veglia et al., 2021) (Section 2.3.4, Figure 4).
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Figure 4. Lipid-conditioned mitochondrial fitness in the bone marrow niche of AML. Sche-
matic overview of how marrow-derived lipids may influence mitochondrial performance in leukaemic
cells. In adipocyte-rich and stromally supported marrow niches, exogenous fatty acids may become
available through lipolysis and can be taken up by leukaemic cells. Within the cell, fatty acids can
be routed towards mitochondrial 3-oxidation, generating acetyl-CoA and reducing equivalents that
support the tricarboxylic acid (TCA) cycle, oxidative phosphorylation (OXPHOS), and ATP produc-
tion. In parallel, cholesterol is depicted as a regulatory lipid that can be trafficked to mitochondria.
Unlike fatty acids, cholesterol does not serve as a direct bioenergetic substrate, but may influence
mitochondrial function through effects on membrane properties, redox buffering, respiratory-chain
organisation, and apoptotic sensitivity. These lipid-fuel and lipid-regulatory modules converge on
mitochondrial fitness, which is shaped by differentiation state, cytokine signalling, therapeutic pres-
sure, and niche-derived substrate availability. The figure summarises lipid utilisation and cholesterol
handling as complementary determinants of respiratory competence and persistence in AML, rather
than as static or uniform metabolic hallmarks. lllustration created with BioRender.
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234 Lipid metabolism and suppressive immune organisa-
tion in the marrow

As described in the preceding sections, immune restraint in AML and MDS emerges
from layered tissue organisation, in which myeloid-lineage populations condition
antigen availability and inflammatory thresholds, and adaptive effector dysfunction
consolidates over time (Hegde et al., 2021; de Jong et al., 2024). Metabolic organi-
sation can contribute to this structure by stabilising suppressive phenotypes and con-
straining antigen-presenting competence. Lipid availability is therefore not only a
resource for malignant-cell fitness (Figure 4), but also an environmental variable that
may reinforce tolerogenic immune states through intracellular lipid handling and mi-
tochondrial programme selection (Tabe et al., 2020).

In AML, immunosuppression is frequently associated with expansion of suppressive
myeloid populations and production of soluble mediators that impair T-cell activa-
tion and promote regulatory immune states (Mussai et al., 2013; Pyzer et al., 2017).
These interactions occur within a marrow environment in which leukaemic and non-
malignant myeloid cells coexist under persistent inflammatory and therapeutic stress
(Al-Sabah et al., 2020). Under such conditions, metabolic programmes that support
cell survival may also help stabilise suppressive immune phenotypes (Hegde et al.,
2021). Lipid availability and intracellular lipid routing are therefore relevant candi-
date mechanisms, as they may support oxidative states associated with persistence
and myeloid suppressive function (Hollmén et al., 2020).

One line of evidence concerns antigen-presenting cells and the relationship between
lipid accumulation and antigen-processing capacity. In tumour-bearing hosts and pa-
tient-derived material, dendritic cells have been shown to accumulate neutral lipids,
predominantly triglycerides, driven by increased uptake of extracellular lipids, in
part via scavenger-receptor-linked pathways. This lipid loading has been associated
with impaired antigen processing and reduced capacity to stimulate T cells, provid-
ing a route by which the extracellular lipid environment may reduce adaptive im-
mune priming even when antigen is present (Herber et al., 2010). Relevance to AML
follows from the dependence of T-cell recognition on effective presentation of tu-
mour antigens through human leukocyte antigen (HLA) molecules, and from obser-
vations that disease progression and relapse have been linked to reduced expression
of antigen-presentation machinery, particularly HLA class Il pathways (Toffalori et
al., 2019; Dufva et al., 2020). Together, these findings support a model in which lipid
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accumulation can constrain antigen-presenting competence upstream of classical in-
hibitory receptor signalling.

A second line of evidence relates to suppressive myeloid populations and their met-
abolic dependencies. MDSCs, already implicated in AML immune evasion, have
been shown in tumour models to upregulate fatty-acid utilisation and oxidative pro-
grammes, and pharmacological inhibition of FAO has been reported to attenuate
suppressive activity and improve anti-tumour immune responses (Hossain et al.,
2015; Yan et al., 2019). However, interpretation of FAO-directed perturbation re-
quires caution, as commonly used tools such as etomoxir can exert effects independ-
ent of CPT1A in T-cell systems and may confound attribution of phenotype strictly
to FAO blockade (Raud et al., 2018). In a marrow context, these observations sup-
port a principle rather than a closed causal chain: oxidative lipid programmes can
form part of the functional scaffold of suppressive myeloid states, and lipid availa-
bility may influence immune behaviour by sustaining these metabolic configura-
tions.

These observations are relevant to the broader organisation described in Chapter 2,
but they should be interpreted as mechanisms that may reinforce suppressive im-
mune states rather than as a single explanatory pathway. In this context, lipid accu-
mulation in antigen-presenting cells may limit priming capacity, whereas oxidative
lipid utilisation in suppressive myeloid populations may support persistence under
stress. This framing is also relevant to Clever-1, as the receptor is linked to myeloid
scavenging and intracellular cargo handling, processes that may influence how cells
handle lipid-rich material within the marrow environment (Hsu et al., 2012; Seaman,
2021). Taken together, the available evidence supports a model in which lipid han-
dling contributes to immune restraint at several levels, including antigen presentation
and maintenance of suppressive myeloid states, without implying that these associ-
ations alone establish direct causality in AML or MDS (Tabe et al., 2020; Zhang et
al., 2022; Egan & Schimmer, 2023).

24 Myeloid regulatory receptors and cargo routing
in the marrow niche

Because antigen presentation depends not only on antigen availability but also on
intracellular processing, routing decisions within endolysosomal compartments can
influence whether internalised material is fully degraded, partially preserved, or di-
rected into pathways compatible with presentation (Harding & Geuze, 1992; Roche
et al., 1993; Alloatti et al., 2015). Cargo routing is therefore relevant not only to
clearance efficiency but also to adaptive priming and lipid handling in myeloid cells
engaged in continuous scavenging. For the purposes of this thesis, the key distinction
is between receptor systems that primarily regulate whether engulfment occurs and
receptors that may also influence post-endocytic cargo fate.
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Among receptor systems that shape myeloid interactions with extracellular material,
the CD47-signal regulatory protein a (SIRPa) axis provides a well characterised ex-
ample of phagocytic threshold control. Engagement of SIRPa by CD47 expressed
on target cells leads to phosphorylation of cytoplasmic immunoreceptor tyrosine-
based inhibitory motifs (ITIMs) and recruitment of SHP-family phosphatases,
thereby inhibiting actin reorganisation required for phagocytosis (Matozaki et al.,
2009). In acute myeloid leukaemia, increased CD47 expression has been associated
with reduced macrophage-mediated clearance and adverse outcome, and therapeutic
disruption of CD47—SIRPa signalling can enhance phagocytosis of malignant cells
(Majeti et al., 2009; Chao et al., 2020). This supports the interpretation that CD47—
SIRPa primarily regulates the engulfment threshold, rather than post-endocytic
cargo routing, and provides a useful contrast to receptors such as Clever-1.

Antigen presence within tissue does not guarantee its presentation. After uptake, in-
ternalised cargo enters endosomal and lysosomal compartments that determine
whether material is degraded, recycled, or retained in a form compatible with antigen
presentation (Neefjes et al., 2011; Alloatti et al., 2015; Blander, 2018). In classical
MHC class II presentation, extracellular proteins undergo proteolysis within endo-
lysosomal compartments before peptide loading, whereas cross-presentation to
MHC class I requires preservation of antigenic fragments and avoidance of complete
degradation (Harding & Geuze, 1992; Roche et al., 1993; Alloatti et al., 2015). Thus,
the proteolytic character and maturation state of endolysosomal compartments influ-
ence whether internalised material is destroyed or retained in a form compatible with
presentation.

These routing decisions are also relevant to lipid handling. Lipoprotein- and mem-
brane-derived cargo is processed within lysosomes, where cholesteryl esters are hy-
drolysed and free cholesterol can be redistributed through pathways involving NPC1
and NPC2 (Ikonen, 2008; Meng et al., 2020). Perturbation of endosomal trafficking
or lysosomal maturation can therefore alter intracellular sterol distribution and
downstream cellular responses. This link between cargo routing and sterol handling
is particularly relevant in the context of Manuscript III, where Clever-1 targeting is
examined in relation to cholesterol trafficking and mitochondrial metabolism.

Within the marrow niche, macrophages and sinusoidal endothelial cells operate un-
der continuous exposure to apoptotic debris, lipid-rich particles, and circulating mac-
romolecules (Méndez-Ferrer et al., 2020). Efficient receptor recycling and regulated
endolysosomal maturation help sustain clearance while preserving control over an-
tigen processing, lipid handling, and inflammatory activation (Kinchen & Ravichan-
dran, 2008; Boada-Romero et al., 2020). Among receptors whose regulatory influ-
ence is exerted through cargo routing rather than classical kinase-mediated signal-
ling, Clever-1 is of particular interest because it links scavenger activity, endolyso-
somal maturation, and immune regulation. This provides the conceptual basis for the
following chapter, which examines Clever-1 as a myeloid regulatory receptor with
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relevance to antigen handling, cholesterol trafficking, and mitochondrial phenotypes
explored in Manuscript I11.

2.5 Clever-1 as a trafficking scavenger receptor in
immune regulation and cancer

Clever-1 (STABI; Stabilin-1) is a type I transmembrane scavenger receptor ex-
pressed in selected myeloid and endothelial compartments. In the marrow niche, its
relevance lies in its position at the intersection of ligand uptake, endolysosomal traf-
ficking, and immune regulation. The following sections ex-amine its relation to mac-
rophage state, lipid handling, antigen persistence, adaptive immune priming, and tu-
mour-associated immune restraint.

251 Clever-1 within the myeloid and endothelial regulatory
architecture

Clever-1 belongs to the class H scavenger receptor family and shares structural ho-
mology with Stabilin-2. Its extracellular region contains fasciclin-like and EGF-like
domains together with a Link module, while the short cytoplasmic tail contains in-
ternalisation motifs but lacks intrinsic kinase domains (Politz et al., 2002;
Kzhyshkowska et al., 2004; Prevo et al., 2004). This architecture is consistent with
a primary role in ligand uptake and intracellular trafficking rather than classical sig-
nal transduction (Kzhyshkowska, 2010; Gurung et al., 2025).

Clever-1 undergoes constitutive cycling between the plasma membrane and intracel-
lular compartments in macrophages and specialised endothelial cells. Internalisation
proceeds predominantly through clathrin-mediated endocytosis and connects surface
uptake to endosomal and trans-Golgi trafficking routes (Prevo et al., 2004; Zhang et
al., 2009). Recycling is regulated in part by SNX17, which limits lysosomal degra-
dation and helps maintain receptor availability during sustained scavenger activity
(Adachi & Tsujimoto, 2010).

The receptor binds structurally diverse ligands, including acetylated and oxidatively
modified low-density lipoproteins, matricellular proteins such as SPARC, and phos-
phatidylserine-exposed membranes associated with apoptotic-cell clearance
(Kzhyshkowska et al., 2005; Park et al., 2009; Rantakari et al., 2016). Ligand inter-
nalisation depends on phosphatidylinositol-3-kinase activity, consistent with regu-
lated endosomal maturation after receptor engagement (Langemeyer et al., 2018;
Borchers et al., 2021).

Beyond ligand uptake, Clever-1 has been linked to endolysosomal organisation in
primary human macrophages, where receptor perturbation affects vesicular
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maturation and degradative routing (Virtakoivu et al., 2021). These findings support
the view that Clever-1 functions not only as an uptake receptor, but also as part of
the machinery connecting scavenging to intracellular cargo processing.

In endothelial compartments, Clever-1 is expressed on sinusoidal and lymphatic en-
dothelium, where it participates in leukocyte adhesion and transmigration across vas-
cular interfaces (Salmi et al., 2004; Karikoski et al., 2009). Genetic deletion studies
further indicate altered dendritic-cell activation and migration in the absence of en-
dothelial Clever-1, suggesting a role in immune-cell positioning and conditioning at
vascular boundaries in addition to intracellular cargo handling (Tadayon et al.,
2021).

Within the marrow niche, Clever-1 is best understood as part of the endocytic ma-
chinery that coordinates ligand uptake, vesicular maturation, and immune-cell posi-
tioning. Its effects appear to arise primarily through cargo routing and compart-
mental processing rather than through intrinsic kinase-mediated signalling
(Kzhyshkowska & Krusell, 2009; Gurung et al., 2025).

25.2 Clever-1 in immune-regulatory macrophage states

Clever-1 expression in myeloid compartments is associated with macrophage differ-
entiation states characterised by high scavenging capacity and attenuated interferon
priming (Canton et al., 2013; Siebeler et al., 2023). In human monocyte-derived
macrophages, STABI expression is induced under differentiation conditions driven
by macrophage colony-stimulating factor (M-CSF), IL-4, and glucocorticoids,
whereas classical pro-inflammatory stimuli such as IFN-y or Toll-like receptor lig-
ands reduce its expression (Kzhyshkowska, 2006; Palani et al., 2016). Expression
thus aligns with macrophage phenotypes commonly described as immunoregulatory
or alternatively activated, although functional output varies by tissue context (Gor-
don, 2010; Siebeler et al., 2023).

Transcriptomic analyses of STABI-high macrophage populations demonstrate en-
richment of gene programmes linked to scavenging, lipid handling, and extracellu-
lar-matrix interaction, together with comparatively lower baseline expression of in-
terferon-stimulated genes (Palani et al., 2016; Timperi et al., 2022; Siebeler et al.,
2023). In peripheral-blood monocytes, Clever-1-high subsets exhibit reduced in-
flammatory priming and diminished Thl-skewing capacity in co-culture systems
(Palani et al., 2016). Together, these findings associate Clever-1 with macrophage
states in which inflammatory signalling is moderated rather than absent (Fleming,
2011; Siebeler et al., 2023).

Perturbation studies support this interpretation. In primary human macro-phages,
suppression or antibody-mediated inhibition of Clever-1 has been as-sociated with
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increased surface expression of antigen-presentation and co-stimulatory molecules,
including HLA-DR and CD86, together with induction of interferon-responsive gene
programmes (Viitala et al., 2019; Virtakoivu et al., 2021; Hollmén et al., 2022).
These changes have been observed in parallel with altered endolysosomal organisa-
tion and reduced degradative routing, suggesting that vesicular processing may in-
fluence both inflammatory set point and antigen persistence, although the causal re-
lationship between trafficking alterations and transcriptional reprogramming re-
mains incompletely defined (Pauwels et al., 2017; Virtakoivu et al., 2021).

