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1 Cardiovascular disease 

Cardiovascular disease (CVD) poses a heavy burden on global health (1). Despite ambitious 
efforts to decrease CVD mortality by the World Health Organisation (2), it remains the leading 
cause of death worldwide (3). The persistent burden of CVD on global health today is mainly 
attributable to the increased incidence in low- and middle-income countries (4), where more 
than 80% of CVD deaths occur (5).  
 
Traditional risk factors for CVD include high cholesterol, high blood pressure, age, sex, diabetes, 
smoking, and obesity (6). However, as the prevalence of CVD among subjects who do not suffer 
from these risk factors is increasing, emerging non-traditional risk factors are being considered 
(7). These encompass lifestyle factors such as alcohol consumption, diet, and insufficient 
physical activity as well as environmental factors like air and noise pollution (7, 8). Despite the 
high availability of effective treatment options for the main traditional risk factors, 
hypercholesterolemia and hypertension, in high-income countries, CVD persists, indicating a 
need for additional interventions, especially targeting non-traditional risk factors (7, 8). 
 
CVD comprises several disorders of the heart and blood vessels (8), including ischemic heart 
disease, stroke, and heart failure (2). CVD is most commonly caused by atherosclerosis (9), a 
slow-progressing inflammatory disease of medium and large arteries that leads to the 
formation of atherosclerotic plaques in the artery wall (10, 11). Atherosclerotic plaques can 
rupture, causing the formation of blood clots leading to myocardial infarction or stroke (12). 
 
Atherosclerosis 

Atherosclerosis begins early in life and progresses slowly (13). Whereas initial lesions and fatty 
streaks which may already occur in childhood and adolescence usually remain unnoticed, and 
may even regress, risk factor exposure later in life causes progression to atheromatous plaques 
and complicated lesions that may cause symptoms (14).  
 
In healthy arteries, the endothelium maintains vascular homeostasis, regulating vascular tone 
and coagulation (15). In early stages of atherosclerosis, the endothelium becomes increasingly 
dysfunctional which leads to vasoconstriction, oxidative stress, chemotactic recruitment of 
monocytes, and increased permeability for low-density lipoprotein (LDL) (12). This allows 
plasma LDL particles to cross the endothelial layer whereupon they accumulate in the 
subendothelial space (16). LDL is oxidised through the reaction with free radicals or enzymatic 
activity, in turn activating endothelial cells (EC) (12). Activation of the endothelium leads to the 
expression of adhesion molecules which interact with selectins and integrins on monocytes, 
enabling their migration through the endothelial layer via rolling adhesion and diapedesis (17). 
In the intima, the recruited monocytes differentiate into macrophages (MΦ) in response to 
local differentiation factors (12). MΦs contribute to the ongoing inflammation by secreting 
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inflammatory cytokines, and ingest oxidised LDL (oxLDL) in an attempt to clear it from the 
intimal space (18). However, the increased uptake and decreased efflux of oxLDL leads to its 
accumulation within MΦ, turning them into foam cells (19). Foam cells also arise from vascular 
smooth muscle cells (SMC) which migrate to the intima and accumulate lipids, similarly to MΦ 
(20). Eventually, excessive intracellular oxLDL deposition induces foam cell apoptosis (12). 
Whilst these dead cells are removed through efferocytosis in early-stage atherosclerosis, 
clearance of apoptotic cells is impaired at later stages, leading to the formation of a lipid-rich 
necrotic core (21). Vascular SMC synthesise fibrillar collagens that form a fibrous cap, 
surrounding and stabilising the necrotic core (12, 22). The fibrous cap may be degraded by 
matrix metalloproteinases (MMPs) which decreases plaque stability and increases its 
susceptibility to rupture (23). Plaque rupture exposes the plaque core to the blood, initiating 
coagulation and thrombus formation (24). 
 

 
 

Figure 1: The role of monocytes and MΦ in atherogenesis 
After recruitment, rolling adhesion, and diapedesis through the endothelial layer, monocytes secrete 
inflammatory cytokines and chemokines, sustaining the ongoing inflammation and recruiting other immune cells. 
Moreover, monocytes differentiate into MΦ which take up oxLDL in the intimal space. The intracellular 
accumulation of oxLDL makes MΦ turn into foam cells and eventually induces their apoptosis. Created with 
BioRender.com. 
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1 Inflammation in atherosclerosis 

As implied by the pathogenesis of atherosclerosis, inflammation is of particular importance as 
it drives the recruitment of immune cells to the arterial wall and affects the resident cells 
already present (25). Inflammation in atherosclerosis already gained attention in the 
nineteenth century, although it was still a topic of discussion at that time (26). Meanwhile, 
there is ample evidence that atherosclerosis is an inflammatory disease (27, 28). As such, 
targeting inflammation as a therapeutic modality emerged, substantiated by the Canakinumab 
Anti-inflammatory Thrombosis Outcomes Study (CANTOS), among others (29).  
 
The CANTOS trial demonstrated that reducing inflammation with canakinumab, a monoclonal 
antibody for interleukin (IL) -1β, reduced secondary cardiovascular events in patients with 
myocardial infarction who responded to LDL-lowering therapy but sustained high C-reactive 
protein (CRP) levels, indicative of systemic inflammation (30). Likewise, anti-inflammatory 
therapy with colchicine reduced the risk of cardiovascular events after myocardial infarction, 
as shown in the Colchicine Cardiovascular Outcomes Trial (COLCOT) (31). However, general 
immunosuppression with methotrexate failed to reduce cardiovascular events in the 
Cardiovascular Inflammation Reduction Trial (CIRT) (32), indicating that a careful selection of 
patients and further investigation of the inflammatory course of action in atherosclerosis are 
essential for effective immunomodulatory therapy (33). 
 
Many immune cells participate in atherosclerosis, orchestrating a complex immune response 
involving the innate and adaptive immune system. (27). Neutrophils infiltrate lesion sites upon 
endothelial dysfunction where they secrete granule proteins, promoting recruitment and 
adhesion of monocytes (34). In turn, neutrophil extracellular traps (NET) released by dying 
neutrophils enforce the endothelial dysfunction, and stimulate MΦ to secrete IL-1β (35). 
Despite their short lifespan and limited presence in plaque (34), neutrophils contribute to early 
atherogenesis and influence plaque stability (36). Natural killer (NK) cells can enter lesions 
where they activate SMC and MΦ by the release of interferon-gamma (IFN-γ) upon interaction 
with dendritic cells (DC) (37). DC accumulation has been linked to increased plaque vulnerability 
(38). Although the underlying mechanisms and implications of these findings are still largely 
unknown, DC can give rise to foam cells and regulate T cells, bridging the innate to the adaptive 
immune response (38, 39).  
 
The adaptive immune response in the atherosclerotic plaque is initiated shortly after the innate 
immune response, starting with infiltration by T lymphocytes (40). Depending on their 
phenotype and polarisation, T cells can exert both pro- and anti-atherogenic functions (41). On 
the one hand, cytotoxic T cells are activated after recognising lipoprotein-derived antigens 
presented by DC, subsequently inducing apoptosis in SMC and EC as well as the differentiation 
of monocytes to MΦ (42). On the other hand, regulatory T cells can protect against 
atherogenesis by secreting anti-inflammatory IL-10, but shift to an atherogenic phenotype in 
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advanced lesions (40, 42). Moreover, T helper (TH) cells can polarise to functionally distinct 
subsets that can enhance or dampen inflammation and thereby influence other immune cells 
and plaque stability (41, 42). Overall, an imbalance of T lymphocytes in favour of pro-
inflammatory as opposed to inflammation-resolving phenotypes will drive atherosclerosis (41). 
Similarly, different subsets of B lymphocytes can promote or protect from atherogenesis (43). 
While B cells producing immunoglobulin (Ig) M antibodies can decrease EC activation and foam 
cell formation by binding oxLDL, IgE antibodies can enhance the inflammatory response by 
activating MΦs (44). 
 
The contribution of MΦ to atherosclerosis is substantial and multifaceted, as they adapt their 
phenotype in response to the stimuli they encounter in the atherosclerotic microenvironment 
(45). The next section will discuss monocyte-to-MΦ differentiation, MΦ plasticity, and MΦ 
phenotype. 
 
MΦ phenotype in atherosclerosis 

In atherogenesis, plaque MΦ are believed to arise from the expansion of resident 
macrophages, or from circulating monocytes that are recruited to lesion sites (46, 47), although 
this notion has been under debate in recent years. Monocytes are immune cells in the blood 
and the precursors of MΦ and DC (48). They extravasate to sites of inflammation where they 
exert effector functions, recruit other immune cells by secreting pro-inflammatory cytokines 
and chemokines (49, 50), and eventually differentiate into MΦ to replenish the depleted tissue-
resident MΦ pool (51). Monocytes display large heterogeneity, for example in their expression 
of surface markers cluster of differentiation (CD) 14 and CD16 which is the basis for the current 
nomenclature distinguishing three human monocyte subsets (52). Monocytes of different 
subsets have been proposed to exert distinct functions (52). However, their functional 
characterisation is lacking, and recent advances suggest monocyte heterogeneity to extend 
beyond CD14/CD16 expression. Monocyte heterogeneity and the impact of monocytic origin 
on the phenotype of derived MΦ are extensively discussed in Chapter 2.   
 
The most important growth factors to drive monocyte-to-MΦ differentiation are macrophage 
colony-stimulating factor (M-CSF) and granulocyte-macrophage colony-stimulating factor (GM-
CSF). These are produced by various cell types present in the plaque, mainly EC and SMC (53, 
54). M-CSF and GM-CSF not only induce MΦ differentiation and survival but also may prime 
the derived MΦ towards an anti-inflammatory or pro-inflammatory phenotype, respectively 
(55).  
 
MΦ carry a repertoire of functions that is far from limited to immune functions. At steady-state, 
monocyte-derived MΦ replenish tissue-resident MΦ which can be found in every tissue of the 
body, although their phenotype and origin differ per organ (48). Whereas microglia, the tissue-
resident MΦ population of the brain, are already seeded during embryonic development, 
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1 intestinal macrophages are replaced by monocyte-derived MΦ throughout life (49). Upon 
injury or trauma, MΦ sense tissue damage and contribute to the sterile inflammation and 
promote tissue repair, by phagocytosis of cell debris, efferocytosis of apoptotic cells, and 
induction of proliferation in other cell types (56). Upon infection, MΦ phagocytose pathogens 
and infected cells, display pathogen-derived antigens to T cells, and secrete pro-inflammatory 
cytokines and chemokines to attract other immune cells (57). 
 
