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ABSTRACT 

Cancer immunotherapy enhances the immune system’s ability to eliminate cancer 
cells for remarkable efficacy, but new therapies are needed to combat treatment 
resistance. Tumor-associated macrophages (TAMs) drive cancer progression largely 
through immunosuppression, and inhibiting their immunoregulatory scavenger 
receptor Clever-1 restores anti-tumor immunity in mice. A Clever-1-blocking 
humanized antibody bexmarilimab, developed to exploit this mechanism, entered 
first-in-human clinical testing for advanced solid tumors (MATINS trial) in 2018. 

This thesis aimed to elucidate the immunological consequences of human 
macrophage Clever-1 blockade and to identify regulators of bexmarilimab treatment 
sensitivity. The presented transcriptomic, single-cell and spatially resolved analyses 
of clinical patient samples, patient-derived cells and tumor explants provide the first 
functional characterization of Clever-1 inhibition in human cancer. 

We discovered bexmarilimab to disrupt tolerogenic lipid metabolism pathways 
and lysosomal acidification in monocytes and macrophages, resulting in their pro-
inflammatory activation. In patients, monocyte and TAM reprogramming was 
accompanied by interferon and T-cell responses, both in the circulation and within 
tumors demonstrating disease stabilization. Similar immune responses occurred in 
one third of bexmarilimab-treated patient-derived cancer models, enabling 
recognition of bexmarilimab-sensitive tumor explant cultures with a gene signature 
identified in this thesis. Patient-derived cancer models additionally revealed that 
bexmarilimab-treated TAMs secrete CXCL10 for T-cell recruitment and that the 
tumor secretome regulates bexmarilimab responses more strongly than macrophage 
origin or cellular neighborhoods. Across the studies, bexmarilimab-induced immune 
responses were principally observed in interferon-poor tumor microenvironments, 
while chronic interferon priming impaired bexmarilimab-mediated macrophage 
activation. Additionally, responsive tumors had abundant intratumoral Clever-1+ 
TAMs and low PD-L1 expression, while lacking IL4I1+ TAMs and regulatory T 
cells. In conclusion, bexmarilimab activates macrophage- and T-cell-mediated 
immunity in non-inflamed tumors, which are mostly resistant to the current T-cell-
directed cancer immunotherapies effective in T-cell- and interferon-rich tumors.  

KEYWORDS: tumor-associated macrophages, Clever-1, immunotherapy, patient-
derived cancer models, tumor immune microenvironment   



 5 

TURUN YLIOPISTO 
Lääketieteellinen tiedekunta 
Biolääketieteen laitos 
Immunologia 
JENNA RANNIKKO: Clever-1:n esto syövässä: miten ja milloin 
bexmarilimab aktivoi kasvaimen makrofagit 
Väitöskirja, 293 s. 
Molekyylilääketieteen tohtoriohjelma 
Maaliskuu 2026 

TIIVISTELMÄ 

Syövän immunoterapiat vahvistavat puolustusjärjestelmän kykyä tuhota syöpäsoluja 
hämmästyttävin hoitotuloksin, mutta uusia hoitoja tarvitaan hoitoresistenssin 
voittamiseksi. Kasvaimen makrofagit edistävät syövän etenemistä ja vaimentavat 
kasvaimenvastaisen immuunipuolustuksen, joka voidaan syövän eläinmalleissa 
käynnistää uudelleen estämällä makrofagien Clever-1-haaskareseptorin immuno-
suppressiivinen toiminta. Tähän kehitetty humanisoitu vasta-aine, beksmarilimabi, 
eteni vuonna 2018 ensimmäiseen kliiniseen tutkimukseensa (MATINS-tutkimus). 

Tämän väitöskirjan tavoitteena oli selvittää makrofagien Clever-1:n eston 
immunologiset vaikutukset ihmisessä ja tunnistaa beksmarilimabin hoitovastetta 
sääteleviä tekijöitä. Esitetyt sekvensointi-pohjaiset analyysit kliinisistä tutkimus-
näytteistä ja potilasperäisistä syöpämalleista muodostavat ensimmäisen kuvauksen 
Clever-1:n estosta ihmisen syövässä. 

Havaitsimme, että beksmarilimabi voimistaa monosyyttien ja makrofagien 
immuunivasteita estämällä niiden lipidimetabolian signalointireittejä ja lysosomien 
happamoitumista. Edennyttä syöpää sairastavien potilaiden verenkierrossa ja 
taudinkuvaltaan vakaina säilyvissä kasvaimissa beksmarilimabi sai lisäksi aikaan 
interferoni- ja T-soluvasteita. Vastaava immuuniaktivaatio tapahtui kolmasosassa 
beksmarilimabi-hoidetuista potilasperäisistä syöpämalleista, mikä mahdollisti 
beksmarilimabi-herkkien syöpäkudosviljelmien tunnistamisen tässä väitöskirjassa 
löydetyn geeniekspressioprofiilin perusteella. Lisäksi potilasperäiset syöpämallit 
osoittivat, että beksmarilimabi saa makrofagit houkuttelemaan T-soluja CXCL10:n 
välityksellä ja että kasvaimen erittämät tekijät säätelevät beksmarilimabi-vasteita 
makrofagien alkuperää ja naapurisoluja voimakkaammin. Beksmarilimabin 
aikaansaamat immuunivasteet havaittiin läpi tutkimusten lähinnä interferoni-
köyhissä ympäristöissä, ja krooninen interferoni-altistus estikin beksmarilimabi-
välitteisen makrofagiaktivaation. Beksmarilimabi-herkissä kasvaimissa oli myös 
runsaasti kasvaimensisäisiä Clever-1+ makrofageja, matala PD-L1-taso sekä vähän 
IL4I1+ makrofageja ja regulatorisia T-soluja. Siten beksmarilimabi aktivoi 
immuunipuolustuksen immunologisesti hiljaisissa kasvaimissa, jotka harvemmin 
hyötyvät nykyisistä T-soluihin kohdistetuista syövän immunoterapioista. 

AVAINSANAT: kasvaimen makrofagit, Clever-1, immunoterapia, potilasperäiset 
syöpämallit, kasvaimen immunologinen mikroympäristö  
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1 Introduction 

A specialized protective network of cells and molecules, the immune system, 
pervades our bodies to surveil and defend homeostasis. At its heart, immune cells 
eliminate threatening targets with their various functions and cross-regulate their 
actions to mount appropriate and coordinated responses. 

This thesis book revolves around a specific type of immune cells, 
macrophages, which were discovered almost 150 years ago as cells clustering 
around foreign substances and attempting to eat them, regardless of target size. 
(Metchnikoff, 1893) The described process, phagocytosis, gave them their name 
as great eaters, macrophages. Even today, macrophage propensity for phagocytosis 
remains at the center of their behavior, regulating their various functions in 
immune defense, tissue repair and organ homeostasis. Phagocytosis is performed 
with the help of scavenger receptors that each recognize various substances for 
engulfment. Ligand binding and phagocytosis, in turn, tremendously alter 
macrophage function, including their gene expression and secretome, thereby 
pivotally governing macrophage inflammatory responses. (Canton et al., 2013) 
The literature review of this thesis delves deeply into macrophage biology, 
describing macrophage behavior under homeostasis and during immunological 
defense, regulation of their functions and dysregulation in cancer. 

The immune system is well-equipped to fight cancer and capable of recognizing, 
killing and disposing malignant cells. Thanks to its continuous work, malignant cells 
can be eliminated before clinical detection of cancer (Dunn et al., 2002; Swann & 
Smyth, 2007). If cancer cells manage to escape from the immune system, cancer 
immunotherapy is needed to re-activate anti-tumor immune defense. Cancer 
immunotherapy can lead to complete remission, yet inherent and treatment-emergent 
therapeutic resistance are common and cause disappointing therapeutic efficacy. 
(Restifo et al., 2016; Sharma et al., 2017). Therefore, new therapies and methods for 
patient selection are continuously developed. 

This thesis describes how interrupting the scavenger receptor Clever-1 (Common 
lymphatic endothelial and vascular endothelial receptor 1) transforms macrophage 
function to restore anti-tumor immunity. The presented results characterize 
immunological changes after human Clever-1 blockade with a novel therapeutic 
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antibody, bexmarilimab, and describe patients likely-to-benefit from bexmarilimab 
therapy. Clinical patient samples and patient-derived cancer models were 
extensively used in this thesis work to produce translational knowledge for the 
treatment of human cancer. 
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2 Review of the Literature 

2.1 Macrophages as key players in immunity 
The classification of macrophages in relation to other cell types was revised several 
times after their discovery, until the conception of the mononuclear phagocyte 
system. This system describes bone marrow precursors that generate circulating 
monocytes, which enter tissues to differentiate into macrophages. (van Furth et al., 
1972) While we now know that this differentiation pathway describes macrophage 
development only after birth, it facilitates relatively easy differentiation of 
macrophages from human blood monocytes and mouse bone marrow cells. These 
and other methods have revealed the remarkably diverse functions of macrophages 
in organ development, disease pathologies, regulation of homeostasis and immune 
defense, as described in this section. 

2.1.1 The origin of macrophages 
First macrophages appear very early on. Primitive hematopoiesis that generates the 
first blood cells occurs outside the developing embryo, in the blood islands of the 
membranous yolk sac, which supplies the developing embryo with nutrients and 
oxygen. There, yolk sac progenitors and erythro-myeloid progenitors (EMPs) 
generate primitive macrophages that enter embryonic tissues once the blood 
circulation has developed (Hoeffel et al., 2015; Mass et al., 2016; McGrath et al., 
2015; Moore & Metcalf, 1970; Palis et al., 1999). Unlike during later macrophage 
development, the primitive yolk sac-derived macrophages seem to arise without a 
monocyte intermediate (Hoeffel et al., 2015; Takahashi & Naito, 1993; Takahashi et 
al., 1989). Later on, fetal liver develops and yolk sac EMPs migrate there to generate 
fetal monocytes and macrophages (Gomez Perdiguero et al., 2015; Hoeffel et al., 
2015; McGrath et al., 2015; Palis et al., 1999). These first two waves of macrophage 
generation are virtually independent of adult hematopoiesis, which relies on 
hematopoietic stem cells (HSCs). (McGrath et al., 2015; Schulz et al., 2012) 

Remarkably, HSCs are generated by specialized endothelial cells in the embryo’s 
aorta, shortly after the emergence of EMPs within the yolk sac (Bertrand et al., 2010; 
Boisset et al., 2010). They mature in the fetal liver and migrate into the bone marrow 
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to take over hematopoiesis at birth (Ara et al., 2003; Kieusseian et al., 2012). HSCs 
divide and generate progenitor cells that commit to producing specific blood cell 
types upon subsequent cell divisions. According to an established model, monocyte 
differentiation from HSCs proceeds through a common myeloid progenitor, a 
granulocyte/macrophage progenitor, a bipotential macrophage/dendritic cell 
progenitor and a common monocyte progenitor, the last of which generates 
monocytes to be released into circulation (Akashi et al., 2000; Fogg et al., 2006; 
Hettinger et al., 2013; Iwasaki et al., 2005; Kawamura et al., 2017; van Furth et al., 
1972; Varol et al., 2007). More recent studies, however, have suggested two 
diverging routes for monocyte production, either via the granulocyte/macrophage 
progenitor or the macrophage/dendritic cell progenitor. The resulting monocytes 
would both differentiate into macrophages, but only the latter route would generate 
monocyte-derived dendritic cells (Liu et al., 2019; Yáñez et al., 2017). Under 
homeostasis, monocyte differentiation and survival are promoted by specific 
transcription factors (PU.1, IRF8, KLF4) and cytokines (macrophage colony-
stimulating factor [M-CSF] and interleukin [IL]-34), (Dai et al., 2002; Feinberg et 
al., 2007; Iwasaki et al., 2005; Mossadegh-Keller et al., 2013; Olson et al., 1995; 
Tamura et al., 2000; Wei et al., 2010), while inflammation can upregulate additional 
cytokines to drive monocyte production (de Bruin et al., 2012).  

New monocytes exiting the bone marrow are so-called classical monocytes, 
distinguished in humans by the cluster of differentiation (CD)14++CD16– surface 
marker combination (Patel et al., 2017; Ziegler-Heitbrock et al., 2010). Their exit 
and recruitment to the sites of inflammation is driven by C-C motif chemokine 
receptor 2 (CCR) that binds C-C motif chemokine ligands 2 and 7 (CCL2 and CCL7) 
(Boring et al., 1997; Lu et al., 1998; Serbina & Pamer, 2006; Tsou et al., 2007). 
Outside the bone marrow, spleen acts as an additional reservoir for monocytes, 
allowing their storage and quick mobilization upon inflammation (Swirski et al., 
2009). If classical monocytes remain in the circulation, they can sequentially 
differentiate into two other monocyte subtypes found in the blood, first intermediate 
CD14++CD16+ monocytes and then patrolling CD14+CD16++ monocytes (Passlick et 
al., 1989; Patel et al., 2017; Yona et al., 2013; Ziegler-Heitbrock et al., 2010). The 
patrolling monocytes perform important within-vessel functions, including 
immunosurveillance and maintenance of the vascular endothelium (Auffray et al., 
2007; Carlin et al., 2013; Cros et al., 2010). Monocytes leaving the circulation and 
entering tissues have several possible fates, including differentiation into 
macrophages or dendritic cells, remaining as a monocyte-like cell or exiting the 
tissue undifferentiated through lymphatics (Jakubzick et al., 2013; Tamoutounour et 
al., 2013; Yáñez et al., 2017). These processes result in a short half-life of classical 
monocytes in the circulation, approximately one day (Patel et al., 2017).  
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Both the embryonic and HSC-dependent macrophage development contribute to 
macrophage populations found in adult individuals. While HSCs generate new 
monocytes and macrophages, embryonic macrophages can persist in several tissues, 
relying on local proliferation for sustaining their population size with minimal 
replacement by HCS-derived cells (Ginhoux et al., 2010; Gomez Perdiguero et al., 
2015; Hashimoto et al., 2013; Schulz et al., 2012). The contribution of different 
macrophage origins, yolk sac, fetal liver or bone marrow, varies between tissues, as 
illustrated in Figure 1. At one extreme, brain microglia derive from primitive yolk 
sac macrophages and maintain their population size behind the blood-brain barrier 
with minimal contribution by fetal or HSC-derived monocytes (Ginhoux et al., 2010; 
Hoeffel et al., 2015). Similarly, liver Kupffer cells and skin Langerhans cells are 
principally derived from the fetal liver alone (Hoeffel et al., 2012; Liu et al., 2019). 
At the other extreme, gut macrophages undergo constant turnover and are mainly 
bone marrow-derived (Bain et al., 2014). In between these extremities, a mixture of 
both embryonic and bone marrow ontogenies can be observed in tissues such as 
pancreas, breast and skeletal muscle (Calderon et al., 2015; Jäppinen et al., 2019; 
Wang et al., 2020). Some macrophage populations, such as alveolar macrophages in 
the lungs and cardiac macrophages, will be gradually replaced by HCS-derived 
macrophages in aging individuals (Gomez Perdiguero et al., 2015; Liu et al., 2019; 
Molawi et al., 2014). Furthermore, specialized subpopulations with a different 
ontogeny than the main population can be found in some tissues performing distinct 
functions, such as embryonic gut macrophages that regulate enteric neuron function 
in intestinal motility (De Schepper et al., 2018).  

Tissue-specific conditions regulate the composition of macrophage populations, 
determining whether there is free space for new macrophages and which macrophage 
ontogeny is favored. Macrophage population size in each tissue has been proposed 
to be regulated by niche competition, which means that new monocytes differentiate 
into macrophages only when niches become available through macrophage death or 
tissue growth (Guilliams & Scott, 2017). Additionally, disruption of homeostasis is 
often followed by local macrophage proliferation, monocyte influx or both (Ajami 
et al., 2011; Culemann et al., 2019; Davies et al., 2013; Liu et al., 2019), when a new 
cytokine environment overrides homeostatic mechanisms controlling macrophage 
density (Guilliams et al., 2020; Jenkins et al., 2013; Zhou et al., 2022). Upon 
resolution of inflammation, recruited macrophages may disappear, but empty niches 
left behind by the previous tissue-resident macrophages are refilled by newly-
recruited monocyte-derived macrophages or local macrophage proliferation. (Ait 
Ahmed et al., 2021; Ajami et al., 2011; Scott et al., 2016) Therefore, recurrent tissue 
stress and damage accelerate macrophage turnover rate. Some tissue niches 
additionally regulate their macrophage pool composition by favoring colonization of 
macrophages with a specific ontogeny (van de Laar et al., 2016). When necessary, 



Review of the Literature 

 17 

however, monocyte-derived macrophages can assume remarkably similar 
transcriptomic profiles and capacity for self-maintenance as the original embryonic 
inhabitants (Scott et al., 2016; van de Laar et al., 2016). 

 
Figure 1. Origin and specialized functions of tissue-resident macrophages. The figure illustrates 

selected macrophage populations, connected to their organ of residence and colored 
by their ontogeny. Co-existing ontogenies often associate with functionally distinct 
subpopulations residing in the tissue, while only one of the organ’s multiple macrophage 
subsets was depicted in the lungs, brain, spleen, joints, liver and lymph nodes.  
Additional references were used to review macrophage ontogeny and functions in the 
gut (Muller et al., 2015; Shaw et al., 2018; Smythies et al., 2005), liver (Deppermann et 
al., 2020; Terpstra et al., 2000; Zeng et al., 2016), lymph nodes (Mondor et al., 2019), 
pancreas (Banaei-Bouchared et al., 2004) and skeletal muscle (Uderhardt et al., 2019). 
MΦ, macrophage. 
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Finally, while monocyte and macrophage development has been primarily 
investigated using murine fate-mapping models, single-cell analyses on human 
embryos suggest similar macrophage development pathways in humans (Bian et al., 
2020; Popescu et al., 2019). 

2.1.2 Macrophages under homeostasis 
Astonishingly, macrophages simultaneously perform immunological surveillance, 
waste disposal and remarkably sophisticated tissue-specific functions to constantly 
maintain body’s homeostasis. The latter two roles are the focus of this section, while 
macrophage surveillance work is described below. Figure 2 summarizes 
macrophage functions under homeostasis and after detection and elimination of 
threats.  

 
Figure 2. Key macrophage functions under homeostasis, during acute inflammation and its 

resolution. A single macrophage is depicted to highlight the potential of macrophages 
to assume different functional profiles based on the prevailing conditions.  
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Macrophages throughout the body engulf and dispose dying cells by phagocytosis, 
which is called efferocytosis (A-Gonzalez et al., 2017; deCathelineau & Henson, 
2003). Dying cells release chemotactic find-me molecules to attract phagocytes 
(Elliott et al., 2009; Gude et al., 2008; Lauber et al., 2003) and display surface ligands 
for recognition by macrophage receptors, such as MERTK, Tim4 and scavenger 
receptors (A-Gonzalez et al., 2009; Borisenko et al., 2003; Fadok et al., 1992; 
Greenberg et al., 2006; Miyanishi et al., 2007; Park et al., 2009). Recognized targets 
will be enclosed by macrophage plasma membrane, taken inside and usually sorted 
for degradation within the phago-lysosomal system, which is equipped with acidic 
pH, catabolic enzymes and free radicals for efficient target degradation (Babior, 
1999; Claus et al., 1998; Hackam et al., 1998; Parnaik et al., 2000). 

As cell turnover is a constant process (Nagata, 2018), homeostatic cell death 
should not signal any danger. While apoptotic cell death can be inconspicuous or 
immunogenic, depending on the surrounding conditions and molecules exposed on 
the dying cells, failure to dispose apoptotic cells causes secondary necrosis and loss 
of plasma membrane integrity on the dying cells (Green et al., 2009; Obeid et al., 
2007; Rogers et al., 2017; Vanden Berghe et al., 2010). Ensuing exposure to 
intracellular molecules will predispose to autoimmune diseases, where the body’s 
immune system attacks its own tissues, such as systemic lupus erythematosus (Asano 
et al., 2004; Hanayama et al., 2004; Lövgren et al., 2004). 

Silent, non-immunogenic or anti-inflammatory cell waste disposal by tissue-
resident macrophages is therefore of paramount importance. Upon recognizing 
apoptotic cells, macrophages secrete anti-inflammatory molecules and suppress their 
pro-inflammatory mediator secretion, resulting in tolerance towards the target (A-
Gonzalez et al., 2009; Fadok et al., 1998; Freire-de-Lima et al., 2006; Huynh et al., 
2002; McDonald et al., 1999; Roberts et al., 2017). Mechanistically, tolerance is 
promoted by phagocytosis-induced changes in macrophage lipid metabolism and 
gene transcription, associated with specific immunosuppressive transcription 
factors, such as liver X receptor (LXR) (A-Gonzalez et al., 2009; Cummings et al., 
2016). Resident macrophages are also programmed by local tissue environments to 
have higher threshold for activation after ingestion of apoptotic cells (Roberts et al., 
2017). Additionally, resident macrophages can cover up necrotic damage to some 
extent by cloaking small damaged areas with their cellular extensions, preventing 
other cells from detecting the disruption (Uderhardt et al., 2019). 

Besides efferocytosis, macrophages ingest and recycle various unwanted 
materials for re-use. For instance, macrophages in the red pulp of the spleen 
phagocytose aged blood cells and release their iron to be used again (Kohyama et 
al., 2009). In the brain, vessels, liver and adipose tissue, several macrophage subsets 
take up excess lipids or myelin debris, which can either prevent chronic 
inflammatory diseases caused by excess lipid accumulation or exacerbate the disease 
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pathology (Aouadi et al., 2014; Bieghs et al., 2012; Childs et al., 2016; Grajchen et 
al., 2020). In the lungs, alveolar macrophages clear away excess surfactant and 
inhaled particles (Nakamura et al., 2013; Warheit & Hartsky, 1993). Macrophages 
bind these and various other self- and non-self-molecules with their scavenger 
receptors, which have a central role in macrophage-mediated clearance (Dunne et 
al., 1994; Elomaa et al., 1995; Goldstein et al., 1979; Greenberg et al., 2006; 
PrabhuDas et al., 2017). Internalized cargo is usually recycled, and even engulfed 
pathogens can be broken down to fuel macrophages’ own metabolism (Lesbats et 
al., 2025). If macrophages encounter particles that they are unable to degrade, such 
as tattoo pigment in the skin, they nevertheless ingest them for permanent storage 
(Baranska et al., 2018). Apart from this nutrient recycling, macrophages can control 
the body’s metabolic processes more widely, regulating thermogenesis, energy 
consumption and lipid storage (Nguyen et al., 2011; Pirzgalska et al., 2017). 

Building on to their general nature to scavenge, sort and recycle, macrophages 
have extremely sophisticated tissue-specific roles that ensure normal organ 
development and function (Figure 1). To name a few, macrophages in mammary 
tissues regulate the initial development of the ductal network as well as the cyclic 
changes in the mammary tissue architecture at each estrous cycle and during 
pregnancy (Chua et al., 2010; Gouon-Evans et al., 2000; Ingman et al., 2006). 
Microglia in the brain remodel synapse connections and promote synapse formation 
for memory and learning throughout life (Parkhurst et al., 2013; Schafer et al., 2012), 
while cardiac macrophages form gap junctions with cardiomyocytes and participate 
in electrical conduction in the heart (Hulsmans et al., 2017). Remarkably, synovial 
macrophages lining the joint synovial cavities express tight-junction proteins and 
create an epithelial-like barrier on the synovial membrane to protect the joints from 
chronic inflammation and arthritis by insulating damage-associated signals 
generated by mechanical stress (Culemann et al., 2019). Furthermore, macrophages 
in the bone marrow regulate HSC retention and remove expelled red blood cell nuclei 
to maintain functional erythropoiesis (Chow et al., 2011; Kawane et al., 2001). 

Unsurprisingly, defects in these normal macrophage functions can cause severe 
conditions. Since the receptor for M-CSF, colony stimulating factor 1 receptor 
(CSF1R), is vital for monocyte and macrophage generation, its inactivation 
drastically decreases monocyte and macrophage numbers throughout the body (Dai 
et al., 2002). In humans, homozygous CSF1R mutations cause severe brain 
malformations and osteopetrosis due to disrupted microglia and osteoclast functions 
(Guo et al., 2019; Oosterhof et al., 2019). Similarly, the ability of alveolar 
macrophages to phagocytose surfactants depends on granulocyte-macrophage 
colony stimulating factor (GM-CSF), and mutations in its receptor genes CSF2RA 
or CSF2RB lead to surfactant accumulation, progressive dyspnea and pulmonary 
fibrosis (Suzuki et al., 2011; Suzuki et al., 2008). Undeniably, macrophages are vital 
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already under homeostasis, even though they are better known for their defensive 
work against invading pathogens. 