In vivo observations are consistent with a role for Clever-1 in maintaining reg-ulated
inflammatory set points under selected physiological conditions. In models of sterile
tissue injury and chronic liver damage, genetic deletion of Clever-1 has been associ-
ated with enhanced inflammatory cell infiltration and delayed resolution, supporting
a context-dependent contribution of Clever-1-expressing macrophages to the limita-
tion of inflammatory escalation during tissue repair (Rantakari et al., 2016; Siebeler
et al., 2023). A similar inter-pretation has been proposed for specialised tolerogenic
settings such as preg-nancy, where reduced STABI expression in placental macro-
phages from pre-eclamptic pregnancies has been associated with increased inflam-
matory signa-tures (Palani et al., 2011).

2.5.3 Clever-1, lipid handling, and endolysosomal
organisation

Clever-1 mediates uptake of lipid-associated cargo, including modified lipoproteins
and apoptotic membranes enriched in phospholipids and sterol-containing compo-
nents (Kzhyshkowska et al., 2005; Park et al., 2009; Rantakari et al., 2016). In this
way, it contributes to entry of extracellular lipid material into the endolysosomal
system of macrophages and sinusoidal endothelial cells (Kzhyshkowska, 2010;
Gurung et al., 2025).

This is relevant to sterol handling because lysosomal networks are major sites of
lipid hydrolysis, sterol liberation, and subsequent redistribution (Ikonen, 2008; Gar-
cia-Ruiz et al., 2021). Clever-1 is not a sterol-transfer protein, but a receptor that
influences which cargo enters these compartments and how it is routed after inter-
nalisation (Kzhyshkowska, 2010; Cullen & Steinberg, 2018; Gopaldass et al., 2024).
Its metabolic relevance therefore lies in substrate delivery and exposure to lysosomal
processing rather than in direct mediation of cholesterol transport.

Experimental perturbation of Clever-1 alters endolysosomal maturation dynamics
(Virtakoivu et al., 2021). Because lipid hydrolysis and sterol mobilisation depend on
lysosomal organisation, such changes in vesicular routing could secondarily affect
intracellular sterol distribution (Ikonen, 2008; Ballabio & Bonifacino, 2020; Garcia-
Ruiz et al, 2021). However, direct quantitative evidence linking Clever-1
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modulation to altered cholesterol flux in primary macrophages remains limited. Cur-
rent data therefore place Clever-1 within the endocytic pathway rather than as a de-
fined regulator of sterol-transfer machinery (Kzhyshkowska, 2010; Gurung et al.,
2025).

These lipid-handling associations should be interpreted cautiously. As noted above,
STABI expression marks macrophage states enriched for scavenging and lipid-asso-
ciated programmes, but whether Clever-1 actively drives these configurations or is
preferentially expressed in cells adapted to sustained uptake remains unresolved
(Palani et al., 2016; Timperi et al., 2022; Siebeler et al., 2023).

The endolysosomal position of Clever-1 is also relevant to antigen handling. In mac-
rophages lacking Clever-1, reduced lysosomal acidification and diminished recruit-
ment of the v-ATPase subunit ATP6V0AI have been documented, together with in-
creased intracellular persistence of internalised antigen (Virtakoivu et al., 2021).
Functional assays using model antigens such as ovalbumin showed enhanced cross-
presentation on MHC class I molecules under these conditions, indicating that al-
tered endolysosomal maturation can affect antigen routing and adaptive priming, alt-
hough the extent to which this generalises across physiological antigen classes re-
mains uncertain (Virtakoivu et al., 2021; Pauwels et al., 2017).

Taken together, these findings place Clever-1 at the level of cargo entry and endoly-
sosomal routing. In the marrow niche, its relevance to metabolic organi-sation is
therefore best understood through effects on substrate availability, degradative pro-
cessing, and antigen persistence rather than through direct control of intracellular
sterol-transfer systems (Hegde et al., 2021; de Jong et al., 2024).

254 Soluble Clever-1

In addition to its membrane-anchored form, Clever-1 exists as a soluble circulating
variant (sClever-1). Biochemical and proteomic analyses indicate that this species
consists predominantly of an extracellular fragment generated by proteolytic cleav-
age of the full-length receptor, supporting ectodomain shedding rather than secretion
of an independently translated isoform (Prince et al., 2025).

Available data suggest that sClever-1 formation is linked to receptor turnover during
intracellular trafficking. Inhibition of serine proteases and vacuolar H+-ATPase ac-
tivity reduces accumulation of sClever-1 in macrophage and endothelial-cell culture
supernatants, consistent with regulated cleavage in acidic endosomal or lysosomal
compartments (Prince et al., 2025; Blander, 2018; Hollmén et al., 2020). The pre-
dominant circulating form corresponds to an extracellular fragment of approximately
200 kDa (Prince et al., 2025).

50



Review of the Literature

Because sClever-1 can be measured in plasma using dual-epitope immunoassays, it
provides a practical readout of receptor turnover across myeloid and endothelial
compartments (Prince et al., 2025). In healthy individuals, circulating levels fall
within a relatively narrow range, whereas increased concentrations have been re-
ported in settings characterised by chronic immune activation or myeloid skewing,
including solid tumours and inflammatory diseases (Prince et al., 2025).

The soluble receptor retains extracellular ligand-binding domains and can bind cir-
culating glycoproteins, apoptotic material, and phosphatidylserine-containing mem-
branes in vitro (Prince et al., 2025). Experimental studies have also reported transient
binding to activated T cells and interaction with IGF2R/CI-M6PR, but the in vivo
significance of these observations remains unresolved (Prince et al., 2025).

Overall, sClever-1 is best regarded as a circulating component of the broader Clever-
1 system and as a marker of receptor turnover rather than as an independently estab-
lished signalling receptor. In the context of this thesis, its main relevance lies in bi-
omarker and pharmacodynamic interpretation rather than in a distinct mechanistic
role.

255 Functional consequences of Clever-1 perturbation for
innate and adaptive immunity

Across experimental systems, perturbation of Clever-1 has been associated with en-
hanced inflammatory gene expression and broader immune activation rather than
with direct lymphocyte-intrinsic checkpoint release (Canton et al., 2013; Siebeler et
al., 2023). The observed effects involve antigen persistence, dendritic-cell condition-
ing, cytokine milieu, and tissue architecture down-stream of myeloid and endothelial
perturbation.

In primary human macrophages, antibody-mediated blockade has been associated
with induction of interferon-stimulated genes and chemokines such as CXCL10, to-
gether with increased surface expression of antigen-presentation and co-stimulatory
molecules, including HLA-DR and CD86 (Viitala et al., 2019; Virtakoivu et al.,
2021; Hollmén et al., 2022). Together with altered antigen persistence and cross-
presentation described above, these findings indicate a shift towards a phenotype
more permissive for T-cell priming, without demonstrating direct lymphocyte-intrin-
sic checkpoint release (Siebeler et al., 2023).

Endothelial Clever-1 adds a further layer of immune regulation. In lymphatic endo-
thelium, it supports leukocyte migration within lymphatic vessels and entry into in-
flamed tissues (Karikoski et al., 2009). In hepatic sinusoidal endothelium, it has been
reported to preferentially support recruitment of FoxP3* regulatory T cells in vitro
and ex vivo (Shetty et al., 2011). In lymphatic endothelial-dendritic cell co-culture
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systems, knockdown of endothelial Clever-1 has been associated with increased
MHC class II and co-stimulatory molecule expression on dendritic cells together
with enhanced CD4" T-cell proliferation (Tadayon et al., 2021). In vivo, Clever-1-
deficient mice mount more robust antigen-specific CD4" T-cell responses following
immunisation, despite only modest changes in dendritic-cell migration, supporting
an effect on dendritic-cell activation state rather than primary control of migration
(Tadayon et al., 2021).

Clever-1 also contributes to tissue-level immune organisation. Its genetic absence
has been associated with reduced endothelial CXCL13 expression, altered localisa-
tion of B cells and T follicular helper cells, and disruption of follicular structure in
splenic compartments (Tadayon et al., 2019). These structural changes coincide with
interferon-inducible transcriptional features in stromal compartments (Unger et al.,
2025). Consistent with the macrophage-state associations described above, loss or
inhibition of Clever-1 has been linked to increased inflammatory mediator produc-
tion and Thl-associated signalling in experimental systems (Palani et al., 2016;
Rantakari et al., 2016; Virtakoivu et al., 2021). The adaptive consequence is there-
fore indirect and mediated through altered cytokine context and antigen-handling
conditions rather than through direct receptor engagement on T cells (Kzhyshkowska
& Kirusell, 2009).

Humoral responses also appear to be influenced indirectly. Clever-1-deficient mice
exhibit elevated baseline immunoglobulin levels and enhanced antibody responses
to thymus-dependent and thymus-independent antigens, with conditional deletion
studies identifying macrophages as a principal regulatory compartment and endothe-
lial Clever-1 contributing to splenic microanatomy and CXCL3-dependent follicu-
lar organisation (Dunkel et al., 2018; Tadayon et al., 2019). An emerging line of
work further suggests that stabilin receptors may interact with antigen-associated
cargo: Schoufour et al. (2025) identified STABI/STAB?2 as conformation-dependent
interactors of HLA-E and demonstrated enhanced uptake of HLA-E-coated mi-
crobeads in a monocyte model, although the physiological relevance of this interac-
tion in vivo remains unresolved.

Taken together, these studies indicate that perturbation of Clever-1 can influ-ence
innate and adaptive immunity through compartment-specific changes in inflamma-
tory set point, antigen routing, dendritic-cell conditioning, cytokine milieu, and tis-
sue organisation rather than through direct receptor signalling in lymphocytes. For
soluble Clever-1, evidence for in vivo immunoregulatory signalling remains limited.

256 Clever-1 in immune evasion contexts

In tumour settings, Clever-1 is expressed in macrophage and endothelial compart-
ments that contribute to immune organisation within malignant tissue
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(Kzhyshkowska, 2010; Hollmén et al., 2020). Immunohistochemical analyses have
identified increased densities of Clever-1-positive tumour-associated macrophages
in several solid cancers, where higher numbers correlate with adverse clinical out-
come in cohort-level analyses (Algars et al., 2012; Bostrom et al., 2015; Tervaharti-
ala et al., 2017; Kwon et al., 2019; Yin et al., 2020).

Single-cell and spatial datasets identify STABI-high macrophage clusters enriched
for lipid-handling, iron metabolism, and phagocytic gene programmes, with com-
paratively reduced antigen-presentation signatures (Timperi et al., 2022; Chang et
al., 2025; Schoufour et al., 2025). These macrophages frequently localise to immune-
excluded tumour regions, placing STABI-associated macrophage states within ma-
lignant tissues characterised by restrained adaptive activation and immune exclusion.

Functional evidence from tumour models is broadly consistent with this context. In
murine systems, genetic deletion or antibody-mediated inhibition of Clever-1 has
been associated with reduced tumour growth and metastatic dissemination in se-
lected settings, together with increased macrophage antigen-presentation features
and enhanced CD8" T-cell infiltration (Karikoski et al., 2014; Viitala et al., 2019;
Hollmén et al., 2022). Endothelial Clever-1 adds a further structural layer, as it is
expressed on vascular and lymphatic endothelium and participates in leukocyte ad-
hesion and transmigration; in some tumour types, elevated endothelial expression
has been associated with increased lymph node metastasis, whereas in others stage-
dependent associations have been reported (Irjala et al., 2003a; Karikoski et al.,
2014; Algars et al., 2012; Algars et al., 2021). The impact therefore appears to vary
by tumour type and stage.

Across tumour contexts, STABI expression is enriched in macrophage and endothe-
lial programmes associated with moderated inflammatory transcriptional profiles,
constrained antigen-presentation signatures, and regulated leukocyte trafficking.
This broader cancer-associated biology provides the basis for considering whether
Clever-1-associated programmes are also relevant in marrow-based myeloid malig-
nancies.

257 Relevance to Myeloid Malignancies and Marrow Niche
Disease

Although much of the experimental evaluation of Clever-1 modulation has been con-
ducted in solid-tumour systems, several features support its relevance to AML,
MDS, and CMML. These diseases develop within a myeloid-rich marrow environ-
ment characterised by macrophage-associated immune regulation, altered antigen
presentation, and treatment-tolerant niche organisation. In this context, a receptor
linked to scavenging, endolysosomal routing, and macrophage conditioning is
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biologically relevant, even if its expression and functional contribution are not ex-
pected to be uniform across patients.

Public and experimental datasets indicate that ST4ABI-associated programmes are
detectable in AML and related myeloid malignancy contexts, with reported associa-
tions between higher STABI expression and adverse clinical or immunological fea-
tures in selected cohorts (Lin et al., 2019; Yin et al., 2025). These observations
should be interpreted cautiously, as many analyses derive from bulk marrow material
or model systems and do not fully resolve the cellular source of STABI expression
within malignant, macrophage, stromal, or endothelial compartments.

Variation across disease subtypes and differentiation states further suggests that
Clever-1-associated biology is unlikely to represent a uniform feature of all AML or
MDS. Assessment of STABI expression may therefore contribute to characterisation
of immune and stromal organisation within the bone-marrow environment rather
than serve as a validated predictive biomarker. At present, such stratification ap-
proaches remain exploratory. This provides the rationale for evaluating Clever-1
modulation in myeloid malignancies while keeping interpretation anchored to cohort
structure, sampling context, and pharmacodynamic endpoints.

2.6 Therapeutic Targeting of Clever-1: Preclinical
Rationale and Translational Development

The biological features outlined above provide the basis for therapeutic targeting of
Clever-1. Across experimental systems, genetic deletion or antibody-mediated inhi-
bition of Clever-1 has been associated with changes in macrophage phenotype, anti-
gen handling, interferon-responsive programmes, tissue immune organisation, and
increased CD8" T-cell infiltration in selected tumour models, rather than by direct
effects on lymphocyte checkpoint pathways (Karikoski et al., 2014; Viitala et al.,
2019; Virtakoivu et al., 2021; Hollmén et al., 2022; Siebeler et al., 2023). These
observations support the evaluation of Clever-1 blockade as a strategy to modulate
myeloid and endothelial programmes associated with immune restraint, while aim-
ing to preserve essential physiological clearance functions. Clinical translation of
this strategy has proceeded primarily through antibody-mediated inhibition, with
bexmarilimab (FP-1305) as the principal clinical agent.

2.6.1 Bexmarilimab (FP-1305): Agent Design, Mechanism,
Biomarkers, and Clinical Optimisation

Bexmarilimab (FP-1305) is the lead clinical antibody developed to inhibit Clever-1,
with pharmacodynamic effects characterised primarily in macrophage compartments
while avoiding target cell depletion (Hollmén et al., 2022). The antibody is derived
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from the murine anti-Clever-1 clone 3-372, which inhibited receptor-mediated en-
docytosis in preclinical systems. For clinical use, it was engineered as an IgG4 anti-
body incorporating an L.248E mutation in the Fc domain (Hollmén et al., 2022; Ran-
nikko et al., 2023). This design reduces interaction with activating Fcy receptors and
Clq, thereby limiting antibody-dependent cellular cytotoxicity and complement ac-
tivation while preserving neonatal Fc receptor engagement required for physiologi-
cal antibody half-life. The aim was functional modulation of Clever-1-expressing
macrophages rather than depletion of the cells themselves (Gurung et al., 2025).