MΦ are highly plastic cells which modulate their functional phenotype in response to 
microenvironmental stimuli (57). Tissue MΦ are exposed to local niche-specific stimuli, 
instructing them to adopt a particular tissue-specific resident MΦ phenotype and to carry out 
tissue-specific functions (58). In contrast, strong cytokine signals of tissue injury or microbial 
stimuli elicit transcriptional programming, or polarisation, to an inflammation-upholding or 
inflammation-resolving phenotype (59, 60). In vitro activation of MΦ with (a limited number 
of) stimuli constitutes the M1/M2 paradigm of MΦ polarisation (61). A combination of IFN-γ 
and a toll-like receptor (TLR) agonist such as lipopolysaccharide (LPS) polarises MΦ to a 
phenotype which has been termed pro-inflammatory, or M1-like (62). The phenotype MΦ 
adopt after activation with IL-4 or IL-13 is referred to as alternatively activated, or M2-like (62). 
In vivo, IFN-γ is produced by TH1 cells, and IL-4 or IL-13 by TH2 cells (62). M1 MΦ uphold the 
inflammatory response against microbial infection by secreting inflammatory cytokines, 
whereas M2 MΦ secrete anti-inflammatory cytokines and are associated with the resolution of 
inflammation and wound healing (63).  However, considering the complex combination of 
numerous stimuli MΦ encounter in vivo, the phenotypes of M1 and M2 MΦ should be 
considered as the two extremes of the polarisation spectrum (63). The atherosclerotic plaque 
constitutes a particularly diverse and complex microenvironment, and the phenotype of MΦ in 
the plaque is most likely a dynamic reflection of it (60). Indeed, this continuum of phenotypes 
and the heterogeneity of MΦ have been elucidated by single-cell RNA sequencing (scRNA-Seq) 
analysis of murine and human plaque immune cells. At least five MΦ subtypes can be 
distinguished in murine plaque, including resident-like MΦ, pro-inflammatory MΦ, foamy MΦ, 
and smaller populations of IFN-inducible MΦ and cavity MΦ (64). A pro-inflammatory and a 
foamy MΦ subset have also been identified in human plaque, next to a reparative M2-like MΦ 
subset, and M2 MΦ specialised in iron clearance (65). This illustrates the importance of 
assessing an integrated functional profile instead of single isolated functions. 
 
Modulation of MΦ function 

MΦ are highly plastic cells that play a central role in atherogenesis and plaque progression. 
Thus, modulating their function is an interesting and promising therapeutic strategy (66). 
Several MΦ-related processes can be targeted, such as monocyte recruitment, monocyte-to-
MΦ differentiation, MΦ proliferation, restoring efferocytosis and cholesterol efflux to 
counteract foam cell formation, decreasing oxidative stress, and reinstructing MΦ to adopt 
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favourable functions dependent on plaque stage (66, 67). MΦ adapt their functional phenotype 
to their microenvironment, responding to local stimuli in the plaque on the one hand, and 
systemic changes due to their proximity to the bloodstream on the other (68).  
 
With inflammation being one of the hallmarks of atherogenesis and MΦ secreting many 
cytokines, several monoclonal antibodies inhibiting cytokine secretion have been developed 
(69). However, although the CANTOS trial showed systemic IL-1β inhibition to reduce 
inflammation and secondary cardiovascular events, it also increased the incidence of infections 
(70). Thus, interventions targeting the atherosclerotic plaque might generally be favourable 
over systemic drug delivery. 
 
One of the main obstacles of plaque-targeted drug delivery is premature clearance by spleen, 
liver, and lung (if particles size is in the micrometre range), which can be evaded by using drug 
carriers like nanoparticles (71). Nanoparticles are already commonly used in clinical practice as 
contrast agents to improve spatiotemporal resolution when imaging atherosclerotic plaques 
(72). To reach the atherosclerotic plaque, nanoparticles are often coated with (stealth) 
polymers or biomimetic membranes to circumvent clearance by spleen and liver (66). However, 
diffusion into the plaque requires a long circulation half-life of the particles (73), and as they 
enter the lesion likewise through the dysfunctional leaky endothelium, nanoparticles have been 
found to accumulate around endothelial openings instead of distributing homogeneously in the 
plaque (66). Moreover, nanoparticles can principally be taken up by all other cell types in the 
plaque. To target MΦ specifically, nanoparticles can be coated with ligands to receptors 
overexpressed on MΦ to increase uptake and accumulation in MΦ (66). However, establishing 
specificity for plaque MΦ over other tissue MΦ in light of their heterogeneity remains 
challenging.  
 
Nanoparticles can be loaded with small-molecule drugs, microRNA (miR), or small interfering 
RNA (siRNA), improving their stability and pharmacokinetics (66). Lipid nanoparticles loaded 
with siRNA targeting CCR2, a key chemokine receptor for monocyte recruitment, were shown 
to prevent monocyte accumulation in murine models of atherosclerosis (74). Moreover, 
delivery of a Src homology region 2 domain-containing phosphatase 1 (SHP-1) inhibitor in 
carbon nanotubes interrupted CD47-signal regulatory protein α (SIRPα) signalling and led to 
enhanced efferocytosis in atherosclerotic mice, attenuating expansion of the necrotic core (70). 
 
Another therapeutic strategy is MΦ-targeted gene therapy using viral vectors. Treatment of 
apolipoprotein E-knockout (ApoE-/-) mice with an adenoviral vector encoding ApoE depleted 
plaque MΦ, leading to a decrease in plaque area and foam cell content (75). In another study, 
adenovirus-induced overexpression of peroxisome proliferator-activated receptor-γ1 (PPARγ1) 
reduced the accumulation of lipids and MΦ in the plaque leading to more stable plaques, 
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1 although the systemic modulation of PPARγ1 in this study may have contributed to this effect 
on atherosclerosis (76).  
 
Overall, targeted MΦ reprogramming is a recent approach to modulate MΦ phenotype which 
is challenging regarding MΦ heterogeneity and their continuous microenvironmental sensing 
(77). For the development of safe and effective MΦ reprogramming therapies, a deeper 
understanding of factors and pathways influencing the functional phenotype of monocytes and 
MΦ is needed. 
 
Overall aim and hypotheses 

In conclusion, inflammation is a major driver of atherosclerosis, the main underlying cause of 
CVD. Monocytes and MΦ play an important role in atherosclerosis and are involved in all stages 
of its pathogenesis. MΦ are highly plastic cells that adapt their phenotype in response to 
microenvironmental stimuli and exert various functions in the plaque which can be pro- or anti-
atherogenic. Thus, modulating the phenotype of MΦ for therapeutic benefit is a promising 
treatment strategy. However, it is still largely unknown how the functional phenotype of MΦ is 
constituted. Due to their high plasticity and responsiveness to their environment, MΦ 
phenotype can be altered at many levels. Nevertheless, previous studies often investigated only 
differentiated MΦ, missing phenotypic priming that may have occurred during differentiation 
into MΦ or that has been imprinted already at the monocytic precursor stage. Moreover, most 
in vitro studies on MΦ phenotype have only looked at individual functions or only used single 
polarisation stimuli which do not adequately represent the complex disease environment MΦ 
are exposed to in vivo. 
 
In this thesis, we aim to investigate how MΦ phenotype is shaped by monocytic origin, growth 
factors during monocyte-to-MΦ differentiation, and sensing of the microenvironment. We 
hypothesise that: 
 
1) MΦ originating from different monocyte subsets are functionally and transcriptionally 

different (Chapter 3). 
2) MΦ phenotype in vitro is influenced by culture density (Chapter 4). 
3) MΦ phenotype is primed during monocyte-to-MΦ differentiation by growth factors 

(Chapter 5). 
4) MΦ respond to uptake of superparamagnetic iron oxide nanoparticles (Chapter 6). 
5) MΦ respond to the systemic coronavirus disease 2019 (COVID-19) disease environment 

reflected in the serum of COVID-19 patients (Chapter 7). 
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Outline of this thesis 

Human monocytes present in three phenotypes: classical CD14++CD16-, intermediate 
CD14++CD16+, and non-classical CD14+CD16++ monocytes. Their relative distribution and 
absolute counts have been reported to associate with CVD incidence, and to exert different 
functions. However, there is insufficient evidence of the subsets’ causative role in CVD. 
Moreover, recent advances in scRNA-Seq and cytometry by time-of-flight (CyTOF) have 
revealed an even greater heterogeneity of the monocyte lineage, extending beyond the current 
CD14/CD16-based nomenclature. In Chapter 2, we discuss the implications of these findings 
for the prevailing view on monocyte heterogeneity and demonstrate the need to refine the 
current nomenclature of monocyte subsets. Moreover, we highlight associations of monocyte 
subsets, particularly intermediate monocytes, with CVD and CVD risk assessment. Finally, we 
summarise the current understanding of the influence of monocytic origin on the phenotype 
and functions of derived MΦ, a largely understudied topic in the field of cardiovascular 
inflammation. In Chapter 3, we study experimentally whether MΦ derived from monocytes of 
different subsets retain the functional identity of their monocyte precursors, leading to 
functional differences in the differentiated MΦ.  
 
MΦ sense cues from neighbouring cells and respond by functional adaptations. This "quorum 
sensing" has recently been demonstrated to depend on cell density. However, the density of 
MΦ cultured in vitro as a model of MΦ in (inflamed) tissue is often disregarded. In Chapter 4, 
we comprehensively investigate the effects of culture density on many functions of human MΦ, 
using MΦ derived from the THP-1 cell line as well as primary human monocyte-derived MΦ. 
Moreover, we study the hypothesis that a colony-forming growth pattern contributes to 
functional adaptations in THP-1 MΦ, and that substantial inter-donor variability leads to 
functional differences in primary MΦ.   
 
Monocyte-to-MΦ differentiation in atherosclerosis is primarily mediated by M-CSF and GM-
CSF. However, quantitative measurement of M-CSF and GM-CSF as well as a comprehensive 
study of the differentiation dynamics they induce are lacking. Chapter 5 investigates the 
phenotypic changes during M-CSF- or GM-CSF-driven differentiation at functional and 
transcriptional level. We map similarities and differences in the trajectories induced by M-CSF 
or GM-CSF at four timepoints during monocyte-to-MΦ differentiation. Moreover, we measure 
M-CSF and GM-CSF in human atherosclerotic plaque and investigate the enrichment of M-CSF- 
and GM-CSF-associated gene signatures in plaque MΦ populations. 
 
Small and ultrasmall superparamagnetic iron oxide nanoparticles, (U)SPIO, are commonly used 
as contrast agents for magnetic resonance imaging (MRI) to identify high-risk plaques and are 
assumed to be safe for clinical applications in CVD. However, safety tests were largely based on 
normolipidemic models, not fully representative of the clinical setting. In Chapter 6, we 
investigate the effect of (U)SPIO on disease-relevant endpoints in hyperlipidemic models of 
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1 atherosclerosis. Moreover, we consider coating formulation and particle size as possible 
determinants of cytotoxicity of (U)SPIO. 
 
In Chapter 7, we use serum of COVID-19 patients to elucidate the functional response of MΦ 
to the COVID-19 disease environment. We investigate associations between the functional 
measurements and clinical parameters as well as their predictive value in terms of disease 
progression reflected in respiratory failure and the need for intensive care unit (ICU) treatment.  
 
Chapter 8 considers the findings of this thesis and the implications for future research in a 
general discussion. Chapter 9 summarises the main findings presented in this thesis. Finally, 
Chapter 10 discusses the scientific and societal impact of this thesis. 
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2 
Abstract  

Monocytes circulate the vasculature at steady state and are recruited to sites of inflammation 
where they differentiate into macrophages (MΦ) to replenish tissue-resident MΦ populations 
and engage in the development of cardiovascular disease (CVD). Monocytes display 
considerable heterogeneity, currently reflected by a nomenclature based on their expression 
of cluster of differentiation (CD) 14 and CD16, distinguishing CD14++CD16- classical (cMo), 
CD14++CD16+ intermediate (intMo) and CD14+CD16++ non-classical (ncMo) monocytes. Several 
reports point to shifted subset distributions in the context of CVD, with significant association 
of intMo numbers with atherosclerosis, myocardial infarction, and heart failure. However, clear 
indications of their causal involvement as well as their predictive value for CVD are lacking.  
As recent high-parameter cytometry and single-cell RNA sequencing (scRNA-Seq) studies 
suggest an even higher degree of heterogeneity, better understanding of the functionalities of 
these subsets is pivotal. Considering their high heterogeneity, surprisingly little is known about 
functional differences between MΦ originating from monocytes belonging to different subsets, 
and implications thereof for CVD pathogenesis. This chapter provides an overview of recent 
findings on monocyte heterogeneity in the context of homeostasis and disease as well as 
functional differences between the subsets and their potential to differentiate into MΦ, 
focusing on their role in vessels and the heart. The emerging paradigm of monocyte 
heterogeneity transcending the current tripartite subset division argues for an updated 
nomenclature and functional studies to substantiate marker-based subdivision and to clarify 
subset-specific implications for CVD. 
 