2.1.3 Macrophage-mediated immune surveillance 
Macrophages remain constantly vigilant for recognizing pathogens, foreign 
substances, tissue injury or other types of threats. Invading pathogens can by-pass 
the body’s first line of defense, tight epithelial barriers of the skin, mucosa and 
glandular tissues, which protect the body from the outside world with anti-microbial 
molecules and acidic pH (Punt et al., 2019c). In the vicinity of these entry sites, 
macrophages form surveillance networks and search for assaults by either crawling 
or probing with their cellular extensions (Kubo et al., 2009; Neupane et al., 2020; 
Nimmerjahn et al., 2005). With their moving cellular extensions, immobile 
macrophage populations can cover large areas over time, such as the whole 
mammary duct network (Dawson et al., 2020; Nimmerjahn et al., 2005). Similarly, 
Langerhans cells capture pathogens in the upper skin layers by passing their cellular 
extensions through keratinocyte tight junctions (Kubo et al., 2009). Additionally, 
strategically located macrophage populations – Kupffer cells in the liver, marginal 
zone and metallophilic macrophages in the spleen and subcapsular sinus 
macrophages in the lymph nodes – recognize and capture pathogens from the blood 
and lymph (Aichele et al., 2003; Junt et al., 2007; McDonald et al., 2020). 

When homeostasis is disrupted, macrophages react quickly. In case of tissue 
damage, macrophages start to move their membrane extensions towards necrotic 
cells within minutes (Uderhardt et al., 2019). Such sterile damage is detected via so-
called danger-associated molecular patterns (DAMPs) that are molecules normally 
located within intact nuclei, mitochondria or plasma membrane, but get released 
from cells undergoing stress or non-apoptotic cell death (Davalos et al., 2005; Di 
Micco et al., 2016; Kayagaki et al., 2021; Punt et al., 2019c; Scaffidi et al., 2002; 
Zhong et al., 2022). Macrophages are equipped with several receptor families to bind 
and recognize these molecules, such as pattern recognition receptors (PRRs), 
receptor for advanced glycation end-products (RAGE) and P2Y receptors (Davalos 
et al., 2005; Di Micco et al., 2016; Hori et al., 1995; Kraakman et al., 2017; Zhong 
et al., 2022). If the damaged area surpasses macrophages’ capability to cover and 
contain it, other immune cells, especially neutrophils, will contact the damaged cells 
and mount an acute inflammatory response (Uderhardt et al., 2019). 

In case of pathogen invasion, macrophages recognize common pathogen-
associated molecular patterns (PAMPs), such as bacterial cell wall components, viral 
RNA or DNA with their PRR family receptors, such as Toll-like receptors (TLRs), 
C-type lectin receptors, AIM2-like receptors, NOD-like receptors and cGAS-STING 
(stimulator of interferon genes) (Bürckstümmer et al., 2009; Franchi et al., 2006; 
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Punt et al., 2019c; Rock et al., 1998; Wu et al., 2013). PRRs are positioned at 
different subcellular locations: cell surface, cytosol and endo-lysosomal 
compartments, which provides information about the location of the pathogen 
(extracellular, intracellular or phagocytosed) and regulates downstream signaling 
(Kagan et al., 2008; Latz et al., 2004; Sun et al., 2013). Additionally, different 
receptor specificities carry information about the type of danger. For instance, 
specific TLR-family receptors recognize bacterial flagella, pathogen cell wall 
components, viral DNA or RNA (Alexopoulou et al., 2001; Hayashi et al., 2001; 
Hemmi et al., 2000; Takeuchi et al., 1999). If these detection mechanisms are by-
passed, macrophages can still mount inflammatory responses against pathogen-
induced tissue damage, as described above for sterile inflammation. Alongside 
macrophages, also dendritic cells, more mobile and efficient in presenting captured 
antigens, and mast cells, central in parasitic defense and allergic reactions, act as 
sentinels capable of alarming the immune system (Punt et al., 2019a; Punt et al., 
2019c). 

2.1.4 Macrophages in immune defense 
Initial PRR engagement activates several macrophage effector functions to kick-start 
immune defense. Macrophages phagocytose pathogens and degrade them in acidic 
pH with lysosomal enzymes and reactive oxygen species generated by phagocyte 
oxidase and phagosome-contacting mitochondria (Babior, 1999; Claus et al., 1998; 
Geng et al., 2015; Hackam et al., 1998; West et al., 2011). To speed up this process, 
TLR signaling can activate LC3-associated phagocytosis, which enhances the 
delivery speed of the phagocytosed cargo to lysosomes (Sanjuan et al., 2007). 
Furthermore, pathogens can be coated by complement molecules that enhance 
pathogen uptake via macrophage complement receptors, such as VSIG4 (Helmy et 
al., 2006). Efficient phagocytosis alone may be sufficient to eliminate pathogens, 
and alveolar macrophages have been shown to dispose the majority of inhaled 
bacteria before their detection by the rest of the immune system, thereby limiting 
inflammatory damage within the lungs (Neupane et al., 2020). If macrophages 
themselves get invaded, cytosolic bacteria activate inflammasome protein 
complexes via NOD-like receptors. This results in a caspase-1-mediated lytic cell 
death of the infected macrophage, called pyroptosis. Invading bacteria get trapped 
within the dying macrophages for subsequent clearance. Additionally, pyroptosis 
releases caspase-1-cleaved active pro-inflammatory cytokines from the dying 
macrophages. (Franchi et al., 2006; Jorgensen et al., 2016; Martinon et al., 2002) 

PRR-mediated recognition also triggers acute inflammation, when macrophages 
alongside other resident immune cells signal about danger with cytokine and 
chemokine secretion. Through NF-κB transcription factor, TLRs activate the 
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expression of pro-inflammatory cytokines, including IL-1β, IL-6 and tumor necrosis 
factor α (TNFα) (Alexopoulou et al., 2001; Medzhitov et al., 1997). These cytokines 
increase vascular permeability for immune cell arrival and anti-microbial molecule 
leakage from the blood. They also have systemic effects, generating the liver’s acute 
phase response and fever. (Punt et al., 2019c) Activation of intracellular PRRs, in 
particular, kick-starts secretion of interferons (IFNs) that are central in combatting 
viruses and other intracellular targets (Alexopoulou et al., 2001; Punt et al., 2019d; 
Sun et al., 2013). 

Secreted cytokines together with additional chemokines also recruit immune 
cells from the circulation. For instance, TNFα together with IL-17 induces 
endothelial cells to express neutrophil-recruiting C-X-C motif chemokine ligands, 
CXCL1, CXCL2 and CXCL5. Likewise, TNFα together with IFNγ upregulates 
lymphocyte-recruiting chemokines CCL5, CXCL9 and CXCL10 on the 
endothelium. (Griffin et al., 2012) Macrophages themselves secrete several 
neutrophil-recruiting chemokines in response to TLR activation, including CXCL1, 
CXCL2 and IL-8 (De Filippo et al., 2008; Strieter et al., 1990). 

Neutrophils are the first immune cells to arrive and combat pathogens by 
releasing their proteolytic and anti-microbial granules or by undergoing an 
immunogenic cell death called NETosis, which traps pathogens and amplifies 
inflammation (Punt et al., 2019a, 2019c). They are followed by newly-recruited 
monocytes that differentiate into additional macrophages (Punt et al., 2019c) and 
natural killer (NK) cells that combat malignant or virus-infected cells (Punt et al., 
2019b). 

This initial phase of acute immune response is orchestrated by the innate immune 
system, capable of faster and less specific immune reactions. To activate B- and T-
cell-mediated adaptive immunity, innate immune cells usually need to present 
pathogen-derived antigens for the lymphocytes. Antigen presentation on major 
histocompatibility complex (MHC)-I molecules activates antigen-specific CD8+ T 
cells against cells displaying that particular antigen, which allows cytolytic killing 
of infected or malignant cells. Antigen presentation on MHC-II molecules, on the 
other hand, allows CD4+ T cells to support the activation of other immune cells, 
including CD8+ T cells and antigen-specific B cells that produce high-affinity 
antibodies against extracellular pathogens. (Punt et al., 2019a, 2019c) While 
dendritic cells are traditionally more efficient in supporting these processes, also 
macrophages can load phagocytosed peptides onto their MHC-II and MHC-I 
molecules for presentation on the cell surface (Harding & Geuze, 1992; Pfeifer et 
al., 1993; Pozzi et al., 2005; Tang-Huau et al., 2018). Antigen presenting cells 
additionally need to provide naïve T cells with necessary co-stimulatory signals and 
cytokines. They also guide differentiating CD4+ T cells towards specific helper T 
(TH) cell phenotypes with different functional properties. For instance, IFNγ-
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secreting TH1 cells are important in cell-mediated immunity against intracellular 
targets, IL-4-secreting TH2 cells regulate antibody responses and fight extracellular 
pathogens, IL-17-secreting TH17 cells combat extracellular pathogens at mucosal 
barriers, and IL-10-secreting regulatory T (TREG) cells suppress immune responses. 
(Punt et al., 2019e) 

During fully-fledged innate and adaptive immune responses, macrophages reside 
in a cytokine-rich microenvironment, which enhances their activation and effector 
functions. In particular, IFNγ priming potentiates macrophage responses to PRR 
ligands via selective chromatin remodeling and translational suppression that shift 
macrophage gene expression from anti- to pro-inflammatory and inhibit tolerance 
(Chen & Ivashkiv, 2010; Kang et al., 2019; Qiao et al., 2013; Su et al., 2015). 
Macrophage metabolism is also rewired during acute inflammation. PRR stimulus 
switches macrophage energy consumption from oxidative phosphorylation to less 
efficient but faster glycolysis (Oren et al., 1963; Palsson-McDermott et al., 2015; 
Rodríguez-Prados et al., 2010), and fatty acid oxidation to fatty acid synthesis, which 
facilitate macrophage phagocytosis and inflammatory cytokine production (Ecker et 
al., 2010; Huang et al., 2014; Vats et al., 2006). Altered metabolism also promotes 
histone acetylation to modify gene expression, regulation of iron and amino acid 
availability to restrict pathogen growth, and anti-bacterial metabolite production 
(Ganesan & Roy, 2019; Lauterbach et al., 2019; Nairz et al., 2007; Niño-Castro et 
al., 2014). 

At the height of the immune response, activated B cells incapacitate extracellular 
pathogens and flag them for efficient destruction by macrophage phagocytosis, 
complement-mediated lysis or neutrophil degranulation. Activated CD8+ T cells and 
NK cells kill infected or malignant host cells by inducing their apoptosis via 
cytotoxic granules or Fas-ligand interactions. (Punt et al., 2019b) The choice of 
effector mechanisms likely culminates in the ability to eliminate the threat with 
minimal collateral damage, as both excessive immune responses and failure to 
resolve the inflammation may have pathological consequences (Iwasaki & 
Medzhitov, 2015). 

2.1.5 Macrophages in the resolution of inflammation and 
tissue repair 

After the target of the inflammatory response has been eliminated, it is time to restore 
homeostasis. Resolution of inflammation entails shutting down pro-inflammatory 
mediator secretion and associated signaling pathways. Built-in, self-limiting 
mechanisms that protect from excessive immune activation assist in this, as pro-
inflammatory mediators are rapidly catabolized and also activate counteracting 
pathways (Kumar et al., 2021) For instance, IFNγ-induced negative feedback 
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mechanisms include upregulation of a negative regulator SOCS1 and 
immunosuppressive enzymes indoleamine 2,3-dioxygenase 1 (IDO1) and 
interleukin-4 induced 1 (IL4I1) (Alexander et al., 1999; Li et al., 2016; Marquet et 
al., 2010; Starr et al., 1997). Repeated exposure to a pro-inflammatory mediator also 
dampens its pro-inflammatory effects. For instance, chronic TNFα has been shown 
to inhibit T-cell receptor (TCR) signaling, T-cell proliferation and cytokine 
production (Cope et al., 1997), while chronic IFNγ impairs CD8+ T-cell cytotoxicity 
(Tau et al., 2001). Pro-inflammatory macrophages themselves are susceptible for 
self-limiting epigenetic regulation, as their enhanced glycolysis produces lactate for 
histone lactylation that switches on their wound healing gene expression (D. Zhang 
et al., 2019). 

Once the support of immune cell survival fades away, many immune cell subsets, 
especially neutrophils, undergo apoptotic cell death (Lee et al., 1993). Macrophages 
clear away the apoptotic cells by efferocytosis, which further transforms their 
phenotype (Frasch et al., 2011; Mounier et al., 2013; S. Zhang et al., 2019). 
Efferocytosis alters macrophage lipid metabolism (S. Zhang et al., 2019), dampens 
macrophage responses to further PRR activation (Fadok et al., 1998) and suppresses 
their fragment crystallizable receptor (FcR)-mediated phagocytosis as well as 
bactericidal activity (Medeiros et al., 2009). Consequently, macrophage secretome 
changes from pro-inflammatory (IL-1β, IL-8, TNFα) to anti-inflammatory mediators 
(transforming growth factor β [TGFβ], IL-10) (Arnold et al., 2007; Byrne & Reen, 
2002; Fadok et al., 1998; Mounier et al., 2013; S. Zhang et al., 2019). 

Macrophages also play important roles in repairing tissue damage caused by the 
original assault and the ensuing immune response. The repair results in tissue 
regeneration, fibrosis or both, depending on the regenerative capacity of the tissue. 
(Kumar et al., 2021) If tissue-resident macrophages have died in the process of 
immune defense, new monocyte-derived macrophages assume their places (Blériot 
et al., 2015). Otherwise, the healing becomes aberrant, which leads to loss of the 
original tissue architecture (Arnold et al., 2007; Goren et al., 2009). 

Restorative macrophages continue phagocytosis and anti-inflammatory cytokine 
secretion, and promote tissue remodeling via growth factor secretion (e.g. TGFα, 
TGFβ, platelet-derived growth factor and insulin-like growth factor) (Ramachandran 
et al., 2012; Rappolee et al., 1988). Additionally, macrophages support re-building 
of tissue architecture in a tissue-specific manner. For instance, dermal macrophages 
assist in axon sprouting after injury to restore nerve activity (Kolter et al., 2019), 
while monocyte-derived macrophages support myogenesis, myocyte differentiation 
and muscle fiber growth in injured muscles (Arnold et al., 2007; Varga et al., 2016). 
After chronic liver injury, efferocytic macrophages can regulate the generation of 
new hepatocytes from progenitor cells by upregulating Wnt-signaling (Boulter et al., 
2012). 
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Repair by fibrosis entails formation of new vascularized connective tissue, 
deposition of collagen and connective tissue remodeling (Kumar et al., 2021). 
Macrophages secrete platelet-derived growth factor and TGFβ to support fibroblast 
proliferation and collagen deposition (Ploeger et al., 2013; Roberts et al., 1986; 
Shimokado et al., 1985), and promote angiogenesis via vascular endothelial growth 
factor (VEGF)-A (Thakral et al., 1979; Willenborg et al., 2012; Zordan et al., 2014). 
During subsequent remodeling phase, macrophages crucially degrade excess 
collagen to minimize damage-associated fibrosis by direct collagen uptake and 
secretion of collagen-degrading matrix metalloproteinases (Atabai et al., 2009; 
Fallowfield et al., 2007; Ramachandran et al., 2012; Zordan et al., 2014). 

During inflammation and its resolution, the macrophage population itself has 
experienced tremendous changes and its return to homeostasis may involve 
monocyte recruitment or local proliferation to fill empty niches (Davies et al., 2013; 
Davies et al., 2011; Epelman et al., 2014; Zigmond et al., 2014). The experience of 
past assaults, however, changes how the macrophage population will function in the 
future, as we will see in the following sections. 

2.2 Regulation of macrophage function 
Macrophage functional repertory is impressively versatile, and yet they manage to 
opt for suitable actions in correct locations at the right time. This section will try to 
uncover how this feat is achieved. 

The function of a tissue-resident macrophage is tightly coupled with its 
phenotypic identity that depends on ontogeny (embryonic vs. bone marrow), local 
tissue niche, possible inflammatory cues and time spent in the tissue (Blériot et al., 
2020). In addition to these, macrophages can retain some memory of the past 
inflammatory conditions, which affects their responsiveness in the short term 
(synergistic priming) and long term (trained immunity and tolerance) (Divangahi et 
al., 2021). Following subsections will describe how macrophages sense and combine 
different inputs from their environment to regulate their functional behavior, what is 
the contribution of macrophage-intrinsic (ontogeny) and -extrinsic (environment) 
factors and how macrophage memory works. 

2.2.1 Mechanisms facilitating stimulus-specific responses 
With a generic core program garnished with tissue-specific functions, macrophages 
serve the needs of each specific tissue and help other cell types to thrive (Okabe & 
Medzhitov, 2016). To tailor their function to changing tissue conditions, 
macrophages sense various types of signals from their environment and within 
themselves, including the PAMPs and DAMPs described above, metabolites, such 
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as heme (Haldar et al., 2014) and lactic acid (Colegio et al., 2014), messenger 
molecules (Doyle et al., 1994) and physical or chemical factors, such as tissue 
stiffness (Atcha et al., 2021), pH (Lee-Rueckert et al., 2020) and osmolarity 
(Machnik et al., 2009). Some signals directly alter macrophage metabolism (Lee-
Rueckert et al., 2020), while others are received by specific receptors and ligand-
dependent transcription factors that activate signaling cascades and gene expression 
downstream to alter macrophage phenotype and function (Colegio et al., 2014; 
Haldar et al., 2014; Luecke et al., 2021). 

Early studies on the regulation of macrophage function were performed ex vivo 
on murine macrophages that were activated by singular stimuli. As a result, 
macrophage functional phenotypes were categorized in two: IFNγ-dependent 
classical (M1) activation and IL-4/IL-13-driven alternative (M2) activation. These 
two programs were presented as opposites, with M1 macrophages acting in pathogen 
defense, synthetizing nitric oxide and activating TH1-type responses, while M2 
macrophages metabolized arginine to ornithine and supported TH2-type immune 
responses (Dalton et al., 1993; Doyle et al., 1994; Mills et al., 2000; Stein et al., 
1992). Upon studying more macrophage-regulating compounds, different subtypes 
under these categories were termed and thought to form a spectrum between ultimate 
M1 and M2 macrophages (Edwards et al., 2006; Mantovani et al., 2004). This theory 
has been challenged by observations of both M1 and M2 macrophage hallmarks 
within the same cell, calling for function-based characterization of macrophage 
subsets, especially in complex environments, such as cancer (Cassetta et al., 2019; 
S. Cheng et al., 2021; Martinez & Gordon, 2014; Szulzewsky et al., 2015). 
Nevertheless, terms “M1-like” and “M2-like” have remained in use, when referring 
to more pro-inflammatory (M1) or anti-inflammatory (M2) macrophage phenotypes 
and functions. 

More recently, macrophage responses to specific stimuli have been decoded with 
the help of systems biology, as sensed signals activate complex signaling circuits 
(Luecke et al., 2021). For instance, PRR signaling goes through multiple levels of 
regulated signaling events before activating specific transcription factors. First, 
activated receptors associate with adaptor proteins that regulate several downstream 
enzymes, including ubiquitin ligases, phosphatases and kinases. Here, the signaling 
branches into a network of different signaling complexes (An et al., 2008; Chuang 
& Ulevitch, 2004; Jiang et al., 2004; Kawai et al., 1999; Shih et al., 2009; Wang et 
al., 2009). The signaling network often includes negative feedback loops that self-
regulate and finetune pathway activity (Kearns et al., 2006; Shih et al., 2009). 
Furthermore, the activated receptor may be translocated from cell surface inside 
endosomes for the activation of additional pathways, or inside lysosomes for 
receptor degradation (Kagan et al., 2008; Wang et al., 2007; Zanoni et al., 2011). 
Eventually, combinations of different activated pathways culminate in 
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transcriptional responses. Central transcription factors regulating macrophage 
function include NF-κB and AP-1 (pro-inflammatory effects downstream of TLRs 
and TNF family receptors) (Shih et al., 2009; Yao et al., 1997), signal transducer and 
activator of transcription (STAT)-family members (mediating effects of IFNs and 
IL-4) (Ohmori & Hamilton, 1998) and nuclear receptors LXRα and peroxisome 
proliferator-activated receptor γ (PPARγ) (mediating immune suppression) (Ito et 
al., 2015; Ricote et al., 1998). After transcription, processes controlling mRNA 
stability and translation can further uncouple the end-product levels from initial 
transcription, as has been shown for TNFα secretion (Caldwell et al., 2014). 

Importantly, the effects of transcription factor activation depend on which target 
genes have their transcription factor binding sites open and available for binding. 
Therefore, the same stimulus may produce vastly different responses on two 
different macrophages. Already macrophage differentiation opens and closes various 
chromatin areas, regulated by core macrophage lineage-determining transcription 
factors PU.1, c-MAF, MAFB and CCAAT/enhancer binding protein alpha/beta 
(CEBPα/β) that keep macrophage-specific enhancers primed with histone 
methylations (Feng et al., 2008; Garber et al., 2012; Ghisletti et al., 2010; Hegde et 
al., 1999; Kelly et al., 2000). Tissue environment also changes macrophages’ 
chromatin state, when tissue-specific transcription factors get activated and 
collaborate with the afore-mentioned lineage-determining transcription factors to 
either activate or prime enhancers in a tissue-specific manner (Gosselin et al., 2014; 
Lavin et al., 2014). This will affect what programs macrophages constitutively 
express and what tools they have available upon encountering new stimuli. Finally, 
stimulus-induced transcription factors mainly activate these already primed 
enhancers and co-operate with the lineage-determining transcription factors to 
support nearby gene expression (Garber et al., 2012; Ghisletti et al., 2010; Ostuni et 
al., 2013).  

In reality, signals activating macrophages do not act in solitude. Instead, the 
tissue environment provides a continuous stream of signals for macrophages to 
interpret. In some cases, signal combinations lead to synergistic activation and 
stronger responses, as observed after simultaneous activation of multiple PRRs, 
lipopolysaccharide (LPS)-mediated priming of anti-microbial genes or IFNγ-
mediated priming of inflammatory cytokines (Foster et al., 2007; Qiao et al., 2013; 
Sato et al., 2000). In contrast, an otherwise pro-inflammatory TLR response can be 
dampened by previous PRR or LXR/RXR transcription factor activation (Foster et 
al., 2007; Ito et al., 2015; Sato et al., 2000). Strikingly, in the presence of apoptotic 
cells, a bacterial PAMP, LPS, actually induces anti-inflammatory IL-10 and TGFβ 
secretion instead of the usual pro-inflammatory mediators (Byrne & Reen, 2002). 
These combinatory responses are regulated at various levels, including but not 
limited to adapter protein recruitment, chromatin modifications, and enhanceosome 
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assembly (Foster et al., 2007; Ito et al., 2015; Merika et al., 1998; Qiao et al., 2013). 
In terms of systems biology, multiple signaling pathways can converge at single 
signaling molecules or transcription factors that act as logical gates allowing the 
signal to go forward in the presence of multiple (“and” gate) or any (“or” gate) of its 
activators (Cheng et al., 2017; Luecke et al., 2021). Furthermore, activation of 
specific genes or generation of distinct epigenetic marks may require signaling of 
sufficient strength, duration or non-oscillatory pattern (Q. J. Cheng et al., 2021; 
Gottschalk et al., 2016; Son et al., 2022). 

In summary, macrophages interpret the signals from their environment through 
a lens constructed from their immediate and previous surroundings. They combine 
different signals into their phenotype by letting intertwining signaling cascades boost 
and cancel out each other in order to present functions most suited to their current 
niches. 

2.2.2 Tissue imprinting 
To carry out tissue-specific functions, macrophages in different organs have highly 
different transcriptomes. Only a few macrophage-specific genes are equally 
expressed across most macrophage populations and even genes central to pathogen 
defense, such as several TLRs and chemokine receptors, exhibit varying expression 
patterns across macrophage populations. (Gautier et al., 2012; Lavin et al., 2014) 
Tissue-specific macrophage identities are generated by a combination of niche-
specific signals that activate tissue-specific transcription factors to finetune the core 
macrophage program (Gosselin et al., 2014; Lavin et al., 2014; Mass et al., 2016). 
For instance, retinoic acid activates GATA binding protein 6 (GATA6) in large 
macrophages residing within the peritoneum and other bodily cavities, while GM-
CSF-induced PPARγ drives the unique alveolar macrophage phenotype (Buechler et 
al., 2019; Okabe & Medzhitov, 2014; Schneider et al., 2014). Even within the same 
organ, different macrophage subsets can arise in this manner, as is demonstrated by 
the spleen’s LXRα-dependent marginal zone and Spi-C-controlled red pulp 
macrophages (A-Gonzalez et al., 2013; Kohyama et al., 2009). Yet, similar 
macrophage populations can develop in different tissues, if the niches are similar 
(Chakarov et al., 2019). Mechanistically, activated niche-specific transcription 
factors prime enhancers in a tissue-specific manner to facilitate tissue-specific gene 
expression, whereas promoters often remain similarly used across tissues (Lavin et 
al., 2014). These environment-imposed transcriptional programs have been shown 
to get activated already during embryonic development (Mass et al., 2016).  