In macrophage systems, bexmarilimab binds surface Clever-1 and inhibits scaven-
ger-receptor activity. Treatment has been associated with increased antigen-presen-
tation and co-stimulatory markers together with induction of interferon-responsive
gene signatures, which have served as pharmacodynamic readouts of pathway per-
turbation (Virtakoivu et al., 2021; Hollmén et al., 2022; Rannikko et al., 2023).

Circulating soluble Clever-1 (sClever-1), which reflects receptor turnover, can be
quantified as a biomarker (Prince et al., 2025). In clinical pharmacodynamic anal-
yses, bexmarilimab treatment has been associated with reduced circulating sClever-
1 levels and with activation-associated changes in peripheral CD8" T-cell and natural
killer cell subsets in sampled cohorts (Rannikko et al., 2023; Rannikko et al., 2025).
At present, sClever-1 is best interpreted as a marker of target engagement rather than
as a mechanistic effector or surrogate efficacy endpoint.

Dose and schedule optimisation in the development programme has incorporated
pharmacodynamic and immune-correlate readouts in addition to conventional expo-
sure metrics. A non-linear, bell-shaped relationship between dose and immune acti-
vation has been proposed, motivating evaluation of biologically active dose ranges
rather than simple escalation to the highest tolerated level (Karthikeyan et al., 2026).
Combination strategies have correspondingly been considered in which myeloid
modulation is used as a priming component alongside other therapies (Karthikeyan
et al., 2026).

Nonclinical safety profiling has supported this development strategy. In ex vivo
whole-blood assays from healthy donors, bexmarilimab did not induce canonical
pro-inflammatory cytokines such as IL-6, IL-8, TNF-a, or IFN-y (Rannikko et al.,
2023). Nonclinical characterisation likewise showed limited Fc-mediated effector
activity and no systemic cytokine release signatures under tested conditions
(Hollmén et al., 2022). Taken together, available mechanistic and translational data
support measurable pharmacodynamic modulation of Clever-1-associated myeloid
programmes, with biomarker-led optimisation incorporated into ongoing develop-
ment.
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2.6.2 Clinical Translation: Study Settings, Endpoints, Safety,
and Immune Correlates

Clinical evaluation of Clever-1 blockade has thus far proceeded through early-phase
studies designed primarily to assess safety, tolerability, pharmacokinetics, and phar-
macodynamic effects rather than to establish definitive efficacy.

First-in-human development of bexmarilimab was undertaken in the phase I/II
MATINS study (NCT03733990) in patients with advanced solid tumours (Rannikko
et al., 2023). The enrolled population consisted largely of heavily pretreated patients
with metastatic disease across multiple tumour types. Primary objectives included
safety and tolerability during dose escalation and expansion, together with explora-
tory pharmacokinetic and pharmacodynamic analyses in peripheral blood and tu-
mour tissue.

Within the evaluated dose range, no dose-limiting toxicities were reported and a
maximum tolerated dose was not reached. Adverse events were mainly low-grade
infusion-related reactions and transient laboratory abnormalities, and cytokine re-
lease syndrome was not reported in the published cohorts (Hollmén et al., 2022;
Rannikko et al., 2023). Peripheral-blood and tumour-biopsy analyses showed phar-
macodynamic changes consistent with myeloid activation and altered immune com-
position, including reduced circulating sClever-1 and activation-associated changes
in CD8" T-cell and natural killer-cell subsets in sampled cohorts (Hollmén et al.,
2022; Rannikko et al., 2023; Rannikko et al., 2025).

Objective responses and disease control were described in subsets of patients within
expansion cohorts, but interpretation is limited by small cohort sizes, tumour heter-
ogeneity, and the exploratory design of the study (Rannikko et al., 2023).

Clinical evaluation in haematological malignancies began in 2022 with the phase I/11
BEXMAB study (FP2CLI004), an open-label trial of bexmarilimab in combination
with standard-of-care regimens in higher-risk MDS, CMML, and AML. Principal
cohorts have evaluated azacitidine plus bexmarilimab, with early exploration of aza-
citidine and venetoclax in newly diagnosed AML patients considered unfit for inten-
sive induction therapy. Subsequent emphasis has centred on the azacitidine—
bexmarilimab doublet.

The study evaluates safety, tolerability, recommended phase II dose, pharmacoki-
netics, and exploratory pharmacodynamic endpoints. Immune monitoring includes
peripheral-blood and bone-marrow profiling of macrophage-associated markers, cel-
lular immune subsets, and circulating sClever-1. Clinical responses and marrow-
based immune correlates from azacitidine—bexmarilimab cohorts are detailed in
Manuscript II of this dissertation.
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Further clinical development is expected to include combination strategies in solid
tumours, including pairing bexmarilimab with immune checkpoint inhibitors or cy-
totoxic chemotherapy. At present, available clinical data define safety and pharma-
codynamic activity in solid tumours and myeloid malignancies, whereas disease-
specific efficacy and therapeutic positioning will require larger and more controlled
studies.

2.6.3 Combination Strategies and Positioning Within
Immuno-Oncology Approaches

Combination strategies involving Clever-1 blockade have been explored in settings
where myeloid regulatory programmes are implicated in immune exclusion or atten-
uated therapeutic responses. In these approaches, blockade has been administered
alongside established modalities, with tumour growth or clinical endpoints assessed
together with exploratory immune measurements.

In experimental tumour models, antibody-mediated Clever-1 inhibition has fre-
quently been paired with lymphocyte-directed checkpoint blockade. Such modula-
tion has been associated with altered tumour-associated macrophage phenotype and
increased intratumoural CD8" T-cell abundance relative to control conditions (Vii-
tala et al., 2019; Virtakoivu et al., 2021). In selected systems, addition of PD-1-
directed therapy to Clever-1 blockade resulted in greater tumour growth control than
monotherapy within those models (Viitala et al., 2019; Virtakoivu et al., 2021).

Clinical combination programmes have been built on the premise that myeloid re-
programming may improve the activity of concurrent systemic therapy. Early studies
have therefore focused on the feasibility of combining Clever-1 blockade with es-
tablished treatment backbones while incorporating safety, pharmacokinetic, and ex-
ploratory pharmacodynamic endpoints similar to those used in monotherapy devel-
opment (Rannikko et al., 2023; Rannikko et al., 2025). Immune correlates in periph-
eral blood and tumour tissue have been analysed under concurrent treatment condi-
tions.

In myeloid malignancies, this combination logic is reflected in the evaluation of
bexmarilimab with azacitidine-based therapy. Detailed response analyses and mar-
row-based immune correlates from these cohorts are presented in Manuscript II and
are therefore not repeated here. At the current stage of reporting, Clever-1 blockade
in myeloid malignancies remains under clinical investigation, and interpretation
should remain anchored to defined study endpoints, cohort structure, and sampling
frameworks rather than extrapolated directly from solid-tumour models.
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3 Aims

Clever-1 (STABI) has been primarily characterized as a scavenger receptor ex-
pressed by alternatively activated, immunoregulatory myeloid cells, where it con-
tributes to immune homeostasis and tumour-associated immune suppression in solid
cancers. Accumulating preclinical and early clinical observations have positioned
Clever-1 as a myeloid-directed immunotherapeutic target. However, its role in my-
eloid malignancies—where the malignant clone itself arises from the myeloid com-
partment—has remained largely undefined.

Emerging transcriptomic data and preliminary observations suggested that Clever-1
may be expressed within malignant myeloid populations in acute myeloid leukaemia
(AML) and myelodysplastic syndromes (MDS), raising fundamental questions.
Does Clever-1 in myeloid malignancies function solely as an immunoregulatory
checkpoint molecule within the bone marrow microenvironment, or might it also
contribute directly to leukaemia cell biology? How does therapeutic Clever-1 target-
ing reshape immune and malignant compartments in patients? And what cellular
programs are influenced by Clever-1 in leukaemic cells?

Therefore, the aims of this thesis were to:

* Define the expression pattern and disease associations of Clever-1 in AML and
MDS, and determine how its expression relates to myeloid differentiation state, ge-
netic features, and bone marrow immune context.

* Evaluate the biological and therapeutic relevance of Clever-1 blockade in myeloid
malignancies, including its effects on antigen presentation, immune modulation,
drug responsiveness, and early-phase clinical activity in combination with aza-
citidine.

* Elucidate the cell-intrinsic functions of Clever-1 in leukaemic cells, with particular
focus on intracellular trafficking, mitochondrial organization, lipid handling, and bi-
oenergetic fitness.
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4 Materials and Methods

The results presented in this dissertation are based on three original publications (I-
IIT). The experimental procedures and analytical methods used to generate the data
are described in detail in the respective original articles and their supplementary ma-
terials. In this chapter, I provide a structured overview of the methodological frame-
work of the thesis and describe selected methods in sufficient detail to allow the
chapter to be read independently, with emphasis on procedures that are critical for
interpretation of the Results and on analyses performed locally. Table 1 is included
as a navigation tool linking key assays and analyses to the corresponding publica-

tion(s).

Table 1. Overview of primary methods used in the original publications

METHOD PURPOSE PUBLICATION
Ex vivo primary AML/MDS Treatment-induced immuno- |
profiling phenotypic and viability

Cytokine multiplex assay

NF-kB reporter assay

Cell line viability assays

Public RNA-seq dataset
analysis

Clinical trial framework and
response criteria
Soluble Clever-1 ELISA

Trial flow cytometry

Bulk RNA sequencing

changes

Secreted immune mediator
profiling

Functional signalling effects of
Clever-1 targeting

Proliferation and drug re-
sponse under antibody treat-
ment

Contextualisation of STAB1
expression in AML cohorts

Safety, dose determination
and survival analysis

Systemic target engagement
biomarker

Bone marrow immune subset
and Clever-1 modulation

Transcriptional effects of
Clever-1 targeting
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Gene set enrichment analy-
sis

Advanced microscopy

Mitochondrial enrichment
and biochemical validation

Pathway-level interpretation of
transcriptional changes

Subcellular localisation and
mitochondrial association of
Clever-1

Respiratory complex assembly
and fraction purity assessment

4.1

Study material and ethical approvals

All studies included in this dissertation were conducted in accordance with the Dec-
laration of Helsinki and applicable Finnish and international regulations governing
biomedical research. Detailed regulatory documentation is provided in Publications
[-1IT; the elements essential for interpretation of the present work are summarised
below.

Primary human bone marrow (BM) samples from patients with acute myeloid leu-
kaemia (AML) and myelodysplastic syndrome (MDS) analysed in Publication [ were
obtained from the Finnish Hematology Registry and Biobank. Samples were col-
lected under approved biobank governance with written informed consent and pro-
cessed according to standardised operating procedures. Mononuclear cells were iso-
lated prior to cryopreservation and stored in vapour-phase liquid nitrogen until use.
Ex vivo functional and immunophenotypic analyses were performed on thawed sam-
ples as described in Publication I, with paired baseline and 48-hour treatment condi-
tions. Clinical metadata were provided by the biobank under approved data access
agreements, and analyses were conducted using pseudonymised identifiers.

Clinical data and biological samples analysed in Publication II originated from a
multicentre, single-arm ph’z 1/2 clinical trial evaluating bexmarilimab in combina-
tion with azacitidine in patients with MDS, chronic myelomonocytic leukaemia, or
relapsed/refractory AML (ClinicalTrials.gov NCT05428969; EudraCT 2021-
002104-12). The study was approved by a centralised institutional review board in
Finland and by institutional review boards at participating US and UK sites, and all
participants provided written informed consent prior to study procedures. For the
purposes of this thesis, laboratory analyses performed at Medicity, University of
Turku, included measurement of soluble Clever-1 concentrations by enzyme-linked
immunosorbent assay (ELISA) and confirmatory flow cytometric assessment of
blast and myeloid cell populations and their surface Clever-1 expression. Additional
protocol-defined biomarker and immuno-phenotyping analyses were conducted at a
designated central laboratory and are described in detail in Publication II. All clinical
data were analysed in coded, de-identified form in accordance with approved trial
governance procedures.
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4.2 Reagents and experimental models

This section summarises the principal biological materials, antibodies, and experi-
mental systems used across Publications I-III. Detailed reagent lists and panel com-
positions are provided in the original articles and accompanying tables; only param-
eters essential for interpretation are described here.

Therapeutic and detection antibodies

Bexmarilimab (FP-1305), a humanised IgG4 monoclonal antibody, was used as the
central experimental perturbation in vitro and ex vivo (Publications I and III) and as
the investigational medicinal product in the clinical study (Publication II). Across
experimental systems, bexmarilimab was typically used at 50 pg/mL (2448 hours
for mechanistic assays; 48 hours ex vivo), and titrated (0.1-60 pg/mL) in 72-hour
viability assays. Clinical dosing is described in Section 4.5.

As a non-targeting control, a recombinant human IgG4 isotype antibody containing
the same Fc mutations (S228P, L235E, P329G) as bexmarilimab was used at equiv-
alent concentrations (RecombiMAb human IgG4 SPLEPG isotype control, anti-hen
egg lysozyme; BioXCell, Cat. #CP148). The S228P substitution prevents Fab-arm
exchange, and the combined SPLEPG mutations reduce Fcy receptor—mediated ef-
fector functions. The control differs from bexmarilimab only in antigen specificity.

Detection of Clever-1 in flow cytometry, microscopy, immunoprecipitation, and im-
munoblotting was performed using application-specific antibodies, primarily clone
9-11 (and clone 4G9 for immunoelectron microscopy). Appropriate species-matched
isotype controls were included in all assay formats. In imaging experiments, fluoro-
phore-conjugated antibodies were used to assess internalisation and subcellular lo-
calisation, and in immunoelectron microscopy gold-conjugated secondary antibod-
ies were applied. For co-immunoprecipitation, biotinylated antibodies were coupled
to streptavidin-coated magnetic beads with matched isotype controls.

Primary AML/MDS sample culture conditions

Primary AML and MDS BM mononuclear cells were obtained through the
Finnish Hematology Registry and Biobank and cryopreserved following Fi-
coll-based isolation. These samples served as the ex vivo primary-cell mate-
rial in Publication I. Detailed culture conditions and treatment workflows are
described in Section 4.3 and in the original publication.
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AML cell lines and culture conditions

AML cell lines used across Publications I and III comprised HL-60, MOLM-13,
MV4-11, TF-1, Kasumi-1, KG-1, GDM1, HEL, HNT34, CMK, F36P, SKM1, and
OCI-AML2, with specific subsets employed in individual experiments as detailed in
the respective publications. Cells were maintained at 37°C in a humidified 5% CO:
atmosphere in RPMI-1640, IMDM, or AlphaMEM supplemented with 10-20% fetal
bovine serum and antibiotics, with additional growth factors where required (e.g.,
GM-CSF for TF-1 and F36P). KG-1 cells were cultured in IMDM with 20% serum.
For Seahorse extracellular flux assays, cells were transferred to bicarbonate-free as-
say medium supplemented with glucose, glutamine, and pyruvate prior to measure-
ment. Cell lines were maintained under standard sterile conditions and routinely
monitored for mycoplasma contamination.