Graphical abstract 

 
 

CyTOF: cytometry by time-of-flight; RNA-Seq: RNA sequencing. Created with BioRender.com. 
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Introduction 

With their high functional diversity, monocytes and monocyte-derived macrophages (MΦ) play 
a key role in the pathogenesis and progression of cardiovascular disease (CVD) and 
atherosclerosis-related ischemic heart disease and heart failure (HF) (1). MΦ are abundant in 
every tissue in the body, including heart and vessel wall, where they regulate tissue 
homeostasis and monitor trauma and infection (2, 3). Recent evidence suggests that tissue-
resident MФ pools have mixed ontological origins arising both from embryonic progenitors and 
blood monocytes (4). The phenotype of tissue-resident MΦ is influenced by their 
microenvironment, resulting in high location-dependent heterogeneity (5, 6). Monocytes are 
haematopoietic cells that not only serve as MΦ precursors, complementing tissue-resident MΦ 
pools, but also play an important role in innate immunity. Upon inflammation, monocytes will 
locally extravasate towards the affected tissue where they differentiate into monocyte-derived 
MΦ and exert MΦ functions (7).  
 
In humans, monocytes circulating in blood can be divided into three subsets: CD14++CD16- 
“classical” monocytes (cMo), CD14++CD16+ “intermediate” monocytes (intMo) and 
CD14+CD16++ “non-classical” monocytes (ncMo) (8). Although many publications report 
functional differences between the three subsets, a delineating characterisation of their 
functions to assign distinct functional phenotypes is lacking (9). Advances in the study of the 
monocyte subsets, especially recent high-parameter cytometry studies (10, 11), have 
overhauled the prevailing view on monocyte heterogeneity and suggest the current 
classification scheme may be inadequate to cover the functional diversity of monocytes. In 
addition, despite studies describing the potential of all three monocyte subsets to differentiate 
into MΦ (12), it remains unclear whether they give rise to functionally distinct MΦ. In this 
review, we will present an overview of current insights on monocyte heterogeneity and 
implications for monocyte taxonomy. We will address subset-specific monocyte functions in 
health and CVD, as well as subset correlation to CVD. Moreover, we will outline the current 
knowledge on the impact of the subset of the monocytic progenitor on MΦ phenotype and 
activity in tissue, with particular focus on heart and vessel wall, and implications thereof for 
CVD progression. 
 
Monocyte heterogeneity and consequences for monocyte taxonomy  

First attempts to define monocyte heterogeneity were solely based on cell size and volume, 
distinguishing two major subpopulations referred to as large and small monocytes (13, 14). 
These featured differences in antibody-dependent cellular cytotoxicity (14) and chemotaxis 
towards zymosan-activated human serum (13), providing first evidence for functional 
differences between monocyte subpopulations. Flow cytometry and fluorescence-activated 
cell sorting (FACS) enabled a more granular analysis, leading to the identification and isolation 
of a monocyte subset smaller in size, characterised by low expression of cluster of 
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differentiation (CD) 14, a lipopolysaccharide (LPS) receptor (15), and co-expression of CD16, an 
FcγIII receptor (16, 17). These differences in expression of CD14 and CD16 serve as the basis 
for the nomenclature introduced in 2010 which is predominantly used today, classifying three 
human monocyte subsets: CD14++CD16- cMo, CD14++CD16+ intMo and CD14+CD16++ ncMo (8). 
Accordingly, the terms cMo, intMo, an ncMo will be used to refer to the monocyte subsets in 
this review, and CD14/CD16 expression patterns will be included if subset definitions used in 
previously published studies deviate from the 2010 nomenclature. 
 

 
 

Figure 1: Monocyte subset markers in human and mouse 
Overview of markers by definition of the current monocyte subset nomenclature (bold) and additional markers to 
distinguish between monocyte subset in human and mouse (underlined). Although human classical CD14++CD16- 
and murine Ly6Chigh, likewise non-classical CD14+CD16++ and Ly6Clow are considered counterparts, markers that 
identify a subset in one species are not necessarily transferable to the same subset in the other species. For 
example, while CD36 expression is lower on classical Ly6Chigh than in non-classical Ly6Clow monocytes, classical 
CD14++CD16- express high levels and non-classical CD14+CD16++ low levels of CD36. Markers with different 
expression patterns when comparing corresponding subsets in mouse and human are contained in this overview 
(cursive). Expression of TREM-1 and CD81 in intermediate CD14++CD16+ and non-classical CD14+CD16++ was not 
included as published studies did not distinguish between the two subsets. CD64 expression is similar between 
Ly6Chigh and Ly6Clow monocyte subsets and thus not mentioned for the murine subsets. CXCR4 expression levels 
are not clearly definable as high or low but show a higher (↑) or lower (↓) expression between subsets, indicated 
by arrows. All expression levels depicted refer to protein-based expression and were gathered from Ingersoll et 
al. (2010), Mildner et al. (2016), Thomas et al. (2017), Ong et al. (2019), and Mueller et al. (2019). Created with 
BioRender.com. 
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In mice, two main monocyte subsets have been described: Ly6Chigh monocytes which resemble 
CD14++CD16- cMo and Ly6Clow monocytes which represent the murine counterpart to 
CD14+CD16++ ncMo (18, 19). Although considered counterparts, CD14/CD16 and Ly6C are not 
inert in the other species, respectively, and may modulate subset function differently. 
Moreover, the proportions of circulating monocyte subsets in mice and humans differ 
substantially (approximately 95% CD14++CD16- cMo versus 50% Ly6Chigh) (19), a note that 
should be considered for the interpretation of data from mouse studies (Figure 1). In addition, 
monocyte heterogeneity varies between mice of different sexes and strains, including the 
widely used BALB/c strain as well as C57Bl/6, the background strain of apolipoprotein E-
knockout (ApoE-/-) and low-density lipoprotein receptor-knockout (LDLR-/-) mice, models 
commonly used in CVD research (20, 21). 
 
The CD14/CD16-based definition of monocyte subsets provided clear terminology for 
monocyte subsets but might not be sufficient for unambiguous identification. CD14 and CD16 
expression depend on activation status and disease context (11, 22), making a gating strategy 
relying solely on these markers insufficiently robust. More worrisome, natural killer (NK) cells, 
like ncMo, also express CD16 and are CD14-negative, potentially giving rise to contamination 
of ncMo by these CD56 (NCAM)dim cells. Inclusion of human leukocyte antigen (HLA)-DR in the 
FACS panel allows more selective discrimination of ncMo (Figure 2) (23, 24). Consequently, a 
separation of monocyte subsets solely based on CD14 and CD16 may be insufficient to 
unequivocally distinguish monocyte subsets.  
 

 
 

Figure 2: Schematic gating strategy to discriminate human monocyte subsets 
The plots depicted serve as an illustration of a gating strategy to identify human subset populations from 
peripheral blood mononuclear cells and to allow fluorescence-activated cell sorting at high purity. After gating of 
live and single cells, CD3-positive T cells, CD19-positive B cells, CD66b-positive granulocytes, and CD56high NK cells 
are excluded by dump gating. Next, monocytes are selected based on HLA-DR expression, and HLA-DR-negative 
NK56dim cells which may not have been excluded in the previous gating step are separated from HLA-DR-positive 
monocytes. Finally, the three human monocyte subsets as defined by the current nomenclature are distinguished 
based on their expression of CD14 and CD16, with classical CD14++CD16-, intermediate CD14++CD16+ and non-
classical CD14+CD16++ monocytes. Although the ratio of the subsets, especially of non-classical and intermediate 
monocytes, varies greatly between donors, the proportion of classical monocytes consistently predominates over 
the two other subsets. Created with BioRender.com. 
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Recent high-parameter cytometry and single-cell RNA sequencing (scRNA-Seq) studies have 
revolutionised our view on monocyte heterogeneity and led to an improved resolution of the 
aforementioned monocyte subsets, especially of intMo and ncMo (10). Previously, 6-sulfo 
LacNAc (slan) expression had been shown to more reliably distinguish slan-negative 
CD14++CD16+ intMo from slan-positive CD14+CD16++ ncMo using FACS and massive analysis of 
complimentary DNA ends (MACE) (22). To complicate matters, a high-resolution approach 
using cytometry by time-of-flight (CyTOF) to profile monocyte heterogeneity by Roussel et al. 
revealed that slan expression may also mark separate subsets within the ncMo population (25). 
Although slan-positive monocytes show similar cytokine production patterns (26) and 
transcriptional profiles (27) as ncMo, they seem to differ in their expression of CXCR6 (28, 29). 
As a study by Cros et al. failed to confirm the slan-based sub-differentiation within the ncMo 
(18), the jury is still out on the added value of slan as a monocyte subset marker. In parallel, 
Villani et al. aimed at improving monocyte subset identification using scRNA-Seq of human 
monocytes which were FACS-sorted with a CD14/CD16-based gating strategy (30). Their study 
revealed four monocyte clusters of which two were located within the intMo subset. However, 
as one of the subsets within intMo was typified by established NK markers such as KLRC4, CTSW 
and PRF1, the true monocyte nature of this subset remains to be addressed. Conversely, 
Mildner et al. describe a newly-identified Ly6Cint intMo subset in mice showing transcriptional 
as well as phenotypic overlap to both Ly6Chigh cMo and Ly6Clow ncMo (31). Similarly, Thomas et 
al. found human intMo to cluster with both cMo and ncMo using CyTOF (32). Addition of CD11c 
(integrin α-X), HLA-DR, CD36 (GP4, GP3B, SCARB3), and CCR2 (CD192) to their CD14/CD16-
based gating strategy allowed clear separation of the three conventional monocyte subsets. 
Although the introduction of additional subset markers improved differentiation between 
intMo and ncMo, the latter still relies on prior subset identification using CD14 and CD16. 
However, as Ong et al. showed, a CD64 (FCGR1)-, CD86 (B7.2)-, CD33 (SIGLEC3)-, CCR2-, and 
HLA-DR-based marker panel performs equally well to reliably identify CD16- cMo, 
CD16+CD14high intMo, and CD16+CD14low ncMo (11), suggesting a CD14/CD16-independent 
separation is possible. 
 
Next to enabling improved identification of the conventional three subsets, high-parameter 
cytometry and scRNA-Seq technology combined with high-dimensional analyses advanced the 
identification of new subsets within the three monocyte populations (11, 25, 30, 32, 33). In 
human, Hamers et al. identified eight monocyte subsets using CyTOF, with three subsets falling 
within ncMo and four within cMo (29). Merah-Mourah et al., using 17-colour FACS, identified 
a set of large and a set of small monocytes that could be further divided by their expression of 
CD16, resulting in a total of six monocyte subsets. Large and small monocyte sets showed 
differences in the production of tumour necrosis factor (TNF) and interleukin (IL) -1β in 
response to toll-like receptor (TLR) agonists, as well as in their expression of adhesion 
molecules, suggesting distinct functions (33). However, the conventional tripartite 
differentiation of monocytes was underpinned by Dutertre et al. who applied a machine 
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learning algorithm for subset discrimination in scRNA-Seq and CyTOF including 14 backbone 
lineage markers plus one of 332 variable markers each (34). These partly conflicting findings 
could be caused by minor differences in the source sample but most likely by differences in 
strategy of and settings for data analysis. Notably, the cMo and intMo populations identified 
by Dutertre et al. each embedded two marginally different subsets, such as CD35 (CR1)+/CD89 
(FCAR)+ cMo and CD55 (DAF)+/Mac2+ cMo (34). 
 