Various types of surrounding cells can constitute the niche, including stromal, 
endothelial, epithelial and immune cells, depending on the tissue in question 
(Bonnardel et al., 2019; Buechler et al., 2019; Cohen et al., 2018; Mondor et al., 
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2019). They provide specific ligands, metabolites, cytokines and matrix architecture 
to modulate macrophage phenotypes and function (Atcha et al., 2021; Buechler et 
al., 2019; McWhorter et al., 2013; Mondor et al., 2019; Snelgrove et al., 2008). For 
instance, CD200 on lung epithelium keeps alveolar macrophages hyporesponsive via 
macrophage CD200 receptor (Snelgrove et al., 2008). 

Macrophage adaptation to the niche is not immediate, as newly-recruited 
monocyte-derived macrophages acquire some of the tissue-resident macrophage 
markers only after a sufficient time span dwelled in the niche (Sakai et al., 2019; 
Scott et al., 2016). Hence, newly-recruited macrophages first respond differently to 
threats than tissue-resident macrophages, but their phenotypes start to resemble those 
of tissue-resident macrophages after longer residency (Misharin et al., 2017). 

As tissue-specific niches guide macrophage responses to specific stimuli 
(Svedberg et al., 2019), the permanence of macrophage tissue imprinting has been 
an important question. Transferring macrophages away from their original tissue 
niche does alter their responses to specific stimuli (Svedberg et al., 2019). For 
instance, transfer from the original tissue niche to ex vivo culture conditions causes 
alveolar macrophages to lose their hyporesponsiveness to IL-4, and peritoneal and 
pleural macrophages to lose their tolerance upon efferocytosis (Roberts et al., 2017; 
Svedberg et al., 2019). Strikingly, transferring peritoneal macrophages to lungs still 
switches 70% of tissue-specific macrophage gene expression to match the recipient 
tissue (Lavin et al., 2014). Yet, transferred macrophages cannot fully acquire the 
transcriptomic and functional profile of the recipient tissue macrophages, indicating 
that tissue residency limits macrophage plasticity (Lavin et al., 2014; van de Laar et 
al., 2016). Within these more rigid differentiation programs, macrophages can still 
assume distinct reversible polarization states upon encountering environmental 
stimuli, such as cytokines or PRR ligands, and the current polarization state 
modulates responses to subsequent stimuli (Cheng et al., 2020; Okabe & Medzhitov, 
2016; Sheu et al., 2023; Stout et al., 2005). 

As local niches significantly impact macrophage function, the relative 
importance of macrophage-intrinsic features, predominantly origin (yolk sac, fetal 
liver or bone marrow), has been investigated. First, if the original embryonic tissue-
resident macrophages are depleted, monocyte-derived macrophages can carry out 
their tissue-specific functions (Beattie et al., 2016; van de Laar et al., 2016) – 
otherwise inflammation-induced macrophage suicide or tissue damage would have 
catastrophic consequences for the individual by compromising organ function. The 
newly-recruited macrophages can self-renew and acquire vastly similar, yet not 
identical, tissue-specific enhancer profiles and transcriptomes as original tissue-
resident macrophages (Beattie et al., 2016; Ferrer et al., 2019; Gibbings et al., 2015; 
Gundra et al., 2014; Lavin et al., 2014; van de Laar et al., 2016). Upon direct 
comparison, however, local niche characteristics have been shown to dominate over 
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developmental origin in the regulation of macrophage chromatin state (Lavin et al., 
2014). Despite this dominance of local tissue imprinting, differences in macrophage 
origin can still cause meaningful differences in responses to inflammatory assaults 
and provide competitive advantage for colonizing specific tissue environments 
(Shemer et al., 2018; van de Laar et al., 2016). Additional macrophage-intrinsic 
features contributing to their phenotype include individual’s genetic variation and 
circadian rhythms (Keller et al., 2009; Link et al., 2018). 

2.2.3 Macrophage memory 
While the adaptive immune system is renowned for mounting antigen-specific 
memory responses, also innate immune system can recall past events (Hajishengallis 
et al., 2023; Netea et al., 2011). This memory has been observed in monocytes and 
macrophages, but also other innate immune cells, including dendritic and NK cells 
(Bistoni et al., 1988; Cooper et al., 2009; Hole et al., 2019; Quintin et al., 2012). 

When innate immune memory generates stronger immune response upon second 
stimulation, the result is called trained innate immunity (Hajishengallis et al., 2023; 
Netea et al., 2011). After the first training stimulus, the generated memory can 
protect from subsequent pathogen infections (Bistoni et al., 1988; Quintin et al., 
2012). Because innate immune memory is less specific, this protective effect, often 
depending on monocytes and macrophages, is extended beyond the original training 
stimulus (Aegerter et al., 2020; Barton et al., 2007; Higgins et al., 2016). For 
instance, viral infection in the lungs can protect from subsequent bacterial infections 
by training alveolar macrophages to respond with stronger chemokine secretion and 
neutrophil recruitment to detected bacteria (Yao et al., 2018). Innate immune 
memory can also be trained for weaker subsequent responses, termed tolerance, as 
repeated LPS exposure can downregulate macrophage pro-inflammatory gene 
expression (Divangahi et al., 2021; Foster et al., 2007) to potentially protect from 
inflammatory damage. 

Unlike with the adaptive immune memory, the duration of innate immune 
memory varies. In murine models, the protective effects of previous pathogen 
encounter can disappear in a few months or even be transferred to the progeny 
(Aegerter et al., 2020; Katzmarski et al., 2021). In human monocytes, protective 
effects have been demonstrated at least after three months (Kleinnijenhuis et al., 
2012). Similarly, tolerance is a dynamic state, which can be reversed by introducing 
a new immune-training stimulus or transferring the paralyzed macrophages from the 
infection-experienced host to a naïve recipient (Novakovic et al., 2016; Roquilly et 
al., 2020). The memory duration naturally depends on cellular life spans, and once 
the inflammatory cells have disappeared, the memory can be maintained by long-
lived tissue-resident macrophages or HSCs (Kaufmann et al., 2018; Yao et al., 2018). 
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The former is termed peripheral memory, and it is sometimes propagated to a new 
host via macrophage transfer (Chen et al., 2014; Netea et al., 2020; Zahalka et al., 
2022). The latter, central memory, relies on long-term HSCs that mount more 
prominent myelopoietic responses to generate epigenetically modified macrophages 
for enhanced immune protection (Kaufmann et al., 2018; Netea et al., 2020). 

At the molecular level, innate immune memory is propagated by epigenetic 
modifications induced by the training (Quintin et al., 2012). The initial stimulus 
induces histone modifications at specific locations, such as histone H3 lysine 4 
methylation (H3K4me1), trimethylation (H3K4me3), lysine 18 lactylation 
(H3K18la) or lysine 27 acetylation (H3K27ac), in the enhancer regions and 
promoters of macrophage pro-inflammatory genes (Quintin et al., 2012; Saeed et al., 
2014; Ziogas et al., 2025). Some of the acquired changes can persist after the original 
stimulus has disappeared and leave the affected genes primed for faster and stronger 
trained immune responses (Ostuni et al., 2013; Quintin et al., 2012; Saeed et al., 
2014). Similarly, induction and reversal of tolerance depend on loss and acquisition 
of histone modifications, such as histone acetylation, at specific promoters and distal 
regulatory elements (Novakovic et al., 2016). The introduction and persistence of 
these epigenetic changes are facilitated by alterations in metabolism. In particular, 
elevated glycolysis, glutaminolysis and cholesterol synthesis are metabolic 
hallmarks of trained immunity (Arts et al., 2016; Bekkering et al., 2018; Cheng et 
al., 2014; Zahalka et al., 2022). For instance, glutaminolysis and glycolysis promote 
accumulation of fumarate that inhibits a specific histone demethylase that would 
otherwise remove H3K4me3 marks (Arts et al., 2016). 

These epigenetic mechanisms, however, represent a broader epigenetic control 
observed across cell types, rather than a macrophage- or innate immunity-specific 
feature (Allis & Jenuwein, 2016). Nevertheless, they add an important layer of 
regulation to macrophage responses upon recurring stimuli. 

2.3 Tumor-associated macrophages (TAMs) 
Malignant cells abuse their tissue environment to obtain oxygen, nutrients and 
growth signals and license surrounding cells to support their agenda of unrestricted 
growth and spread. Besides cancer cells, tumor microenvironment (TME) contains 
abnormally leaky vasculature, stromal cells, surrounding tissue-specific normal cells 
and immune cells. (Hanahan & Weinberg, 2011) While the immune system initially 
disrupts cancer progression, over time the immunological pressure promotes survival 
of immune-elusive cancer cells in a process called cancer immunoediting (Angelova 
et al., 2018; Schreiber et al., 2011; Shankaran et al., 2001). The immune escape is 
accompanied by recruitment and differentiation of tumor-promoting immune cells, 
including TAMs (Bohn et al., 2018; Curiel et al., 2004; Hanahan & Weinberg, 2011). 
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Accordingly, abundant pro-inflammatory (M1-like) TAMs, anti-tumoral CD8+ 
T cells and lymphocyte-rich tertiary lymphoid structures mostly indicate better 
prognosis, while anti-inflammatory (M2-like) TAMs associate with worse prognosis 
(Fridman et al., 2017). Total TAM abundancy, nevertheless, predicts poorer 
prognosis across cancer types, with the exception of colorectal cancer (Bruni et al., 
2020; Fridman et al., 2017; Zhang et al., 2012). Therefore, TAMs appear as 
detrimental immunosuppressive regulators of the whole TME, and their putative 
anti-tumoral potential often gets dampened. 

2.3.1 Cancer promotion by tumor-educated macrophages 
Both original tissue-resident macrophages as well as recruited monocytes contribute 
to the evolving TAM population (Z. Chen et al., 2017; Loyher et al., 2018; Zhu et 
al., 2017), but cancer drastically alters monocyte and macrophage function. To begin 
with, cancer alters hematopoiesis to support myeloid cell production over 
lymphocyte generation, and cancer cells secrete CCL2 and CCL5 chemokines to 
recruit an abundance of monocytes into tumors (Loberg et al., 2007; Robinson et al., 
2003; Soria et al., 2008; Wu et al., 2014). Monocyte differentiation into macrophages 
within the TME gives rise to primarily immunosuppressive and tumor-promoting 
phenotypes as well as additional immature suppressive cells (DeNardo et al., 2009; 
Kitamura et al., 2017; Lin et al., 2001). The unique conditions in the TME result in 
TAM phenotypes surpassing the one-dimensional classically or alternatively 
activated macrophage states (Biswas et al., 2006; Cassetta et al., 2019; S. Cheng et 
al., 2021; Franklin et al., 2014; Szulzewsky et al., 2015). In fact, a multitude of 
systemic, organ-specific, TME-derived and TAM-intrinsic factors, such as specific 
cytokines, signaling proteins and transcription factors, contribute to macrophage 
phenotypes within the TME (DeNardo et al., 2009; Doedens et al., 2010; Kaneda et 
al., 2016; Sheban et al., 2025; Sica et al., 2000), as reviewed by Kloosterman and 
Akkari (Kloosterman & Akkari, 2023), but their relative importance remains to be 
established. Nevertheless, the end result is such an effective immunosuppressive 
program that introducing typically inflammatory cues only further supports anti-
inflammatory TAM functions (Biswas et al., 2006; Sica et al., 2000). 

Despite this strong TAM-conditioning by the TME, macrophages themselves 
possess limited tumoricidal functions under favorable circumstances. These include 
reactive radical production, phagocytosis, induction of cancer cell apoptosis and 
antigen presentation that can activate cytotoxic CD8+ T cells and IFNγ-secreting 
CD4+ T cells (Chen et al., 2002; Gordon et al., 2017; Hibbs et al., 1988). These 
functions can be reactivated with suitable therapeutic interventions, either by directly 
targeting TAMs, as reviewed below, or using therapies that additionally activate 
them. For instance, low-dose irradiation can program TAMs to recruit cytotoxic T 
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cells, and successful T-cell-based immunotherapy is accompanied by pro-
inflammatory TAM activation (Klug et al., 2013; van Elsas et al., 2024). 

Unfortunately, cancer cells adapt to the immunological attacks delivered by 
TAMs and other leukocytes. To avoid macrophage phagocytosis, cancer cells 
express “don’t-eat-me” signals, such as the renowned CD47 (Jaiswal et al., 2009). 
To escape from T cells, cancer cells enlist assistance from TAMs by creating an 
acidic, hypoxic and high-lactate TME that generates immunosuppressive TAMs to 
inhibit T-cell responses (Bohn et al., 2018; Colegio et al., 2014; Doedens et al., 
2010). TAMs can then suppress T-cell activation directly via inhibitory PD-L1 (B7-
H1) and B7-H4 molecules and indirectly via anti-inflammatory IL-10 secretion 
(Bloch et al., 2013; Kryczek et al., 2006; Li et al., 2018; Lin et al., 2018; Ruffell et 
al., 2014; Wu et al., 2009). TAMs can also prevent CD8+ T cells from reaching their 
cancer cell targets by either trapping T cells into prolonged contacts or altering 
extracellular matrix (ECM) composition for poorer T-cell migration (Afik et al., 
2016; Peranzoni et al., 2018; Quaranta et al., 2018). Furthermore, TAMs can shut 
down ongoing T-cell responses by promoting T-cell apoptosis, exhausted T-cell 
states and CCL20/CCL22-mediated recruitment of TREG cells (Curiel et al., 2004; 
Kersten et al., 2022; Liu et al., 2011; Saio et al., 2001; Yu et al., 2021).  

TAM-mediated tumor promotion involves not only assistance in immune 
evasion, but direct support of cancer cell growth and spread. Figure 3 and the text 
below summarize how TAMs promote cancer progression throughout the metastatic 
cascade, i.e. the steps from primary tumor growth to formation of metastatic lesions. 
For simplicity, the discussion here will focus on metastasis via blood vessels, while 
TAMs are similarly known to promote cancer cell metastasis via the lymphatic 
vessels (Bieniasz-Krzywiec et al., 2019). 

In primary tumors, TAMs secrete growth factors, such as epidermal growth 
factor (EGF), to support cancer cell proliferation (O'Sullivan et al., 1993). To supply 
the expanding tumor with oxygen and nutrients, TAMs also promote expansion of 
the vascular network by releasing pro-angiogenic factors, including VEGFs and 
CCL18 (Barbera-Guillem et al., 2002; Gimbrone et al., 1972; Lin et al., 2007; Lin et 
al., 2015). Cancer cells of epithelial origin undergo epithelial-mesenchymal 
transition (EMT) to become more invasive and migratory, which TAMs promote by 
secreting TGFβ (Bonde et al., 2012; Giampieri et al., 2009). For easier migration, 
TAMs secrete ECM-modifying enzymes to degrade the underlying ECM and also 
induce cancer cells to do the same (Bieniasz-Krzywiec et al., 2019; L. Gao et al., 
2016; Gocheva et al., 2010). Once on the move, cancer cells actually co-migrate 
alongside TAMs and coordinate this mutual movement with reciprocal M-
CSF/CCL2 and EGF secretory loops (L. Gao et al., 2016; Goswami et al., 2005; 
Wyckoff et al., 2004). Upon reaching the vasculature, cancer cells are assisted by 
perivascular macrophages in their entry within the vessel, called intravasation. These 
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macrophages form contact points with endothelial cells and the intravasating cancer 
cell to induce transient vascular permeability and facilitate cancer cell 
transendothelial migration (Harney et al., 2015; Robinson et al., 2009; Roh-Johnson 
et al., 2014; Wyckoff et al., 2007) 

 
Figure 3. Macrophages support cancer progression at each step of the metastatic cascade. The 

schematic depicts hematogenous metastasis formation. 1, TAMs promote cancer cell 
proliferation (EGF) and angiogenesis (VEGF, CCL18) to support primary tumor growth. 
2, TAMs induce EMT (TGFβ), modulate ECM and co-migrate with cancer cells (MSF-
F/CCL2 and EGF) to facilitate invasion. 3, TAMs in contact with a cancer cell and 
endothelial cells regulate vascular permeability and cancer cell intravasation. 4, A clot 
of cancer cells at a distant site, where macrophages support cancer cell extravasation. 
5, Metastasis-associated macrophages promote metastasis seeding and growth by 
inducing MET, providing ligands for cancer cell survival signaling and inhibiting T-cell 
responses. MET, mesenchymal-epithelial transition. 
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At the sites of cancer cell extravasation, macrophages assist cancer cells in entering 
the underlying tissue (Qian et al., 2009). The macrophage population at the 
metastatic site increases by both enhanced recruitment of inflammatory monocytes 
and local proliferation (Qian et al., 2011; Sharma et al., 2015). Metastasis-associated 
macrophages then help the initial metastasis seeding and further growth (Qian et al., 
2009; Qian et al., 2011). Cancer cells seek coverage from potential immune attacks 
by binding macrophage α4-integrins with their VCAM-1 molecules to obtain 
survival-promoting signals (Chen et al., 2011). Macrophages can also further 
suppress IFNγ-secreting T-cell activation and dendritic cell maturation (Sharma et 
al., 2015). Surviving cancer cell proliferation and metastasis growth is then 
accelerated by reversal of the original EMT, a process supported by myeloid cells at 
the metastatic sites (Gao et al., 2012). 

These various roles of TAMs in cancer are by no means performed by a uniform 
TAM population capable of all the different functions. Instead, subpopulations of 
TAMs act in a context-guided manner at different tumor locations, as we will see 
next. 

2.3.2 TAM functions defined by intratumoral localization 
The exploration of macrophage diversity within tumors has been accelerated by 
techniques such as multiplex imaging, spatial transcriptomics and single-cell RNA-
sequencing (scRNA-seq). In particular, large scRNA-seq atlases of human 
macrophages across various cancer and healthy tissues have been constructed to 
identify macrophage subtypes shared between different tissues. (S. Cheng et al., 
2021; Coulton et al., 2024; Mulder et al., 2021) These atlases identify remarkably 
overlapping TAM subsets, which likely represent genuine TAM populations 
common to various cancer types and performing distinct functions regulated by their 
TME niches. Below, I will describe macrophage phenotypes identified by several 
single-cell macrophage atlases, including resident, matrix-remodeling, pro-
angiogenic, lipid-associated, inflammatory, IFN-induced and proliferating 
macrophages. Their marker genes, functions and localization in the TME have been 
summarized in Table 1. 

Resident macrophages across tissues express a core program characterized by 
LYVE1, FOLR2 and HES1 alongside additional tissue-specific genes, such as 
PPARG and FABP4 in alveolar macrophages or FTL, HBB and HMXO1 in iron-
recycling macrophages (S. Cheng et al., 2021; Coulton et al., 2024; Mulder et al., 
2021). Naturally, their prevalence is higher in healthy tissues (S. Cheng et al., 2021). 
During early cancer development, resident macrophages can regulate invasion and 
immune evasion, and in established tumors they often become distributed at the 
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tumor periphery (Casanova-Acebes et al., 2021) or trapped within the fibrotic areas 
between growing cancer cell islands (Matusiak et al., 2024). 

Classical tumor-supporting macrophage functions, matrix remodeling and 
promotion of angiogenesis define specific TAM subpopulations. Matrix-remodeling 
TAMs express collagen genes and secreted protein acidic and rich in cysteine 
(SPARC), and associate with immune checkpoint inhibitor (ICI) therapy resistance 
(Coulton et al., 2024; subcluster of #13 in Mulder et al., 2021). Pro-angiogenic 
SPP1+ TAMs are found in hypoxic and necrotic tumor areas and associate with poor 
prognosis. In some cancer types, however, SPP1+ TAMs are missing and their 
functions in angiogenesis are carried out by some other TAM subset. (S. Cheng et 
al., 2021; Matusiak et al., 2024) 

Table 1. TAM phenotypes identified across macrophage scRNA-seq atlases. The table shows 
TAM subset marker genes in scRNA-seq data, TAM subset function and localization in 
the TME, and correlation of TAM subset abundancy with ICI efficacy based on analyses 
of pre-treatment samples. 

TAM 
SUBSET MARKERS FUNCTION LOCALIZATION ICI EFFICACY 

CORRELATION 

Resident FOLR2, HES1, 
LYVE1 

? Tumor periphery, 
fibrotic areas 

 

Matrix-
remodeling 

COL1A1, COL1A2, 
COL6A3, SPARC 

Extracellular matrix 
remodeling 

? ICI resistance 

Pro-
angiogenic 

SPP1 Angiogenesis Hypoxic and 
necrotic areas 

 

Lipid-
associated 

APOC1, APOE, 
FABP5, LIPA, 
MSR1, TREM2, 
PDCD1 

Anti-inflammatory, T-
cell suppression 

Invasive front ICI resistance 

Inflammatory CXCL1, CXCL2, 
IL1B, NLRP3 

Cytokine secretion, 
neutrophil recruitment 

Neutrophil-rich 
areas 

 

IFN-induced CD274, CXCL9, 
CXCL10, CXCL11, 
IDO1, IL4I1 

Efferocytosis, T-cell 
exhaustion, TREG 
promotion 

Areas with high 
cell turnover 

ICI response 

Proliferating CDK1, CDKN3, 
MKI67 

? ?  

 
Lipid-associated TAMs are distinguished by their altered lipid metabolism (e.g. 
upregulation of APOE, APOC1, LIPA, FABP5 and PLIN2), which results in lipid 
accumulation that promotes their anti-inflammatory phenotype, immunosuppressive 
gene expression (TREM2, PDCD1, CD276, LAG3, MSR1) and oxidative 
phosphorylation (Coulton et al., 2024; Jaitin et al., 2019; Su et al., 2020; Timperi et 
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al., 2022). Similar dysfunctional macrophage populations have been identified in 
Alzheimer’s disease and obese mice (Jaitin et al., 2019). In cancer, they associate 
with poor prognosis and immunotherapy resistance (Donadon et al., 2020; Liu et al., 
2022; Xiong et al., 2020). Depending on the depth of clustering, one or two lipid-
associated macrophage subsets can be identified (Coulton et al., 2024; Mulder et al., 
2021; Timperi et al., 2022; Wu et al., 2021). Predominantly tumor-associated and 
monocyte-derived lipid-associated macrophages (STAB1+MRC1+CD163+MAFB+) 
suppress T-cell responses at the invasive front, while the other subset is equally 
abundant in healthy and tumor tissues (Timperi et al., 2022). 

TAMs subsets predominantly defined by their regulation of immune responses 
include inflammatory TAMs and IFN-induced TAMs. Inflammatory TAMs have 
activated inflammasomes and express an array of pro-inflammatory cytokines and 
chemokines, contributing to the neutrophil-rich niches they reside in (Coulton et al., 
2024; Matusiak et al., 2024). IFN-induced TAMs express IFN-upregulated 
chemokines (CXCL9, -10, -11), immunosuppressive enzymes (IL4I1, IDO1) and 
immune checkpoint molecules (CD274) (Coulton et al., 2024; Mulder et al., 2021). 
They predict response to ICI therapy (Coulton et al., 2024; Matusiak et al., 2024), 
perform efferocytosis in areas of high cell turnover and are thought to support T-cell 
exhaustion and TREG cells (Matusiak et al., 2024; Mulder et al., 2021). 

Lastly, proliferating monocytes and macrophages are readily identified by 
scRNA-seq, as they distinctly express proliferation-associated genes (MKI67, 
CDK1, CDKN3) and usually cluster further away from other macrophages (Coulton 
et al., 2024; Mulder et al., 2021; Wu et al., 2021). Their clinical significance remains 
controversial, as their abundance has been associated with both better and worse 
outcomes (Coulton et al., 2024; Duval et al., 2025). 

Altogether, these different TAM subsets residing in their distinct niches 
comprise a heterogeneous group of cells. The tight coupling of TAM subsets with 
their respective niches is demonstrated at the boundary zones between different 
niches, where mixed phenotypes can be found (Matusiak et al., 2024). TAM 
heterogeneity has important consequences for therapeutic targeting, as most 
promising therapeutics would disturb only TAM subsets with tumor-promoting 
functions. Furthermore, more sophisticated models are necessary for investigating 
therapeutic effects, as in vitro cultures and orthotopic murine tumor models (Laviron 
et al., 2022) fail to capture this heterogeneity. 

2.4 Macrophage-targeted cancer immunotherapy 
Across more than 70,000 patients with cancer and 15 analyzed immune cell types, 
M2-like TAMs most uniformly predict poor prognosis (Bruni et al., 2020). Yet, 
TAMs localized within tumor cell islands or TAMs upon therapeutic intervention 
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can possess anti-tumoral properties and improve patient prognosis (Di Caro et al., 
2016; Wu et al., 2016). Therefore, cancer immunotherapies that could disrupt TAM-
regulated cancer promotion or manipulate TAMs to unleash their anti-tumoral 
potential are extensively investigated. 