Key kits and reagents

Commercial assay kits were used according to manufacturers’ instructions unless
otherwise stated. Viability and proliferation assays included ATP-based lumines-
cence (CellTiter-Glo) and resazurin-based (AlamarBlue) readouts. NF-xB reporter
activity was measured using a luciferase-based detection system. Bulk RNA extrac-
tion for transcriptomic analyses was performed using column-based purification kits
with quality control prior to sequencing. Mitochondrial isolation in Publication I1I
utilised translocase of the outer mitochondrial membrane 22 (TOM22)-based mag-
netic enrichment, followed by biochemical, proteomic, and lipidomic analyses. Blue
Native polyacrylamide gel electrophoresis (BN-PAGE), immunoblotting, liquid
chromatography—tandem mass spectrometry (LC-MS/MS), and ultra-high-perfor-
mance liquid chromatography—tandem mass spectrometry (UHPLC-MS/MS) work-
flows were conducted as detailed in the respective publications.

4.3 Ex vivo and in vitro functional assays
(Publication 1)

This section summarises the ex vivo analyses performed on primary AML and MDS
BM samples in Publication I, together with supporting in vitro assays. Detailed panel
compositions and reagent lists are provided in the original publication; only param-
eters required for interpretation of the Results are outlined here.

Primary sample workflow

Thawed BM mononuclear cells were analysed either immediately at baseline (0 h)
or after 48 hours of culture under defined treatment conditions. Bexmarilimab was
applied at 50 pg/mL, with an irrelevant human IgG4 antibody at an equivalent
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concentration as control. Where indicated, azacitidine (300 nM or 1 pM) and/or ve-
netoclax (50 nM) were added as specified in Publication L.

Short-term cultures were performed at two sites using harmonised analytical
principles but distinct supportive conditions. At Medicity, cells were main-
tained in IMDM supplemented with 1% serum, whereas at FIMM cultures
were established in RPMI-based medium containing 10% serum and Hs-5—
derived conditioned medium to support ex vivo viability. These differences
are relevant when interpreting site-specific comparisons but did not alter the
core exposure conditions.

Flow cytometry and gating principles

Flow cytometric profiling was performed at baseline and after 48-hour treatment to
characterise blast, monocyte-like, and lymphoid populations and to quantify Clever-
1 and HLA-DR expression. Viable cells were identified using fixable viability dyes,
and gating strategies were harmonised across sites. Leukocytes were defined by
CD45 expression and scatter characteristics. Within CD45" cells, blasts were identi-
fied by CD34 expression, and monocyte-like populations by CD14 and/or CD16,
with additional markers as detailed in Publication I.

To ensure robust quantification, analyses of Clever-1 and HLA-DR expression were
restricted to populations representing more than 5% of the parent population and/or
containing more than 100 recorded events in the corresponding IgG4-treated control
well. Marker expression was reported as median or geometric mean fluorescence
intensity as appropriate. Relative viability of gated populations was calculated by
normalising the number of viable cells in treated wells to the matched IgG4 control
within the same sample. These thresholds and normalisation principles are central to
interpretation of treatment-induced immunophenotypic changes.

Cytokine and reporter assays

Soluble immune mediators in conditioned media from primary BM cultures were
quantified using a multiplex bead-based cytokine assay (Publication I), with concen-
trations derived from assay-specific standard curves. This provided a complementary
soluble readout of treatment-associated immune modulation.

NF-kB pathway activity was assessed using THP1-Lucia™ NF-kB reporter cells.
Cells were exposed to bexmarilimab or IgG4 control (10 pg/mL) for 18-24 hours,
and luciferase activity in culture supernatants was measured using a luminescence-
based detection system. Where indicated, a recombinant CLEVER-1 fragment was
used to assess specificity. Luminescence intensity reflected NF-xB promoter activity
as described in Publication 1.
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Supporting viability assays

To complement primary sample analyses, AML cell lines were subjected to short-
term ATP-based viability assays and longer-term metabolic readouts. For 72-hour
assays, cells were treated with increasing concentrations of bexmarilimab (0.1-60
ug/mL), with or without azacitidine (1 uM) and/or venetoclax (50 nM), and viability
was quantified using a luminescence-based ATP assay. In extended 7-day cultures
of KG-1 cells, bexmarilimab (50 pg/mL) or IgG4 control was applied, with addi-
tional agents added at defined intervals, and viability was assessed using a resazurin-
based assay. These in vitro systems provided controlled conditions to support inter-
pretation of the ex vivo findings in primary samples.

4.4 Clinical trial procedures (Publication Il)

This section summarises the clinical framework underlying Publication II, focusing
on elements required to interpret safety, response outcomes, and biomarker findings
presented in this thesis. Full protocol details are provided in the original publication
and its supplementary materials.

Study design and dosing framework

Publication Il reports the phase 1 dose-escalation component of a multicentre, single-
arm ph’ 1/2 study evaluating bexmarilimab in combination with azacitidine in pa-
tients with higher-risk MDS, CMML, or relapsed/refractory AML. Dose escalation
followed a prespecified phase 1 design across three intravenous dose levels of
bexmarilimab (1, 3, and 6 mg/kg). Bexmarilimab was administered once weekly in
28-day cycles in combination with standard-dose azacitidine. Azacitidine was ad-
ministered as per label at 75 mg/m? subcutaneously (or intravenously in the USA)
on days 1-7 of each cycle, or on days 1-5 and 8-9 according to local practice. Dose-
limiting toxicities were evaluated during cycle 1 according to prespecified criteria,
and the primary objective of the phase 1 component was safety.

Response and safety assessment

Treatment-emergent adverse events were graded according to NCI-CTCAE version
5.0. Dose-limiting toxicity was defined as a clinically significant grade >4 adverse
event during the first cycle not attributable to underlying disease.

Response assessments were performed using disease-specific criteria: European
LeukemiaNet (ELN) 2017 recommendations for AML and International Working
Group (IWG) 2018 criteria for MDS. Bone marrow evaluations were conducted at
protocol-defined intervals. Objective response rate and time-to-event endpoints,
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including duration of response and overall survival, were analysed using Kaplan—
Meier methodology as specified in Publication II

Thesis-relevant laboratory analyses

For the purposes of this dissertation, laboratory analyses performed at Medicity, Uni-
versity of Turku are described in greater detail. Soluble Clever-1 concentrations in
peripheral blood and bone marrow were quantified by ELISA at predefined on-treat-
ment timepoints to assess systemic target engagement.

In addition, confirmatory flow cytometric analyses of bone marrow aspirates were
conducted locally to evaluate blast and myeloid cell populations and their surface
Clever-1 expression. Populations were identified using standard CD45-based gating
with lineage markers, and fluorescence intensity was quantified relative to isotype
controls.

Comprehensive immune phenotyping and additional biomarker analyses were per-
formed at a designated central laboratory according to the study protocol and are
reported in detail in Publication II but are not reiterated here.

4.5 Mechanistic and mitochondrial studies (Publi-
cation III)

This section summarises the mechanistic in vitro experiments performed in Publica-
tion III to investigate Clever-1 subcellular localisation, mitochondrial function, lipid
trafficking, and associated protein interactions in AML cell lines. Only parameters
required to interpret the mechanistic conclusions are described; full technical details
are provided in the original publication.

Imaging and intracellular localisation

Intracellular localisation of Clever-1 was examined in KG-1 cells using fluorescence
microscopy following incubation with fluorophore-conjugated bexmarilimab or
IgG4 control. Cells were fixed, permeabilised where appropriate, and co-stained with
antibodies against Clever-1 and mitochondrial markers. Super-resolution Airyscan
imaging was used to acquire z-stacks for three-dimensional analysis. Colocalisation
was quantified in Fiji using object-based segmentation (DiANA plugin), with exclu-
sion of border-touching structures to avoid partial-volume artefacts. Quantification
was performed at the single-cell level from three-dimensional image stacks, with the
unit of analysis defined as in Publication III.

Ultrastructural validation was performed by immunoelectron microscopy using anti—
Clever-1 antibodies and gold-conjugated secondary antibodies. Gold particles
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localised to mitochondrial structures were manually quantified, supporting the fluo-
rescence-based localisation findings.

Mitochondrial isolation and validation

Mitochondria were enriched from AML cell lines using magnetic isolation based on
TOM22, an outer mitochondrial membrane protein. Following cell homogenisation,
TOM22-conjugated magnetic microbeads were used to selectively capture mito-
chondria, which were recovered by magnetic separation. This enrichment strategy
enabled downstream biochemical, proteomic, and lipidomic analyses on mitochon-
drial fractions.

Fraction purity was assessed by immunoblotting for compartment-specific marker
proteins to confirm mitochondrial enrichment and exclude significant cytosolic or
endoplasmic reticulum contamination. Assembly of respiratory chain complexes and
supercomplexes was evaluated by BN-PAGE followed by immunoblotting using es-
tablished migration patterns for complex identification.

Proteomic analyses and filtering logic

To characterise Clever-1-associated protein complexes, KG-1 cells were treated for
24 hours with bexmarilimab or IgG4 control and subjected to co-immunoprecipita-
tion using biotinylated anti—Clever-1 antibodies immobilised on streptavidin-coated
magnetic beads, with matched isotype controls. Bound proteins were digested on-
bead and analysed by LC-MS/MS.

For each identified protein, abundance in the Clever-1 pulldown was normalised to
the corresponding isotype control to generate a quotient ratio. Proteins with a quo-
tient value below 4 were excluded to reduce non-specific background, as defined in
Publication III. In addition, CRAPome database scores were used to flag commonly
observed contaminants. Only proteins passing these filtering criteria were included
in downstream comparative analyses between bexmarilimab- and IgG4-treated sam-
ples. This filtering strategy is central to interpretation of the reported Clever-1 in-
teractome.

Metabolic and functional assays

Lipid trafficking was assessed using fluorescently labelled acetylated LDL (acLDL).
AML cells were pretreated with bexmarilimab or IgG4 for 24 hours and then pulsed
with acLDL for 2 hours. In whole-cell analyses, extracellular fluorescence was
quenched prior to acquisition. For mitochondrial analyses, mitochondria were iso-
lated following acLDL exposure and analysed separately. Uptake was quantified as
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the percentage of acLDL-positive events and by fluorescence intensity, enabling
comparison of lipid accumulation in total cells and mitochondrial fractions.

Mitochondrial function under metabolic stress was further evaluated using mem-
brane potential- and mass-dependent dyes and by extracellular flux analysis. Oxy-
gen consumption rate (OCR) was measured using a mitochondrial stress test follow-
ing 48-hour antibody treatment. Sequential addition of respiratory inhibitors enabled
calculation of basal and maximal respiration parameters, and OCR values were nor-
malised to cell number determined by nuclear staining at the end of the assay. This
normalisation principle is essential for interpreting treatment-associated differences
in respiratory capacity.

Mitochondrial lipid composition was analysed after 24-hour treatment by extracting
lipids from isolated mitochondrial fractions and performing UHPLC-MS/MS—-based
profiling. Relative lipid abundances were compared between treatment conditions as
described in Publication III.

Together, these imaging, biochemical, proteomic, and metabolic approaches pro-
vided complementary evidence linking Clever-1 targeting to altered mitochondrial
lipid handling and respiratory function in AML cells.

4.6 Computational analyses

This section summarises the computational approaches applied to transcriptomic and
multi-omic datasets in Publications I and III. Only parameters required for interpre-
tation of the Results are described here; detailed workflows are provided in the orig-
inal publications.

Public RNA-seq datasets (BEAT-AML, TCGA-LAML)

To contextualise STABI (Clever-1) expression in AML, publicly available RNA se-
quencing datasets were analysed in Publication 1. Conditional quantile normalised
log2RPKM expression data and associated metadata were obtained from the BEAT-
AML dataset. Only bone marrow aspirate samples annotated as AML or related pre-
cursor neoplasms and flagged for inclusion in RNA analyses were retained

For TCGA-LAML, FPKM-UQ normalised expression data and corresponding clin-
ical annotations were downloaded from the Genomic Data Commons. Expression
values were log2-transformed, and normal tissue samples were excluded. To align
with the immunophenotypic primary cohorts, analyses were restricted to FAB sub-
types MO-M2 and M4-M5. Group comparisons were performed in R using non-
parametric tests as appropriate.
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Bulk RNA-seq (Publication IlI)

In Publication III, bulk RNA sequencing was performed on AML cell lines (KG-1,
HL-60, MOLM-13) following 2448 hour treatment with bexmarilimab (50 pg/mL)
or IgG4 control. Differential gene expression analysis was conducted using standard
RNA-seq statistical modelling by an external sequencing provider, with p-values ad-
justed for multiple testing using the Benjamini—Hochberg false discovery rate pro-
cedure.

Gene set enrichment analysis

Gene set enrichment analysis was applied to preranked gene lists derived from dif-
ferential expression analyses in Publication III using the Broad Institute implemen-
tation and Hallmark gene sets. Enrichment was assessed using permutation-based
testing, and normalised enrichment scores and enrichment plots were used to inter-
pret treatment-associated transcriptional programmes.

Software environments

Public dataset analyses were conducted in R. Flow cytometry data were analysed
using FlowJo or Forecyt software, and statistical analyses of functional assays were
performed in GraphPad Prism. Image processing and colocalisation analyses were
conducted in Zen and Fiji, including the DiANA plugin. Proteomic data were pro-
cessed using standard database-search pipelines as described in Publication III. Fur-
ther study-specific details are provided in the respective publications.

4.7 Statistical analysis
Replicates and normalisation principles

Unless otherwise specified, n denotes biological replicates. Technical replicates
within a single experiment were averaged prior to statistical analysis.

In primary bone marrow experiments (Publication I), each patient sample was treated
as an independent biological replicate. Paired baseline (0 h) and 48-hour treatment
conditions were analysed within the same sample unless otherwise specified. In
AML cell line studies (Publications I and III), independent cultures initiated on sep-
arate occasions were considered biological replicates. Imaging-based quantifications
were performed at the single-cell or field level as defined in the corresponding figure
legends, and proteomic or lipidomic experiments used independent preparations
where stated. In the clinical trial (Publication II), analyses were conducted at the
patient level, with all treated patients included in safety analyses and evaluable pa-
tients included in efficacy analyses.
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Normalisation procedures were assay-specific and are described in detail in the re-
spective publications. In primary sample flow cytometry, relative viability of gated
populations was calculated by normalising treated wells to the matched IgG4 control
within each sample, and populations were analysed only if they exceeded predefined
thresholds (>5% of the parent population and/or >100 events in the control condi-
tion). In cell line assays, luminescence or fluorescence readouts were normalised to
control-treated conditions within each experiment. Seahorse OCR measurements
were normalised to cell number determined at the end of the assay. Public RNA-seq
datasets were analysed using normalised expression values as provided.