In conclusion, by both the use of new surface markers or the inclusion of additional markers to 
the conventional CD14- and CD16-based panel, greater heterogeneity within the human 
monocyte population than the current trinomial terminology suggests was revealed, and new 
monocyte subpopulations were identified. Although recent findings mostly agree on 
heterogeneity within the original cMo and ncMo subsets, a lack of a clear consensus is evident 
by differences in the number of subpopulations reported. This may be attributable to 
differences in number and combination of markers as well as (unsupervised) clustering 
methods used. The reproducibility and comparability may be further impacted by substantial 
differences in the identification and annotation of cell clusters. Whether or not these new 
subpopulations represent truly separate phenotypes or reflect the stochastic diversity within 
the mother populations remains to be established by lineage tracing and differentiation 
studies. It is not unlikely that some studies have considerably over-clustered this cell species. 
Moreover, standardised cluster annotation approaches such as the reference mapping 
included in Seurat v4 (35) are needed to consistently define monocyte subpopulations. 
 
In 2016, an update to the 2010 nomenclature was proposed, suggesting the numerical labels 
“Mon1” for cMo, “Mon2” for intMo, and “Mon3” for ncMo (36). Despite resemblance to the 
M1/M2 terminology for MΦ polarisation states, these labels were not chosen to express a 
predisposition of MΦ to adopt a M1 or M2 polarisation state depending on the monocyte 
subset they originate from, but to simplify monocyte subset terminology (36). A numerical 
nomenclature does not only allow detachment from a marker-based subset definition which 
may change with the discovery of additional or alternative subset markers, it could also 
facilitate the coherent naming of newly-identified monocyte subsets. However, it appears that 
the ambiguity observed in literature to date may at least partly be attributed to an incomplete 
subset definition, exclusively based on surface marker expression, which should be 
complemented with distinctive functions and differentiation potential of monocyte subsets. 
Thus, a taxonomy putting newly-identified monocyte subsets into context, as suggested by 
Bassler et al. (37) will still be necessary to adequately describe monocyte heterogeneity. 
Moreover, functional differences of established original and newly-identified monocyte subsets 
remain to be assessed and related to their role as precursors of tissue-resident MΦ and to 
pathogen and endogenous trauma responses.  
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Monocyte subset distribution in CVD 

Monocytes are major players in the development of CVD, illustrated by the observation that 
the number of circulating monocytes has a predictive value for cardiovascular risk and mortality 
(38-40). However, most studies did not stratify for monocyte subsets. Moreover, the 
interpretation of findings reported in studies that did discriminate between monocyte subsets 
is complicated by differences in subset definition, in staining and gating protocols as well as the 
number and combination of markers used to identify subsets. In a prospective study using flow 
cytometry to determine monocyte subset counts, Rogacev et al. showed that intMo were the 
only subset to independently predict cardiovascular disease risk in elective coronary 
angiography patients in 3 years of follow-up (41). These findings are in contrast with a study by 
Berg et al., showing elevated cMo counts to predict cardiovascular events, defined as fatal or 
non-fatal myocardial infarction (MI), ischemic stroke or coronary heart disease-related death. 
The use of frozen leukocyte samples and the smaller study population (n=700) in the study by 
Berg et al. compared to fresh samples in Rogacev et al. (n=951) might account for the different 
observations between the two studies (41, 42). Wildgruber et al. found increased intMo and 
decreased ncMo numbers in patients with progression of peripheral artery occlusive disease, 
the number of cMo remaining unchanged (43). Similarly, while CD106 (VCAM-1) expression on 
cMo was reported to be increased in coronary artery disease (CAD) patients, these patients 
also featured elevated intMo counts, possibly due to a shift from cMo to ncMo at levels that 
were predictive of adverse cardiovascular disease outcome (44). Interestingly, CAD patients 
with elevated levels of lipoprotein (a) [Lp(a)], a pro-atherogenic lipoprotein and independent 
risk factor for CVD (45), had increased intMo compared to patients with normal Lp(a) levels, 
whereas ncMo and cMo proportions remained unchanged in both patient groups (46). As 
compared to cMo, telomere length of intMo was shorter which might indicate senescence, 
although comparisons of telomere length [reviewed in (47)] between different cell 
types/subsets should be taken with caution. Moreover, intMo expression of chemokine 
receptors like CCR2, CCR5 (CD195), CCR7 (CD197) and CX3CR1 was higher than in the other 
subsets (48), suggesting they are more responsive to chemotactic cues in CVD. 
  
Several studies also investigated correlations between monocyte subset counts and 
atherosclerotic plaque composition and/or stability, with inconsistent outcomes (Table 1). 
Interrogating the AtheroExpress plaque cohort, none of the monocyte subsets was found to be 
associated with critical plaque characteristics such as fat deposition, collagen deposition, 
calcification, intraplaque haemorrhage, intraplaque vessel and smooth muscle cell density (49). 
However, in a cohort of 588 individuals that underwent coronary computed tomography (CT) 
angiography for routine health check-up, intMo levels correlated with mixed and calcified 
plaque types, whereas cMo counts correlated with non-calcified plaques (50). In a smaller 
cohort (n=51) in which asymptomatic coronary artery plaques were analysed by virtual 
histology based on intravascular ultrasound, intMo were significantly correlated with plaque 
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vulnerability traits such as burden of fibrous components, necrotic core size and calcification 
(51).  
 
These findings were confirmed by Yamamoto et al. in a small prospective optical coherence 
tomography and coronary angiography study of coronary artery patients (52). Although 
findings are not completely consistent, the overall picture emerging from these studies is that 
intMo numbers seem most predictive of CVD and strongest associated with plaque 
vulnerability. Whether intMo are causally involved in CVD or whether the CVD context leads to 
aberrant cMo-to-ncMo conversion or increased expression of intMo markers remains subject 
to further studies. 
 
Table 1: Reported shifts in monocyte subsets distributions in atherosclerosis 
 

Source Cohort size Outcome 
Meeuwsen et al. 
2019 (49),  
The Netherlands 

175 undergoing CEA 
(63.4% male) 

No association of any monocyte subset with vulnerable 
plaque traits  

Lo et al. 2017 (50), 
Taiwan 

588 undergoing general 
health check with 
coronary CT (68.7% male) 

Correlation of intMo with mixed and calcified plaque 
types 
Correlation of cMo with non-calcified plaque type 

Yoshida et al.  
2017 (51), Japan 

51 asymptomatic CAD 
(75% male) 

Correlation of intMo with vulnerable plaque traits 

Yamamoto et al. 
2018 (52), Japan 
 

50 CAD  
(80% male) 

Counts of intMo associated with vulnerable plaque traits 

 

CEA: carotid endarterectomy; CAD: coronary artery disease; CT: computed tomography; cMo: classical monocytes; 
intMo: intermediate monocytes; ncMo: non-classical monocytes. 
 
Plaque destabilisation and rupture can eventually lead to an ischemic event causing myocardial 
necrosis. Recruited monocytes and cardiac resident MΦ are instrumental in the trauma repair 
response to infarct [reviewed in (53)]. According to Tsujioka et al., CD14++CD16- cMo are the 
monocyte subset recruited first, peaking 2.6 days after infarct onset, while CD16-positive intMo 
and ncMo are recruited in a later phase to peak around day 5 after onset (54). This timely 
sequence might reflect the developmental trajectory of cMo to ncMo (as discussed below) after 
monocytosis in response to trauma. Interestingly, peak recruitment of cMo, but not CD16-
positive intMo and ncMo was inversely correlated with myocardial salvage and left ventricular 
ejection fraction 6 months after onset (54) (Table 2). As shown by Tapp et al., circulating cMo 
and intMo counts were increased in the first day after ST-elevation myocardial infarction 
(STEMI), upon which intMo levels were significantly correlated with plasma cytokine and 
cardiac troponin levels, and recovery of left ventricular function (55), suggesting this subset to 
play a key role in cardiac healing. Histopathological examination of myocardial tissue collected 
from autopsy indicated cMo accumulation at the border of the infarct zone surrounding the 
necrotic area during the inflammatory phase at 12 hours to 5 days after acute myocardial 
infarction (AMI). In the following proliferative phase at 5 to 14 days after AMI, infiltration of the 
infarct zone by CD16-positive monocytes was observed, though these were not further 
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classified into CD14++CD16+ intMo or CD14+CD16++ ncMo (56). Apparently, apart from CD14++ 

CD16- cMo, CD16-positive monocytes (probably ncMo) are also needed for proper AMI repair, 
likely because they serve different functions. As described above, the AMI-associated 
expansion of intMo was predictive of adverse cardiovascular events within 2 years after the 
primary event (57), suggesting a detrimental role of intMo in AMI repair or in atherosclerosis. 
According to Zeng et al., particularly STEMI patients with persistent elevations of circulating 
intMo after infarct were at risk of a major adverse cardiovascular event during 2.5-year follow-
up (58), suggesting that not only the subset profile but also subset dynamics upon infarct can 
impact the outcome of cardiovascular events. This may support the finding of Dutta et al. in 
mice where increased monocyte recruitment in the aftermath of an infarct was not limited to 
the infarct zone itself but also implicated distal sites of chronic atherosclerosis, resulting in 
recurrent events (59). 
 
Table 2: Reported shifts in monocyte subsets distributions in myocardial infarction 
 

Source Cohort size Outcome 
Shantsila et al. 
2019 (62), UK 

245 STEMI  
(78% male) 

Increased absolute number of intMo 

Tapp et al. 
2012 (55), UK 

50 STEMI, 40 CAD and 
40 healthy controls  
(80-86% male) 

Counts of circulating cMo and intMo increased on first day 
after STEMI 
IntMo levels correlated with cytokine and troponin levels as 
well as recovery of left ventricular function 

Zhou et al. 
2016 (57), China 

100 STEMI, 60 CAD 
and 35 healthy 
controls  
(68-78% male) 

Expansion of intMo predictive of adverse cardiovascular 
events within 2-year follow-up 

Zeng et al. 
2018 (58), China 

96 STEMI  
(78% male) 

Persisting elevation of intMo after STEMI associated with risk 
for major adverse cardiovascular events within 2.5-year 
follow-up  

Tsuijoka et al. 
2009 (54), Japan 

36 AMI  
(75% male) 

Peak levels of cMo inversely correlated with myocardial 
salvage and LVEF after infarct onset 

Van der Laan et al. 
2014 (56), The 
Netherlands 
 

28 AMI and 12 other 
causes 
(67% male) 

Accumulation of cMo at border of infarct zone 12 hours to 5 
days after AMI, followed by infiltration of intMo/ncMo 

 

STEMI: ST-elevated myocardial infarction; AMI: acute myocardial infarction; CAD: coronary artery disease; LVEF: 
left ventricular ejection fraction; cMo: classical monocytes; intMo: intermediate monocytes; ncMo: non-classical 
monocytes. 
 