2.4.1 Fundamentals of cancer immunotherapy 
Cancer immunotherapy has various forms, and therapeutics approved for clinical use 
range from cancer vaccines to infused cells and antibodies (Cheever & Higano, 2011; 
Kazandjian et al., 2016; O'Leary et al., 2019; Prieto et al., 2012; Sul et al., 2016; 
Weinstock et al., 2017). These immunotherapies elicit anti-tumoral T-cell responses 
by infusing the patient with autologous antigen-loaded dendritic cells (sipuleucel-T), 
T cells engineered to recognize specific tumor antigens (chimeric antigen receptor T 
cells) or antibodies that block inhibitory immune checkpoint molecules (ICIs). 
Inhibitory immune checkpoint molecules, including CTLA-4 (cytotoxic T-
lymphocyte antigen 4), PD-1 (programmed cell death protein 1) and PD-L1 
(programmed cell death 1 ligand 1) would otherwise suppress T-cell priming and 
activation. (Burch et al., 2000; Freeman et al., 2000; Krummel & Allison, 1995; 
Leach et al., 1996). Yet, reactivating anti-tumor immunity for durable clinical 
responses remains challenging in patients with cancers that already utilize various 
routes for immune escape (Hegde & Chen, 2020; O'Donnell et al., 2019; Sharma et 
al., 2021). Objective response rates for ICIs often range from 10 to 40% depending 
on the indication (Hodi et al., 2010; Kazandjian et al., 2016; Larkin et al., 2018; Sul 
et al., 2016; Weinstock et al., 2017; Wolchok et al., 2025). Infused chimeric antigen 
receptor T cells show high response rates (45% - 90%) in hematological cancers, but 
their efficacy in solid tumors is lower (5% - 50%) (Cappell & Kochenderfer, 2023; 
Du et al., 2025; O'Leary et al., 2019). For some of these patients, the treatment is 
curative, but even patients with complete responses may relapse later on (Cappell & 
Kochenderfer, 2023; O'Leary et al., 2019; Robert et al., 2015). 

In general, a full T-cell-mediated anti-tumor response forms after several 
successive steps, described as the cancer immunity cycle (Figure 4). (Chen & 
Mellman, 2013; Mellman et al., 2023) The cycle starts with the release of tumor 
antigens from dying cancer cells. These antigens are presented to T cells in the 
tumor-draining lymph nodes for their priming and activation. Then, the activated T 
cells are recruited into tumors, extravasate and infiltrate into cancer cell islands. 
Cytotoxic T cells recognize cancer cells based on their antigen presentation and 
within favorable tissue environment proceed with target cell killing, which releases 
more antigens to fuel the cycle. (Chen & Mellman, 2013; Mellman et al., 2023). This 
cycle can be arrested at various stages, resulting in distinct patterns of T-cell 
infiltration within the tumor (Figure 4). Completion of each step in the cycle is 



Jenna Rannikko 

 40 

affected by various stimulatory and inhibitory factors, which can be cancer-intrinsic 
or related to the patient’s genetics, microbiome or environment. This results in a 
patient-specific cancer-immune profile that regulates the anti-tumor immune 
response (D.S. Chen & Mellman, 2017). Furthermore, based on the mechanisms that 
have prevented the cycle from proceeding in a specific tumor, certain types of cancer 
immunotherapies are more likely to confer therapeutic benefit (D. S. Chen & 
Mellman, 2017; Mellman et al., 2023). 

Therefore, the level of immune cell infiltration provides clinically valuable 
information and associates with cancer prognosis (Camus et al., 2009; Galon et al., 
2006). Tumors with high T-cell infiltration both within the tumor and in its periphery 
are called inflamed or immune hot (Galon & Bruni, 2019). Their cancer-immunity 
cycle, halted at the last steps of cancer cell recognition and killing, can benefit from 
ICIs that release PD-1/PD-L1-mediated T-cell suppression (Herbst et al., 2014; 
McDermott et al., 2016; Tumeh et al., 2014). On the contrary, non-inflamed or so-
called immune cold tumors lack T-cell infiltration altogether due to deficiency in 
tumor antigens, antigen presentation, T-cell priming or activation, which causes ICI 
resistance (Ayers et al., 2017; D. S. Chen & Mellman, 2017; Galon & Bruni, 2019). 
Because of this early block in the cancer-immunity cycle, treatment combinations 
are investigated to both enhance T-cell priming and remove inhibitory signals from 
the TME (Galon & Bruni, 2019), which should support the completion of a full 
cancer-immunity cycle. For instance, conventional cancer therapies promote antigen 
release and antigen-specific T-cell activation to support ICI efficacy (Mathios et al., 
2016). Intermediate levels of T-cell infiltration in immune altered tumors can result 
from local immunosuppression that prevents full T-cell expansion and responses. 
Immune excluded tumors, on the other hand, have high T-cell infiltration only at the 
tumor periphery, caused by poor T-cell recruitment, dysfunctional tumor vasculature 
or unfavorable ECM architecture. (Galon & Bruni, 2019). 

Tumors can be categorized into these immunological subtypes by quantifying 
total (CD3+) T-cell and cytotoxic (CD8+) T-cell infiltration at the invasive margin 
and the tumor core (Marliot et al., 2020; Pagès et al., 2018). The results are combined 
into an Immunoscore, which has been shown to correspond or even surpass TNM 
staging in the power of predicting overall survival (Marliot et al., 2020; Pagès et al., 
2018). Depending on the exact method, the number of resulting categories can vary 
from two to five (Galon & Lanzi, 2020), while biomedical research literature often 
uses a simplistic dual categorization into immune cold and hot tumors. 
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Figure 4. Fundamental concepts in cancer immunology and immunotherapy. Above, the cancer-

immunity cycle illustrates the necessary steps for generating anti-tumor T-cell 
responses. Mid-line, the three E’s of cancer immunoediting: elimination, equilibrium and 
escape. Immune system first mounts effective immune attacks against the tumor 
(elimination). The immunological pressure, however, selects for subsets of cancer cells 
capable of surviving the immune attacks (cancer immunoediting), generating a balance 
between immunological destruction and appearance of more elusive cancer cells 
(equilibrium). After sufficient time, the cancer progresses and escapes from the immune 
system (escape), while immunotherapies aim to re-activate the elimination phase. 
Below, T-cell infiltration within a tumor reflects, which steps of the cancer-immunity cycle 
were completed successfully. APC, antigen-presenting cell. The cancer-immunity cycle 
was adapted from Chen and Mellman, 2013; the three E’s of cancer immunoediting were 
illustrated based on Schreiber, Old and Smyth, 2011; the association between the 
cancer-immunity cycle and T-cell infiltration was depicted based on D. S. Chen & 
Mellman, 2017 and Galon & Bruni, 2019. 

TAMs fit into this paradigm by promoting tumor immune escape via T-cell 
exclusion, immune suppression and immune checkpoint molecule expression, as 
reviewed above. Yet, their anti-tumoral activation is critical for therapeutic 
responses to T-cell-based cancer immunotherapy (van Elsas et al., 2024). 
Furthermore, TAMs bind therapeutic antibodies with their FcγRs, which can either 
limit antibody availability for binding the intended target or induce beneficial 
antibody-dependent effector functions (Arlauckas et al., 2017; Richards et al., 2008). 
Besides, TAMs themselves pose a feasible therapeutic target with their various 
tumor-promoting mechanisms and unused potential for cancer cell phagocytosis and 
antigen presentation, as described above. 

2.4.2 TAM-modulating therapeutic strategies 
Already in the late 1980s, cancer patients were administered with in vitro-expanded 
and IFNγ-activated macrophages derived from patient’s own monocytes (Andreesen 
et al., 1990; Faradji et al., 1991). At the time, the ability of monocytes and 
macrophages to kill cancer cells had been discovered, but the performed small-scale 
clinical studies commonly reported non-existing efficacy (Andreesen et al., 1998). 
Another early approach, PRR activation on myeloid cells, was successful in specific 
indications, such as imiquimod for topical use, Bacillus Calmette-Guérin vaccine for 
bladder cancer and mifamurtide for osteosarcoma (Ando et al., 2011; Vacchelli et 
al., 2012). 
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Since then, dual functions of TAMs within the TME have been discovered. As 
TAMs were shown to promote cancer progression and metastatic spread (Lin et al., 
2001), subsequent strategies aimed to deplete TAMs or prevent monocytes from 
entering tumors. After showing that CSF1R-targeted disruption of TAMs reduces 
murine tumor growth, CSF1R-targeting inhibitors and antibodies entered clinical 
development (Butowski et al., 2016; Ries et al., 2014; Yan et al., 2017). Durable 
responses were seen in diffuse tenosynovial giant cell sarcomas that overexpress the 
CSF1R ligand M-CSF (Cassier et al., 2020; Ries et al., 2014), but otherwise the 
efficacy has been limited (Butowski et al., 2016), as tumors adapt to CSF1R 
inhibition with compensatory CSF2-driven TAM phenotypes and enhanced 
recruitment of tumor-promoting granulocytic cells (Klemm et al., 2021; Kumar et 
al., 2017). Furthermore, while CSF1R and its ligands regulate macrophage survival 
and population size, CSF1R inhibitors actually altered TAM phenotypes rather than 
depleted TAMs (Dai et al., 2002; Wei et al., 2010; Yan et al., 2017; Zhou et al., 
2022). More recently, targeted approaches to deplete only specific TAM subsets, 
such as CD163- or TREM2-expressing TAMs, have been introduced, but they are 
yet to demonstrate clinical efficacy (Etzerodt et al., 2019; Yeku et al., 2025). 

As a concurrently developed alternative to TAM depletion, monocyte-recruiting 
chemokines or their receptors were inhibited (Noel et al., 2020; Sandhu et al., 2013), 
since preclinical studies had shown how recruited monocytes were necessary for 
metastasis development (Qian et al., 2011). In the frontline, clinical studies on 
CCL2/CCR2 blockade failed to show efficacy due to a strikingly high (>1000-fold) 
adaptive increase in CCL2 levels, compensatory neutrophil recruitment and rebound 
metastasis promotion after therapy discontinuation (Bonapace et al., 2014; Noel et 
al., 2020; Nywening et al., 2018; Sandhu et al., 2013). 

After the shortcomings of these two approaches, a third avenue has emerged. 
TAM reprogramming aims to utilize macrophage plasticity in order to transform 
TAM functions from tumor-promoting to anti-tumoral. Reprogramming is a very 
broad umbrella term, and widely speaking anything that alters TAM phenotype can 
be grouped under this category, including agents not specific to TAMs. In the light 
of section 2.2, truly specific TAM reprogramming would target central regulators of 
niche-specific TAM phenotypes, thereby modifying the whole TAM identity, 
allowing it to react differently to external stimuli. Nevertheless, both more and less 
specific strategies for TAM reprogramming are briefly discussed below. 

Currently, most clinically investigated TAM-targeted treatments rather 
reprogram TAM functions than their phenotype. For functional reprogramming, 
TAM activation state can be modified with ligands for their PRRs or stimulatory 
receptors, by blocking their suppressive receptors or by altering specific TAM 
functions. Besides the clinically approved PRR targeting agents, a plethora of other 
PRR (TLRs, STING, RAGE, Dectin-2) activators have been clinically investigated 
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(Choi et al., 2022; Galluzzi et al., 2012; Giordano et al., 2023; Huang et al., 2023), 
but suffer from limited efficacy and induction of tolerance (Bourquin et al., 2011; 
Diab et al., 2025; Manegold et al., 2012; Meric-Bernstam et al., 2022). Currently 
targeted stimulatory receptors (CD40, TREM1) potentiate myeloid cell cytokine 
secretion and expression of MHC and costimulatory molecules to support T-cell 
responses, but the more studied CD40-agonism has suffered from both low efficacy 
and safety concerns (Caux et al., 1994; Dower et al., 2008; Salomon & Dahan, 2022; 
Yeku et al., 2025). Likewise, currently targeted suppressive receptors (VISTA, 
TREM2, Siglec-15, LILRB family) are not TAM-specific, but commonly expressed 
on other leukocyte subsets. Blocking their suppressive functions, such as TGFβ 
secretion and T-cell inhibition, supports immune responses in the TME, but their 
clinical efficacy is yet to be established. (Iadonato et al., 2023; Molgora et al., 2020; 
Siu et al., 2022; Spira et al., 2023; Takamiya et al., 2013). 

More specific functional reprogramming involves promotion of phagocytosis by 
targeting phagocytosis checkpoints, inhibition of suppressive enzymatic activity or 
tolerogenic scavenging. Phagocytosis checkpoint inhibitors promote cancer cell 
phagocytosis by preventing interactions between cancer-cell-expressed “don’t-eat-
me” molecules (CD47 and CD24) and their receptors on macrophages (Signal-
regulatory protein α [SIRPα] and Siglec-10, respectively) (Barkal et al., 2019; Sikic 
et al., 2019; Tsai & Discher, 2008). First trials reported objective responses 
especially for combinatory treatment regimens, while on-target side effects, such as 
anemia, result from CD47 expression on normal cells and complicate their 
therapeutic use (Advani et al., 2018; Sikic et al., 2019). Inhibiting IDO1 enzymatic 
activity with small molecule inhibitors supports T-cell activation by preventing 
tryptophan catabolism and production of immunosuppressive kynurenine 
metabolites (Fallarino et al., 2006; Koblish et al., 2010; Opitz et al., 2011). 
Unfortunately, a large phase 3 clinical trial failed to achieve therapeutic benefit, 
possibly due to compensatory enzymes in the TME and inadequate dose in relation 
to IDO1 levels upregulated by concurrent ICI therapy (Gomes et al., 2018; Long et 
al., 2019; Zeitler & Murray, 2023). Therapeutics inhibiting scavenger receptors 
(CD163, macrophage receptor with collagenous structure [MARCO]) are in 
preclinical or early clinical stage, and unleash CD8+ T-cell responses by pro-
inflammatory conversion of immunosuppressive TAM subsets (Georgoudaki et al., 
2016; La Fleur et al., 2021; Tolcher et al., 2022). 

For phenotypic reprogramming, TAM-expressed transcription factors (STATs, 
aryl hydrocarbon receptor, C/EBPα), signaling molecules (phosphoinositide 3-
kinase γ [PI3Kγ]) or enzymes (histone deacetylaces) can be blocked. Transcription 
factors STAT3, STAT6 and aryl hydrocarbon receptor have been targeted with small 
molecule inhibitors or anti-sense oligonucleotides to disrupt the immunosuppressive 
transcriptional programs under their regulation (Kamerkar et al., 2022; McGovern et 
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al., 2022; Proia et al., 2020; Reilley et al., 2018), while inducing C/EBPα with small 
activating RNAs impedes myeloid-cell-mediated immunoregulation in patients with 
hepatocellular carcinoma (Hashimoto et al., 2021). PI3Kγ is another central regulator 
of TAM phenotype and its inhibition allows macrophages to better support T-cell 
immunity, which has translated into occasional therapeutic responses in combination 
with nivolumab in otherwise resistant patients (Hong et al., 2023; Kaneda et al., 
2016). In preclinical studies, inhibition of class IIa histone deacetylases reprograms 
TAMs towards immunostimulatory phenotype, while the exact treatment mechanism 
remains elusive due to low enzymatic activity of this histone deacetylase class 
(Guerriero et al., 2017; Park & Kim, 2020). 

Finally, over 30 years after the first attempts of macrophage infusion, this 
approach has been revived by using macrophages equipped with chimeric antigen 
receptors to enhance their phagocytosis (Klichinsky et al., 2020). In a small phase 1 
clinical trial, these macrophages targeted against human epidermal growth factor 
receptor 2-expressing tumors, however, failed to elicit objective therapeutic 
responses (Reiss et al., 2025). 

The overall clinical landscape of TAM reprogramming has been reviewed in the 
first publication of this thesis (I), highlighting the obstacles and opportunities in 
developing efficacious macrophage-guided immunotherapies. We next focus on the 
approach investigated in this thesis, inhibition of the scavenger receptor Clever-1. 

2.5 Clever-1 as a cancer immunotherapy target 
Clever-1 (also known as Stabilin-1, FEEL-1, MS-1 antigen) was discovered 
separately by several research groups, each describing one aspect of its complex 
biology. First, Goerdt and colleagues identified Clever-1 as a marker of non-
continuous sinusoidal endothelial cells, while generating antibodies (MS-1) against 
human spleen (Goerdt et al., 1991). They additionally found MS-1 antigen 
(Stabilin-1) to be expressed on macrophages and to contain sorting signals for 
shuttling between subcellular compartments (Goerdt et al., 1993; Kodelja & Goerdt, 
1994; Politz et al., 2002). Then, a novel scavenger receptor (FEEL-1) was discovered 
to mediate the uptake of modified low-density lipoproteins (LDLs) (Adachi & 
Tsujimoto, 2002) and a novel adhesion molecule, expressed both on lymphatic and 
vascular endothelium, was identified (Irjala, Elima, et al., 2003). These three proteins 
turned out to be the same multifunctional receptor molecule (Adachi & Tsujimoto, 
2002; Irjala, Elima, et al., 2003). Subsequent discoveries on Clever-1 functions, 
particularly in cancer, have paved the way for a Clever-1-blocking immunotherapy. 
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2.5.1 Clever-1 structure, expression and function 
Since its discovery, Clever-1 expression has been identified on various types of 
endothelial cells, including non-continuous endothelium in the spleen, lymph nodes, 
liver sinusoids and lymphatics (Goerdt et al., 1991; Irjala, Elima, et al., 2003). Under 
homeostasis, blood vessel endothelial cells generally lack Clever-1, with the 
exception of lymph node high-endothelial venules (Goerdt et al., 1993; Irjala, Elima, 
et al., 2003). Vascular Clever-1 expression, however, is induced by different types 
of acute and chronic inflammatory conditions, such as cancer and rheumatoid 
arthritis (Goerdt et al., 1993; Goerdt et al., 1991; Irjala, Elima, et al., 2003; Szekanecz 
et al., 1994). Apart from endothelial cells, also classical and intermediate monocytes 
in the circulation as well as various macrophage populations in healthy and 
pathologic tissues express Clever-1 (Cupurdija et al., 2004; Goerdt et al., 1993; 
Kodelja & Goerdt, 1994; Mosig et al., 2009; Palani et al., 2016; Schledzewski et al., 
2006; Szekanecz et al., 1994; Walsh et al., 1991). Clever-1 expression is upregulated 
by dexamethasone, IL-4, M-CSF and low extracellular pH, as shown by in vitro-
cultures of monocyte-derived macrophages, while hypoxia downmodulates Clever-1 
(Bosco et al., 2006; Goerdt et al., 1993; Ong et al., 2010; Park et al., 2012). 

Both endothelial and myeloid Clever-1 have similar functional properties. 
Besides the originally identified roles in adhesion and scavenging, a plethora of 
research has connected Clever-1 with the regulation of immune responses, and all 
these three functions are mediated by both the endothelial and myeloid Clever-1 
(Adachi & Tsujimoto, 2002; Irjala, Elima, et al., 2003; Karikoski et al., 2014; 
Kzhyshkowska, Workman, et al., 2006; Palani et al., 2016; Tadayon et al., 2021; 
Viitala et al., 2019). As an adhesion molecule, initial studies found endothelial 
Clever-1 to mediate binding of various leukocyte subsets to vascular and lymphatic 
endothelium, and cancer cells to lymphatic endothelium, facilitating immune cell 
trafficking and potentially supporting lymphatic metastasis (Irjala, Alanen, et al., 
2003; Irjala, Elima, et al., 2003; Karikoski et al., 2009). Subsequent studies identified 
Clever-1 blockade to interfere with endothelial transmigration rather than initial 
adhesion (Salmi et al., 2004), and endothelial Clever-1 appeared to more strongly 
support immunosuppressive TREG cell transmigration (Shetty et al., 2011). 
Furthermore, Clever-1 on monocytes can similarly mediate monocyte adhesion to 
endothelium (Karikoski et al., 2014). 

As a scavenger receptor, Clever-1 has been shown to bind and endocytose 
various ligands. These include phosphatidylserine-coated dying cells, pathogens or 
their components (bacteria, anti-sense oligonucleotides), metabolic waste (modified 
LDLs, oxidized albumin and advanced glycation end products) and secreted 
mediators (SPARC, placental lactogen) (Adachi & Tsujimoto, 2002; Holte et al., 
2023; Kzhyshkowska et al., 2008; Kzhyshkowska, Workman, et al., 2006; Lee et al., 
2011; Miller et al., 2016; Park et al., 2009; Tamura et al., 2003). In the liver, 
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endothelial cells use Clever-1 to sequester damaged red blood cells from the 
circulation for nearby macrophages to phagocytose, in order to maintain body’s 
homeostasis (Lee et al., 2011). While Clever-1 deficiency alone may not result in 
severe scavenging deficits due to overlapping ligand repertories with other scavenger 
receptors, deficiency in both Clever-1 and its only homologue Stabilin-2 causes liver 
fibrosis and kidney damage in mice (Leibing et al., 2023; Schledzewski et al., 2011). 
Clever-1-dependent endocytosis by macrophages often results in target degradation 
within lysosomes, but Clever-1 can alternatively sort the internalized ligands to 
storage or secretory granules instead (Kzhyshkowska et al., 2008; Kzhyshkowska, 
Workman, et al., 2006). This can importantly regulate the levels of some Clever-1 
ligands, such as placental lactogen (Kzhyshkowska et al., 2008). While some of these 
ligands inevitably share binding sites on Clever-1 (Tamura et al., 2003), cross-
regulation between specific ligand-related processes remains an uncharacterized 
topic. 

Clever-1-mediated scavenging can additionally regulate immune responses. For 
instance, modified LDL suppresses chemokine CCL3 secretion in a Clever-1 
dependent manner (Rantakari et al., 2016). Further suggesting an 
immunosuppressive role, Clever-1 expression is upregulated by anti-inflammatory 
stimuli and found on macrophages co-expressing TREM2 and CD163 (Goerdt et al., 
1993; Kzhyshkowska et al., 2004; Timperi et al., 2022; Yu et al., 2025). Genetic 
deletion or antibody-mediated blockade of Clever-1 indeed induces pro-
inflammatory monocyte and macrophage phenotypes characterized by elevated pro-
inflammatory cytokine and chemokine secretion (TNFα, IL-12, CCL3), higher 
glycolysis rate, enhanced activation of NF-κB and mTOR signaling upon LPS 
challenge, and greater capability to support TH1- and B-cell responses (Dunkel et al., 
2018; Palani et al., 2016; Rantakari et al., 2016; Viitala et al., 2019). Similarly, 
genetic deletion of Clever-1 allows endothelial cells to interact with passing dendritic 
cells in a manner that facilitates stronger antigen-specific T-cell responses (Tadayon 
et al., 2021). 

To perform these diverse functions, Clever-1 is a large (280-320 kDa, 69 exons) 
receptor protein with a diverse domain structure (Goerdt et al., 1993; Goerdt et al., 
1991; Irjala, Elima, et al., 2003; Politz et al., 2002) and additional protein variants 
resulting from alternative splicing, glycosylation and protein cleavage (Goerdt et al., 
1991; Irjala, Elima, et al., 2003). Clever-1 structure is illustrated in Figure 5, and its 
different domain types associate with distinct functions, such as fasciclin and EGF-
like domains with adhesion (Politz et al., 2002). The protein’s cytoplasmic tail 
contains sorting signals and adaptor protein binding sites for rapid trafficking 
between plasma membrane, trans-Golgi network and the endo-lysosomal 
compartment (Adachi & Tsujimoto, 2010; Hansen et al., 2005; Kzhyshkowska et al., 
2004; Politz et al., 2002; Zhang et al., 2009). These properties facilitate binding and 
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uptake of various ligands, and their subsequent intracellular sorting for degradation, 
storage or secretion, as well as Clever-1 recycling back on the cell surface (Adachi 
& Tsujimoto, 2010; Hansen et al., 2005; Kzhyshkowska et al., 2004; Kzhyshkowska 
et al., 2008; Kzhyshkowska, Workman, et al., 2006; Park et al., 2010). Clever-1 can 
also perform similar sorting for newly-synthetized ligands via its interactions in the 
trans-Golgi network (Kzhyshkowska, Mamidi, et al., 2006). 

2.5.2 Clever-1 in cancer 
Many of the identified Clever-1 functions would appear tumor-promoting in the 
context of cancer, including tolerogenic scavenging, immunosuppression and 
promotion of cancer cell adhesion to lymphatic vessels. To investigate whether 
Clever-1 expression correlates with patient outcome (survival, therapeutic response, 
disease progression or recurrence), various studies have quantified Clever-1-
expression from tumor biopsies. For endothelial Clever-1, some studies quantify 
Clever-1+ blood and lymphatic vessels separately, while other studies report overall 
Clever-1+ vessel quantity. High number of Clever-1+ blood or overall vessels 
associates with higher number of tumor-infiltrating immune cells and better 
prognosis (Ålgars et al., 2012; Ammar et al., 2011; Tervahartiala et al., 2017). 
Conversely, high number of Clever-1+ lymphatics predicts poorer prognosis in late-
stage cancer and higher likelihood for lymphatic metastases (Ammar et al., 2011; 
Ålgars et al., 2021). These observations align well with the reported Clever-1 
functions in cell adhesion and transmigration (Irjala, Alanen, et al., 2003; Irjala, 
Elima, et al., 2003; Karikoski et al., 2009; Salmi et al., 2004), as blood endothelial 
Clever-1 would improve prognosis by promoting immune cell trafficking into 
tumors and tumor-draining lymph nodes, while lymphatic endothelial Clever-1 
would additionally facilitate cancer cell adhesion and metastasis. 