Statistical testing framework and reporting conventions

Statistical tests appropriate to data distribution and experimental design were applied
as detailed in Publications I-III. For primary sample experiments, paired analyses
were used for within-sample comparisons. In the clinical trial, time-to-event end-
points were analysed using Kaplan—Meier methodology. For bulk RNA-seq anal-
yses, p-values were adjusted using the Benjamini—-Hochberg false discovery rate pro-
cedure.

Across all studies, statistical significance was defined as a two-sided p-value < 0.05
unless otherwise specified. Data are presented as mean = standard deviation or mean
+ standard error of the mean as indicated in the corresponding figure legends, and
adjusted p-values are reported where applicable.

4.8 Key reagents and controls by application

Table 2 summarises the primary antibodies and essential detection reagents used
across the original publications, including clone information where relevant, suppli-
ers, and the methods in which they were applied.
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Table 2. Key antibodies and detection reagents used across Publications I-lil

REACTIVITY CLONE COMPANY METHOD

CD45 PerCP-Cy5.5 HI30 BD Biosciences Flow cytometry
CD45 BV786 HI30 BD Biosciences Flow cytometry
CD11b BV650 D12 BD Biosciences Flow cytometry
CD14 Pacific Blue M5E2 BD Biosciences Flow cytometry
CD14 FITC MoP9 BD Biosciences Flow cytometry
CD16 BV786 3G8 BD Biosciences Flow cytometry
CD16 BV605 3G8 BD Biosciences Flow cytometry
CD34 PE 561 BioLegend Flow cytometry
CD34 PE 581 BD Biosciences Flow cytometry
HLA-DR, DP, DQ FITC | Tu39 BD Biosciences Flow cytometry
HLA-DR PE-Cy7 G46-6 BD Biosciences Flow cytometry
HLA-DR BV421 G46-6 BD Biosciences Flow cytometry
PD-L1 APC 29E.2A3 BioLegend Flow cytometry
Clever-1 9-11 InVivo Biotech Flow cytometry
Clever-1 FP-1305; bexmarilimab | Abzena Flow cytometry
hlgG4 isotype control | SPLEPG BioXCell Flow cytometry

Rat IgG2a isotype
control

CD3 PerCP-Cy5.5
CD8 APC

CD4 PE-Cy7
CD25 BV650
CXCR3 BV510
CD45RO APC-Cy7
FoxP3 PE

Ki67 Pacific Blue
PD-1 FITC

Clever-1

SLC25A10
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G155-178

SK7
RPA-T8
RPA-T4
M-A251
1C6
UCHL1
PCH101
Ki-67
EH12.2H7
4G9

Polyclonal

BD Biosciences

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
Invitrogen

BioLegend

BD Biosciences

Santa Cruz Biotechnol-
ogy

Proteintech

Flow cytometry

Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry

Western blot

Immuno-
orescence

flu-



IMPDH2

ATAD3A or ATAD3B
ATP6V0A2

PDI

GAPDH

OXPHOS antibody
cocktail

Goat anti-rabbit IgG
HRP

Anti-mouse IgG HRP
for IP

TrueBlot anti-mouse
IgG HRP

CD45 PerCP-Cy5.5
CD45 BV786

CD11b BV650

CD14 Pacific Blue
CD14 FITC

CD16 BV786

CD16 BV605

CD34 PE

CD34 PE

HLA-DR, DP, DQ FITC
HLA-DR PE-Cy7
HLA-DR BV421

PD-L1 APC

Clever-1

Clever-1

hlgG4 isotype control

Rat IgG2a isotype
control

CD3 PerCP-Cy5.5

Polyclonal
Polyclonal
Polyclonal
1D3
6C5

Multiple clones

Polyclonal

Polyclonal

Polyclonal

HI30
HI30

D12
MSE2
M@P9
3G8

3G8

561

581

Tu39
G46-6
G46-6
29E.2A3
9-11
FP-1305; bexmarilimab
SPLEPG
G155-178

SK7

Proteintech
Proteintech
Invitrogen
Enzo
Hytest

Abcam

DAKO

Abcam

Rockland

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend

BD Biosciences
BD Biosciences
BD Biosciences
BD Biosciences
BioLegend
InVivo Biotech
Abzena
BioXCell

BD Biosciences

BD Biosciences
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Western blot
Western blot
Western blot
Western blot
Western blot

Western blot

Western blot

Western blot

Western blot

Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry
Flow cytometry

Flow cytometry

Flow cytometry
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5 Results

5.1 Clever-1 Is Expressed on Malignant Myeloid
Cells and Modulates Antigen Presentation and
Drug Responsiveness in AML and MDS (I)

5.1.1 Malignant Myeloid Cells in AML and MDS Express
Clever-1

STABI mRNA showed variable expression across AML cell lines in publicly avail-
able transcriptomic datasets, and transcript levels corresponded with Clever-1 sur-
face protein expression in selected lines, supporting concordance between mRNA
and protein abundance in this setting (I: Fig. 1A; Fig. S2A-B).

In primary human bulk transcriptomic data, Hemap analysis showed generally high
STABI expression across AML samples and detectable expression in a subset of
MDS samples, with broader heterogeneity across other haematological malignancies
(I: Fig. 1B).

Flow cytometric analyses of primary bone marrow samples from patients with AML
and MDS, performed in two independent laboratories, confirmed Clever-1 protein
expression on malignant myeloid cells, including leukaemic blasts and CD34* pro-
genitor populations (I: Fig. 1C). Expression was most prominent in monocyte-like
compartments, whereas lymphocyte and granulocyte populations showed low or ab-
sent staining based on CD45/SSC gating. Within monocyte subsets, classical
(CD14°CD16") and intermediate (CD14"CD16") monocytes displayed the highest
Clever-1 levels (I: Fig. 1D).

Clever-1 distribution varied between cell populations within individual samples, be-
ing largely confined to monocyte-like cells in some cases and extending to blast pop-
ulations in others. Comparable results were obtained with surface and intracellular
staining, supporting both surface and intracellular localisation in malignant myeloid
cells (I: Fig. 1C).
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5.1.2 Clever-1 Expression Is Highest in AML with Monocytic
Differentiation

Clever-1 protein expression was significantly higher in myelomonocytic and mono-
cytic AML (FAB M4-M5) than in less differentiated AML (FAB M0-M2) and MDS
across the analysed primary bone marrow cohorts (I: Fig. 2A; Fig. S2C). Total
CLEVER-1 levels were quantified within CD45" cells and normalised to the cohort
median, demonstrating consistent enrichment in FAB M4-M5 despite inter-individ-
ual variability within groups.

In independent bulk RNA transcriptomic datasets, STABI mRNA expression was
likewise higher in FAB M4-M5 than in FAB M0-M2 AML in both the BEAT-AML
(n=192) and TCGA-LAML (n = 132) cohorts (I: Fig. 2B). Although heterogeneity
was present within FAB subtypes, the relative enrichment of STAB/ in monocytic
AML was reproducible across cohorts.

Collectively, protein-level analyses in primary samples and transcript-level analyses
in independent AML cohorts consistently identified AML with monocytic differen-
tiation (FAB M4-M5) as the subgroup with the highest Clever-1/STABI expression
relative to less differentiated AML and MDS (I: Fig. 2A-B; Fig. S2C).

5.1.3 Clever-1 Expression Associates with Genetic and Im-
mune Contextual Features

Clever-1 protein levels showed exploratory associations with recurrent genetic alter-
ations in primary AML samples. Levels trended higher in cases harbouring FLT3
and/or NPM 1 mutations than in samples carrying other frequent mutations, including
IDH1/2, RUNXI and SRSF2, with substantial inter-individual variability within each
category (I: Fig. 2C).

In public transcriptomic cohorts, STABI mRNA expression was higher in FLT3-
mutated than in FLT3 wild-type AML in TCGA-LAML, whereas no statistically sig-
nificant difference was observed in BEAT-AML, indicating dataset-dependent sup-
port for this association (I: Fig. 2D).

Clever-1 expression also related to bone marrow immune composition. Total Clever-
1 protein levels correlated negatively with the proportion of lymphocytes in bone
marrow samples, independent of blast percentage and across FAB subtypes; no pos-
itive correlation with lymphocyte abundance was detected (I: Fig. 2E).
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514 Ex Vivo Clever-1 Blockade Increases HLA-DR Expres-
sion in Antigen-Presenting Cells

Bexmarilimab did not reduce AML cell line viability under the tested conditions.
Increasing concentrations for up to 72 hours produced no decrease in cell viability
compared with IgG4 control (I: Fig. 3A).

Primary AML and MDS bone marrow samples treated ex vivo for 48 hours likewise
showed no consistent reduction in viability of blasts, monocyte-like cells, or lym-
phocytes across cohorts, although responses varied between individual samples (I:
Fig. 3B-C).

HLA-DR expression increased in antigen-presenting compartments following
bexmarilimab exposure. HLA-DR was significantly upregulated in monocyte-like
cells in approximately one-third to two-thirds of samples with evaluable monocyte
populations across cohorts, with average increases of approximately 1.2- to 2-fold;
HLA-DR also increased on blasts in a minority of cases (I: Fig. 3D; Fig. S3A). Sam-
ples with low baseline HLA-DR showed the most pronounced induction (I: Fig. 3D).

Blast Clever-1 expression showed a negative, non-significant correlation with post-
treatment HLA-DR levels in antigen-presenting populations (I: Fig. 3E). IFNy con-
centrations increased in several, but not all, ex vivo—treated primary AML samples
(I: Fig. S4A). In an NF-kB reporter AML cell line, bexmarilimab induced dose-de-
pendent NF-«xB activation that was reduced by a competing recombinant Clever-1
fragment (I: Fig. S4B-C).

5.1.5 Clever-1 Blockade Modulates Ex Vivo Sensitivity to
Azacitidine and Venetoclax

To examine whether Clever-1 blockade could modify short-term drug responsive-
ness in primary AML/MDS samples, ex vivo combination experiments were per-
formed with azacitidine and venetoclax. These assays were designed to test whether
bexmarilimab might enhance early phenotypic or viability responses to standard
agents, particularly in monocyte-like and blast populations. Because the exposure
period was brief and the ex vivo setting captures only part of the marrow microenvi-
ronment, the experiments were not primarily expected to show uniform cytotoxic
synergy, but rather to identify signals of sensitisation or immunophenotypic modu-
lation that could justify longer-term and more physiologically complex models.

Azacitidine modestly increased HLA-DR expression in a subset of primary
AML/MDS samples, with further enhancement by bexmarilimab in a proportion of
cases. In the FIMM cohort treated ex vivo for 48 h with azacitidine (300 nM), HLA-
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DR upregulation in monocyte-like cells was observed in a minority of samples; in
5/15 samples (33%), addition of bexmarilimab further increased HLA-DR compared
with azacitidine alone, although comparisons of treatment-group means did not reach
statistical significance (I: Fig. 4A).

At higher-dose azacitidine (1 uM), blast viability was reduced by at least 20% in
12/22 evaluable primary samples, and bexmarilimab produced an additional reduc-
tion in a limited subset. Specifically, 2/12 azacitidine-sensitive samples showed fur-
ther blast reduction with the combination, and in 3 samples azacitidine-associated
increases in blast viability were counteracted by bexmarilimab (I: Fig. 4B). Mono-
cyte-like cells were more sensitive than blasts, with 12/16 samples showing at least
20% reduction, but bexmarilimab did not consistently enhance cytotoxicity in this
compartment. Lymphocyte viability was variably affected, with only minor addi-
tional reductions in isolated samples (I: Fig. 4B).

In AML cell lines, short-term azacitidine exposure (1 uM, 72 h) reduced viability in
4/11 lines, and bexmarilimab did not consistently enhance cytotoxicity across lines.
In contrast, in a 7-day KG-1 culture system, the bexmarilimab—azacitidine combina-
tion significantly reduced viability compared with azacitidine alone (I: Fig. 4C-D;
Fig. 4E), supporting the interpretation that longer exposure may be required for
measurable combinatorial effects to emerge.

To assess whether Clever-1 blockade could also influence short-term responsiveness
to BCL2-directed therapy, venetoclax was next tested alone and together with aza-
citidine in AML cell lines and primary AML/MDS samples. In this setting, the aim
was not broad direct cytotoxic synergy, but rather identification of selected cases in
which bexmarilimab might modify drug sensitivity or counteract treatment-associ-
ated immunophenotypic suppression.

Venetoclax (50 nM) reduced viability in most AML cell lines, and bexmarilimab did
not enhance venetoclax monotherapy in the short-term setting. However, in pooled
analysis of venetoclax/azacitidine-resistant cell lines, defined by greater than 50%
residual viability, the triplet combination including bexmarilimab significantly re-
duced cell viability. In 7-day KG-1 cultures, the venetoclax/azacitidine/bexmarili-
mab triplet also reduced viability compared with IgG4 control, although differences
between IgG4- and bexmarilimab-containing combinations were not significant in
all comparisons (I: Fig. 5SA-B; Fig. 5C).

In primary AML/MDS samples, 5/18 AML and 2/4 MDS cases were ex vivo resistant
to venetoclax, and 3 samples were resistant to venetoclax/azacitidine. Bexmarilimab
sensitised blasts in 2/5 venetoclax-resistant AML samples and in 1/3 venetoclax/aza-
citidine-resistant samples, while further reducing blast viability in a minority of ve-
netoclax-sensitive cases. Monocyte-like and lymphocyte populations again showed
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variable responses, and treatment-group comparisons did not demonstrate consistent
significant differences (I: Fig. SD-E).

Finally, low-dose venetoclax (5 nM) reduced HLA-DR expression in 3/15 samples,
whereas venetoclax plus bexmarilimab increased HLA-DR expression in 4/15 sam-
ples, including one sample with marked venetoclax-induced downregulation (I: Fig.
5F). Taken together, these data indicate that short-term Clever-1 blockade did not
produce broad direct enhancement of cytotoxic drug responses ex vivo, but in se-
lected samples it modified antigen-presentation markers and was associated with
limited sensitisation to azacitidine- or venetoclax-containing treatment.

52 Bexmarilimab in Combination with Azacitidine
in AML and MDS ()

5.2.1 Patient Characteristics and Treatment Exposure

Patients with relapsed or refractory AML, frontline high-risk MDS, or MDS with no
response to hypomethylating agent treatment were enrolled in the phase I dose-esca-
lation part of the study of bexmarilimab in combination with azacitidine, with base-
line demographic and disease characteristics summarised in Manuscript II (II: Table

).

Treatment was delivered in 28-day cycles of standard-dose azacitidine with intrave-
nous bexmarilimab at escalating dose levels of 1.0, 3.0, or 6.0 mg/kg; treatment ex-
posure varied, with early discontinuation in some patients and ongoing multi-cycle
treatment at the time of data cut-off in others (II: Fig. 1; Fig. 2).

All treated patients were included in the safety population, and all 33 enrolled pa-
tients were evaluable for response in the reported analysis, whereas pharmacokinetic
and pharmacodynamic analyses were conducted according to sample availability, as
specified in the manuscript (II: Table 2; Fig. 2; Fig. 4).