AMI-associated loss of cardiac function can develop into HF, the major cause of morbidity and 
mortality after AMI (60). HF patients had an increased percentage of CD14++CD16+ intMo 
compared to healthy subjects at increased cardiovascular risk which correlated with disease 
severity (61), a finding that was confirmed by Shantsila et al. for absolute subset numbers (62) 
(Table 3). Moreover, intMo had higher expression of the cell adhesion molecules ICAM-1 
(CD54) and VCAM-1, of which the latter was associated with adverse clinical outcome for acute 
HF (63). In keeping with this, significant increases in intMo counts in (acute) HF were reported 
by Wrigley et al. (cross-sectional study) (64) and by Elchinova et al. (65). Interestingly, while the 



Chapter 2 

Page | 34 

former also noted elevated cMo levels, the latter, larger study found reduced cMo levels. In 
this study, also the number of intMo (cells/µl) in HF patients was independently associated with 
all-cause death (65). Finally, a study by Amir et al. failed to reproduce these findings, reporting 
an unchanged intMo proportion in HF patients, but reduced percentages of cMo and increased 
percentages of ncMo (66). Moreover, the percentage of ncMo, but not cMo or intMo, was 
inversely correlated with severe HF. Discrepancies between these study outcomes may be 
attributable to differences in the study populations’ risk and environmental factor profile. 
Indeed, the secretome of adipose tissue of obese HF patients was able to induce a shift towards 
ncMo differentiation, in contrast to that of non-obese HF patients (67). Oxysterol-mediated 
activation of NR4A1, a nuclear receptor critically involved in ncMo differentiation, could explain 
this finding (68, 69). It remains unclear whether this obesity-associated ncMo increase is a 
protective response or merely a consequence of larger disease characteristics. MΦ origin in the 
heart was also shown to change with ageing, resulting in increased monocyte recruitment and 
a shift towards M1-like cardiac MΦ (70), suggesting increased susceptibility for and worse 
outcome of CVD in aged individuals. Thus, the increased presence of monocyte-derived MΦ in 
the heart and arteries may have disease-relevant repercussions for MΦ phenotype in these 
organs.  
 
Table 3: Reported shifts in monocyte subsets distributions in heart failure 
 

Source Cohort size Outcome 
Barisione et al. 
2010 (61), Italy 

30 congestive HF and 
26 healthy controls 
(all male) 

Increased percentage of intMo in HF correlating with disease 
severity 

Wrigley et al. 
2013 (64), UK 

51 acute HF, 42 stable 
HF, 44 CAD and 40 
healthy controls 
(58-83% male) 

Increased intMo count in acute HF compared to stable HF and 
CAD 
Increased intMo count in stable HF compared to CAD 
Elevated cMo levels in acute HF compared to stable HF, CAD, 
and healthy controls 
No difference in ncMo counts 

Wrigley et al. 
2013 (63), UK 

51 acute HF, 42 stable 
HF and 44 CAD 
(68-83% male) 

Higher expression of ICAM-1 on intMo of acute HF compared 
to stable HF & CAD 
VCAM-1 expression on intMo of acute HF associated with 
death or hospitalisation 

Elchinova et al. 
2018 (65), Spain 

400 HF 
(72.8% male) 

Increased intMo count 
Absolute number of intMo per µl blood associated with all-
cause death 
Reduced cMo levels 

Amir et al. 
2012 (66), Israel 

59 systolic HF and 29 
controls without  
heart disease 
(53-76% male) 

Reduced percentage of cMo in HF 
Increased percentage of ncMo in HF 
Percentage of ncMo inversely correlated with severe HF 
No difference in intMo percentage 
 

 

HF: heart failure; CAD: coronary artery disease; cMo: classical monocytes; intMo: intermediate monocytes; ncMo: 
non-classical monocytes. 
 
Overall, most studies agree that monocyte subset distribution shifts in cardiovascular disease, 
although cause and direction of this shift still need to be further investigated. A shift towards 
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ncMo is also observed with ageing which may reflect accelerated immune ageing and increased 
susceptibility to CVD. Several studies suggest an association of the intMo subset with CVD, 
atherosclerosis, AMI, and HF, although not all studies agree on their predictiveness of 
prognosis. 
 
Functional diversity of monocyte subsets in health and disease  

Today, monocytes are no longer viewed as mere precursors of MΦ, as this dogma has been 
challenged by several studies showing clear functional specialisations of cMo and ncMo subsets 
(Figure 3) (71, 72). The recently reported high heterogeneity of this lineage may have further 
eroded this view. Monocytes functionally adapt to inflammatory stimuli and carry out effector 
functions in innate immune responses to pathogens in circulation and in trauma monitoring of 
the endothelium (72-74). However, assigning functional phenotypes to monocyte subsets has 
been impeded by conflicting results, differences in methodology and readout, and functions 
being assigned to multiple subsets (75, 76). The official CD14/CD16-based nomenclature 
intentionally avoids terms like “inflammatory” and “anti-inflammatory” to allow broader 
function-based categorisation. Further investigation of functional differences between the 
subsets is still necessary (8, 77), taking into account the potential heterogeneity of the 
monocyte subsets as suggested by the aforementioned single-cell studies.  
 
CMo sense cues from sites of injury and inflammation, are released into circulation via CCL2-
CCR2 signalling, and extravasate into affected tissues (78-80). They are highly active in 
phagocytosis and production of reactive oxygen species (ROS) (75, 81). In response to bacterial 
signals, cMo secrete inflammatory cytokines such as IL-6, IL-8 and IL-1β (12, 18). Although they 
are able to clear debris (79), this capacity is less developed than in ncMo (82), a difference that 
has been used for selective bead-based tracking of ncMo in vivo (83). Moreover, cMo were 
found to differentiate into intMo which in turn differentiate into ncMo, following a sequential 
ontogeny scenario as shown by Patel et al. (84) using a humanised mouse model, the MISTRG 
mouse (85). In humans, after endotoxin-induced depletion of blood monocytes, re-population 
followed a sequential pattern of cMo appearing first, followed by intMo and finally ncMo (84). 
In a smaller study (n=12), Thaler et al. observe cMo to be the first subset to appear after LPS 
challenge and cMo counts to recover within 6 hours (86). Moreover, they report a reduction in 
cMo counts and considerable shift towards intMo in the next 18 hours, suggesting enhanced 
differentiation of cMo into intMo in response to inflammatory cues. The time needed for cell 
trafficking from bone marrow to circulation seems to be decreased under inflammatory 
conditions, which might be caused by the release of cMo retained in the bone marrow and 
spleen as an “emergency pool” (84). Most evidence on this emergency release and the 
contribution of bone marrow-derived monocytes was obtained from mouse experiments, 
where two main monocyte subsets are distinguished based on their expression of Ly6C (87). 
The circulating pool of Ly6Chigh cMo is rapidly replenished by egress of CXCR4high Ly6Chigh bone 
marrow monocytes (88), which may have alternative phenotypes and functional adaptations, 
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similar to neutrophil-like Ly6Chigh cMo or segregated nucleus-containing atypical Ly6Clow ncMo 
[reviewed in (89)]. The control of this emergency release of monocytes is associated with 
microRNA (miR)-146a, leading to expansion and trafficking of Ly6Chigh cMo and resulting in an 
increased inflammatory response against bacteria [reviewed in (90)]. Circulating Ly6Chigh cMo 
may also convert into Ly6Clow ncMo, as proposed by Yona et al. regarding the rapid appearance 
of BrdU-labelled Ly6Chigh cMo in circulation, whereas BrdU-positive Ly6Clow ncMo became 
detectable after 5 days (91).  
 

 
 

Figure 3: Functions of classical, intermediate, and non-classical monocytes 
Monocytes of different subsets exert different functions, illustrated in this figure. The current nomenclature 
purposefully avoids the terms “pro-inflammatory” and “anti-inflammatory” to describe monocyte subsets. 
Considering their functions, especially cytokine secretion by the different monocyte subsets, the importance of a 
nomenclature independent of single functions becomes apparent, as non-classical monocytes produce pro-
inflammatory cytokines in response to viruses but are often termed “anti-inflammatory”. MHC: major 
histocompatibility complex; TLR: toll-like receptor. Created with BioRender.com. 
 
The conversion to Ly6Clow ncMo was found to be dependent on CCR2 (91) which is expressed 
exclusively by Ly6Chigh cMo (18). The mechanism underlying the conversion of Ly6Chigh cMo to 
Ly6Clow ncMo was elucidated by Thomas et al. who studied the regulation of the Nr4a1 gene 
which encodes transcription factor Nur77 (69) In line with previous results, Ly6Clow ncMo 
showed higher expression of Nr4a1 than Ly6Chigh cMo (68, 69). Nr4a1 knockout led to partial 
depletion of the Ly6Clow ncMo pool, indicating its crucial role for the generation of Ly6Clow 
monocytes (68). Thomas et al. found Nr4a1 to be regulated by the interaction of Klf2 with the 
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Nr4a1 super-enhancer domain E2 (69). In line with this finding, Patel et al. addressed the 
kinetics of human monocyte subsets by isotopic 6,6-2H2-glucose labelling in healthy volunteers, 
showing turnover rates of 1 day for cMo, 4.3 days for intMo and 7.4 days for ncMo (84), 
corresponding to the observations in mice. These data could be partly confirmed by Tak et al. 
(n=14) who also observed consecutive isotopic labelling of the three monocyte subsets, 
pointing to a linear differentiation model. Only few cMo were differentiating into intMo, while 
almost all intMo were on their way to become ncMo, suggesting that the first step is rate 
limiting. Blood residence times for cMo and ncMo were approximately 2.5 days; however, 
intMo were seen to have much shorter blood residence time in this study (<1 day) (92). 
Additional studies will be needed to fully clarify this. Taken together, under steady state 
conditions, cMo can either differentiate into MФ to replace tissue-resident MФ or develop into 
ncMo with involvement of Nr4a1. 
 
In contrast to cMo, ncMo produce anti-inflammatory cytokines like IL-10 in response to 
bacterial stimuli (18). However, this does not render ncMo the anti-inflammatory counterpart 
of cMo, as they produce high levels of inflammatory cytokines in a TLR7-mediated response to 
viruses and nucleic acids (18, 80, 90). NcMo were shown to initiate recruitment and activation 
of other innate immune cells, such as NK cells and neutrophils through TNF-α-induced 
upregulation of E-selectin on endothelial cells (89, 93). The main function of ncMo seems to be 
patrolling of the vascular endothelium and removal of cell debris via Fcγ-mediated phagocytosis 
(79, 80, 89). Their patrolling behaviour rests on a crawling mechanism slower than the rolling 
adhesion preceding classical monocyte extravasation and is dependent on LFA-1/ICAM 
interaction (75, 80, 89). NcMo showed high expression of genes associated with adhesion and 
cytoskeleton arrangement, which may serve to facilitate motility for patrolling (91, 94). As 
reported by Chimen et al., pooled ncMo and intMo transmigrate through unstimulated 
endothelial cell monolayers faster in vitro, although fewer ncMo/intMo adhere compared to 
cMo (93). Moreover, the former did not re-enter the blood stream, whereas cMo did, in line 
with findings on the regress of Ly6Chigh cMo but not Ly6Clow ncMo to the bone marrow in mice 
(91, 95).  Apparently, ncMo are either not equipped to respond to signals for reverse 
transmigration or more firmly retained in the subendothelial space (93). NcMo are also 
believed to play a role in the resolution of inflammation, as they were shown to differentiate 
into wound-healing MФ (83) and have increased expression of miR-150 and miR-21, although 
substantial and tissue-specific evidence is still missing (80, 83, 90). It has been reported that 
CD16-positive monocytes have higher antigen presentation capacity (96) as well as decreased 
lipid accumulation and migration towards complement component C5a (97), but a sufficient 
delimitation between ncMo and intMo is still outstanding. Whether ncMo produce ROS is still 
unclear, as studies have shown both high levels of ROS production at baseline (11) as well as 
low ROS levels in response to immunoglobulin (Ig) G-opsonised bovine serum albumin (BSA) 
(18). Altogether, ncMo patrol the vasculature at steady state and contribute to the 
maintenance of vascular integrity. 
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Compared to ncMo and cMo, little is known about the functions of intMo in both homeostasis 
and inflammation, partly due to the low and variable numbers of this subset in circulation. 
Moreover, due their low abundance, intMo were often examined after pooling with ncMo, 
complicating the interpretation of findings. The question whether intMo merely represent an 
intermediate step in the conversion of cMo to ncMo or a separate population exerting a distinct 
functional role is legitimate. However, several studies do report an increase of intMo in the 
context of chronic inflammatory diseases such as CVD. For example, the Prospective Halle 
Monocyte Study (PHAMOS) showed a shift from cMo to intMo in patients with CAD (98). IntMo 
express high levels of major histocompatibility complex (MHC) II and have high antigen 
presentation capacity (79, 99). Like cMo, they show phagocytic activity and basal production of 
ROS (75, 94). IntMo were found to produce both pro- and anti-inflammatory cytokines upon 
TLR stimulation (79). Cros et al. report highest secretion of TNF-α and IL-1β by intMo compared 
to cMo and cMo. Moreover, they found intMo to secrete IL-8, although at lower levels than 
cMo (18). In contrast, Wong et al. report ncMo to secrete the highest levels of TNF-α and IL-1β 
and similar levels of IL-8 secreted by all subsets (99). Thorough functional mapping of intMo 
and its differentiation kinetics is needed to clarify their role in homeostasis and disease, and 
more specifically, to address whether the observed association with disease reflects adverse 
functions or is a bystander effect of a failure to mature into ncMo. 
 