For macrophage Clever-1, more complex associations have been reported. In 
several cancer types (bladder, breast, immune-infiltrated gastric, oral cavity and 
advanced colorectal cancer), high numbers of Clever-1+ macrophages predict poorer 
prognosis or weaker treatment responses (Ålgars et al., 2012; Junttila et al., 2020; 
Kwon et al., 2019; Tashireva et al., 2017; Tervahartiala et al., 2017; Wang et al., 
2019; Ålgars et al., 2021). Yet, opposite observations in breast and colorectal cancer 
have also been reported, as high intratumoral (breast cancer) or peritumoral 
(colorectal cancer) Clever-1+ macrophage numbers associate with longer disease-
specific survival, higher immune cell infiltration or both (Ålgars et al., 2012; Mutka 
et al., 2022; Ålgars et al., 2021). Different patient populations, treatment regimens 
and methods for macrophage identification may account for some of these 
conflicting associations. Nevertheless, overall conclusion would be that macrophage 
Clever-1 associates with poorer disease outcome. Furthermore, overall STAB1 gene 
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expression, including both endothelial and myeloid Clever-1, associates with shorter 
survival and poorer immunotherapy responses in a large cancer cohort from The 
Cancer Genome Atlas (Hollmén et al., 2020). 

 
Figure 5. Clever-1 in cancer. Top left, Clever-1 domain structure reproduced from Virtakoivu et 

al., 2021 (II). Top right, Clever-1 functions in the TME. Clever-1 on vascular endothelial 
cells promotes immune cell adhesion and tumor entry (1), while Clever-1 on the 
lymphatic endothelium may additionally facilitate cancer cell migration into lymphatics 
(2). Clever-1 disruption transforms tumor immune cell infiltrate from tumor-promoting 
TAMs and TREG cells (3) into anti-tumoral MHC-II+ TAMs (4) and CD8+ T cells (5). Bottom 
left, immunotherapeutic antibodies for disrupting Clever-1 in human cancer 
(bexmarilimab) or murine tumor models (mSTAB1.26). Bottom right, cell types 
expressing Clever-1 within the TME. 

Besides endothelial cells and TAMs, also malignant myeloid cells express Clever-1 
due to their hematopoietic origin (Aakko et al., 2025), and high Clever-1 expression 
is associated with shorter survival in acute myeloid leukemia (Lin et al., 2019). A 
clinical trial investigating Clever-1 blockade achieved a 45% objective response rate 
in patients with myelodysplastic syndrome, treatment-refractory or relapsed acute 
myeloid leukemia, with the majority of objective responses observed in 
myelodysplastic syndrome (Kontro et al., 2025). 
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Additionally, the role of Clever-1 in cancer has been investigated in mice 
carrying full or cell-type-specific genetic deletion of Clever-1, or mice treated with 
the murine anti-Clever-1 antibody mStab1.26 (Karikoski et al., 2014; Viitala et al., 
2019). Full or macrophage-specific genetic deletion of Clever-1 suppresses the 
growth of several subcutaneous or orthotopic primary tumor models, but only the 
full genetic deletion seems to reduce metastases. Blocking Clever-1 with mStab1.26 
also suppresses B16 melanoma, EL4 lymphoma and Lewis lung carcinoma primary 
tumor growth, but fails to control immune hot CT26.WT tumors. Depending on the 
method of Clever-1 disruption, slightly different changes in the TME accompany the 
tumor suppression. Removing Clever-1 from macrophages induces high infiltration 
of CD8+ T cells within the tumor, and both the CD8+ T cells and macrophages 
converted to a more pro-inflammatory phenotype are necessary for tumor growth 
control. Surprisingly, immunotherapeutic mStab1.26 treatment does not increase or 
even reduces CD8+ T-cell infiltration in the TME, while still controlling tumor 
growth. Nevertheless, both genetic deletion and mStab1.26 reduce the number of 
anti-inflammatory TAMs and TREG cells, and enhance pro-inflammatory cytokine 
secretion. (Karikoski et al., 2014; Viitala et al., 2019) These changes in the TME 
after Clever-1 disruption are illustrated in Figure 5. 

 



 51 

3 Aims 

Clever-1 in monocytes, macrophages and endothelial cells promotes immunological 
tolerance (Palani et al., 2016; Tadayon et al., 2021; Viitala et al., 2019), and 
disrupting macrophage Clever-1 function in murine tumor models enhances CD8+ 
T-cell responses to control cancer growth (Viitala et al., 2019). To target macrophage 
Clever-1 in human malignancies, a mouse antibody 3-372 against human Clever-1 
(Irjala, Elima, et al., 2003) was humanized into bexmarilimab (FP-1305), an 
immunoglobulin G4 (IgG4) antibody with limited FcγR binding (Hollmén et al., 
2022). This thesis investigated bexmarilimab’s efficacy in activating immune 
responses in the context of human cancer, generating information on mechanisms 
and putative biomarkers behind bexmarilimab response to assist in patient selection. 
The specific aims of this thesis were to: 

1. Understand the overall clinical landscape of TAM reprogramming 
therapies, including most common challenges and potential solutions for 
more effective TAM-targeted cancer immunotherapy in the future (I) 

2. Determine the functional significance of bexmarilimab binding site on 
human monocytes and macrophages (II) 

3. Investigate the effects of bexmarilimab therapy on circulating and tumor-
infiltrating immune cells in patients with cancer (II – III) 

4. Recognize TAM phenotypes and tumor immune landscapes most sensitive 
to bexmarilimab therapy (IV – V) 

5. Identify key changes upon bexmarilimab treatment in both tumor and 
cancer-free tissues (V) 
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4 Materials and Methods 

This section briefly describes the methods for the results presented in this thesis, 
while the more detailed experimental and analysis methods descriptions are 
presented in the original publications I – V. Figure 6 summarizes the human samples 
and related experimental methods used in the original publications II – V. 

4.1 Systematic review (I) 
To enlist past and present clinically investigated TAM-reprogramming cancer 
immunotherapies, a systematic literature review combined with a clinicaltrials.gov 
database search was performed. First, PubMed was queried for research and review 
articles published before 1.2.2024 that fulfilled the following search condition: 
“macrophage and (cancer or neoplasm or tumour or tumor or malignancies) and 
(phase or clinical or trial or target)”, where both the word “macrophage” and the 
cancer-related term had to appear in the article title or abstract. The search resulted 
in 17,457 unique articles that were screened with Rayyan (Ouzzani et al., 2016). 
Rayyan’s artificial intelligence-based rating of articles was used only to exclude the 
lowliest rated articles after manual classification of the first 6,000 articles and 
thorough inspection of the rating results, while remaining articles were manually 
sorted. Excluded articles (1) failed to discuss or identify therapeutic targets on 
macrophages for cancer therapy; (2) presented therapeutics that deplete TAMs or 
inhibit monocyte recruitment and/or (3) discussed re-purposed therapeutics. Then, 
TAM targets from the included articles, additional TAM targets from clinical 
pipelines of the related pharma companies or the word “macrophage” were queried 
in clinicaltrials.gov (Condition = “Cancer”) to identify therapeutics entering clinical 
trials at the earliest on 1.1.2000. A total of 194 clinically investigated TAM-
reprogramming cancer therapeutics were thus identified. Their clinical phase, 
development status, molecule type, combinatory treatment regimens, first clinical 
trial date, number of treated patients and investigated cancer types were listed from 
clinicaltrials.gov or additional information sources (conference abstracts, press 
releases, web-based company pipelines and quarterly reports). These parameters 
were summarized by target type to present overall trends in the clinical landscape. 
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Figure 6. A summary of the human sample types and the related analysis methods used in this 

thesis to investigate the effects of bexmarilimab treatment on human monocytes, 
macrophages and the rest of the immune system. Created with Biorender.com. 
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4.2 Patient sample cohorts (II – V) 

4.2.1 MATINS trial patient blood samples and tumor 
biopsies (II – IV) 

MATINS (Macrophage antibody to inhibit immune suppression) trial 
(NCT03733990, EudraCT 2018-002732-24) was a first-in-human, open-label, non-
randomized phase I/II clinical trial investigating bexmarilimab (FP-1305) therapy in 
patients with advanced solid malignancies. The trial was approved by the local 
institutional review boards and conducted following Good Clinical Practice and the 
Declaration of Helsinki. Eligible patients had advanced (treatment-refractory and 
inoperable or metastatic) gallbladder or biliary tract carcinoma (II-IV), 
hepatocellular cancer (II-IV), ICI-refractory cutaneous melanoma (II-IV), colorectal 
cancer (II-III), ovarian cancer (II-III), pancreatic ductal adenocarcinoma (II-III), 
estrogen–receptor-positive breast cancer (III-IV), gastric adenocarcinoma (III-IV), 
anaplastic thyroid cancer (III) or uveal melanoma (III), and they provided written 
informed consent and were not receiving any concurrent anti-neoplastic therapy. 
More detailed eligibility criteria can be found at 
https://www.clinicaltrials.gov/study/NCT03733990. 

Between December 2018 and April 2021, a total of 138 patients were treated 
with bexmarilimab in parts 1 (dose escalation) and 2 (cohort expansion) of the trial. 
Bexmarilimab was administered every three weeks at dose levels 0.3, 1 or 3 mg/kg 
(part 2) with additional 0.1 and 10 mg/kg doses evaluated in part 1. Objective 
responses and disease control (DC) were defined based on Response Evaluation 
Criteria in Solid Tumors 1.1. 

Peripheral blood mononuclear cells (PBMCs) were isolated with Ficoll-Paque 
(GE Healthcare) density gradient centrifugation from patient heparin blood samples. 
Fresh cells were used for RNA-seq, flow cytometry and LPS induction assay, and 
remaining cells frozen for later use. Formalin-fixed, paraffin-embedded pre-
treatment (IV) or pre- and post-treatment (III) tumor biopsy sections were used for 
immunohistochemistry and GeoMx digital spatial profiling, respectively. 

4.2.2 Ovarian cancer ascites (IV) 
Malignant ascites was collected from ovarian cancer patients participating in the 
DECIDER project (https://www.deciderproject.eu/). The study was approved by the 
Ethics Committee of the Hospital District of Southwest Finland (ETMK 
53/1801/2009 and ETMK 145/1801/2015) and conducted in accordance with the 
Declaration of Helsinki. The participants provided written informed consent. 
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Ascites cells were pelleted from ascites fluid with a 10-minute centrifugation at 
400g and red blood cells were lysed with PharmLyse (BD Biosciences, 555899). 
Resulting ascites cell suspensions were stored frozen at -150°C in 10% DMSO in 
RPMI-1640 medium (Sigma, 5886) supplemented with 10% fetal bovine serum 
(FBS, Sigma, F7524), 1% GlutaMAX (Gibco, 35050-038) and penicillin-
streptomycin (P/S, 12.8 U/ml, Gibco, 15140-122). 

4.2.3 Breast cancer and adjacent breast tissue (V) 
Tumor and adjacent cancer-free tissues were obtained from breast cancer patients 
undergoing mastectomy surgery at Turku University Hospital. Eligible patients had 
a treatment-naïve breast cancer with >2 cm tumor diameter and provided written 
informed consent. Matching tumor and adjacent tissue areas were examined by the 
pathologist to verify the presence of invasive carcinoma in the tumor tissue specimen 
and the absence of cancer cells in the adjacent breast tissue specimen. The study was 
conducted under the approval of the Ethics Committee of the Hospital District of 
Southwest Finland (ETMK 132/216 and ETMK 34/1801/2021) and in accordance to 
the Declaration of Helsinki. Tumor and adjacent tissues were primarily used freshly 
for ex vivo studies and scRNA-seq. 

4.3 Ex vivo models (IV, V) 

4.3.1 Ovarian ascites cell culture (IV) 
Thawed ovarian ascites cells (5 × 105) or CD14+ ascites cells (2 × 105), magnetically 
enriched using human CD14 MicroBeads and MS columns (both Miltenyi Biotec, 
130-050-201 and 130-042-201), were cultured ex vivo on 96-well ultra-low 
attachment plates (Corning, 7007) in Iscove’s modified Dulbecco’s medium 
(IMDM, Thermo Fisher, 21980-031) supplemented with 10% FSC, 1% GlutaMAX 
and P/S. The cells were treated for 48h with 10 μg (all ascites cells) or 15 μg (CD14+ 
ascites cells) bexmarilimab (clone CP12, Abzena) or its isotype control human IgG4 
(human irrelevant IgG4 [S241P, L248E], Abzena). Cell culture supernatants were 
frozen at -70°C for subsequent cytokine analyses by multiplex or enzyme-linked 
immunosorbent assay (ELISA), and the cells were collected for RNA extraction or 
scRNA-seq. 

4.3.2 Patient-derived explant culture (V) 
Tumor and adjacent cancer-free tissues were cut into 1-2 mm3 pieces. From 6 – 16 
different tissue areas, neighboring pieces were divided across treatment conditions 
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on a 96-well ultra-low attachment plate and cultured in RPMI-1640 medium 
supplemented with 10% FBS, 1% GlutaMAX and P/S. These patient-derived explant 
cultures (PDECs) were treated with 20 μg/ml bexmarilimab or human IgG4 for 48h 
or 24h. After the ex vivo treatment, culture supernatants were frozen at -70°C for 
subsequent multiplex cytokine profiling and the tissue pieces were collected for 
RNA extraction. Matching untreated RNA was collected before the ex vivo culture. 

Tumor and adjacent tissue-conditioned media were collected from untreated 
PDECs after 24h of culture. Untreated adjacent tissue PDECs were further prepared 
for conditioned medium treatment with a PBS wash and a 1h pre-treatment with 20 
μg/ml bexmarilimab or IgG4. The collected conditioned media of the same patient 
were then freshly added to the pre-treated adjacent tissue PDECs at a 1:10 ratio for 
48h, followed by culture supernatant collection and freezing for cytokine profiling. 

4.4 In vitro models (II, IV) 

4.4.1 KG-1 cells (II) 
KG-1 cells (ATCC, CCL-246) were cultured in IMDM supplemented with 20% FBS 
and P/S, and differentiated into adherent macrophage-like cells by adding 300 nM 
phorbol 12-myristate 13-acetate (PMA, Merck, P8139) in culture medium for 3 days. 
Prior PMA differentiation, KG-1 cells were in some experiments transfected with 2 
μM small interfering RNAs targeting Clever-1 (J-014103-05-0020 or J-014103-08-
0020, Dharmacon) or pooled scramble control small interfering RNAs (D-001810-
10-20, Dharmacon) in OPTI-MEM medium (Thermo Fisher, 51985026) using 
Nucleofector II (Amaxa Biosystems). 

4.4.2 Primary human macrophages (II, IV) 
For monocyte isolation, EDTA blood of healthy volunteer donors was collected 
under the approval of the Ethics Committee of the Hospital District of Southwest 
Finland (ETMK 43/1801/2015) (II, IV) or buffy coats were obtained from the 
Finnish Red Cross (II). PBMCs were isolated using Ficoll-Paque Plus (Cytiva, 17-
1440-03) density gradient centrifugation and enriched for CD14+ monocytes using 
magnetic human CD14 MicroBeads and MS columns (both Miltenyi Biotec, 130-
050-201 and 130-042-201). For macrophage differentiation, monocytes were 
cultured on 8-well ibiTreat μ-Slide chambers (II: 1 × 105 cells/well; ibidi, 80826) or 
6-well plates (IV: 7 × 105 cells/well; Greiner) in IMDM supplemented with 10% 
FBS, 1% GlutaMAX and 50 ng/ml human M-CSF (BioLegend, 574806) for 6 – 7 
days with half of the medium replaced twice. Macrophages were M2 polarized by 
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supplementing the culture medium further with 100 nM dexamethasone (Sigma, 
D2915) and human IL-4 (PeproTech, 200-04) for 24h – 48h.  

To measure LPS-induced TNFα secretion after IFN priming and bexmarilimab 
treatment (IV), macrophages were detached with a 20-minute incubation in 10 mM 
EDTA at 37°C and subsequent gentle scraping. Priming with 23 ng/ml IFNα2 or 20 
ng/ml IFNγ (both 1.2 nM) was started at the time of monocyte plating or 2h prior to 
detaching the macrophages. The detached macrophages were then re-plated (2 × 104 

cells/well) on flat-bottom 96-well plates in macrophage differentiation medium 
supplemented with 10 μg/ml bexmarilimab or human IgG4, and with or without the 
same IFNs. After 24h, medium was replaced with fresh macrophage differentiation 
medium containing 20 ng/ml LPS (InvivoGen, tlrl-3pelps) for 12h and resulting 
supernatants were collected for subsequent ELISA. 

4.5 Experimental methods (II – V) 

4.5.1 Immunofluorescence staining and imaging (II) 
Immunofluorescence staining and imaging was performed on 8-well ibiTreat μ-Slide 
chambers (ibidi, 80826). PMA-differentiated KG-1 cells were treated with 10 μg/ml 
Alexa Fluor 647-conjugated (Thermo Fisher, A20173) acLDL (Bio-Rad, 5685-
3404) for 3h, or M2-polarized primary human macrophages were treated with 20 
μg/ml Alexa Fluor 647-conjugated bexmarilimab, Alexa Fluor 488-conjugated 
(Thermo Fisher, A10235) anti-Clever-1 antibody (clone 9-11, InVivo Biotech) or 
their conjugated isotype controls human IgG4 and rat IgG2α for 5min or 2h. For 
phagocytosis assay, M2-polarized primary human macrophages were pre-treated 
with 30 μg/ml bexmarilimab or IgG4 isotype control for 1h and incubated with 
CFDA SE-labeled (Thermo Fisher, V12883) and irradiated cancer cells for six hours. 
Treated cells were fixed with 4% paraformaldehyde, permeabilized in 0.1% triton 
X-100 and blocked with 5% goat serum. KG-1 cells were stained with primary 
antibodies for lysosomal associated membrane protein 1 (LAMP-1), ATP6V0A1 and 
Clever-1, or their isotype controls (Table 2), and secondary anti-mouse, anti-rabbit 
and anti-rat antibodies (all Thermo Fisher, A31556, A11030, A11006). Phagocytic 
macrophages were stained with Alexa Fluor 647-conjugated 9-11 and phalloidin 
(Thermo Fisher, A22283), and macrophage nuclei were labeled with Hoechst 33342 
(Thermo Fisher, 62249). Z-stacks of KG-1 cells and phagocytic macrophages were 
captured with Marianas spinning disk (Intelligent Imaging Innovations) equipped 
with CSU-W1 scanning unit (Yokogawa), Orca Flash 4 sCMOS camera (Hamatsu) 
and a 63x/1.4 oil objective (Plan-Apochromat, Carl Zeiss). Z-stacks of macrophages 
were imaged with LSM 880 confocal microscope connected to Airyscan detector 
(Carl Zeiss) using the 63x/1.4 oil objective. 
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Table 2. Anti-human antibodies used in immunofluorescence, immunohistochemistry and flow 
cytometry. 

ANTIBODY CLONE COMPANY CAT. NUMBER APPLICATION 

ATP6V0A1 Polycl. Abnova H00000535-A01 Immunofluorescence (II) 

Bexmarilimab 
AF647 

CP12 Abzena + 
A20173* 

NA Immunofluorescence (II), 
Flow cytometry (IV) 

CD11b AF488 ICRF44 Biolegend 301318 Flow cytometry (IV) 

CD45 BV421 H130 BD 563879 Flow cytometry (IV) 

CD64 BV510 10.1 BD 563459 Flow cytometry (IV) 

CD68 AF647 KP-1 Santa-Cruz sc20060 Immunofluorescence (IV) 

Clever-1 9-11 InVivo Biotech NA Immunofluorescence (II) 

Clever-1 AF488 9-11 InVivo Biotech + 
A10235* 

NA Immunofluorescence (II), 
Flow cytometry (IV) 

Clever-1 AF647 9-11 InVivo Biotech + 
A20173* 

NA Flow cytometry (IV) 

IDO1 PE eyedio Thermo Fisher 12-9477-42 Flow cytometry (IV) 

IgG4 AF647 S241P, 
L248E 

Abzena + 
A20173* 

NA Immunofluorescence (II) 

IgG4 AF647 QA16215 BioLegend + 
A20173* 

403702 Flow cytometry (IV) 

IL4I1 EPR22070 Abcam ab222102 Immunohistochemistry (IV) 

LAMP-1 D2D11 Cell Signaling 9091 Immunofluorescence (II) 

Mouse IgG Polycl. Rockland 010-0102-0005 Immunofluorescence (II) 

Mouse IgG1 κ 
AF647 

MOPC-21 BD 557783 Immunofluorescence (IV) 

Mouse IgG1 κ 
PE 

MOPC-21 BD 555749 Flow cytometry (IV) 

Rabbit IgG Polycl. BioxCell BE0095 Immunofluorescence (II), 
immunohistochemistry (IV) 

Rat IgG2α 2A3 InVivoPlus BP0089 Immunofluorescence (II) 

Rat IgG2α 
AF488 

MEL-14 InVivo Biotech + 
A10235* 

NA Immunofluorescence (II), 
Flow cytometry (IV) 

Rat IgG2α 
AF647 

R35-95 BD 557906 Flow cytometry (IV) 

*, Thermo Fisher conjugation kit; AF, Alexa Fluor; NA, not applicable; polycl., polyclonal.  
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4.5.2 RNA extraction and quantitative PCR (II, IV, V) 
For RNA extraction, MATINS patient CD14+ monocytes enriched from PBMCs as 
described above (II) or ex vivo-treated ascites cells (IV) were lysed with TRIsure 
(Bioline, BIO-38032). Alternatively, breast cancer tumor and adjacent cancer-free 
tissue pieces (V) were homogenized in TRIsure using gentleMACS Dissociator 
(Miltenyi Biotec, 130-093-235, RNA.01_01 program) and gentleMACS M tubes 
(Miltenyi Biotec, 130-093-236). Lysates were frozen at -70°C until RNA extraction 
according to the manufacturer’s protocol. RNA quantity was measured with Qubit 
Flex fluorometer using Qubit HS assay kit (both Thermo Fisher, Q32852) and RNA 
quality was analyzed using Bioanalyzer with RNA 6000 Pico kit (Agilent, 5067-
1513). 

Equal amounts of RNA across related samples were reverse-transcribed into 
cDNA with SuperScript VILO cDNA synthesis kit (Thermo Fisher, 11754-250). 
Quantitative PCR (qPCR) was run on QuantStudio 3 (Applied Biosystems) in 
triplicate or duplicate reactions (10 μl) using Taqman universal master mix II, no 
UNG (Thermo Fisher, 4427788) and following Taqman gene expression assays 
(Thermo Fisher): CD274 (Hs01125296_m1; V), CIITA (Hs00172106_m1; IV-V), 
CXCL9 (Hs00171065_m1; V), FCGR1A/B (Hs00174081_m1; V), GAPDH 
(Hs02758991_g1; II, IV),  GBP5 (Hs00369472_m1; V), IDO1 (Hs00984148_m1; 
V), IL1B (Hs01555410_m1; II), IL1R2 (Hs00174759_m1; II), IL4I1 
(Hs00541746_m1; V), JUN (Hs01103582_s1; II), MX1 (Hs00895608_m1; IV-V), 
SERPING1 (Hs00163781_m1; V), SLAMF7 (Hs00904275; V), TNFRSF1A 
(Hs01042313_m1; II) and RPLP0 (Hs99999902_m1; V). Quantification in relation 
to GAPDH or RPLP0 was calculated with the ΔΔCT method. 

4.5.3 RNA-seq (II, V) 
RNA from MATINS patient CD14+ monocytes (II) or ex vivo-treated breast cancer 
tumor and adjacent tissue (V) was extracted and quantified as described above. RNA 
integrity was measured with 2100 Bioanalyzer (Agilent) using RNA 6000 Pico kit 
(Agilent, 5067-1513). cDNA libraries were prepared and sequenced on NovaSeq 
6000 (Illumina) by Novogene (Cambridge, United Kingdom). 