522 Bexmarilimab Plus Azacitidine Demonstrates a Man-
ageable Safety Profile

Treatment-emergent adverse events (TEAEs) were recorded and graded according
to standard criteria in all treated patients (II: Table 2).

No dose-limiting toxicities were observed during dose escalation at any evaluated
dose level. TEAEs were common and were largely consistent with underlying
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disease and azacitidine-based therapy, with predominantly haematological and in-
fectious events, including cytopenias and infections of varying severity (II: Table 2).

Grade 3 and grade 4 TEAEs were frequent and mainly reflected haematological tox-
icity and infectious complications, whereas severe non-haematological events were
less common. A limited number of immune-related or infusion-related events were
reported, including rash, capillary leak syndrome, cryptogenic organising pneumo-
nia, infusion-related reaction, and one fatal haemophagocytic lymphohistiocytosis
event (II: Table 2; Table S3).

Serious adverse events were reported across dose levels and included infectious com-
plications, cytopenia-related events, and selected immune-related events. Treatment
discontinuations occurred due to adverse events in some patients and due to disease
progression, physician decision, patient decision, or allogeneic HSCT in others.
Three treatment-emergent deaths were reported, due to sepsis, neutropenic infection,
and haemophagocytic lymphohistiocytosis; the haemophagocytic lymphohistiocyto-
sis event was assessed as treatment-related and led to death (II: Fig. 1; Table 2; Table
S3).

5.2.3 Dose Escalation Identifies 6.0 mg/kg as the Recom-
mended Expansion Dose

Dose escalation proceeded sequentially with bexmarilimab at 1.0, 3.0, and 6.0 mg/kg
in combination with standard-dose azacitidine, with safety review prior to escalation
according to the predefined design (II: Fig. S1).

No dose-limiting toxicities were observed at any dose level. TEAEs occurred across
cohorts, without an obvious descriptive increase in severe events (II: Table 2; Table
S3).

Pharmacokinetic analyses showed increasing systemic exposure with dose escala-
tion, with minimal accumulation between cycles. Pharmacodynamic analysis
showed soluble Clever-1 target engagement in blood across all dose levels, with
more sustained engagement at 3.0 and 6.0 mg/kg than at 1.0 mg/kg (II: Fig. 4A—C).

On the basis of the absence of dose-limiting toxicities, the overall safety profile,
pharmacokinetic/pharmacodynamic data, and the highest remission rate observed at
6.0 mg/kg, this dose was selected as the recommended expansion dose for patients
with MDS with no response to hypomethylating agents (II).
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524 Clinical Responses Are Observed Across Dose Levels

Best overall responses were assessed according to standard criteria and are shown in
the patient-level swimmer plot and response summary (II: Fig. 2; Fig. S4).

Clinical activity was observed across dose levels, but responses were concentrated
in the MDS cohorts, whereas relapsed or refractory AML showed mainly stable dis-
ease and only infrequent objective responses. Because the phase 1 study did not in-
clude an azacitidine-only control arm, these responses cannot be attributed to
bexmarilimab on the basis of clinical response assessment alone. In high-risk MDS,
responses included complete remission, marrow complete remission, partial remis-
sion, and haematological improvement. In relapsed or refractory AML, objective re-
sponses were infrequent and comprised one complete remission with incomplete
haematological recovery and one partial remission, while stable disease was the most
common best response (II: Fig. 2; Fig. S4).

Responses occurred at 1.0, 3.0, and 6.0 mg/kg without a clear dose-dependent pattern
in conventional response categories. This distribution is consistent with the small
cohort sizes and the expectation that any contribution of bexmarilimab would be
more likely to appear through pharmacodynamic and immunological changes than
through a simple dose-response relationship in remission frequencies in phase 1.
Both responding and non-responding patients were present at each dose level, and
responses were documented in patients with high-risk mutational features and prior
treatment exposure (II: Table 1; Fig. 2; Table S2).

Interpretation of these clinical responses therefore relies not only on formal response
categories but also on longitudinal on-treatment biomarker changes. As described
below, soluble Clever-1 target engagement provides direct pharmacodynamic evi-
dence of bexmarilimab activity, while increased HLA-DR expression and changes
in bone marrow T-cell representation support on-treatment immune modulation dur-
ing combination therapy despite the absence of a 0 mg/kg comparator. Response
duration varied. Some responses were transient, whereas others were maintained
over multiple cycles; stable disease was noted in a subset without meeting formal
response criteria, and progressive disease occurred in others despite treatment (11
Fig. 2; Fig. S4).

525 Pharmacodynamic Evidence of Target Engagement

Pharmacodynamic analyses demonstrated binding of bexmarilimab to soluble
Clever-1 in blood and bone marrow. In blood, soluble Clever-1 target engagement
peaked shortly after the first administration and remained more sustained at the 3.0
and 6.0 mg/kg dose levels than at 1.0 mg/kg by the end of cycle 1. In bone marrow,
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binding to soluble Clever-1 was also detected at C1D28 across dose levels (II: Fig.
4C; Fig. S2B).

Relative Clever-1 expression on bone marrow monocytes and blasts did not change
significantly during treatment (II: Fig. S3).

5.2.6 Modulation of Antigen Presentation in Bone Marrow

Paired baseline and on-treatment bone marrow samples from a subset of patients
were analysed by flow cytometry at predefined time points to assess myeloid marker
expression during bexmarilimab plus azacitidine treatment (II: Fig. S3; Fig. S5).

Consistent with the ex vivo findings in primary AML and MDS samples, HLA-DR
expression on bone marrow—derived monocyte-like cells showed treatment-associ-
ated modulation, although the magnitude and timing of this change varied between
patients (I: Fig. 3; Fig. 4A; II: Fig. S3D). In the main article, HLA-DR upregulation
was reported in 14 of 19 evaluable patients. The increase in monocyte HLA-DR ex-
pression at C1D28 was significantly higher among responders than non-responders,
supporting an association between early antigen-presentation changes and clinical
response in this exploratory dataset (II: Fig. S3D; Fig. SSA-C).

HLA-DR upregulation was detected at multiple bexmarilimab dose levels, including
both lower doses and the recommended expansion dose. However, owing to limited
sample availability and small dose-level subgroups, these analyses were not powered
to establish definitive dose-dependent pharmacodynamic effects (II: Fig. S3; Fig.
S5).

5.2.7 Changes in Bone Marrow Immune Composition

Bone marrow immune composition was further assessed by flow cytometry in sam-
ples collected at screening and predefined on-treatment time points (II: Fig. S3; Fig.
S5). Clever-1 expression on bone marrow monocytes and blasts showed inter-patient
variability and did not demonstrate a uniform treatment-associated directional
change across all analysed patients (II: Fig. S3A-C).

Bone marrow lymphocyte analyses showed changes in CD4" and CD8* T-cell pop-
ulations during treatment. CD4* T-cell representation increased in some patients,
particularly at higher dose levels, and CD8* T-cell increases were more pronounced
at 6.0 mg/kg than at 1.0 mg/kg. These lymphocyte changes did not correlate clearly
with monocyte HLA-DR upregulation, suggesting that myeloid antigen-presentation
changes and T-cell compartment changes reflected partially distinct exploratory
pharmacodynamic readouts (II: Fig. S5).
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Responders had higher baseline bone marrow CD3" T-cell numbers than non-re-
sponders, indicating that the pre-existing immune composition of the marrow may
have influenced treatment responsiveness. Overall, the exploratory flow-cytometry
analyses support on-treatment modulation of the bone marrow immune compart-
ment, particularly involving monocyte HLA-DR expression and T-cell representa-
tion, but interpretation is limited by small sample numbers and inter-patient hetero-
geneity (II: Fig. S5).

5.2.8 Exploratory Associations with Clinical Response

Exploratory analyses linking immune phenotyping to best overall response were de-
scriptive and restricted to patients with evaluable paired samples, with interpretation
limited by sample size and material availability (II: Fig. S3-S5).

HLA-DR expression on bone marrow monocytes increased in a subset of patients
and was significantly higher at C1D28 in responders than non-responders, although
the small sample size and inter-patient variability preclude defining a reproducible
response threshold (II: Fig. S3D; Fig. S5C).

Changes in bone marrow lymphocyte populations were heterogeneous and did not
correlate clearly with monocyte HLA-DR upregulation. Nevertheless, responders
showed higher baseline bone marrow CD3* T-cell numbers than non-responders, in-
dicating that the pre-existing immune composition of the marrow may have contrib-
uted to treatment responsiveness in this exploratory analysis (II: Fig. S5). Because
paired sample availability was limited and the study did not include a pre-treatment
observation phase, these findings should be interpreted as hypothesis-generating ra-
ther than as definitive evidence of treatment-induced immune remodelling.

5.3 Clever-1 is associated with mitochondrial lipid
handling and respiratory fithess in AML cells

(Il

5.3.1 Clever-1 Is Expressed in AML Cell Lines and Supports
Bexmarilimab Internalisation

Clever-1 expression was heterogeneous across AML cell lines at both surface and
total protein levels, with KG-1 displaying the highest overall abundance in the ana-
lysed models (I: Fig. 1A; III: Fig. 1A). Together with the findings from Manuscript
I, this supported the selection of KG-1 cells as the principal model for mechanistic
studies in Manuscript III.
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Bexmarilimab bound surface Clever-1 and showed temperature-dependent internal-
isation in KG-1 cells. At 4 °C, antibody staining remained confined to the plasma
membrane, whereas after a shift to 37 °C for 30 min the signal redistributed to intra-
cellular compartments, consistent with receptor-mediated uptake (III: Fig. 1B).

Clever-1 blockade induced early transcriptional reprogramming. Bulk RNA se-
quencing of KG-1 cells exposed to bexmarilimab for 24 h identified 41 differentially
expressed transcripts (adjusted p < 0.05), including upregulation of genes encoding
mitochondrial import, translation, and respiratory chain components (TOMM?7,
MRPLI12, HSPE1, NDUFB2, COX6A1, ATP5IF1) (III: Fig. 1C). Gene set enrich-
ment analysis demonstrated enrichment of oxidative phosphorylation, hypoxia, and
adipogenesis pathways at this timepoint (III: Fig. 1C).

At 48 h, few individual transcripts remained significantly altered; however, pathway-
level analysis revealed downregulation of oxidative phosphorylation, fatty acid me-
tabolism, and reactive oxygen species signatures (IIl: Fig. 1D), suggesting a time-
dependent shift from early enrichment of oxidative phosphorylation-related pro-
grammes at 24 h to later suppression of oxidative and lipid metabolic signatures at
48 h.

5.3.2 Clever-1 Associates with Mitochondrial Compartments
and Protein Complexes in AML Cells

The rationale for examining mitochondrial association was not based on transcrip-
tional changes alone. In KG-1 cells, Clever-1 was internalised after antibody engage-
ment, and bexmarilimab treatment produced early changes in mitochondrial tran-
scriptional programmes. In addition, subsequent protein-interaction analyses identi-
fied mitochondrial-associated candidates among Clever-1-linked proteins. Mito-
chondrial association was therefore interpreted as a specific, model-based finding in
KG-1 cells rather than as a presumed canonical localisation pattern of Clever-1.

Super-resolution Airyscan microscopy demonstrated partial spatial overlap between
Clever-1 and mitochondrial structures in KG-1 cells. Clever-1 appeared as discrete
intracellular puncta, a subset of which colocalised with the inner mitochondrial
membrane marker SLC25A10 (III: Fig. 2A).

Three-dimensional segmentation and proximity analysis showed that approximately
one-third of mitochondria contained at least one Clever-1-positive punctum, whereas
such overlap was infrequent in isotype control samples; this difference was con-
sistent across imaging replicates (III: Fig. 2B). These findings indicate partial asso-
ciation of Clever-1-positive intracellular structures with mitochondria in KG-1 cells
rather than uniform redistribution of total cellular Clever-1 to mitochondria.
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Immunoelectron microscopy provided ultrastructural support for this association.
Gold-labelled Clever-1 signal was detected adjacent to or in association with mito-
chondria, and quantitative analysis across transmission electron microscopy fields
demonstrated a higher proportion of mitochondria associated with Clever-1 labelling
compared with control antibody staining (I1I: Fig. 2C).

Respiratory chain organisation was selectively altered following bexmarilimab treat-
ment. Conventional SDS—PAGE of enriched mitochondrial fractions showed no de-
tectable changes in steady-state levels of individual oxidative phosphorylation sub-
units across duplicate experiments, whereas Blue Native PAGE revealed a subtle but
reproducible reduction in respiratory chain complex IV assembly and its dimeric
form (IV2); other complexes did not show uniform alterations (III: Fig. 2D-E).

Together, these imaging, ultrastructural, and mitochondrial fractionation findings
support a partial association between Clever-1-positive intracellular structures and
mitochondrial organisation in KG-1 cells, accompanied by selective alteration of
respiratory chain complex IV assembly following bexmarilimab treatment.

5.3.3 Clever-1 Blockade Modulates the Clever-1 Interac-
tome and Mitochondrial-Associated Protein Com-
plexes in AML Cells

Co-immunoprecipitation followed by mass spectrometry was used to examine
whether bexmarilimab treatment altered Clever-1-associated protein complexes in
KG-1 cells. Using the anti—Clever-1 antibody 9-11 for pulldown, several proteins
showed altered recovery after bexmarilimab treatment compared with isotype-
treated controls (III: Fig. 3A; Supplementary Table 1).

Western blot validation of repeated 9—11 pulldowns confirmed reduced recovery of
Clever-1, ATAD3, and IMPDH? after bexmarilimab treatment, while input lysates
and isotype pulldowns served as controls (III: Fig. 3B). These findings identified
ATAD?3 and IMPDH2 as mitochondrial-associated candidates whose recovery with
Clever-1 was altered following bexmarilimab exposure.

Reciprocal pulldown experiments yielded a distinct pattern. Biotinylated ATAD3
and IMPDH?2 antibodies recovered increased amounts of Clever-1 from bexmarili-
mab-treated cells relative to controls, with the effect more pronounced in ATAD3
pulldowns and greater variability observed for IMPDH2 (III: Fig. 3C). This opposing
pattern is compatible with bexmarilimab modifying the detectable association be-
tween Clever-1 and these proteins, potentially through altered complex organisation
or altered epitope availability.
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Subcellular fractionation further showed that total Clever-1 levels were reduced in
whole-cell lysates following bexmarilimab treatment, whereas mitochondrial
Clever-1 abundance remained unchanged. Mitochondrial ATAD3 levels were simi-
larly unaffected (III: Fig. 3D). As part of fraction purity/control analyses, western
blot validation supported enrichment of mitochondrial fractions and limited contam-
ination from non-mitochondrial compartments, with enrichment of the mitochon-
drial marker ATAD3A and absence of detectable GAPDH in isolated mitochondria.
These blots also included detection of Clever-1 and human IgG/IgG4 to assess pos-
sible antibody carryover into the mitochondrial fraction. In this analysis, 1gG4/
bexmarilimab signal was not detected in isolated mitochondrial fractions, indicating
that the mitochondrial-associated Clever-1 findings were not explained by detectable
antibody accumulation within the mitochondrial fraction.