In conclusion, ncMo and cMo exert specialised functions in the innate host defence to 
pathogens and injury, with prominent viral response and injury monitoring activity for the 
former and pro-inflammatory activity for the latter. Although the functions exerted by intMo 
are less clear, they seem to be associated with inflammatory diseases. The sequential 
development of monocyte subsets seems to follow the course of inflammation and its 
resolution. Additional studies, in particular functional assays are needed to complement 
already existing knowledge from transcriptional studies. Generally, further research 
considering monocyte heterogeneity beyond the conventional nomenclature is needed to 
understand the role of monocyte subpopulations in homeostasis and inflammation. 
 
Role of monocytes as MΦ precursors in health and disease 

The foundation for our current model of the mononuclear phagocyte system was laid by a 
concept proposed by van Furth et al. in 1972, postulating that monocytes arising from (bone 
marrow) myeloid precursors extravasate to differentiate into MΦ and repopulate the tissue-
resident MΦ pool (7). However, over the last years, lineage tracing studies in mice have 
revealed that tissue-resident MΦ originate from the yolk sac and foetal liver and have self-
renewal capacity, ensuring homeostatic MΦ levels in the tissue (100). The tissue-resident MΦ 
pools in the skin (Langerhans cells) and brain (microglia) are maintained by self-renewal 
throughout life without contribution of bone marrow-derived monocytes (101-103). Yet, the 
MΦ pools in heart (104, 105), dermis (106) and gut (107-109) were shown to contain both 
embryo- and bone marrow-derived MΦ in steady state, with a ratio that gradually shifts 
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towards the latter during life. Although it was long unclear whether this also held for humans, 
Bajpai et al. were able to unravel the contribution of bone marrow-derived monocytes to the 
tissue MФ pool in the human heart with gender mismatched heart transplantation (110). Their 
data revealed that, similar to mice, maintenance of the heart-resident MΦ pool partly relies on 
the self-renewal capacity of donor heart MΦ and partly on the influx of recipient bone marrow-
derived MΦ. Moreover, Bigley et al. showed that in subjects with autosomal dominant and 
sporadic monocytopenia, Langerhans cells and skin-resident MΦ levels were unaffected and 
preserved (111). This suggests that not only in mice but also in human, tissue-resident MΦ 
pools are gradually replaced by monocyte influx in some organs like heart, but not all. Which 
of the monocyte subsets is responsible for replenishment of the cardiac and vascular MΦ pool 
at steady state is an outstanding question. Under pathogen-induced or sterile inflammatory 
conditions, the pool of tissue-resident MΦ will be partly depleted during a first-response wave, 
and tissue compartments will open for monocytes to enter which re-populate the tissue and 
assist in defence and repair (112). After MI, circulating monocytes are recruited to the heart via 
CCL2 where they differentiate into MΦ [reviewed in (70)]. In atherosclerosis-susceptible 
apolipoprotein E-deficient mice, combined inhibition of CCR2, CCR5 and CXC3R1 led to an 
almost complete absence of lesions and was found to be more effective in reducing 
atherosclerosis than individual inhibition of these chemokine receptors (113). Considering their 
differential expression on monocyte subsets, with higher CX3CR1 expression levels on ncMo in 
both mice and humans (114), these findings indicate different pathways of infiltration and 
subsequent MΦ accumulation (113). Indeed, in human atherosclerosis, more cMo were found 
to enter lesions than ncMo, although ncMo were shown to bind and become loaded with 
oxidised low-density lipoprotein (LDL) (115), suggesting differential roles of the monocyte 
subsets in atherosclerosis [reviewed in (116)].  
 
Recently, the MΦ niche concept has been coined [reviewed in (117)], in which the niche 
ensures maintenance of the tissue-resident MΦ pool by the production of trophic factors that 
induce proliferation of tissue MΦ. MΦ consume these factors and self-regulate the 
proliferation rate in this tissue niche. MΦ death will result in increased availability of trophic 
factors, thereby inducing MΦ proliferation. In parallel, MΦ death, especially in secondary 
necrosis or necroptosis, will induce chemokine release, leading to the recruitment of circulatory 
monocytes. In health, the former route will prevail (proliferation being faster than recruitment), 
but in disease the latter pathway may dominate, (temporarily) tipping the balance in tissue 
towards monocyte-derived MΦ.   
 
CMo exit the circulation at steady state and differentiate into MΦ in tissues that require 
monocyte influx to replace tissue-resident MΦ and fill available niches, as discussed above. 
CMo that are not recruited and remain in circulation develop into ncMo, following a sequential 
ontogeny scenario (84, 89, 118). Transcriptome profiling of cMo and ncMo revealed several 
differentially expressed genes that hint towards subset-specific functions (119). CMo were 
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found to express more CD11b (integrin α-M), CCR2 and TLR4 (CD284), suggesting an important 
role in bacterial infection and inflammation. Lack of CCR2 which prevents cMo stromal egress 
leads to a reduction of the tissue MΦ pool in the intestine and dermis compartments, known 
to be replenished by monocytes in steady state (100, 107, 120, 121), suggesting that cMo are 
the main source contributing to the tissue MΦ pool. In the same study, ncMo were seen to 
express low levels of CD11b and CCR2, but high levels of CX3CR1, LFA-1 (CD11a), HLA-DR and 
genes necessary for cytoskeletal dynamics (119). This confirms earlier work by Geissmann et al. 
(73) and others showing that ncMo patrol the vessels to maintain vessel integrity and can be 
viewed as luminal end stage differentiated “MΦ” (91, 122, 123). Whether or not ncMo are able 
to differentiate into full-fledged tissue MΦ remains subject to debate. However, blocking LFA-
1 or ICAM-1 resulted in a reduced patrolling phenotype and concomitantly increased 
circulatory ncMo numbers (124), suggesting that the ncMo pool may partly reside in the sub-
endothelium. Moreover, as shown by Schyns et al., a subset of lung interstitial MΦ was derived 
from intravascular ncMo in steady state (125), collectively suggesting that also ncMo are able 
to populate tissue during steady state, although in this setting they appear to be vessel-
confined as well.  
 
Impact of monocyte subset origin on MΦ phenotype or function 

MΦ display immense phenotypic diversity (37, 126) with subsets displaying specialised organ- 
and condition-specific functions (127, 128) and were previously described to differentially 
affect CVD (129, 130). As discussed earlier, this heterogeneity results from the plastic 
adaptation to their microenvironment, but also to differences in origin (embryonic versus 
monocyte-derived). Hence, the functional specialisation of the MΦ pool in heart and arteries is 
likely to be impacted by monocyte heterogeneity (and age/disease-dependent shifts therein) 
(131). This legitimates the question whether cardiac and arterial MΦ partly retain the 
functional phenotype of the monocyte they were derived from (89). 
Colony-stimulating factors (CSF) such as macrophage (M-) CSF and granulocyte-macrophage 
(GM-) CSF which control monocyte survival and differentiation may act differentially on cMo, 
intMo, and ncMo. GM-CSF receptor CD116 (CSF2R) was found to be expressed on all monocyte 
subsets, with highest expression in cMo (132). In contrast, expression of M-CSF receptor CD115 
(CSF1R) was high on ncMo (133), and blocking M-CSF receptor signalling reduced ncMo but not 
cMo numbers (134).  
 
In vivo support for monocyte subset-specific MΦ differentiation was provided by Menezes et 
al., showing that MHCII- Ly6Chigh cMo differentiate into iNOS-positive MФ upon microbial 
challenge, a process regulated by the myeloid lineage commitment factor PU.1 (128). As Olingy 
et al. demonstrated, Ly6Clow ncMo preferentially develop into CD206 (MRC1)-positive wound-
healing MΦ in peri-implant tissue as compared to Ly6Chigh cMo (83). These observations 
underpin the notion that ncMo are primarily involved in tissue repair and suggest that the 
phenotype of monocyte-derived MΦ mirrors their precursors’ phenotype to some extent. Both 
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studies support the concept that MΦ phenotypes are determined by their monocyte 
progenitor (37). 
 
These murine finding however do not necessarily translate directly to human monocyte-to-MΦ 
differentiation, where the picture is less clear. Goudot et al.’s study showed that only CD14-
positive cMo are capable of differentiating into bona fide MΦ, while CD16-positive monocytes 
had low survival in culture and did not contribute greatly (127). While committed to 
differentiate into MΦ, cMo need additional cues for dendritic cell (DC) differentiation, a process 
controlled by the aryl hydrocarbon receptor (AHR) (127). However, other groups have 
succeeded in differentiating MΦ from CD16-positive intMo and ncMo (12, 135). For instance, 
Frankenberger et al. reported both CD16-negative cMo and CD16-positive intMo/ncMo to 
develop into MΦ after differentiation with M-CSF. Interestingly, cMo-derived MΦ (cMo-MΦ) 
showed higher expression of CD14, CD163 (M130, SCARI1), and versican (VCAN) compared to 
MΦ from CD16-positive monocytes, a difference already present at the monocyte stage (135). 
Moreover, M-CSF-matured MΦ derived from CD16-positive monocytes showed higher 
phagocytic activity, similar to their precursor. Again, ncMo and intMo were pooled to CD16-
positive monocytes, so intMo may be accountable for the observed effects. In contrast, Boyette 
et al. report an inherent commitment of ncMo to become MΦ even in the absence of growth 
factors, as they displayed signs of MΦ differentiation already after 2 days in culture. In fact, all 
monocyte subsets developed into MΦ and secreted increasing amounts of MΦ-associated 
cytokines with progressing differentiation and increasing phagocytic activity along the way (12). 
The highest phagocytic activity was observed in cMo-MΦ in comparison to intMo-MΦ and 
ncMo-MΦ (12). This seems opposite to the findings of Frankenberger et al., although it should 
be noted that the platforms (antibody-opsonised Escherichia coli bacteria versus polystyrene 
beads) and consequently scavenger receptors and mechanism involved were different. 
Collectively, findings on subset-dependent functional differences of monocyte-derived MΦ are 
conflicting, and a clear consensus is lacking. The general notion is that MΦ phenotype reflects 
the phenotypic characteristics of the precursor population at least to some extent, and suggest 
that the response of monocyte-derived MΦ to environmental stimuli may indeed be influenced 
by their origin. This may be especially relevant in the context of inflammation, in which 
monocyte-derived MΦ may respond differently to inflammatory signals than tissue-resident 
MΦ (131). 
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Conclusions and perspectives  

Monocytes are a heterogeneous population that allows classification into subgroups based on 
characteristics like size, marker expression, or function, although the current terminology 
distinguishing three monocyte subsets is based on CD14 and CD16 expression. The main 
functions of cMo are phagocytosis and production of ROS in response to bacterial stimuli, and 
maturation into ncMo in the absence of inflammation. The ncMo subset responds to viral 
challenge with the secretion of pro-inflammatory cytokines and patrols the vasculature at 
steady state. The intMo subset seems to be associated strongest with CVD, as intMo were 
found to be predictive of CVD and secondary cardiovascular events and increase in acute HF. 
 