4.5.4 GeoMx digital spatial profiling (III, V) 
GeoMx digital spatial profiling was performed at FIMM Single-Cell Analytics and 
Sequencing units (III) or LabCorp (Morrisville, NC) (V). MATINS trial pre- and 
post-treatment biopsies (III) or breast cancer tumor and adjacent tissue (V) were cut 
into 5 μm sections, dried, deparaffinized and rehydrated. Successive heat-induced 
(100°C, pH 9.0) and enzymatic (0.1 μg/ml Proteinase K) antigen retrieval were 
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performed to retrieve both protein and RNA targets. The sections were then fixed in 
10% neutral buffered formalin. RNA targets were hybridized to GeoMx human 
whole transcriptome atlas (NanoString, GMX-RNA-NGS-HuWTA) (III) or to 
GeoMx human immune pathways panel (NanoString, LBL-10747-03) 
complemented with custom probes, such as STAB-1 (V). Tissue morphology was 
visualized by staining CD68 (clone KP-1, Santa Cruz, sc-20060AF594), CD31 
(clone JC/70A, Abcam, ab215912), pan-cytokeratin (clone AE-1/AE-3, NovusBio, 
NBP-33200AF488) and nuclei (SYTO 83, Thermo Fisher, S11364).  

Using GeoMx Digital Spatial Profiler (NanoString), morphological staining was 
scanned, annotated for regions of interest (ROIs) and thresholded to segment the 
ROIs into non-overlapping areas. Within each ROI, following segments were created 
and separately subjected to RNA probe collection: CD68+pan-cytokeratin–, CD31+ 
and remaining nuclei+ area (III) or CD68+ and CD68– area (V). The resulting RNA 
probe libraries were sequenced with NovaSeq 6000 (Illumina) (III) or quantified 
using nCounter (NanoString) (V). 

4.5.5 scRNA-seq (IV, V) 
Ex vivo-treated ovarian ascites cells were collected with 10 mM EDTA and filtered 
through 70μm nylon nets (Corning) (IV), while fresh breast cancer tumor and 
adjacent tissue were digested in 0.2 mg/ml collagenase P, 0.8 mg/ml dispase and 0.1 
mg/ml DNase for 1h at 37°C (V). The resulting single-cell suspensions were 
prepared in 0.04% ultrapure BSA-PBS (Thermo Fisher, AM2616) and scRNA-
sequenced by Single Cell Omics Facility at Turku Bioscience Centre using 
Chromium Next GEM Single Cell 3′ v3.1 (IV) or Chromium Single Cell 3′ v2 (V) 
reagent kits (10X Genomics). The resulting libraries were sequenced on NovaSeq 
6000 (Illumina). 

4.5.6 Cytokine multiplexing (IV, V) 
Culture supernatants from ex vivo-treated ascites cells and CD14+ ascites cells (II) 
or breast cancer PDECs (V) were analyzed for cytokine levels with Bio-Plex Pro 
Human Cytokine 27-plex assay (Bio-Rad, M500KCAF0Y) on Bio-Plex 200 System 
(Bio-Rad) following the kit’s protocol. Values below the detection limit were 
substituted with a value corresponding to 50% of the lowest measured value, and 
cytokines with >10% of values outside the detection range were excluded. Cytokine-
specific normalization factors for controlling plate-to-plate variation were calculated 
based on samples measured across different plates. 
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4.5.7 ELISA (IV) 
TNFα was measured from macrophage culture supernatants with TNF alpha human 
ELISA kit (Thermo Fisher, KHC3011). Sigmoidal 4PL standard curves were fitted 
with Prism (GraphPad, v9.2.0), and TNFα concentrations were further normalized 
to combined DNA and RNA quantity, which was measured from each well with 
CyQUANT cell proliferation assay kit (Thermo Fisher, C7026). 

4.5.8 Immunohistochemistry staining and imaging (IV) 
Pre-treatment biopsy sections from MATINS trial patients were deparaffinized and 
their protein antigens retrieved in Tris-EDTA (pH 9.0) at 100°C. After blocking 
endogenous peroxidase activity with BLOXALL (Vector Laboratories, SP-6000) 
and non-specific antibody binding with goat serum, the sections were stained with 
anti-IL4I1 or its isotype control (Table 2) overnight at 4°C. The staining was 
detected using Vectastain Elite ABC-HRP kit (Vector laboratories, PK-6101) and 
3,3´-diaminobenzidine (DAB, Dako, K3468). For double-staining IL4I1 and CD68, 
formalin-fixed, paraffin-embedded breast cancer patient tumor sections were further 
stained with anti-CD68 or its isotype control (Table 2) for 1h at RT. Stained sections 
were mounted in ProLong Gold antifade mountant (Thermo Fisher). 

The immunohistochemistry staining was captured with Pannoramic P1000 slide 
scanner (3D Histech) equipped with a 20x/0.8 objective (Plan-Apochromat, Carl 
Zeiss). The double-staining was imaged with Nikon Eclipse Ti2-E equipped with a 
20x/0.75 objective (CFI Plan Apo λ, Nikon), first in fluorescence configuration using 
ORCA-Flash4.0 camera (Hamatsu) and successively in brightfield configuration 
using DC-Fi3 (Nikon) camera. 

4.5.9 Flow cytometry (IV) 
Thawed ascites cells or primary human macrophages were stained with fixable 
viability dye eFluor 780 or eFluor 450 (Thermo Fisher, 65-0865-14 or 65-0863-14) 
in PBS for 20 min at 4°C. Cells were blocked with 0.2 mg/ml Kiovig (Baxter, LE-
072213) for 15 min and stained with conjugated antibodies for 30 min in 2% FBS 
and 0.01% NaN3 in PBS. Ascites cells were stained for CD45, CD11b, CD64 and 
Clever-1 (bexmarilimab Alexa Fluor 647, 9-11 Alexa Fluor 647 or their isotype 
controls), while macrophages were stained with antibodies for IDO1 and Clever-1 
or their isotype controls (Table 2). Before intracellular staining of Clever-1, 
viability-dyed and surface-stained ascites cells or macrophages were fixed with 4% 
paraformaldehyde, permeabilized with 0.3% tween-20 in PBS and blocked with 
Kiovig and stained, as described above. Stained cells were stored in PBS 
supplemented with 1% formaldehyde until analysis on LSRFortessa (BD). 



Jenna Rannikko 

 62 

Fluorescence overlap was compensated using single-stained UltraComp eBeads 
Compensation Beads (Thermo Fisher, 01-2222-42), and data were analyzed with 
FlowJo (BD, v10.8.1). 

4.6 Bioinformatics and statistical analyses (II – V) 

4.6.1 Image analysis (II, IV) 
Confocal images of immunofluorescence-stained macrophages were Airyscan 
processed with Zen software (Carl Zeiss, SP1 black edition, v2.3), while further 
processing and analysis of macrophage and KG-1 images were performed with 
ImageJ (NIH, v1.52p). Single-stained samples were used to confirm the absence of 
bleed-through signal. Background was subtracted with median filtering before 
subsequent analyses. Manders colocalization coefficients above Costes threshold 
were calculated separately for each cell using the Colocalization Threshold plug-in. 
Colocalization was visualized as merged channel images or as intensity profiles 
created with the Plot Profile function. ATP6V0A1 mean fluorescence intensity was 
quantified from LAMP-1+ vesicles that were defined based on a fixed threshold. 
Proportions of Clever-1+ macrophages that had ingested CFSE-labeled cancer cells 
were quantified manually. (II) 

Scanned brightfield images of MATINS trial pre-treatment tumor biopsies were 
analyzed with QuPath v0.4.3 (Bankhead et al., 2017). Biopsy areas were annotated 
manually, and optical density sum of all RGB channels was used to represent IL4I1 
staining. To detect IL4I1+ stromal cells, individual IL4I1+ cells were identified with 
the Cell detection tool (size 20-400 μm2) and stromal area defined by excluding 
IL4I1+ tumor cell area (> 500 μm2) from the total biopsy area using the Create 
thresholder tool. Manual thresholds for these tools were set by first grouping all 
images into four intensity groups based on average IL4I1 staining intensity and then 
applying the same threshold values for the whole intensity group. Number of IL4I1+ 
stromal cells was reported per mm2 of stroma. Biopsies with poor quality or 
insufficient stromal area detection were excluded from the analysis. 

To visualize CD68 and IL4I1 double staining, CD68 fluorescence images were 
re-scaled in ImageJ to equal pixel density with the IL4I1 brightfield images. CD68 
staining images were thresholded to create binary masks, which were further 
adjusted by closing, filling holes and filtering out small particles. Outlines of the 
created masks were overlaid on the IL4I1 images to visualize colocalization. (IV) 
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4.6.2 RNA-seq data analysis (II, V) 
Quality control was performed with fastp (https://github.com/novogene-
europe/fastp, v2019/9/27) to exclude reads with low quality, short length, adapters 
or poly-N sequences. Remaining reads were mapped to GRCh38 reference genome 
using STAR (v2.6.1.d) (Dobin et al., 2013), and the reads were quantified with 
featureCounts (subread, v1.6.3) (Liao et al., 2014) (V). Differentially expressed 
genes (DEGs) were identified after size-factor normalization with DESeq2 (v1.42.1) 
(Love et al., 2014) using the Wald test and Patient ID as a factor (V). Alternatively, 
mapping with HISAT2, read quantification with HTSeq and DEG identification after 
trimmed mean of M-values -normalization (edgeR) with DEGseq were performed 
by Novogene (II). 

Pathway enrichment and upstream regulators for DEGs were analyzed in 
Ingenuity Pathway Analysis software (Qiagen), where core analysis for each patient 
and subsequent comparison analysis were performed. Gene set enrichment analyses 
were performed with GSEA software (Broad Institute, v4.3.3) using Hallmark gene 
sets from the MSigDB database and size-factor-normalized read counts. To evaluate 
the abundance of specific TAM subsets, TAM signature scores for published TAM 
gene expression profiles (Coulton et al., 2024; Mulder et al., 2021; van Elsas et al., 
2024; Wu et al., 2021) were calculated using R package GSVA (v1.53.3) 
(Hänzelmann et al., 2013). Immune cell abundancies were estimated from the bulk 
RNA-seq data with CIBERSORTx cell type deconvolution using the LM22 
signature matrix (Newman et al., 2019). 

4.6.3 GeoMx spatial transcriptomics data analysis (III, V) 
Segments with insufficient staining or segmentation quality were excluded based on 
visual inspection. The analysis of the next-generation sequencing readout data (III, 
V) was performed in GeoMx DSP Control Center software (NanoString, v2.4; III) 
or R (GeoMx tools, v3.6.2; NanoStringNCTools, v1.10.1; V) after standard 
demultiplexing, adapter removal and read alignment. Segments with low signal-to-
noise ratio and genes failing to surpass limit of quantitation were excluded before 
Q3-normalization of the remaining data. To identify DEGs after bexmarilimab 
therapy or between pre-treatment biopsies, linear mixed models with biopsy type 
(pre vs. post) or bexmarilimab response group as a fixed effect and patient ID as a 
random effect were fitted. Pathway enrichment against the Reactome (v78) database 
was visualized as an enrichment map with Cytoscape’s Enrichment Map app (v3.3.4) 
(Merico et al., 2010). 

Further analyses and visualizations were performed with R (v4.0.4, R Core 
team). To evaluate cell type composition within each segment, SpatialDecon (v1.0.0) 
and safeTME tumor-immune deconvolution cell profile matrix were used (Danaher 
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et al., 2022) (III). M1 and M2 macrophage gene signature scores were calculated 
based on published macrophage DEGs (Martinez et al., 2006) and in relation to 
average overall gene expression (III). 

The analysis of nCounter readout data (V) was performed with R (v4.3.2). 
Segment quality control and probe count normalization to positive spike-in controls 
were performed as described in GeoMx nCounter manual (SEV-00067-07). Counts 
were further normalized to reference genes and background was subtracted based on 
negative control probe counts. To identify tumor and adjacent tissue niches, CD68– 
segments were hierarchically clustered (Euclidean distance and Ward D2 linkage) 
based on their expression of canonical cell type marker genes. The identified niches 
were then compared for differences in Clever-1 expression on CD68+ area and 
immune cell subtypes. 

4.6.4 scRNA-seq data analysis (IV, V) 
Standard scRNA-seq data post-processing was performed with Cell Ranger package 
(10X Genomics) using the GRCh38 reference genome, and scRNA-seq data was 
analyzed with Seurat (v.4.0.1 and v5.0.3) (Hao et al., 2021). Dead cells and cell 
doublets were excluded by filtering out cells showing high proportion of 
mitochondrial RNA (>13% in IV, >15% in V), expressing high (V) or low (IV, V) 
number of unique genes or recognized as doublets by DoubletFinder (v2.0.3; IV) 
(McGinnis et al., 2019). To remove patient-to-patient heterogeneity while retaining 
treatment- or tissue-related variation for single-cell clustering, each patient’s 
samples were merged and resulting patient samples integrated using Seurat’s 
functions for SCT-transformation (IV) or log-normalization (V), integration feature 
selection, integration anchor identification and data integration. The integrated data 
were clustered by running principal component analysis, uniform manifold 
approximation and projection, and graph-based Louvain-optimized clustering. 
Cluster identities were annotated based on published single-cell or canonical cell 
type marker genes. Immune cell clusters were subclustered by repeating the 
integration and clustering to identify subtypes. To retain all biological variation, 
breast tissue monocytes and macrophages were subclustered without data integration 
(V). For visualizing the (average) expression of individual genes, log-normalized 
counts from the RNA assay were used. 

Monocytes and macrophages, merged and log-normalized by scRNA-seq 
experiment batch (IV) or sample (V), were mapped into MoMac-VERSE single-cell 
atlas (Mulder et al., 2021) using Seurat’s reference mapping functions. The resulting 
predicted MoMac-VERSE cluster identities were used for downstream analyses. 
Gene set enrichment was analyzed from DESeq2-normalized monocyte and 
macrophage pseudobulk samples with the GSEA software (Broad Institute) using 
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the Hallmarks gene sets (IV). DEGs between STAB1+ tumor and adjacent tissue 
monocytes and macrophages were identified with Wilcoxon rank-sum test separately 
for each patient, followed by Ingenuity Pathway analysis (Qiagen) (V). 
Bexmarilimab-induced DEGs in ascites cells were analyzed with logistic regression 
using Patient ID as latent variable (V). 

4.6.5 Statistical analyses (II – V) 
Statistical testing and data visualization were performed with R (v4.0.4), Prism (v9-
10, GraphPad) and JMP Pro (v16, JMP Statistical Discovery LLC) software. To 
select suitable data visualization methods and statistical tests, data distribution was 
assessed by visual inspection of histograms and Shapiro-Wilk test. Data were 
presented as mean ± SD or median ± IQR. Appropriate statistical tests for comparing 
two independent groups (Student’s unpaired t test, Mann-Whitney U test), two 
dependent groups (Student’s paired t test, Wilcoxon matched-pairs signed rank test), 
multiple groups of matched data (one-way analysis of variance followed by 
Dunnett’s test, two-way analysis of variance followed by Šídák’s test, Friedman test 
followed by Dunn’s test), multiple independent groups (Kruskal-Wallis test followed 
by Bonferroni-corrected Dunn’s test) or group’s deviance from a constant (one-
sample t test, Wilcoxon signed rank test) were used. P <0.05 was considered 
statistically significant. 

Base R was complemented with suitable packages for area under the curve 
calculation (pROC), uniform manifold approximation and projection (uwot), 
principal component analysis visualization (scatterplot3d), visualization of 
hierarchically clustered heatmaps (ComplexHeatmap), k-means clustering 
(factoextra) and Venn diagrams (VennDiagram). Unsupervised hierarchical 
clustering was conducted using the Euclidean distance and complete or Ward D2 
linkage method. Linear and non-linear correlation was evaluated by calculating 
Pearson and Spearman correlation coefficients, respectively. To assess the effects of 
tissue and cytokine type (fixed factors) on bexmarilimab-induced cytokine secretion 
while accounting for patient-related variation (random factor), linear mixed models 
were fitted using R packages lmer and lmerTest (V). For survival analysis, Kaplan-
Meier curves and log-rank tests for the selected lymphocyte and TAM genes were 
generated with R packages survminer and survival from the TCGA-PANCAN 
dataset (Xena browser) (Goldman et al., 2020).   
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5 Results 

5.1 Clinical landscape analysis identifies trends 
and challenges in the development of TAM-
reprogramming cancer immunotherapies (I) 

TAMs regulate various aspects of the immunosuppressive tumor milieu, cancer 
progression and therapy resistance. However, emerged challenges in clinical trials 
aiming to deplete TAMs and monocytes from the TME shifted focus to 
reprogramming TAM functions or phenotypes instead, as reviewed above. To deeply 
understand the clinical landscape of TAM-reprogramming cancer immunotherapies, 
we conducted a systematic analysis of clinically investigated TAM-reprogramming 
drug candidates and collected information on a total of 194 therapeutics, which 
entered clinical phase investigation between 2000 and early 2024. This results 
section summarizes major trends identified by the review. 

5.1.1 Accelerating clinical development focuses on a few 
selected TAM targets 

During the past decade, the numbers of clinically investigated TAM-reprogramming 
therapeutics and treatment targets have steeply increased (I: Fig. 1A-B).  Highly-
investigated targets included the CD47–SIRPα axis, TLRs, STING, IDO1 and 
STATs (I: Fig. 2A-B). Yet, only a few therapeutics have shown sufficient efficacy 
and safety profiles to proceed into phase 3 clinical investigation (I: Fig. 2A), which 
is conducted to demonstrate therapeutic efficacy prior market approval. Therefore, 
the accelerating clinical development is yet to deliver strictly TAM-reprogramming 
therapeutics approved for clinical use, as the few approved therapeutics (I: Fig. 2A), 
such as PI3Kγ/δ-inhibitor duvelisib (Blair, 2018), have additional modes-of-action 
besides TAM reprogramming. 

We observed high overlap in clinical development programs, as dozens of 
therapeutics were directed against the same targets (I: Fig. 2A). While a subset of 
these therapeutics represented novel improved therapeutic strategies, clinical 
development appeared highly redundant. Unfortunately, many of the highly-
investigated targets also had high rates of discontinuation with more than 50% of 
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clinical programs terminated, including TLRs, IDO1 and STATs (I: Fig. 2C). 
Therefore, excessive overlap in the development efforts contributes to unnecessary 
spending of resources and high numbers of treated patients for targets found futile 
after clinical investigation (I: Fig. 2B). 

Our literature review revealed that most commonly the therapeutic efficacy was 
limited by on-target side effects or simultaneous upregulation of compensatory and 
counteracting pathways facilitating immune escape (I). Therefore, the vigorous 
clinical development focusing on selected TAM targets is yet to fulfil its promise of 
generating novel cancer immunotherapies. 

5.1.2 Improving efficacy with re-designed therapeutics and 
treatment combinations 

To tackle the initial efficacy- or safety-related issues, a growing body of preclinical 
and translational follow-up research has sparked the development of next-generation 
therapeutics with improved properties (I). Commonly applied strategies for 
enhancing target engagement, efficacy and safety include alternative administration 
methods, TME-targeted drug delivery, bi-specific drugs and increasingly complex 
re-engineered drug candidates (I: Fig. 2D and text). Therefore, many targets, 
including CD47–SIRPα, STING and CD40, remain extensively investigated despite 
numerous clinical program discontinuations (I: Fig. 2C). 

Secondly, low monotherapy efficacy has prompted extensive investigation of 
combination treatment regimens. Less than a quarter of therapeutics were 
investigated as a monotherapy above phase 1 at all (I: Fig. 3A). In contrast, more 
than half of the TAM-reprogramming therapeutics had been investigated in 
combination with ICIs, which was the most common combinatory treatment 
approach (I: Fig. 3A). Future will show, whether these steps taken will elevate 
therapeutic efficacy. 

Our review also aimed to find opportunities for overcoming these emerging 
challenges, and potential courses of action are considered in the Discussion section 
of this thesis. In short, many of the challenges reflect our evolving but currently 
incomplete understanding on TAM biology, especially upon therapeutic 
intervention. Therefore, selecting correct patients for TAM-targeted therapy or 
designing optimal combinatory treatment regimens requires more research on TAM 
phenotypes, specific responses to therapy and related pre- and on-treatment 
biomarkers. The following results sections describe our translational research on 
these aspects, aiming to support the clinical development of one putative TAM-
reprogramming immunotherapy, Clever-1 blockade with bexmarilimab. 
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5.2 Clever-1 blockade elicits systemic immune 
activation in patients with advanced cancer (II) 

Multi-functional scavenger receptor Clever-1 regulates tolerance and immune 
responses on subsets of monocytes, macrophages and endothelia (Dunkel et al., 
2018; Palani et al., 2016; Tadayon et al., 2021; Viitala et al., 2019). To 
therapeutically disrupt the immunosuppressive functions of Clever-1 in cancer, a 
humanized Clever-1-specific and function-blocking antibody, bexmarilimab, has 
been developed (Hollmén et al., 2022). Previous studies have established Clever-1 
blockade or deletion to suppress tumor growth in murine cancer models and to 
promote pro-inflammatory activation of mouse and human monocytes and 
macrophages in vitro (Karikoski et al., 2014; Palani et al., 2016; Viitala et al., 2019). 
To further evaluate the potential of Clever-1 blockade as a novel cancer 
immunotherapy, we measured systemic immune activation after bexmarilimab 
therapy in patients with advanced cancer. 

A phase I/II clinical trial investigating the safety and preliminary efficacy of 
bexmarilimab therapy in patients with advanced solid malignancies (MATINS, 
NCT03733990) was initiated in 2018. Bexmarilimab was administered 
intravenously once every three weeks at dose levels ranging between 0.1 and 10 
mg/kg. We measured systemic immune responses from blood samples collected 
before and after bexmarilimab infusion from the trial participants. 

5.2.1 Bexmarilimab converts monocytes to pro-inflammatory 
phenotype 

After intravenous administration, bexmarilimab first encounters Clever-1+ 
monocytes, Clever-1+ endothelium, such as the tumor vasculature, as well as soluble 
Clever-1 (Goerdt et al., 1993; Palani et al., 2016; Prince et al., 2025). The effects of 
Clever-1 blockade on circulating monocytes were of particular interest, as tumors 
recruit monocytes to differentiate into tumor-promoting TAMs. As expected, we 
observed bexmarilimab to mainly bind CD14high classical monocytes, and not 
lymphocytes or granulocytes in the circulation (II: Fig. S4A). Clever-1 is mainly 
found in intracellular compartments, but a small portion of Clever-1 is localized on 
the plasma membrane to facilitate receptor-mediated endocytosis (Kzhyshkowska et 
al., 2004; Kzhyshkowska, Workman, et al., 2006). Upon binding Clever-1, 
bexmarilimab is swiftly taken inside monocytes/macrophages (II: Fig. S1A). 
Regardless, we detected more than 50% receptor occupancy on the surface of 
CD14high monocytes one day after dosing with at least 1 mg/kg bexmarilimab (II: 
Fig. 3D; III: Fig. S2B). The occupancy had declined by day 7 (II: Fig. 3D; III: Fig. 
S2B), as classical monocytes have short half-lives in the circulation and are 
constantly replenished by new monocytes from the bone marrow (Patel et al., 2017). 
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We investigated how bexmarilimab therapy altered circulating monocyte 
phenotypes by RNA-seq and cytometry by time-of-flight (CyTOF). Bexmarilimab 
reduced anti-inflammatory macrophage markers CD206 and CD163 on CD14high 

monocytes by day 7 post-treatment (II: Fig. 3C), and downregulated LXR/RXR and 
PPAR signaling pathways on CD14+ monocytes (II: Fig. 3G). Simultaneously, 
inflammation-related genes, such as IL1B (pro-inflammatory cytokine), IL1R2 (IL1 
decoy receptor), JUN (AP-1 transcription factor subunit) and TNFRSF1A (TNF 
receptor) were upregulated (II: Fig. 3G-H and Suppl. Data File 2). Such pro-
inflammatory monocyte conversion was observed only in patients with sufficiently 
high Clever-1 receptor occupancy (II: Fig. 3G and S4D). Despite rapid bexmarilimab 
internalization and transient receptor occupancy, these changes in monocyte 
transcriptome were observed on day 7 and not yet on day 1 post-treatment (II: Fig. 
3E, F and H). 

5.2.2 Bexmarilimab activates circulating T cells 
The observed pro-inflammatory monocyte conversion was accompanied by 
increases in circulating NK, B and CD8+ T cells and a decrease in TREG cells (II: Fig. 
5A). More detailed analyses with CyTOF identified most T-cell subsets to express 
markers associated with T-cell proliferation (CD25), activation and recruitment (C-
X-C chemokine receptor type 3, CXCR3) more highly after bexmarilimab therapy, 
with the exception of TREG cells and two naïve CD4+ T-cell subsets not upregulating 
CD25 (II: Fig. 4D and S5). Furthermore, immune checkpoint molecules were 
downregulated on CD8+ T cells (inhibitory LAG-3) and CD4+ T cells (inhibitory 
CTLA-4 and PD-L1, stimulatory CD28, OX40 and ICOS) (II: Fig. 4D). We also 
evaluated how peripheral immune cells react to TLR activation by LPS ex vivo, and 
observed that patient PBMCs produced stronger type I IFN responses already one 
day after the first bexmarilimab dosing (II: Fig. 5D). Therefore, bexmarilimab 
therapy promotes both T-cell expansion and activation. 