Bexmarilimab treatment was therefore associated with reproducible changes in
Clever-1-associated protein recovery, including ATAD3 and IMPDH2, without con-
sistent changes in mitochondrial ATAD3 abundance or depletion of the mitochon-
drial Clever-1 pool (IIl: Fig. 3A-D; Supplementary Table 1). Together with the mi-
croscopy and fractionation data, these findings support the interpretation that Clever-
1-associated trafficking intersects with mitochondrial-associated protein complexes
in KG-1 cells.

5.3.4 Clever-1 Blockade Reduces Lipoprotein-Derived Lipid
Trafficking to Mitochondria in AML Cells

Bexmarilimab reduced scavenger receptor—-mediated acLDL uptake in KG-1 cells.
Following antibody treatment and pulsing with fluorescent acLDL, whole-cell flow
cytometry demonstrated decreased uptake compared with isotype control, although
the magnitude varied between experiments (III: Fig. 4A).

The reduction was more pronounced in mitochondria-enriched fractions. acLDL-as-
sociated fluorescence in mitochondrial isolates was lower in bexmarilimab-treated
cells than in controls, exceeding the relative decrease observed at the whole-cell level
and indicating impaired trafficking of lipoprotein-derived material to mitochondria
(IT: Fig. 4A).

Targeted lipidomic profiling of isolated mitochondria showed preservation of overall
lipid class distribution, with phosphatidylcholines and phosphatidylethanolamines
remaining predominant in both groups. However, differential analysis identified
modest but reproducible reductions in selected mitochondrial phosphatidylcholine
and phosphatidylethanolamine species following bexmarilimab treatment (III: Fig.
4B-C; Supplementary Fig. 2). Changes varied between replicates and were not uni-
form across all detected species.
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Mitochondrial mass and receptor availability remained stable under these conditions.
MitoView 640 staining did not show consistent alterations in total mitochondrial
content, and bexmarilimab did not abolish acLDL surface binding or uniformly re-
duce surface Clever-1 levels (Supplementary Fig. 3).

5.3.5 Clever-1 Blockade Impairs Mitochondrial Respiratory
Capacity in AML Cell Lines with High Baseline Oxida-
tive Metabolism

To assess whether the trafficking- and lipid-associated effects of Clever-1 blockade
were accompanied by functional changes in mitochondrial performance, mitochon-
drial respiration was analysed across AML cell lines with differing baseline meta-
bolic states. Given that the preceding findings indicated altered intracellular routing
and mitochondrial-associated phenotypes rather than immediate uniform cytotoxi-
city, any respiratory consequences were expected to be model-dependent and poten-
tially more pronounced in cell lines with higher baseline oxidative metabolism.

Extracellular flux analysis demonstrated marked heterogeneity in baseline mitochon-
drial respiration across AML cell lines. Basal oxygen consumption rate (OCR), max-
imal respiratory capacity, and spare respiratory capacity varied substantially between
models (III: Fig. 5A). Given the limited number of cell lines analysed, no firm con-
clusions could be drawn regarding associations with French—American—British clas-
sification, recurrent mutational status, or Clever-1 expression.

Bexmarilimab reduced mitochondrial respiratory parameters in multiple cell lines,
with model-dependent magnitude. KG-1 cells showed consistent decreases in basal
OCR, FCCP-stimulated maximal respiration, and spare respiratory capacity com-
pared with isotype controls across independent experiments (III: Fig. 5B). HL-60
and other lines with relatively high baseline oxidative metabolism exhibited qualita-
tively similar but more variable reductions.

Baseline metabolic state related to the magnitude of response. Across cell lines, un-
treated baseline OCR inversely correlated with the degree of bexmarilimab-induced
suppression of maximal respiration, indicating greater reductions in models with
higher baseline oxidative activity (III: Fig. 5C). In contrast, cell lines with lower
baseline oxidative metabolism displayed smaller or inconsistent changes.
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5.3.6 Clever-1 Blockade Alters Mitochondrial Ultrastructure
and Increases Mitochondrial Dysfunction Under Meta-
bolic Stress

Transmission electron microscopy revealed treatment-associated alterations in mito-
chondrial ultrastructure in selected AML cell lines. In HL-60 cells, isotype-treated
mitochondria were predominantly elongated with electron-dense matrices and or-
ganised cristae, whereas bexmarilimab-treated cells more frequently displayed
small, rounded mitochondria with reduced matrix density and disrupted cristae. Con-
centric multilamellar cristae and vacuolar structures containing mitochondrial rem-
nants were observed selectively following bexmarilimab treatment (I1I: Fig. 6A).

Quantitative segmentation confirmed these structural changes in HL-60 cells.
Bexmarilimab treatment reduced average mitochondrial area and electron-dense
(filled) area, indicating altered internal architecture, with variability between indi-
vidual mitochondria (III: Fig. 6B). In contrast, MOLM-13 and KG-1 cells did not
show consistent changes in mitochondrial size or filled area under standard culture
conditions (III: Fig. 6C).

Mitochondrial dysfunction under metabolic stress increased following Clever-1
blockade. In KG-1 cells cultured in complete medium, bexmarilimab modestly in-
creased the proportion of mitochondria with reduced membrane potential; this effect
was amplified under glucose- and glutamine-restricted conditions and further en-
hanced in minimal medium supplemented with lipid-depleted serum (III: Fig. 6D).

Total mitochondrial mass remained comparable between treatment groups across
conditions, indicating that altered membrane potential reflected functional impair-
ment rather than reduced mitochondrial abundance. Cell viability did not show uni-
form reductions attributable to treatment within the analysed timeframe.

Overall, these results show that Clever-1 blockade is associated with ultrastructural
mitochondrial changes in selected AML models and increased mitochondrial dys-
function under nutrient-restricted and lipid-depleted conditions (III: Fig. 6).

5.1
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§) Discussion

6.1 Clever-1 Expression in AML and MDS Reflects
Differentiation State, Immune Context, and
Disease Conditioning

Clever-1, traditionally described as a marker of specialised endothelial and macro-
phage compartments, was also detected in malignant myeloid populations in AML
and MDS. This expands the relevance of Clever-1 beyond the microenvironment
alone and suggests that the receptor may also be present in leukaemic progenitors,
blasts, and differentiated myeloid derivatives.

The findings support the interpretation that Clever-1 expression reflects myeloid
state rather than a disease-defining feature. AML and MDS develop in a marrow
environment shaped by differentiation, immune composition, stromal interactions,
and treatment pressure (Lamble et al., 2020; Sallman et al., 2020; Guo et al., 2021).
Across cancers, myeloid populations are also increasingly understood as dynamic
immunoregulatory states rather than fixed cell types (Dou & Fang, 2021; Locati et
al., 2020). In this context, the distribution of Clever-1 in AML and MDS is consistent
with differentiation-linked regulation. Surface-detected Clever-1 was higher in mon-
ocyte-like populations and lower, more variable, or mainly intracellular in blast pop-
ulations. Importantly, enrichment in mature myeloid fractions does not necessarily
indicate a reactive, non-malignant origin, because genetically abnormal haematopoi-
esis can extend beyond blasts into differentiated compartments (Fernandez et al.,
2013; Yokoyama et al., 2018; Hasserjian et al., 2020; Dillon et al., 2021). Clever-1-
high monocyte-like cells may therefore include malignant or clonally related prog-
eny that have undergone monocytic differentiation.

This differentiation-linked pattern was also visible at cohort level. Clever-1 was en-
riched in AML with monocytic differentiation, particularly FAB M4 to M5, com-
pared with less differentiated AML and MDS, although substantial patient-to-patient
variability remained. Similar signals in BEAT-AML and TCGA-LAML, together
with the report by Yin et al. (2025), support the view that STABI and Clever-1 en-
richment is reproducible in monocytic AML, but not exclusive to this lineage. Ex-
ploratory associations with mutation status should be interpreted cautiously. Protein-
level trends toward higher expression in FL73- or NPM1-mutated samples were not
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consistently mirrored at the transcript level in public datasets. This is not unexpected,
because transcript abundance and protein expression do not always correlate directly
in heterogeneous clinical samples. More broadly, transcriptomic approaches can re-
fine AML stratification by capturing disease-state and expression-level information
that is not fully represented by recurrent mutation status alone (Docking et al., 2021).
Overall, the data argue against a simple mutation-driven model. Instead, Clever-1
expression appears to be shaped by differentiation state, disease stage, prior thera-
pies, supportive medications, cytokine environment, and sampling conditions. Ge-
netic associations should therefore be treated as context-dependent observations that
require prospective cohorts with structured clinical annotation.

Immune composition provides a second layer of interpretation. Total Clever-1 ex-
pression showed an inverse association with lymphocyte proportion in aspirated
marrow, suggesting that Clever-1-high samples tended to be relatively lymphocyte
poor, independently of blast percentage. This does not prove immune suppression.
Aspirate-derived proportions do not show spatial immune organisation, stromal
niches, or functional immune states, and they can be affected by dilution and sam-
pling variability. However, the association is consistent with observations from other
Clever-1 blockade settings, where immune effects depend on baseline inflammatory
state and multicellular interaction rather than following one uniform pathway across
tissues (Rannikko et al., 2024; Rannikko et al., 2025).

A further finding across the thesis is that surface Clever-1 does not necessarily reflect
the total receptor pool. In primary samples, surface staining is a practical readout,
but it likely captures only the detectable extracellular fraction of the receptor. AML
cell-line experiments showed that a substantial intracellular Clever-1 pool can be
present even when surface expression and STABI mRNA are low. This is consistent
with the known biology of Clever-1 as a receptor that cycles between the plasma
membrane and endolysosomal compartments in macrophages (Kzhyshkowska et al.,
2004a; Palani et al., 2011). Baseline surface Clever-1 is therefore unlikely to work
as a standalone predictive biomarker. It is better interpreted together with cellular
state, receptor trafficking, and pharmacodynamic evidence of target engagement.

Functionally, Clever-1 blockade did not produce uniform cytotoxicity in AML and
MDS aspirate cultures. The effects were more consistent with modulation of cellular
state, including changes in HLA-DR expression in antigen-presenting myeloid com-
partments and heterogeneous cytokine responses. This supports the interpretation
that Clever-1 targeting primarily affects myeloid phenotype and immune-related sig-
nalling rather than acting as a direct cytotoxic intervention. In addition, NF-kappaB
reporter experiments showed dose-dependent activation that was reduced by a com-
peting recombinant Clever-1 fragment, supporting target-related engagement in at
least some AML contexts. Recent AML-focused work has also linked STAB! to ca-
nonical IKK and NF-kappaB activity and leukaemic-cell behaviour (Yin et al.,
2025).
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The ex vivo drug-combination findings further support a context-dependent interpre-
tation. Clever-1 blockade modified responses to azacitidine and venetoclax in a het-
erogeneous manner, with effects most evident in selected samples and resistant con-
texts. These findings should not be interpreted as a uniform sensitising effect. Hypo-
methylating agents can reshape interferon-linked programmes and marrow immune
interactions (Ku et al., 2021; Kogan et al., 2022; Kordella et al., 2021; Daver et al.,
2019), and therefore Clever-1-associated readouts are best understood within a ther-
apy-conditioned immune environment rather than as fixed disease traits.

Two limitations are important. First, the analyses were based mainly on aspirate
samples and did not show where Clever-1-positive cells were located within intact
bone marrow tissue. Second, the monocyte-like cells analysed by flow cytometry
could not be definitively classified as malignant or non-malignant. The data therefore
support treatment-associated changes in Clever-1-expressing myeloid cells, but they
do not define the exact cellular origin of these cells or prove spatial remodelling of
the marrow niche.

Taken together, Clever-1 expression in AML and MDS appears to reflect differenti-
ation state, immune composition, and prior therapy rather than baseline surface abun-
dance alone. Clinical interpretation should therefore focus not only on whether
Clever-1 is detectable at baseline, but also on whether receptor engagement produces
measurable pharmacodynamic changes in myeloid cells and whether the surrounding
immune compartment is capable of responding to such modulation. In this setting,
target engagement may be demonstrable even when baseline expression does not
clearly predict response.

6.2 Clever-1 Blockade Engages the Target and
Modulates Myeloid State in AML/MDS, but
Clinical Benefit Is Disease- and Immune-
Context Dependent

The findings in the clinical cohort extend the expression data discussed in Section
6.1 into an in vivo treatment setting. The central questions were whether Clever-1
could be engaged during azacitidine-based therapy, and whether target engagement
was accompanied by measurable changes in myeloid phenotype or clinical response.

Clinical activity was heterogeneous and appeared to depend more on disease context
than on dose alone. Responses were observed across dose levels without a clear co-
hort-level dose response gradient. Benefit was most evident in high-risk MDS, in-
cluding HMA-failed disease, whereas responses in relapsed or refractory AML were
limited. Responses in MDS were also observed in patients with adverse molecular
features, including 7P53 mutations, a marker of high-risk disease biology in MDS
(Bernard et al., 2020), while AML responders did not cluster into a single genetic
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subgroup. These findings show that target engagement can be achieved, but clinical
benefit is not uniform. They are compatible with the interpretation that disease biol-
ogy and immune context influence benefit more strongly than baseline target abun-
dance. However, subgroup sizes were small and the study was not powered for dis-
ease-stratified comparisons. The apparent enrichment of benefit in MDS, including
TP53-mutated disease, should therefore be treated as hypothesis-generating and re-
quires validation in larger, prospectively stratified cohorts.

Baseline marrow Clever-1 expression did not correlate with response, and relative
marrow expression did not show a consistent on-treatment shift. Clever-1 expression
was highest in monocytes and was also detectable in CD34+ blast compartments,
particularly in relapsed or refractory AML. However, baseline cellular expression
levels did not separate responders from non-responders. This argues against using
baseline surface Clever-1 as a standalone predictive biomarker and supports the in-
terpretation in Section 6.1 that surface detectability does not necessarily represent
the total receptor pool. By contrast, baseline immune composition appeared more
informative. Higher baseline lymphocyte counts were associated with response,
whereas blast count was not. This association does not prove causality and may be
affected by marrow failure, sampling variability, and disease stage. Nevertheless, it
supports the idea that clinical benefit may require an available adaptive immune
compartment in addition to target expression.

Target engagement was demonstrated independently of baseline surface expression.
Bexmarilimab binding to soluble Clever-1 in blood and bone marrow plasma was
detected across dose levels and was sustained at higher doses. This provided an in
vivo readout of target engagement that did not rely only on flow-cytometric meas-
urement of cellular surface Clever-1. In parallel, receptor occupancy on circulating
CD14+ monocytes showed cell-associated target coverage in a disease-relevant my-
eloid compartment. Together, these findings indicate that Clever-1 engagement was
achieved in vivo even though baseline cellular expression did not predict response.