Due to the low abundance of intMo and ncMo compared to cMo, they have commonly been 
studied as a pool of CD16-positive monocytes. This complicates the interpretation of the results 
and does not allow to assign specific functions to these two subsets. Especially the functional 
phenotype of intMo lacks a distinct characterisation to define its role in inflammation and 
steady state. Thus, more studies focusing on functional differences between intMo and ncMo 
are needed. The capacity of human monocytes of different subsets to extravasate and their 
fate after they have left the circulation are still unknown. Although all monocyte subsets have 
been shown to be able to differentiate into MΦ in vitro, it is not clear if and to what extent 
subsets contribute to the tissue-resident MΦ pool in the heart and vasculature. Considering 
the patrolling behaviour of ncMo, it is still an open question whether ncMo can be considered 
circulating MΦ with specialised sensing functions as such, bypassing their differentiation to 
bona fide tissue MΦ. In general, it is not clear to what extent MΦ function is influenced by 
environmental factors of the niche they have been recruited to or the retention of at least part 
of the functional phenotype of their precursor monocyte. Thus, differences between the 
phenotype of monocyte-derived and tissue-resident MΦ might be preserved. 
 
The classification of monocytes into subgroups has become more sophisticated thanks to 
emerging technologies like high-parameter cytometry and scRNA-Seq, and transcends a 
taxonomy defined by merely two surface markers. Future studies, especially employing novel 
methods such as multiplex staining and multi-omics approaches that combine transcriptomics 
and surface marker information, will further expand our understanding of monocyte 
heterogeneity (136, 137). The reappraisal of monocyte heterogeneity demonstrates the 
importance of unequivocal subset definition and demands an updated terminology to account 
for the heterogeneity of the monocyte population. Moreover, subset-specific intervention 
studies are needed to assess functional diversity of monocyte subsets and monocyte subset-
derived MΦ to dissect their individual role in CVD. 
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Abstract 

Macrophages (MΦ) are commonly cultured in vitro as a model of their biology and functions in 
tissues. Recent evidence suggests MΦ to engage in quorum sensing, adapting their functions 
in response to cues about the proximity of neighbouring cells. However, culture density is 
frequently overlooked in the standardisation of culture protocols as well as the interpretation 
of results obtained in vitro. In this study, we investigated how the functional phenotype of MΦ 
was influenced by culture density. We assessed 10 core functions of human MΦ derived from 
the THP-1 cell line as well as primary monocyte-derived MΦ. THP-1 MΦ showed increasing 
phagocytic activity and proliferation with increasing density but decreasing lipid uptake, 
inflammasome activation, mitochondrial stress, and secretion of cytokines interleukin (IL) -10, 
IL-6, IL-1β, IL-8, and tumour necrosis factor (TNF) -α. For THP-1 MΦ, the functional profile 
displayed a consistent trajectory with increasing density when exceeding a threshold (of 0.2 x 
103 cells/mm2), as visualised by principal component analysis. Culture density was also found 
to affect monocyte-derived MΦ, with functional implications that were distinct from those 
observed in THP-1 MΦ, suggesting particular relevance of density effects for cell lines. With 
increasing density, monocyte-derived MΦ exhibited progressively increased phagocytosis, 
increased inflammasome activation, and decreased mitochondrial stress, whereas lipid uptake 
was unaffected. These different findings in THP-1 MΦ and monocyte-derived MΦ could be 
attributed to the colony-forming growth pattern of THP-1 MΦ. At the lowest density, the 
distance to the closest neighbouring cells showed greater influence on THP-1 MΦ than 
monocyte-derived MΦ. In addition, functional differences between monocyte-derived MΦ 
from different donors could at least partly be attributed to differences in culture density. Our 
findings demonstrate the importance of culture density for MΦ function and demand for 
awareness of culture density when conducting and interpreting in vitro experiments. 
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Introduction 

Macrophages (MΦ) have attracted growing interest as a therapeutic target due to their 
dynamic role in various pathologies, including inflammatory diseases and cancer (1-3). Cell lines 
like THP-1, J774 or RAW264.7, or primary MΦ derived from bone marrow cells or blood 
monocytes are commonly used as models of human MΦ in biological assays or screening tools 
in vitro (1). To ensure reproducibility and comparability of results obtained from MΦ cultured 
in vitro, standardised cultivation protocols optimised for each cell type and assay are essential 
(4, 5). However, culture density at point of observation is an often-overlooked factor and either 
not specified at all or insufficiently substantiated by experimental data. Even though seeding 
density is usually mentioned and cells are often seeded at similar densities, differences in 
growing protocols, experimenters, and experimental conditions may result in density 
differences during experimentation. This is particularly worrisome in view of the reported 
importance of local contact and context for MΦ viability (6) and recent growing evidence of 
quorum sensing by MΦ (7). 
 
Quorum sensing, a term adopted from bacteriology, refers to the modulation of gene 
expression by diffusible molecular cues (autoinducers) which convey information about density 
between cells (8-10). Quorum sensing had originally been established for biofilm formation of 
bacteria (8) but has recently also been observed in MΦ (7, 9, 11). In RAW264.7 MΦ, gelsolin 
was identified as autoinducer of programmed cell death 4 (PDCD4) expression which increased 
at higher cell density (11). Moreover, a quorum sensing mechanism has been observed in mice 
where the inflammation-resolving effect of nitric oxide (NO) was found to be dependent on the 
density of NO-producing MΦ (7). 
 
Along with quorum sensing, cell density is vital for MΦ proliferation and viability. Indeed, MΦ 
were found to resume exponential growth faster (12), and to exhibit a more mature phenotype 
(13) and improved viability (12) at lower density. At higher density on the other hand, more 
MΦ adopted a high activation state (9). Moreover, culture density has been shown to influence 
several key functions of MΦ, including cytokine secretion (9, 13), polarisation (13), 
phagocytosis (14), accumulation of esterified cholesterol (15), formation of multinucleated 
giant cells (16), and inhibition of mycobacterial growth (17). However, previous studies mostly 
compared two densities (“high” versus “low”) for only a single function, and either focused on 
murine MΦ cell lines or on bone marrow-derived MΦ (BMDM). So far, a comprehensive study 
of the functional implications of density in human MΦ models is lacking. Failure to account for 
density differences may introduce bias as it remains unclear whether observed effects of a 
treatment agent are merely attributable to its effect on culture density, either by promoting 
proliferation and cell survival, or by inducing cell death. 
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The aim of this study was to investigate the influence of culture density on human MΦ function. 
Using high-throughput measurement of 10 functional parameters, we studied the phenotype 
of THP-1 MΦ as well as human primary monocyte-derived MΦ (MDM). Moreover, we 
considered the colony-forming growth pattern of THP-1 cells, and donor-specific differences in 
MDM as additional modulators of culture density-related functional changes. 
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Methods 

THP-1 cell culture and differentiation to MΦ 

THP-1 cells were seeded at increasing densities in 96-well black clear-bottom imaging 
microplates (Corning #353219) in RPMI medium with HEPES and GlutaMAX (Gibco #72400-021) 
supplemented with 10% heat-inactivated (30 minutes at 56 °C) foetal bovine serum (FBS; 
SERANA #S-FBS-SA-015) and 1% penicillin-streptomycin (Gibco #15070-063). Seeding densities 
were 5,000, 12,000, 21,000, 37,000, 53,000, 69,000, or 87,000 cells/well, denoted as x 103 
cells/mm2 (0.16, 0.38, 0.66, 1.16, 1.66, 2.16, or 2.72 x 103 cells/mm2, respectively) that were 
rounded to one decimal digit to improve readability (0.2, 0.4, 0.7, 1.2, 1.7, 2.2, or 2.7 x 103 
cells/mm2, respectively). THP-1 cells were differentiated into MΦ by exposure to 2000 nM 
phorbol 12-myristate 13-acetate (PMA; Sigma #P1585) for 48 hours at 37 °C, 5% CO2 after 
which they were rested for 24 hours in fresh culture medium before performing the functional 
assays. 
 
PBMC isolation, monocyte isolation, and differentiation to MΦ 

Peripheral blood mononuclear cells (PBMCs) were isolated from leukocyte reduction system 
cones, a by-product of thrombopheresis of routine blood donations from healthy volunteers 
collected at the University Hospital RWTH Aachen, Germany, by density centrifugation with 
Lymphoprep™ (STEMCELL Technologies #07861). Isolated PBMCs were cryopreserved for later 
use in one-third freezing medium containing 75% FBS and 25% dimethyl sulfoxide (DMSO; 
Merck #102950). CD14 MicroBeads (Miltenyi #130-096-052) were used to positively select 
CD14-positive monocytes, following the manufacturer’s protocol. Monocytes of 6 donors were 
pooled before seeding at the respective densities in 96-well black clear-bottom imaging 
microplates, or kept separate and seeded in 384-well plates (Greiner Bio-One #781866) in 
culture medium containing RPMI medium with HEPES and GlutaMAX supplemented with 10% 
heat-inactivated FBS and 1% penicillin-streptomycin. Seeding densities were 30,000, 64,000, 
98,000, 132,000, 166,000, or 200,000 cells/well, denoted as x 103 cells/mm2 (0.94, 2.0, 3.06, 
4.13, 5.19, or 6.25 x 103 cells/mm2, respectively) that were rounded to integers to improve 
readability (1, 2, 3, 4, 5, or 6 x 103 cells/mm2, respectively). At 384-well format, cells were plated 
at 13,000 cells/well. Monocytes were differentiated into MΦ with 100 ng/ml recombinant 
human macrophage colony-stimulating factor (M-CSF) (ImmunoTools #11343113) for 7 days at 
37 °C, 5% CO2 with one medium change. 
 
Functional high-throughput measurements 

MΦ functions were assessed using the “MacroScreen” high-content analysis (HCA) platform 
developed in-house, a semi-automated microscale (96- to 384-well format) assay platform to 
perform an expanding range of fluorescence-based functional assays (18). All MacroScreen 
assays have been benchmarked against conventional mesoscale assays. Images were taken 
using the BD Pathway 855 automated fluorescent microscope (BD Biosciences) by taking 9 
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images per well with a 10x Olympus 0.40 NA objective (96-well format) or 20x Olympus 0.75 
NA objective (384-well format). All experiments were performed in n=3-6 replicates. Images 
were analysed with CellProfiler software version 4.0.4 (19) by creating a digital segmentation 
mask for each cell based on its nuclear staining signal using the IdentifyPrimaryObjects module 
followed by the ExpandOrShrinkObject module. Percentage of positive cells was measured 
using the MeasureObjectIntensity module followed by the ClassifyObjects module, which 
determines the amount of positive cells relative to the total number of segmented objects in 
the image. Distance to the closest neighbouring cell was measured per image, for each cell, 
using the MeasureObjectNeighbors module in CellProfiler 4.0.4 (19). 
 