5.2.3 Clever-1 blockade impairs lysosomal acidification to 
promote antigen presentation 

To investigate how blocking monocyte Clever-1 with bexmarilimab associates with 
the observed T-cell activation, we treated whole blood from healthy donors with a 
bexmarilimab concentration corresponding to intermediate MATINS trial dose, and 
analyzed the treatment-induced changes by CyTOF (II: Fig. S3). We observed 
similar CD206 downregulation on classical monocytes as in the trial patients. 
Furthermore, proportions of both CD4+ and CD8+ effector cells increased and the 
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CTLA-4 checkpoint molecule was downregulated on CD4+ T cells, suggesting a link 
between monocyte Clever-1 blockade and T-cell activation. 

In search of a putative mechanism, we investigated the functionality of 
bexmarilimab binding site on Clever-1. When human macrophages were treated with 
bexmarilimab and a non-function-blocking anti-Clever-1 antibody (9-11), the 
antibodies were internalized into slightly different intracellular vesicles with more 
single-stained vesicles lacking bexmarilimab than 9-11 (II: Fig. 1A), suggesting that 
bexmarilimab binds only a portion of Clever-1 molecules. Upon scavenging (e.g. 
acetylated LDL), Clever-1 is known to deliver its cargo into lysosomes for 
degradation (Kzhyshkowska, Workman, et al., 2006). We further showed that 
bexmarilimab binding site on Clever-1 interacts with vacuolar ATPase, a proton 
pump, which was recruited into LAMP-1+ lysosomes by Clever-1-mediated 
scavenging (II: Fig. 1B-G and 2F-H). By inhibiting this interaction bexmarilimab 
impaired lysosomal acidification (II: Fig. 2I). This has immunological consequences, 
as slower antigen degradation alters antigen processing and facilitates cross-
presentation for CD8+ T cells (Alloatti et al., 2015; Delamarre et al., 2005; Tang-
Huau et al., 2018). Therefore, our results suggest that bexmarilimab binding site 
supports enhanced antigen degradation in more acidic lysosomes, while 
bexmarilimab treatment reverses this Clever-1-mediated suppression of antigen 
presentation. Importantly, bexmarilimab does not impair uptake of tumor antigens, 
as we detected unaltered macrophage phagocytosis of dying cancer cells by confocal 
microscopy (II: Fig. S1C). 

5.3 DC during bexmarilimab therapy associates 
with TAM phenotype conversion and IFN 
responses (III) 

Having observed monocyte and T-cell activation after bexmarilimab therapy in the 
peripheral blood, we went on to investigate immunological changes within the 
treated tumors and their association with therapeutic response. Upon near completion 
of the MATINS trial, with one of the cancer cohorts still recruiting, a total of 138 
patients with advanced cancer had been treated with bexmarilimab. Partial response 
(n = 1) or stable disease (n = 18) according to Response Evaluation Criteria in Solid 
Tumors 1.1 was observed in 14% of the treated patients. Highest DC rates (25-40%) 
were reported in cutaneous melanoma, hepatocellular, gastric, estrogen-positive 
breast and biliary tract cancer cohorts. (III: Table 3) A considerable proportion of 
DC patients (42%) also achieved progression-free survival time that exceeded the 
duration of their previous line of therapy (III: Table S4). DC patients were also 
characterized by increasing IFNγ serum levels during therapy (III: Fig. 1F) and 
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higher pre-treatment intratumoral Clever-1 expression, especially in conjunction 
with lower pre-treatment tumor PD-L1 expression (III: Table 4).  

To investigate DC-associated immunological changes within patient tumors, we 
performed spatial transcriptomics profiling of available paired pre- and post-
treatment tumor biopsies from patients with (DC, n = 3) and without (non-DC, n = 
3) DC during bexmarilimab therapy. A total of 180 tumor areas, including 
macrophages (CD68+), vessels (CD31+) and remaining tumor area (CD68–CD31–) 
were subjected to next-generation sequencing, which allowed us to analyze 
bexmarilimab therapy effects on Clever-1 expressing cell subsets (macrophages and 
endothelial cells) separately from the rest of the tumor area. 

5.3.1 Bexmarilimab activates TAMs in patients with DC 
In DC patient macrophages, we observed upregulation of both type I and type II IFN 
signaling and pathways related to adaptive immune system activation (III: Fig. 2C). 
This was accompanied by changes in macrophage metabolic pathways, such as 
downregulation of respiratory electron transport (III: Fig. 2C). In contrast, non-DC 
patients failed to show similar immune activation and even downregulated these 
same pathways (III: Fig. 2C), while demonstrating remarkably fewer treatment-
induced transcriptional changes (III: Fig. 2D). As we had previously observed a pro-
inflammatory switch in circulating monocytes during bexmarilimab therapy, we also 
quantified average expression of pro-inflammatory (M1) and anti-inflammatory 
(M2) macrophage genes to evaluate, whether similar phenotype conversion occurs 
in intratumoral macrophages. While non-DC macrophages had unchanging M1 and 
M2 macrophage scores despite bexmarilimab therapy, DC patients’ TAMs showed 
a clear induction in M1 scores and downregulation of the M2/M1 ratio (III: Fig. 2F-
G). 

In comparison to macrophages, changes in the vessels upon bexmarilimab 
therapy were more similar between DC and non-DC patients (III: Fig. S10A-D). 
Interestingly, both DC and non-DC patient vessels showed downregulation in 
pathways involving integrin interactions and ECM synthesis (III: Fig. S10B and D). 
Previous work has shown Clever-1 blockade to interfere with leukocyte binding to 
the vascular endothelium and subsequent extravasation (Irjala, Elima, et al., 2003; 
Karikoski et al., 2009), but in addition to mediating leukocyte adhesion, integrins 
also regulate angiogenesis and vascular integrity (Foubert & Varner, 2012; 
Vestweber, 2015). Observing equal downregulation regardless of therapy response 
suggests that therapeutic efficacy depends more on Clever-1 blockade in monocytes 
and TAMs. 
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5.3.2 Bexmarilimab activates adaptive immunity within 
tumors 

Next, we analyzed how the pro-inflammatory macrophage switch in DC patients was 
reflected in the surrounding TME. Expectedly, upregulation in pathways related to 
adaptive immune activation was observed, including CD3 and TCR ζ-chain 
phosphorylation, IFNγ signaling and PD-1 signaling (III: Fig. 3B). We additionally 
observed metabolic reprogramming characterized by strong downregulation of 
pathways related to mitochondrial function and respiratory electron transport in the 
DC patient TME (III: Fig. 3B). Unsurprisingly, these effects were observed only in 
DC patients, while non-DC patients showed downregulation of IFN signaling (III: 
Fig. S10F). 

Having analyzed all three tumor region transcriptomes, we looked for 
compartmentalization of the observed responses. For instance, changes related to 
lymphocyte activation, inflammatory signaling pathways and mitochondrial function 
were exclusive to macrophages and TME, while ECM and integrin pathways were 
specifically downregulated in the Clever-1-expressing cell types, TAMs and vessels 
(III: Fig. 3D). 

While these patterns suggested successful annotation of macrophages and 
vessels in the biopsies, we further confirmed the specificity of our CD68+ and CD31+ 

area transcriptomes by deconvolution, which estimates cell type abundancies based 
on known single-cell transcriptomes of tumor-infiltrating cells. The deconvolution 
analyses confirmed that our CD68+ and CD31+ region transcriptomes were mainly 
derived from macrophages and endothelial cells (III: Fig. S8A-B). Furthermore, 
deconvolution allowed us to compare immune cell abundancies in the TME before 
and after bexmarilimab therapy. In accordance with analyses from patient peripheral 
blood (II: Fig. 5A), we observed increases in NK cells, CD8+ and CD4+ T cells, 
regardless of DC status (III: Fig. 3C). Interestingly, B cells and macrophages were 
increased only in DC patient TME, while upon bexmarilimab therapy their 
abundance in non-DC TME decreased (III: Fig. 3C). 

In search for patient characteristics that could potentially explain the different 
responses observed in DC and non-DC patients, we compared their pre-treatment 
transcriptomes. Before bexmarilimab, DC patients’ TME showed stronger activation 
of pathways related to mitochondrial function (III: Fig. 3F). Surprisingly, when 
comparing macrophage transcriptomes, the resemblance between DC and non-DC 
patients was high, with mainly only ECM remodeling pathways expressed more 
highly in DC patient TAMs (III: Fig. 2H). 
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5.4 Bexmarilimab activates TAMs in IFN-poor 
microenvironments (IV) 

MATINS trial revealed patient heterogeneity in bexmarilimab responses, as the 
progression of advanced cancer was curbed in a subset of patients, while dampened 
intratumoral immune responses were seen in others (III). For successful patient 
selection, mechanisms regulating therapeutic responses and predictive biomarkers 
need to be uncovered. Therefore, we next investigated, which TME- and TAM-
related characteristics would associate with bexmarilimab response. 

5.4.1 Ex vivo bexmarilimab elicits IFN responses and T-cell 
recruitment in malignant ascites 

We selected ovarian cancer patient ascites cells as an ex vivo model to evaluate how 
tumor-infiltrating immune cell phenotypes regulate bexmarilimab responses, as 
ascites cell suspensions were rich in Clever-1-expressing TAMs and immune cells 
(IV: Fig. 1B). Ascites cells were treated ex vivo with bexmarilimab for 48h before 
analyzing bexmarilimab-elicited immune activation. Bexmarilimab response was 
defined as upregulation of IFN signaling, as we had previously observed elevated 
serum IFN levels and intratumoral IFN signaling in MATINS trial DC patients 
during bexmarilimab therapy (III: Fig. 1F, 2C and 3B). When both type I (MX1) and 
type II (CIITA) IFN response genes were measured from bexmarilimab-treated 
ascites cells by qPCR, a subset of ascites samples showed upregulation of both type 
I and type II IFN responses (IV: Fig. 1D). As MX1 was more strongly upregulated, 
we defined bexmarilimab-responsive ascites samples based on MX1 upregulation 
(IV: Fig. 1D), resulting in 36% of responsive samples, a proportion similar to 
MATINS trial DC rates in the most promising cancer cohorts (III). 

Bexmarilimab responses were then investigated more closely by scRNA-seq of 
bexmarilimab-responsive and non-responsive ascites samples. We confirmed 
upregulation of both IFNα and IFNγ signaling in monocytes/macrophages and CD8+ 
T cells of the responsive ascites samples. Opposite effects, namely downregulation 
of these same pathways, was observed in the non-responsive ascites cells (IV: Fig. 
2A-B). The elevated IFN responses were associated with increased secretion of 
CXCL10 and CCL5 (IV: Fig. 1E), which mediate CD8+ T-cell and pro-inflammatory 
macrophage infiltration and co-operation in the TME for enhanced anti-tumor 
immune responses (Dangaj et al., 2019; Han et al., 2023; House et al., 2020; van 
Elsas et al., 2024). High CXCL10 mRNA expression was observed specifically in 
monocytes/macrophages after bexmarilimab treatment (IV: Fig 2F and S4F). This 
bexmarilimab-induced CXCL10 secretion depended on monocyte/macrophage 
interactions with other ascites cell types, as treating ascites CD14+ monocytes and 
macrophages alone was not sufficient to elevate CXCL10 secretion (IV: Fig. 2G). 
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5.4.2 IL4I1 macrophages and high baseline IFN signaling 
associate with bexmarilimab resistance 

After observing similar bexmarilimab responses in ex vivo-treated ascites samples as 
in patients receiving bexmarilimab therapy, we searched for characteristics 
associating with bexmarilimab sensitivity. Based on the scRNA-seq of non-
responsive and responsive ascites samples, we observed the non-responsive 
monocytes/macrophages to have higher baseline IFN signaling levels (IV: Fig. 3E). 
Furthermore, after annotating ascites immune cell subtypes at the single-cell level, 
we found that non-responsive ascites samples had more IL4I1 macrophages, TREG 
cells and proliferating NK cells (IV: Fig. 3A, C and D). Notably, IL4I1 macrophages 
exhibit an immunosuppressive phenotype driven by prolonged exposure to IFNs 
(Mulder et al., 2021). These observations suggested macrophage IFN exposure as a 
key factor determining their sensitivity to bexmarilimab. 

5.4.3 Chronic IFN priming impairs macrophage activation by 
bexmarilimab 

To validate that IFN exposure regulates bexmarilimab sensitivity, we treated primary 
human macrophages with IFNs and measured subsequent bexmarilimab-induced 
macrophage activation. Macrophage activation was measured as LPS-induced 
secretion of TNFα, which is a pro-inflammatory cytokine known to be elevated upon 
Clever-1 blockade (Hollmén et al., 2022; Palani et al., 2016). We observed both IFNγ 
and IFNα2 to inhibit bexmarilimab-induced TNFα secretion, but notably chronic 
exposure to IFNs was necessary for the full inhibitory effect (IV: Fig. 4B-D).  

We next investigated the relevance of these findings in patients receiving 
bexmarilimab therapy. First, lower serum IFNγ and CXCL10 levels pre-treatment 
associated with upregulation of these same cytokines during subsequent 
bexmarilimab therapy (II: Fig. 5C). Secondly, a trend for higher IL4I1+ stromal cell 
abundance, representing mostly TAMs (Carbonnelle-Puscian et al., 2009; Ramspott 
et al., 2018), was observed in pre-treatment tumor biopsies of patients not achieving 
DC during bexmarilimab therapy (IV: Fig. 4G). These results suggest IFNγ exposure 
to regulate bexmarilimab sensitivity in patients with advanced cancer. 

5.5 Breast tissue niches determine distinct 
bexmarilimab responses (V) 

We continued our investigation of mechanisms regulating bexmarilimab sensitivity, 
but switched on to study an ex vivo model with a complete TME, breast cancer 
PDECs. Despite differing from the real TME in terms of new immune cell 
recruitment, circulation and longevity, PDECs can accurately model and predict 
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cancer immunotherapy responses (Voabil et al., 2021). We treated breast cancer 
PDECs with bexmarilimab for 48h and measured early immunological responses 
with RNA-seq, qPCR and cytokine profiling. 

5.5.1 A five-gene signature identifies bexmarilimab-sensitive 
PDECs 

To recognize bexmarilimab-sensitive PDECs, we first defined a core bexmarilimab-
elicited gene expression response by identifying DEGs common to MATINS trial 
DC patient tumors (III) and bexmarilimab-responsive ascites cells (IV) (V: Fig. 1A-
C). Bexmarilimab-induced changes in these genes were measured from a discovery 
set of 13 breast cancer PDECs, which resulted in the recognition of bexmarilimab-
responsive PDECs (38%) and top 5 genes characterizing these PDECs (GBP5, 
FCGR1A, SERPING1, SLAMF7 and CXCL9) (V: Fig. 1D-E). Upon validation in a 
set of 24 PDECs, these five genes clustered patients into two groups showing either 
upregulation of at least 4 of the genes (responsive PDECs) or overall downregulation 
(non-responsive PDECs) (V: Fig. 1F-H). Each individual gene classified the PDECs 
with excellent power, as demonstrated by AUC values between 0.76 and 1.0 (V: Fig. 
1G).  

The resulting two PDEC groups captured the dual nature in bexmarilimab 
responses, as observed in MATINS patient tumors (III) and ovarian ascites cells 
(IV). Bexmarilimab upregulated IFNγ signaling (V: Fig. 2G-H), pathways involved 
in cytokine-mediated immune activation (TNFα, IL-2) and lymphocyte regulation in 
the responsive PDECs, with IFNγ and TNFα identified as the foremost regulators 
upstream of these transcriptional changes (V: Fig. 2A and E-G). Bexmarilimab also 
elevated chemokine secretion, predominantly CCL4 and CCL5, in the responsive 
PDECs (V: Fig. 2I-K). In contrast, bexmarilimab treatment of the non-responsive 
PDECs strongly downregulated their existing IFN signaling, chemokine secretion 
and pathways related to adaptive immunity (V: Fig. 2B, E and I-K). Both PDEC 
groups responded to bexmarilimab with upregulated ECM remodeling (V: Fig. 2C 
and E), reflecting changes in MATINS patient TME rather than macrophages or 
vessels (III: Fig. 3D). 

This PDEC study also independently validated our previous observations on 
IFNγ exposure determining bexmarilimab sensitivity, as non-responsive PDECs 
showed higher immune activation status, regulated foremost by IFNγ and IL-2, and 
more active IFNγ and IFNα signaling (V: Fig. 3A-C). Furthermore, signatures for 
IL4I1 macrophages and other IFN-regulated TAM subsets were markedly higher in 
non-responsive PDECs (V: Fig. 3D and S2E). Higher pre-treatment levels of serum 
IFNγ also associated with a trend for shorter survival in the small breast cancer 
cohort of the MATINS trial (V: Fig. 3G). In a much larger pan-cancer analysis, 
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STAB1 expression associated with poorer survival across several tumor immune 
landscape subtypes, but not in IFNγ-dominant tumors (V: Fig. 3E-F). 

5.5.2 Bexmarilimab activates B cells in cancer-free tissues 
We compared bexmarilimab responses between tumor and adjacent cancer-free 
breast tissues of the same patients to gain insight on how bexmarilimab may regulate 
tissue-resident macrophages across the body. PDECs of adjacent cancer-free breast 
tissues were treated ex vivo with bexmarilimab alongside the corresponding tumor 
PDECs and analyzed by RNA-seq and cytokine multiplexing. Most notably, 
bexmarilimab responses in the adjacent tissues were mainly unaffected by the 
bexmarilimab sensitivity in the matching tumor. In both responsive and non-
responsive patients’ adjacent tissue PDECs, bexmarilimab-induced inflammatory 
responses resembled those of the responsive tumors (V: Fig. 4B and E). In 
comparison to responsive tumor PDECs, bexmarilimab failed to elevate chemokine 
and cytokine secretion in the adjacent tissue PDECs (V: Fig. 4E and H-J), and 
upregulated immunoglobulin gene transcription and B-cell signaling instead (V: Fig. 
4C, D and E). The observed changes in B-cell activation appeared stronger in the 
adjacent tissue PDECs of responsive patients (V: Fig. 4C, D and E). 

5.5.3 Tumor secretome confers bexmarilimab sensitivity 
Altogether, three distinct bexmarilimab responses were thereby identified: cytokine- 
and chemokine-dominated inflammatory response (responsive tumors), B-cell 
activation (adjacent tissue) and dampening of the existing inflammation (non-
responsive tumors). We next asked, whether macrophages themselves or their 
surrounding tissue niches determine the type of bexmarilimab response. 

We compared scRNA-sequenced STAB1+ monocytes and macrophages between 
tumor and cancer-free tissues to reveal differences in ontogeny and activation state 
(V: Fig. 5). While STAB1+ TAMs mapped to monocyte-derived TAM populations in 
the MoMac-VERSE scRNA-seq atlas, STAB1+ macrophages from the adjacent 
tissues resembled tissue-resident HES1 macrophages expressing FOLR2, LYVE1 
and CD206 (Matusiak et al., 2024; Mulder et al., 2021; Nalio Ramos et al., 2022) 
(V: Fig. 5C-F and S4H). TME had also stimulated STAB1+ monocytes and TAMs 
for elevated expression of MHC molecules and IFNγ signaling, which was offset by 
their higher expression of immunosuppressive mediators, such as TREM2 and IL4I1 
(V: Fig. 5G-I). These STAB1+ monocytes and TAMs were found in several types of 
leukocyte-rich tumor niches (TREG-, B-cell- and myeloid cell-dominated) based on 
spatial transcriptomics analyses (V: Fig. 6C, E and G). Among tumor niches, STAB1 
expression also correlated with B-cell (MS4A1) and T-cell (CD3E, CD4, CD8A) 
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marker gene expression (V: Fig. 6I). In contrast, only B-cell dominated healthy tissue 
niches were rich in STAB1+ macrophages, suggesting that bexmarilimab targets 
Clever-1+ resident macrophages in these niches for the observed B-cell activation.  

In summary, tissue type determined Clever-1+ macrophage ontogeny, activation 
status and lymphocyte subtypes under their control. Still, culturing adjacent tissue 
PDECs in tumor-conditioned medium of the same patient allowed bexmarilimab to 
elicit similar cytokine responses, either increased or decreased secretion, as in the 
corresponding tumors (V: Fig. 7A-B). Therefore, the soluble tumor secretome is 
sufficient to convey bexmarilimab sensitivity or resistance to healthy tissue 
macrophages that remain reprogrammable despite their different ontogeny and 
neighboring cell types. 
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6 Discussion 

6.1 The future of targeting TAMs (I) 
Our review on TAM-reprogramming immunotherapies aimed to uncover big trends 
across past and current clinically developed therapeutics. We observed an 
increasingly high number of therapeutics entering clinical investigation, but also a 
high rate of clinical program discontinuations, which had excited translational 
research for designing more potent and safer therapeutics against the original TAM 
targets. Furthermore, low monotherapy efficacy has made combinatory treatment 
regimens, especially with ICIs, more appealing than investigating the TAM-
reprogramming therapeutics alone. 

As we observed high redundancy in clinical studies, we suggested that similar 
therapeutics should be compared early on, possibly by utilizing patient-derived 
explant models that can offer predictive information on therapeutic responses in 
patients (Voabil et al., 2021). With valid end-point measures that acknowledge the 
complex nature of tumor immunobiology, such analyses could focus the efforts of 
clinical investigation on the most promising therapeutic candidates. Additionally, 
open sharing of clinical trial results and designing clinical trials that facilitate 
comparison with other therapeutics could elevate the impact of conducted trials. 

To improve modest efficacy, a frequent cause for terminating clinical 
development (NCT4313881, NCT04778397, NCT03937141) (Bekaii-Saab et al., 
2023; Fayad et al., 2015; Galluzzi et al., 2012; Long et al., 2019), patient selection 
should be optimized. This can be done by identifying optimal cancer types, disease 
stages, treatment timings, therapeutic combinations and predictive biomarkers, and 
designing the clinical trials accordingly. While current knowledge on these issues 
seems quite scarce for most of the therapeutics undergoing clinical investigation, 
discovering the determinants of treatment sensitivity for one TAM-reprogramming 
agent can benefit the development of others, especially if the treatments target 
similar TAM subsets. 

Another route for enhancing treatment efficacy is to utilize treatment 
combinations, and we observed routine investigation of TAM-targeted agents in 
conjunction with T-cell-activating ICIs. In general, coordinated activation of TAMs 
and T cells does facilitate strong anti-tumor immunity and tumor rejection (House et 
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al., 2020; Klug et al., 2013; van Elsas et al., 2024; Vermare et al., 2022). Therefore, 
well-designed and mechanism-driven combinatory approaches will undoubtedly 
enhance treatment efficacy. Nevertheless, design of successful combinatory 
strategies additionally calls for deep understanding on the complex interactions 
between TAMs, T cells and the administered therapeutics. 

Furthermore, we highlighted the already initiated translational research that has 
generated a vast repertoire of novel approaches and considerations for enhanced 
efficacy and safety, including improved molecular entities and delivery methods 
(Bukhalid et al., 2025; Dahan et al., 2016; Eremina et al., 2020; Hägerbrand et al., 
2022; Kamerkar et al., 2022; Thisted et al., 2024; Ye et al., 2019), which will benefit 
future drug development. Additionally, as the majority of currently explored 
treatment targets are not specific to TAMs, identifying novel, truly TAM-specific 
targets or utilizing TAM-targeted delivery strategies can enhance both efficacy and 
safety. Single-cell and spatial transcriptomics have identified common TAM 
phenotypes across cancers, as reviewed in this thesis, possibly exposing novel 
targetable TAM vulnerabilities that allow more specific control of TAM function. 

In the future, therapeutic manipulation of TAMs should be combined with 
methods that deeply probe the existing TAM phenotypes and their therapeutic 
responses, preferably at the TAM subset level. Likewise, other recent reviews on 
therapeutic targeting of TAMs emphasize the understanding of complex TAM 
populations present in clinical samples and targeting treatments for functionally 
distinct TAM subsets (Cassetta & Pollard, 2023; Nasir et al., 2023). To generate 
knowledge on the determinants of treatment efficacy, observed responses should be 
further associated with patient’s clinical history, tumor immune landscape and pre-
treatment localization and functionality of TAMs. Alongside these powerful single-
cell and spatially focused methods, future therapeutic targeting still needs to conform 
with fundamentals of biology, ensuring sufficient solid tumor access, non-
redundancy in targeted processes and strategies for overcoming negative feedback 
activation. All in all, knowledge accumulated from the past trials and therapeutic 
candidates will accelerate the development of TAM-targeted treatments that could 
significantly improve the care of cancer. 