Downstream myeloid modulation was detectable but variable, in keeping with the
state-linked framework outlined in 6.1. In Manuscript I, ex vivo bexmarilimab treat-
ment increased HLA-DR expression in a subset of AML and MDS bone marrow
samples, rather than uniformly across the cohort. In Manuscript 11, paired marrow
analyses during bexmarilimab plus azacitidine treatment also showed variable HLA-
DR modulation on monocyte-like myeloid populations. HLA-DR increases were ob-
served in some patients, including patients with MDS, but similar changes were not
sufficient to define a reproducible responder threshold. Paired marrow availability
was limited and sampling kinetics varied between individuals and dose levels, which
constrains interpretation of dose-response relationships, durability, and temporal or-
dering relative to clinical response.
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The biological meaning of HLA-DR modulation should be interpreted cautiously.
HLA class Il regulation is relevant in AML immune escape and therapeutic response.
Relapse after allogeneic transplantation has been linked to CIITA-dependent down-
regulation of HLA class II transcriptional programmes, consistent with immune eva-
sion through impaired antigen presentation (Toffalori et al., 2013). Conversely, phar-
macological induction of APC-like programmes in AML models, including LSD1
inhibition, has been associated with CI/T4 and HLA-DR upregulation and with in-
creased immune killing in antigen-specific co-culture assays (Yan et al., 2023).
These studies provide a useful reference point for interpreting HLA-DR changes. In
the present clinical study, functional antigen-presentation assays were not per-
formed. Therefore, HLA-DR increases should be interpreted as evidence of myeloid
state modulation, not as direct proof of improved antigen presentation.

Attribution is also complicated by the azacitidine backbone. Azacitidine can dere-
press endogenous retroelements, activate interferon-linked programmes, and modu-
late checkpoint pathways (Ku et al., 2021; Kogan et al., 2022; Kordella et al., 2021;
Daver et al., 2019). Immune and myeloid changes during combination therapy there-
fore likely reflect joint effects of azacitidine and Clever-1 blockade. In this thesis,
the pharmacodynamic findings are interpreted as supportive but not response-defin-
ing. Exploratory analyses did not identify a single baseline or on-treatment marker
that reliably separated responders from non-responders. HLA-DR increases were
more frequent among responders but also occurred in some non-responders, and no
response-defining threshold emerged. Peripheral blood immune-cell counts also var-
ied without a consistent pattern. In marrow diseases, such counts are shaped by mar-
row failure, treatment effects, and disease kinetics (Lamble et al., 2020).

This caution is consistent with the broader immune context of azacitidine-treated
AML and MDS. Hypomethylating agents can activate interferon-linked and other
immune pathways, but they can also induce inhibitory programmes. They should
therefore be viewed as bidirectional immunomodulators rather than uniformly acti-
vating partners (Wolff et al., 2017; Daver et al., 2018). AML also uses several mye-
loid-inhibitory pathways beyond Clever-1, including VISTA and LILRB4 (Deng et
al., 2018; Pagliuca et al., 2022; Mo et al., 2023; Li & Zhao, 2024). In this setting, it
is unlikely that one pharmacodynamic marker would uniformly predict response to
Clever-1 blockade. Interpretation should therefore be anchored to direct target en-
gagement, target-expressing myeloid compartments, and disease context rather than
to bulk peripheral blood counts alone.

From a safety perspective, the combination was manageable in this early-phase set-
ting. There was no signal for widespread immune-related toxicity, although cohort
size and follow-up limit conclusions about rare adverse events and long-term toler-
ability. This safety profile is relevant in the broader field of macrophage-checkpoint
therapeutics. CD47-directed strategies, for example, have been associated with on-
target haematological toxicities, especially anaemia and, in some settings,
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thrombocytopenia, reflecting broad CD47 expression on normal blood cells.
Bexmarilimab plus azacitidine did not show dose-limiting toxicities in this phase 1
study, although immune-related serious adverse events were observed in a small
number of patients. These observations do not allow direct comparison across pro-
grammes, but they support continued evaluation of Clever-1 blockade as a macro-
phage-directed immunotherapeutic strategy.

Several limitations affect interpretation. Aspirate-derived measurements do not
show spatial niche organisation or functional immune architecture in intact marrow
tissue. Paired on-treatment marrow sampling was incomplete and varied between
patients. Correlative pharmacodynamic markers do not establish causal order be-
tween target engagement, myeloid modulation, and response. In addition, disease
phase, prior treatment, and supportive medications can all shape immune tone and
cellular composition. These limitations do not negate the observed target engage-
ment or myeloid state changes, but they limit mechanistic and biomarker conclu-
sions.

A restrained clinical interpretation is therefore that Clever-1 blockade achieves
measurable target engagement in vivo and can produce reproducible but heterogene-
ous myeloid phenotypic modulation during azacitidine-based therapy. Clinical ben-
efit was disease- and immune-context dependent, with the strongest activity ob-
served in high-risk MDS and limited responses in relapsed or refractory AML. Base-
line marrow Clever-1 expression did not stratify response, whereas baseline lympho-
cyte counts and detectable myeloid state changes appeared to associate with benefit.
Larger cohorts with prospective disease stratification and functional immune
readouts will be needed to define predictive markers and causal mechanisms in this
treatment setting.

6.3 Leukaemia Cell Intrinsic Clever-1 Regulates
Trafficking-Linked Lipid Handling and
Constrains Mitochondrial Adaptability

In AML models, Clever-1 also appears to function within leukaemic cells. This is
important because Clever-1 has traditionally been discussed mainly as a macrophage
and endothelial scavenger receptor. The findings in Manuscript III suggest that, in
selected AML cells, the same receptor architecture may influence intracellular cargo
routing and mitochondrial fitness.

The first requirement for this interpretation is that Clever-1 engagement is not re-
stricted to the cell surface. In KG-1 cells, bexmarilimab was internalised at 37 °C
but not at 4 °C, supporting active uptake after antibody binding. This is consistent
with Clever-1 functioning as an endocytic trafficking receptor also in AML cells.
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The early transcriptional response after bexmarilimab treatment was modest, but
pathway analysis showed changes in oxidative phosphorylation and lipid metabo-
lism related signatures. These changes do not prove a direct linear pathway from
Clever-1 binding to mitochondrial dysfunction, but they supported further analysis
of mitochondrial and lipid-associated phenotypes.

Several findings support a partial association between Clever-1-positive intracellular
structures and mitochondria, rather than canonical mitochondrial localisation of
Clever-1. Super-resolution imaging showed that a subset of mitochondrial profiles
was associated with Clever-1-positive puncta, and immunoelectron microscopy sup-
ported mitochondrial-proximal Clever-1 labelling. In parallel, bexmarilimab treat-
ment reduced assembly of respiratory-chain complex IV and its dimeric form, while
steady-state levels of individual oxidative phosphorylation subunits were not con-
sistently changed. These findings point to localised changes in mitochondrial organ-
isation rather than global respiratory-chain loss or widespread mitochondrial col-
lapse.

Interaction profiling provided additional support, although it remains correlative.
ATAD3 and IMPDH2 were identified among proteins whose association with
Clever-1 changed after bexmarilimab exposure. Subcellular fractionation added an
important control: total Clever-1 decreased in whole-cell lysates, whereas mitochon-
drial Clever-1 abundance was maintained, and IgG4/bexmarilimab signal was not
detected in isolated mitochondrial fractions. This makes antibody carryover into mi-
tochondria unlikely. The data therefore support a model in which Clever-1 engage-
ment changes protein interaction patterns that include mitochondrial-associated part-
ners, rather than a model in which intact bexmarilimab accumulates in mitochondria.

The lipid-trafficking data are consistent with altered routing of lipoprotein-derived
cargo. Bexmarilimab reduced acLDL uptake and caused a stronger reduction of
acLDL-associated signal in mitochondria-enriched fractions than at the whole-cell
level. Mitochondrial mass was not consistently reduced, and acLDL surface binding
was not abolished. These findings argue against mitochondrial loss or complete re-
ceptor blockade as the main explanation. Instead, they support altered delivery of
lipoprotein-derived material toward mitochondria. Mitochondrial lipidomics showed
modest reductions in selected phosphatidylcholine and phosphatidylethanolamine
species, while overall lipid-class distribution remained largely comparable. This sug-
gests a focused change in mitochondrial membrane lipid composition rather than
broad lipid depletion.

The functional effects were model-specific. AML cell lines differed substantially in
baseline respiration, and this variation was not clearly explained by FAB subtype,
recurrent mutations, or surface Clever-1 expression. Bexmarilimab most consistently
reduced respiration in cells with higher baseline oxidative activity, particularly KG-
1, whereas lower-respiring models showed weaker or more variable responses. Thus,
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the data support a context-dependent mitochondrial vulnerability rather than uniform
metabolic shutdown or acute cytotoxicity across AML models.

Structural readouts also showed model dependence. HL-60 cells displayed mito-
chondrial ultrastructural changes after bexmarilimab exposure, including smaller
and more rounded mitochondria with altered internal architecture. In contrast,
MOLM-13 and KG-1 cells did not show consistent ultrastructural changes under nu-
trient-replete conditions. This indicates that the morphological phenotype is not uni-
versal across AML models. The previously reported sensitivity of HL-60 mitochon-
dria to mitochondrial stress provides a possible context for why this cell line showed
the clearest ultrastructural response (Mondet et al., 2021).

Nutrient and serum context further supported a stress-dependent phenotype rather
than constitutive mitochondrial failure. In KG-1 cells, bexmarilimab produced only
modest changes in complete medium, whereas nutrient restriction increased the pro-
portion of mitochondria with reduced membrane potential, particularly under condi-
tions using human serum or lipid-depleted human serum. Mitochondrial mass re-
mained largely unchanged, indicating impaired mitochondrial function rather than
loss of mitochondrial content.

This stress-dependent phenotype is relevant to the marrow niche, where lipid avail-
ability is shaped by stromal and adipocyte interactions rather than by a neutral culture
environment. Bone marrow adipocytes regulate haematopoiesis and leukaemic sur-
vival, AML blasts can promote adipocyte lipolysis, and adipocyte-rich environments
can support fatty-acid oxidation linked survival programmes (Cuminetti & Arranz,
2019; Shafat et al., 2017; Tabe et al., 2018; Matsushita et al., 2022). In such settings,
altered routing of lipoprotein-derived cargo and selective changes in mitochondrial
membrane lipids could influence cellular fitness, although direct in vivo relevance
remains to be demonstrated.

A direct biochemical route from Clever-1 trafficking to respiratory dysfunction was
not established. Cholesterol handling therefore remains a plausible but unproven
mechanism. Mitochondrial cholesterol accumulation can impair respiratory effi-
ciency in other systems (Mari et al., 2006; Fernandez et al., 2009; Torres et al., 2017),
but mitochondrial cholesterol was not directly quantified in Manuscript III. There-
fore, cholesterol-mediated effects cannot be claimed as causal. More cautiously, the
combined findings support the possibility that altered lipid routing contributes to
changes in mitochondrial organisation and function.

The interpretation is also limited by the experimental system. Monoculture models
do not reproduce spatial lipid gradients, stromal interactions, or adipocyte—blast
crosstalk in vivo. In addition, steady-state lipidomics does not measure lipid flux or
define enzymatic causality. The data therefore show altered mitochondrial
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vulnerability under controlled experimental conditions, but they do not establish
quantitative lipid utilisation or cholesterol trafficking in vivo.

Across this thesis, Clever-1 emerges as a state-linked myeloid receptor with rele-
vance in both non-malignant and malignant compartments. In patient material,
Clever-1 blockade achieved target engagement and was associated with variable my-
eloid phenotypic modulation during azacitidine-based therapy. In AML cell models,
Clever-1 engagement intersected with intracellular trafficking of lipoprotein-derived
cargo and with selected aspects of mitochondrial organisation and stress-adaptive
performance. Taken together, these findings support a model in which Clever-1 con-
tributes to immune restraint in the myeloid compartment and to metabolic adaptabil-
ity in leukaemic cells. This provides a framework for understanding how Clever-1
targeting may affect both immune regulation and metabolic vulnerability in myeloid
malignancies, as summarised in Figure 5.
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Immune activation

Metabolic disruption

95



Figure 5. Proposed working model of the dual effects of Clever-1 inhibition in myeloid ma-
lignancies. Clever-1 blockade is proposed to act through two complementary, context-dependent
mechanisms. In immunoregulatory myeloid cells, Clever-1 inhibition can promote a shift toward a
more inflammatory and antigen-presentation-associated phenotype, supporting adaptive immune
activation. In leukaemic cells, Clever-1 targeting affects intracellular trafficking pathways linked to
lipid handling and mitochondrial organisation. These effects are most evident under metabolic
stress conditions and may expose mitochondrial vulnerabilities in selected AML contexts. lllustra-
tion created with BioRender.
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14 Summary

Acute myeloid leukaemia (AML) and myelodysplastic syndromes (MDS) are
characterised by therapy resistance and relapse risk, reflecting immune dysfunction
within the bone-marrow niche and the metabolic adaptability of malignant myeloid
cells. This thesis establishes the biological and clinical relevance of the scavenger
receptor Clever-1 (STABI) in myeloid malignancies and evaluates therapeutic tar-
geting with the anti—Clever-1 antibody bexmarilimab.

Clever-1 was consistently detected in malignant myeloid populations in AML
cell lines and primary AML/MDS samples, including leukaemic blasts and CD34+
progenitors, with marked inter-patient heterogeneity. Expression was enriched in
AML with monocytic differentiation (FAB M4-M5) compared with less differenti-
ated AML and MDS, a pattern reproduced in independent transcriptomic cohorts.

Exvivo Clever-1 blockade did not induce uniform cytotoxicity but promoted my-
eloid phenotypic modulation, most notably HLA-DR upregulation in antigen-pre-
senting monocyte-like populations, and modified responsiveness to azacitidine and
venetoclax in selected resistant settings. In a phase I/II clinical study with bexmaril-
imab treatment combined with azacitidine, the regimen demonstrated a manageable
safety profile without dose-limiting toxicities and achieved sustained in vivo target
engagement, evidenced by high receptor occupancy on circulating CD14+ mono-
cytes and shifts away from an immunoregulatory phenotype. Clinical responses oc-
curred across dose levels in high-risk MDS and relapsed/refractory AML, with ac-
tivity associated with baseline immune composition rather than blast burden.

Mechanistically, we identify a previously unrecognised intracellular trafficking
axis whereby AML cell-intrinsic Clever-1 translocates from the cell surface to mi-
tochondrial compartments and regulates delivery of modified lipoprotein-derived
cargo. Disruption of this pathway reduced mitochondrial lipid incorporation, im-
paired complex IV assembly, and diminished respiratory capacity, particularly in
models reliant on mitochondrial energy metabolism and under lipid-restricted con-
ditions. Collectively, this PhD thesis establishes Clever-1 as a context-dependent
immunometabolic regulator in malignant myeloid cells and justifies continued clin-
ical development of Clever-1—targeted therapy in myeloid malignancies.
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