6.2 Clever-1 blockade in human cancer (II – III) 
In patients with advanced cancer, therapeutic responses to bexmarilimab-mediated 
Clever-1 blockade were manifested as disease stabilization, which was observed in 
14% of all treated patients and in 25 – 40% of patients from the most promising 
cancer cohorts. The duration of disease stabilization often exceeded the duration of 
the previous line-of-therapy, which has been suggested to indicate therapeutic 
benefit (Massard et al., 2017; Von Hoff, 1998). 
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Since Clever-1 exists as a membrane-bound receptor on monocytes, 
macrophages and endothelial cells, and as a secreted protein in plasma and lymph 
(Goerdt et al., 1993; Goerdt et al., 1991; Irjala, Elima, et al., 2003; Palani et al., 2016; 
Politz et al., 2002; Prince et al., 2025), the observed therapeutic effects may stem 
from blocking some or all of these Clever-1 sources. Preclinical studies have 
investigated the contribution of different Clever-1 sources to tumor growth in mice 
with total or cell-type-specific deletion of Clever-1 (Karikoski et al., 2014; Viitala et 
al., 2019). Deleting Clever-1 from macrophages rather than all cell types suppresses 
primary tumor growth more strongly in most murine tumor models (Lewis lung 
carcinoma, EL4 lymphoma and E0771 breast cancer) (Viitala et al., 2019), but not 
all (B16 melanoma) (Karikoski et al., 2014), while lymphatic Clever-1 supports the 
growth of metastatic lesions (Karikoski et al., 2014). 

Building on to these results, the overarching aim of this thesis was to investigate 
immunotherapeutic blockade of Clever-1 on human monocytes and macrophages to 
understand bexmarilimab therapy responses and sensitivity in patients with cancer. 
As immunotherapeutic blockade differs from genetic deletion by targeting a specific 
epitope on Clever-1, I first consider here the clinical evidence on how bexmarilimab 
interferes with the established Clever-1 functions, scavenging, immunosuppression 
and adhesion, on different Clever-1+ cell types. Future research will elucidate the 
relative therapeutic contribution of inhibiting secreted Clever-1 with bexmarilimab, 
as the ability of secreted Clever-1 to suppress T-cell responses was discovered very 
recently (Prince et al., 2025). 

First, Clever-1 mediates scavenging of various ligands, such as modified LDLs, 
apoptotic cells and SPARC (Adachi & Tsujimoto, 2002; Kzhyshkowska, Workman, 
et al., 2006; Lee et al., 2011; Park et al., 2009). We did not observe bexmarilimab to 
impair apoptotic cell uptake inside human macrophages, suggesting that TAMs 
remain capable of scavenging tumor-derived material. However, bexmarilimab does 
inhibit scavenging of acetylated LDL (Hollmén et al., 2020), and Clever-1 can 
mediate the uptake of other modified LDLs, such as malondialdehyde-modified and 
oxidized LDLs (Adachi & Tsujimoto, 2002; Rantakari et al., 2016; Tamura et al., 
2003). Enhanced lipid uptake via modified LDL scavenging can induce LXRα and 
PPARγ in human macrophages in vitro (Huang et al., 1999; Ignatova et al., 2013; 
Laffitte et al., 2001; Nagy et al., 1998; Nelson et al., 2017). Hence, inhibition of 
modified LDL scavenging by bexmarilimab in vivo would provide a potential 
mechanism for the observed LXR/RXR and PPARγ signaling downregulation in 
MATINS trial patient monocytes. Therefore, scavenging of selected Clever-1 
ligands appears diminished after bexmarilimab treatment, likely depending on their 
binding site on Clever-1. We did not directly investigate, whether bexmarilimab 
similarly alters scavenging on endothelial cells, but evident adverse events from 
impaired endothelial scavenging were not observed in the MATINS trial (III). 
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Importantly for anti-tumor immunity, both myeloid cell and endothelial Clever-1 
perform immunosuppressive functions (Dunkel et al., 2018; Palani et al., 2016; 
Tadayon et al., 2021; Viitala et al., 2019). Our spatial transcriptomics analyses 
revealed activation of several immune-related pathways on MATINS trial DC 
patient TAMs. Tumor vasculature, comprising of CD31-identified blood and 
lymphatic vessels (Podgrabinska et al., 2002), lacked similar bexmarilimab-induced 
pro-inflammatory changes that would associate with patient DC. This suggests that 
immunotherapeutic blockade of macrophage Clever-1 has a greater role in 
controlling tumor growth, as was suggested by previous studies in mice (Viitala et 
al., 2019). Notably, the immunostimulatory effects on MATINS patient monocytes 
were more pronounced seven days rather than one day after the first treatment dose, 
despite a short monocyte half-life in the circulation (Patel et al., 2017). This would 
suggest that the initial Clever-1 blockade elicits systemic immunological changes 
outside monocytes, thereby maintaining the pro-inflammatory conversion of the 
circulating inflammatory monocyte pool. 

Cell adhesion to tumor vascular and lymphatic endothelium can be indirectly 
evaluated from our studies by post-therapy transcriptional changes in endothelial 
cells and altered densities of tumor-infiltrating immune cells. The parent antibody of 
bexmarilimab, 3-372, inhibits adhesion and transmigration on the vascular and 
lymphatic endothelium (Irjala, Alanen, et al., 2003; Irjala, Elima, et al., 2003; Shetty 
et al., 2011). Accordingly, we observed decreased integrin signaling in the tumor 
endothelium region. However, integrin signaling is known to regulate other 
processes besides adhesion within the vasculature (Foubert & Varner, 2012; 
Vestweber, 2015). While 3-372 also reduces immune cell trafficking into 
inflammatory sites (Karikoski et al., 2009), we observed increased intratumoral 
macrophage, NK and B-cell infiltration in patients with DC, and elevated 
intratumoral T-cell infiltration regardless of bexmarilimab therapy response. 
Therefore, blockade of endothelial Clever-1 does not significantly interfere with 
tumor immune cell infiltration, and any inhibitory effects may have been 
counterbalanced by local immune cell proliferation, alternative adhesion molecules 
or immune cell retention caused by lymphatic Clever-1 inhibition. 

6.3 Bexmarilimab therapy engages adaptive 
immunity (II – V) 

Effective cancer immunotherapy depends on the activation of both innate and 
adaptive arms of immunity, even with T-cell-targeted therapeutics (House et al., 
2020; Klug et al., 2013; van Elsas et al., 2024; Vermare et al., 2022). While 
bexmarilimab activated patient monocytes and TAMs, we also reported enhanced T-
cell responses. Elevated and proliferating CD8+ and CD4+ T cells were observed in 
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the patient circulation after bexmarilimab therapy, and increased CD4+ and CD8+ 

effector T cells were measured from ex vivo-treated healthy blood. In DC patient 
tumors, bexmarilimab increased T-cell infiltration as well as CD3 and TCRζ chain 
phosphorylation. Therefore, control of tumor growth during bexmarilimab therapy 
likely depends on both macrophages and T cells, as has been reported in murine 
tumor models (Viitala et al., 2019). 

Our research also revealed putative mechanisms linking monocyte and 
macrophage Clever-1 blockade with elevated T-cell responses.  In vitro, we observed 
blockade of bexmarilimab epitope on Clever-1 to halt lysosomal acidification. Since 
slower antigen degradation caused by increased lysosomal pH promotes alternative 
antigen processing for antigen presentation (Alloatti et al., 2015; Delamarre et al., 
2005), this observation could explain the enhanced stimulation of T cells after 
bexmarilimab treatment. Concurrently, Clever-1 disruption alters monocyte and 
TAM phenotypes by supporting pro-inflammatory cytokine secretion (TNFα, IL-12) 
and signaling (NF-κB, JUN) (II, IV; Palani et al., 2016; Viitala et al., 2019) over 
immunosuppressive signaling pathways (LXR/RXR, PPARγ, CD206, CD163; II). 
Both elevated antigen presentation and pro-inflammatory mediators will support T-
cell activation, while the relative importance of these events for bexmarilimab mode-
of-action remains to be investigated. 

Another consistent effect of bexmarilimab treatment across our studies was 
upregulation of IFN signaling. All of the five genes in our core bexmarilimab 
response signature were IFNγ-stimulated genes (V), demonstrating their activation 
in PDECs, ascites cells and DC patient tumors. Such activated IFN signaling is 
essential for ICI therapy efficacy, whereas chronic IFN exposure can facilitate tumor 
immune escape and ICI resistance by inducing the expression of immunosuppressive 
IFN-stimulated genes (Ayers et al., 2017; Benci et al., 2016; J. Gao et al., 2016; 
Garris et al., 2018). As treating TAMs alone with bexmarilimab did not elevate the 
IFN-induced cytokine CXCL10, the induction of IFN responses also appears to 
depend on TAM interactions with other immune cells, likely T cells (Gocher et al., 
2022). 

As yet another mechanism for bexmarilimab-mediated interactions between the 
innate and adaptive arms of immunity, we observed elevated immune cell 
recruitment. Bexmarilimab treatment induced TAMs to secrete CXCL10 ex vivo and 
upregulated another CXCR3 ligand, CXCL9, in patient tumors. These changes 
alongside elevated CXCR3 expression in circulating patient T cells strongly suggest 
that bexmarilimab enhances T-cell recruitment into tumors (House et al., 2020). 
Indeed, MATINS trial patients showed higher T-cell infiltration after bexmarilimab 
therapy. Furthermore, ovarian ascites cells and breast cancer PDECs sensitive to 
bexmarilimab-mediated induction of IFN signaling concurrently upregulated their 
secretion of CCR5-ligands CCL3, CCL4 and CCL5. These two cytokine groups 



Discussion 

 83 

together can elicit beneficial co-recruitment of monocytes and T cells into tumors, 
as described by others (Dangaj et al., 2019; van Elsas et al., 2024) and observed in 
MATINS DC patient tumors. In particular, activated IFNγ-secreting CD8+ T cells 
can use CCR5-ligands to recruit monocytes into their vicinity for 
immunostimulatory macrophage differentiation (van Elsas et al., 2024). 

Altogether, these results suggest a following chain of events: Bexmarilimab 
treatment would first directly alter monocyte and macrophage function, including 
impaired scavenging, enhanced pro-inflammatory cytokine and chemokine 
secretion, and elevated antigen presentation. These changes would then promote 
anti-tumoral T-cell recruitment and activation, as evidenced by elevated T-cell 
infiltration, proliferation, receptor signaling and IFN responses after bexmarilimab 
treatment. In turn, activated T cells would support a broader second wave of immune 
responses, including further monocyte and macrophage recruitment and activation 
by IFNs. 

Several of these bexmarilimab-induced changes also predict better ICI therapy 
response, such as elevated CXCL9 levels, T-cell infiltration and IFN signaling 
(Ayers et al., 2017; Herbst et al., 2014). Therefore, a combinatory treatment strategy 
consisting of both bexmarilimab and an ICI may best work, if started with 
bexmarilimab to sensitize the TME for subsequent ICI therapy. However, the effect 
of bexmarilimab therapy on immune checkpoint molecule levels within the TME 
should be first investigated, as bexmarilimab downregulated PD-L1 and CTLA-4 in 
patient blood. 

All in all, this thesis investigated bexmarilimab mode-of-action using several 
research settings, including primary human macrophages, patient-derived immune 
cells, breast cancer PDECs as well as patient blood samples and tumor biopsies from 
the MATINS trial. Table 3 summarizes our observations on bexmarilimab 
immunobiology and compares the obtained results across different sample types. 
Overall, different approaches showed highly similar results. For instance, 
bexmarilimab-elicited T-cell recruitment and IFN responses were observed in all 
research sample types containing both T cells and monocytes or macrophages. The 
related Figure 7 illustrates these results in the context of previous research, mainly 
performed in vivo and in vitro using mice with genetic deletion of Clever-1, murine 
anti-Clever-1 antibody mSTAB1.26 or bexmarilimab’s parent antibody 3-372. 
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Table 3. Bexmarilimab treatment effects observed in this thesis and categorized by research 
sample types. *, Ex vivo treatment of cells isolated from patients with cancer; **, 
Treatment of blood or cells from healthy individuals. 

BEXMARILIMAB TREATMENT 
EFFECT 

PATIENT 
TUMOR 

(III) 

PATIENT 
BLOOD 
(II-III) 

EX VIVO 
PDEC 

(V) 

EX VIVO 
CELLS* 
(II, IV) 

IN VITRO 
CELLS** 

(II, IV) 

1a. Pro-inflammatory conversion of macrophages 

TNFα secretion   X  X 

IL-1β production  X X   

CD163 downregulation  X    

CD206 downregulation  X   X 

Decreased M2/M1 ratio X     

Inhibition of LXR/PPARγ signaling  X    

Suppression of mitochondrial respiration X     

1b. Modulation of macrophage endocytosis and cargo processing  

Lysosomal de-acidification     X 

Antigen presentation     X 

2. T-cell activation      

CD3 and TCR signaling X     

Immune checkpoint downregulation  X   X 

CXCR3 and CD25 upregulation  X   X 

Enhanced LPS response (type I IFNs)    X  

Enhanced IFN signalling X X X X  

3. Immune cell recruitment      

Increased T-cell numbers X X   X 

Increased B-cell numbers X X    

Increased macrophage numbers X     

Secretion of CXCR3 ligands for T cells X X X X  

Secretion of CCL3, -4 and -5   X X  

Downregulation of vessel integrin 
signaling (association with immune cell 
trafficking not established) 

X     

4. Suppression of cancer growth      

Halted tumor growth X     
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Figure 7. Bexmarilimab treatment effects observed in this thesis. Bexmarilimab treatment 
converts TAMs towards a pro-inflammatory phenotype (1a) and alters their processing 
of endocytosed cargo to enhance antigen presentation (1b). Both of these processes 
support T-cell activation leading to stronger IFN responses (2) that further activate 
TAMs. These interactions result in enhanced secretion of cytokines (TNFα, IL-1β, IL-2) 
and chemokines (CXCL9, -10, CCL3, -4, -5) that further potentiate immune responses 
and recruit more immune cells to the TME (3). While bexmarilimab can also block 
Clever-1 on tumor vessels to limit circulating leukocyte adhesion and transmigration, we 
observed increased immune cell infiltration in the cancer patient TME after bexmarilimab 
therapy. Improved inflammatory responses can ultimately limit cancer growth (4), and 
blockade of Clever-1 on tumor lymphatics, not investigated in this thesis, may restrict 
cancer cell spread. Changes observed in this thesis are highlighted with colors. The 
coloring also indicates the highest level of prior knowledge, i.e. whether the highlighted 
effect of Clever-1 disruption was observed for the first time in this thesis (pink), 
previously in mice with genetic deletion of Clever-1 (blue), previously in mice treated 
with mStab1.26 antibody (light blue) or previously with bexmarilimab’s parent antibody 
3-372 (lilac). *, genetic deletion or immunotherapeutic blockade caused an opposite 
effect than reported in this thesis with bexmarilimab; **, elevated TNFα secretion has 
been previously reported with bexmarilimab. 

6.4 Bexmarilimab breaches tissue tolerance (III, V) 
Cancer immunotherapies strengthen the body’s immune response against cancer 
cells, but not exclusively. Therefore, different autoimmune reactions against non-
malignant tissues occur relatively commonly as immune-related adverse effects, and 
their occurrence associates with treatment benefit to anti-PD-1 ICIs (Okada et al., 
2019; Rogado et al., 2019; Sato et al., 2018). In the MATINS trial, ten patients 
(7.2%) developed immune-related adverse events, which were mostly of lower grade 
(1 – 2), except for three cases of grade 4 hepatitis that were resolved by therapy 
discontinuation or corticosteroid treatment (III: Table S3). 

Our ex vivo studies with PDECs allowed us to explore, how cancer-free tissues 
respond to bexmarilimab (V). While tumor PDECs were readily categorized in two 
groups based on their bexmarilimab sensitivity, adjacent cancer-free PDECs from 
both groups responded to bexmarilimab with moderate B-cell-dominated immune 
responses. It remains to be investigated, whether such B-cell activation would 
promote treatment-emergent autoimmune reactions or even support therapeutic 
efficacy. Nevertheless, the ability of bexmarilimab to activate the immune system 
outside the TME would explain, why we observed rather uniform immunological 
changes in the MATINS trial patient circulation. The TME in non-responsive 
patients would then actively dampen any immune responses within the tumor and 
prohibit treatment benefit, leading us to detect beneficial immune responses only in 
the tumor biopsies of patients with DC. 

The unique bexmarilimab responses in cancer-free tissues were likely elicited 
via tissue-resident Clever-1+ macrophages residing in B-cell-rich niches. Recent 
single-cell and spatial transcriptomics studies have described this macrophage subset 
and other Clever-1+ macrophages in more detail. In the breast and colon tissue 
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(Matusiak et al., 2024), STAB1 expression can be found on two FOLR2+ tissue-
resident macrophage populations (FOLR2+LYVE1+ and FOLR2+LYVE1-; my 
unpublished observation from Matusiak et al., scRNA-seq data). These macrophages 
were shown to reside either in plasma cell-rich, perivascular, lymphocyte-rich or 
fibrous stromal niches. The authors suggested FOLR2+LYVE1- tissue-resident 
macrophages to actually maintain the plasma cell niches they reside in (Matusiak et 
al., 2024), associating with our report of enhanced B-cell activation in cancer-free 
tissues by bexmarilimab. The FOLR2+LYVE1+ macrophage population, on the other 
hand, additionally expresses CD163, MRC1 and scavenger receptors (Matusiak et 
al., 2024), and therefore resembles STAB1+LYVE1+FOLR2+CD163+ lipid-associated 
macrophages identified in another scRNAseq study (Timperi et al., 2022). These 
macrophages are more prevalent in tumor tissues, suppress T-cell responses and 
associate with poor responses to anti-PD-1 therapy (Timperi et al., 2022), implying 
that Clever-1 inhibition on them could improve anti-PD-1 therapy efficacy. 

Importantly, these unique Clever-1+ macrophage subsets, residing in their local 
niches, appeared to remain malleable to environment- and bexmarilimab-mediated 
reprogramming, as evidenced by our studies on cancer-free tissues treated with 
tumor-conditioned media and bexmarilimab. 

6.5 Determinants of bexmarilimab sensitivity 
(III – V) 

TAM-reprogramming therapeutics commonly show modest overall objective 
response rates (I), which encourages to identify biomarkers for treatment-sensitive 
patients. Even though high individual heterogeneity in patient TMEs and therapeutic 
responses complicate finding useful predictive biomarkers, they are important for 
achieving sufficient overall treatment efficacy and reducing unnecessary side effects 
and treatment costs. 

The first-in-human MATINS trial recruited patients with several types of 
advanced solid tumors, while high tumor Clever-1 expression was not yet among the 
inclusion criteria. In search for biomarkers, we first evaluated how target expression 
and occupancy associate with treatment responses. In patient circulation, sufficient 
monocyte Clever-1 occupancy with bexmarilimab was required for observing the 
changes in monocyte transcriptome (II). The level of receptor occupancy in 
circulation can be impacted by various factors, such as bexmarilimab 
pharmacokinetics, soluble Clever-1 levels and Clever-1 expression levels on 
monocytes and endothelial cells. In tumors, intratumoral Clever-1+ cells significantly 
associated with DC during bexmarilimab therapy, while stromal Clever 1+ cells did 
not (II: Table 4). This association may reflect a direct requirement for Clever-1+ 
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TAMs to reside near cancer cells, or alternatively, an overall need for intratumoral 
TAMs or specific TAM subsets.  

Among the treated patients, five cancer types showed prominent (25 – 40%) DC 
rates: cutaneous melanoma, biliary tract cancers, hepatocellular, gastric and estrogen 
receptor-positive breast cancer. While apparent similarities in the immune 
contextures of these cancer types does not emerge (Bruni et al., 2020), quantification 
of PD-L1 alongside intratumoral Clever-1 separated patients with and without DC 
better, as patients with DC had a lower PD-L1/Clever-1 ratio. Furthermore, patients 
with DC had lower TNFα (P = 0.011) and IFNγ (P = 0.067) serum concentrations 
before bexmarilimab treatment. These exploratory findings connect therapeutic 
responses with sufficient intratumoral Clever-1 expression and circulating monocyte 
Clever-1 occupancy as well as non-inflamed immunological state. Future clinical 
studies with less heterogeneous patient populations in terms of cancer types, 
previous lines-of-therapies and varying levels of immune system fitness may possess 
higher power for validating our findings and discovering additional biomarkers. 

Most notably, this thesis discovered prior, especially chronic, IFN exposure to 
prevent bexmarilimab-elicited immune activation in primary human macrophages, 
patient-derived cells and explant cultures (IV – V). Finding the exact mechanism for 
this inhibitory effect has proven to be difficult due to the various signaling pathways 
regulated by IFNs (Bhat et al., 2018; Ivashkiv, 2018; Kang et al., 2019), even though 
we know that the negative regulation can be mediated by both type I and II IFNs 
(IV). Curiously, prior IFN exposure not only inhibits bexmarilimab-mediated TNFα 
release, but actually decreases it (IV). Similarly, bexmarilimab downregulates 
inflammatory responses and IFN signaling in IFN-rich TMEs of bexmarilimab-
resistant patient-derived cells and explant cultures (IV – V). Such downregulation 
can positively or negatively impact the overall prognosis of bexmarilimab-resistant 
patients, as chronic IFN signaling can be detrimental (Benci et al., 2019; Benci et al., 
2016), but IFN responses before and upon ICI therapy are also a prerequisite for their 
therapeutic efficacy (Ayers et al., 2017; J. Gao et al., 2016; Garris et al., 2018; Herbst 
et al., 2014). In any case, these results suggest patient selection for future 
bexmarilimab trials in solid tumors based on baseline IFN levels. 

Other possible characteristics affecting bexmarilimab response could relate to 
existing TAM phenotypes. We observed higher prevalence of IL4I1+ TAMs and 
other IFN(γ)-regulated TAM phenotypes in ascites cells and PDECs not sensitive to 
ex vivo bexmarilimab treatment. Additionally, a trend for higher IL4I1+ stromal cell 
abundancy was observed in the tumor biopsies of patients not achieving DC. As 
IL4I1+ TAM phenotype has been associated with ICI responses (Matusiak et al., 
2024; van Elsas et al., 2024), these findings suggest ICI and bexmarilimab to benefit 
distinct tumor types. 
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To summarize, bexmarilimab sensitivity associates with abundant Clever-1+ 
TAMs (III), less IL4I1+ TAMs and TREG cells (IV – V), lower PD-L1 expression (III) 
and lower IFNγ, IL2 and TNFα signaling (II – V). These are features of non-inflamed 
and ICI-resistant tumors, while anti-PD-1 and anti-PD-L1 therapy require T-cell-
inflamed and IFNγ-rich TME for clinical benefit (Ayers et al., 2017; Coulton et al., 
2024; J. Gao et al., 2016; Herbst et al., 2014; Matusiak et al., 2024; Spranger et al., 
2013). These findings suggest that non-inflamed (immune cold) tumors, rich in 
immunosuppressive macrophages, would more likely benefit from bexmarilimab, 
while inflamed (immune hot) tumors would more likely benefit from ICIs than 
bexmarilimab. Patient selection for either therapy would benefit from similar 
biomarkers, as patients with low Immunoscore, PD-L1 and IFN score would be non-
eligible for ICI therapy and eligible for bexmarilimab therapy. Therefore, these 
results propose ICI and bexmarilimab to target different patient groups.  
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7 Conclusions 

This thesis investigated the immune responses to Clever-1 blockade and macrophage 
reprogramming with bexmarilimab. Collectively, our studies on bexmarilimab 
treatment in patients with advanced cancer and ex vivo-treated patient-derived cells 
and tissues provide the first functional characterization of Clever-1 blockade in 
human cancer. The conclusions of this thesis can be summarized as follows: 

1. Successful clinical targeting of TAMs requires deep understanding on 
TAM responses to therapeutic intervention under various tumor immune 
landscapes 

2. Clever-1 blockade with bexmarilimab activates IFN-mediated immune 
responses and stabilizes disease progression in subsets of advanced cancer 
patients 

3. Bexmarilimab activates circulating monocytes and TAMs in advanced 
cancer to enhance T-cell recruitment and activation 

4. Clever-1 disruption breaches tissue tolerance to elicit B-cell responses in 
cancer-free tissues 

5. Patients more likely to benefit from bexmarilimab therapy are 
characterized by high intratumoral Clever-1 but low PD-L1, IL4II+ TAMs 
and IFN signaling before treatment, i.e., immune cold tumors 

Overall, these results pave the way forward for the clinical development of 
bexmarilimab therapy by establishing preliminary efficacy, immune correlates of 
bexmarilimab response and putative markers for patients likely to respond. Future 
clinical studies with controlled design can formally measure treatment efficacy, 
validate the best methods for patient selection and investigate putative treatment 
combinations to enhance efficacy. Additional translational studies focusing on non-
immune cell types within the TME, in particular cancer and endothelial cells, will 
further deepen the understanding on bexmarilimab treatment effects within tumors. 
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