Phagocytosis 

Cells were incubated with 25 μl/ml pHrodo™ Red Zymosan Bioparticles™ (ThermoFisher 
Scientific #P35364) per well in culture medium for 1 hour at 37 °C, 5% CO2. Zymosan particles 
taken up by cells are reflected by tetramethyl rhodamine isothicyanate (TRITC) fluorescence 
signal. Nuclei were stained with Hoechst 33342 (Sigma #B2261) in culture medium for 10 
minutes at 37 °C, 5% CO2 which was replaced by phosphate-buffered saline (PBS) before 
imaging.  
 
Lipid uptake 

Low-density lipoprotein (LDL) was isolated from serum of healthy volunteers via density 
centrifugation and oxidised using CuSO4 as described previously (20). Cells were incubated with 
8 μg/ml oxidised LDL (oxLDL) pre-mixed with 2 μg/ml TopFluor® Cholesterol (Avanti Polar Lipid 
#810255P) in culture medium for 3 hours at 37 °C, 5% CO2, reflected by fluorescein 
isothiocyanate (FITC) fluorescence signal. Nuclei were stained with Hoechst 33342 in culture 
medium for 10 minutes at 37 °C, 5% CO2 which was replaced by PBS before imaging. 
 
Inflammasome 

Cells were primed with 50 ng/ml lipopolysaccharide (LPS) from E. coli (Invivogen #tlrl-eblps) for 
3 hours at 37 °C, 5% CO2. 10 μM nigericin (Invivogen #tlrl-nig) for 1 hour at 37 °C, 5% CO2 served 
as second signal for inflammasome activation. Fc receptor was blocked with Fc receptor binding 
inhibitor antibody (Invitrogen #14-9161-73) before cells were fixed using 2% paraformaldehyde 
(PFA) with 5 mM EDTA in PBS and permeabilised using 5% FBS and 0.5% Triton X-100 in PBS for 
20 minutes on ice. Next, the intracellular adapter protein apoptosis-associated speck-like 
protein containing a CARD (ASC) was stained using PE-conjugated anti-ASC antibody (clone 
HASC-71; BioLegend #653904) overnight at 4 °C. Nuclei were stained with Hoechst 33342 in 
PBS for 10 minutes on ice, and cells were washed with and imaged in PBS afterwards. 
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Mitochondrial stress 

Mitochondrial stress was induced using 1200 nM staurosporine (Sigma #S4400) for 1 hour at 
37 °C, 5% CO2. Mitochondria and nuclei were stained simultaneously with 250 nM 
MitoTracker™ Deep Red FM (ThermoFisher Scientific #M22426) and Hoechst 33342, 
respectively, in culture medium for 30 minutes at 37 °C, 5% CO2 before imaging in PBS. Alexa 
594 fluorescence signal reflects mitochondrial staining dependent on membrane potential. 
 
Proliferation 

Cells were incubated with 10 μM 5’ethynyl-2’-deoxyuridine (EdU; ThermoFisher Scientific 
#A10044) for 2 hours at 37 °C, 5% CO2. Next, cells were fixated with 3.7% PFA in PBS for 15 
minutes and washed twice with PBS before permeabilisation with 0.1% Triton X-100 in PBS for 
15 minutes. After another wash with PBS, Click-iT reaction cocktail (ThermoFisher Scientific 
#C10269) including Alexa Fluor 594 azide (ThermoFisher Scientific, #A10270) prepared 
according to the manufacturer’s instructions was added. After 30 minutes, cells were washed 
with PBS and nuclei stained with Hoechst 33342 for 15 minutes. Cells were imaged in 1:5 KI 
quencher (1M KI in 10 mM KH2PO4) in PBS. 
 
Multiplex ELISA 

THP-1-derived MΦ were stimulated with 50 ng/ml LPS from E. coli for 6 hours at 37 °C, 5% CO2. 
Supernatant was collected and cytokine levels of interleukin (IL) -1β, IL-6, IL-8, IL-10, IL-12p70, 
and tumour necrosis factor (TNF) -α were measured in a custom V-plex human cytokine ELISA 
(MSD Meso Scale Diagnostics) according to the manufacturer’s protocol. Measured levels of IL-
12p70 were close to or below the standard curve (0.1169 pg/ml), thus these data are not 
presented here. 
 
Dimensionality reduction and visualisation 

We calculated the mean of the replicates for each feature of HCA functional data and cytokine 
data at the same density, resulting in a density-feature matrix with 7 rows (densities) and 10 
columns (features/functions). The functional profile of THP-1 MΦ for the 7 different densities 
was analysed in an integrated manner by two-dimensional principal component analysis (PCA), 
where the relative contribution of each individual function to the first (PC1) and second 
principal component (PC2) axes was visualised outside the X and Y axes. 
 
Statistical analysis 

Data are expressed as mean ± SEM, unless stated otherwise. Normal distribution was assessed 
by Shapiro-Wilkes normality test, and equality of variances by Brown-Forsythe test. For 
normally distributed data with equal variance, significance was assessed by one-way ANOVA 
followed by Tukey’s multiple comparisons test at a significance level of p <0.05. For normally 
distributed data with unequal variance, significance was assessed by Brown-Forsythe ANOVA 
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and Dunnett’s T3 multiple comparisons test, and Kruskal-Wallis test with Dunn’s multiple 
comparisons test was used for not normally distributed data. All statistical analyses were 
performed using GraphPad Prism 8 software. 
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Results 

Density influences the functional phenotype of MΦ 

We assessed the functional phenotype of THP-1-derived MΦ seeded at 7 different densities 
ranging from 0.2 to 2.7 x 103 cells/mm2 using the MacroScreen platform, an HCA platform 
based on several fluorescent imaging-based functional assays. For clarity’s sake, we presented 
the p-values of all group comparisons for all assays in a significance matrix (Supplementary 
Table 1). As expected, the number of nuclei per fluorescent image increased with density in all 
high-content functional assays (Supplementary Figure 1A-E). No changes in the pH of the 
culture medium were observed. Whereas the phagocytic activity of THP-1 MΦ was found to 
increase with higher density (Figure 1A), uptake of oxLDL decreased (Figure 1B). MΦ seeded at 
0.2 x 103 cells/mm2, the lowest density in the tested density range, showed the highest 
inflammasome activation in response to LPS and nigericin (Figure 1C). Moreover, at lower 
densities, MΦ were found to be more resistant to staurosporine-induced mitochondrial stress 
(Figure 1D). Proliferation measured by EdU incorporation increased with density (Figure 1E). 
Secretion of the cytokines IL-10, IL-1β, IL-6, IL-8, and TNF-α in response to LPS stimulation was 
measured using multiplex ELISA, and was found to decrease with density, after an initial sharp 
increase between the two lowest densities included in the density range (0.2 and 0.4 x 103 
cells/mm2) (Figure 1F-J). PCA allowed separation of THP-1 MΦ seeded at different densities 
based on their functional profiles (Figure 1K). A large proportion of variation (61.27%) could be 
explained by PC1 which loadings included mitochondrial stress, lipid uptake, proliferation and 
phagocytosis, suggesting these functions to be mostly influenced by density. Variation along 
PC2 (largely attributable to inflammasome activation and cytokine secretion) almost exclusively 
manifested at the lowest density (0.2 x 103 cells/mm2). Together, these data demonstrate the 
profound and variable impact of culture density on several THP-1 MΦ functions. Execution of 
certain functions may depend on exceeding a lower density threshold. 
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Figure 1: Density affects MΦ function 
THP-1 cells were seeded at the respective densities (0.2-2.7 x 103 cells/mm²) and differentiated with 2000 nM 
PMA for 48 hours followed by a resting period of 24 hours. Phagocytosis of zymosan-coated beads (A, red), uptake 
of fluorescently-labelled oxLDL (B, green), inflammasome activation (C, red), mitochondrial stress in response to 
staurosporine (D, red) and EdU incorporation in proliferating cells (E, red) were assessed using the fluorescent 
imaging MacroScreen platform. Hoechst was used for nuclear labelling (blue). In the representative fluorescent 
images, the scale bar refers to 50 μM. In the representative images for the inflammasome assay, the scale bar 
refers to 25 μM. Secretion of IL-10 (F), IL-6 (G), IL-1β (H), IL-8 (I), and TNF-α (J) in response to 6-hour stimulation 
with 50 ng/ml LPS were measured by multiplex ELISA. Cells in the control (CTRL) condition were seeded at 1.7 x 
103 cells/mm² and not stimulated with LPS. The indicated p-values refer to overall significance, p-values of all group 
comparisons can be found in Supplementary Table 1. (K) PCA plot of the high-content analysis (HCA) data and 
cytokine measurements with the factor loadings for PC1 and PC2. MFI: Mean fluorescence intensity. 
 
Density influences the functional phenotype of primary MΦ 

We also investigated whether culture density influences the functional phenotype of human 
MDM, pooled from 6 healthy donors. A significance matrix with the p-values of all group 
comparisons can be found in Supplementary Table 2. As seen in THP-1 MΦ, the number of 
detected nuclei increased with increasing seeding density (Supplementary Figure 1F-I). 
Phagocytic activity increased in the lower densities but decreased again at seeding densities 
exceeding 3 x 103 cells/mm2, possibly reflecting limited substrate (Figure 2A). Using a constant 
substrate-to-cell ratio, increased phagocytosis also at higher densities could be observed 
(Supplementary Figure 2). OxLDL uptake between MDM seeded at different densities was 
similar, contrary to THP-1 MΦ (Figure 2B). With increasing density, MDM demonstrated more 
inflammasome activation (Figure 2C) and were more susceptible to mitochondrial stress (Figure 
2D). Overall, our findings show that density also affects primary MΦ and leads to changes in 
several functions. In MDM, these changes were less pronounced and less consistent compared 
to THP-1 MΦ, suggesting that the observed impact of density on MΦ function may be 
particularly relevant for cell lines. 
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Figure 2: Density affects human primary MΦ function 
CD14-positive monocytes were isolated from PBMCs of 6 healthy donors, pooled and seeded at the respective 
densities (1-6 x 103 cells/mm²) and differentiated to MΦ using 100 ng/ml macrophage colony-stimulating factor 
(M-CSF) for 7 days. Phagocytic activity (A, red), oxLDL uptake (B, green), inflammasome activation (C, red), and 
mitochondrial stress (D, red) were assessed using the MacroScreen platform. Hoechst was used for nuclear 
labelling (blue). The scale bar in the representative fluorescent images refers to 50 μM. The indicated p-values 
refer to overall significance, multiple comparison significance can be found in Supplementary Table 2. MFI: Mean 
fluorescence intensity. 
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Colony formation may contribute to density-dependent functional effects 

We observed that THP-1 MΦ formed colonies in culture, especially if cultured at higher 
densities. Thus, we set out to study if at least part of the density-dependent functional changes 
may be attributed to changes in the colony-forming growth pattern of THP-1 cells. We assessed 
the association between the functional outcome of an index cell with its distance to the closest 
neighbouring cell. Index cells that were close to neighbouring cells had higher proliferation 
rates compared to MΦ in more scarcely populated niches (Figure 3A). However, at very low 
seeding density (0.2 x 103 cells/mm2), MΦ proliferation was low regardless of the index cell’s 
distance to neighbouring cells, suggesting proliferation to be linked to colony formation. 
Similarly, we found that at a seeding density of 0.2 x 103 cells/mm2, MΦ with neighbouring cells 
in close proximity had taken up fewer fluorescent beads compared to equally dense MΦ seeded 
at higher densities (Figure 3B), a finding that was less pronounced for the uptake of oxLDL 
(Figure 3C). Interestingly, a similar proximity effect on phagocytosis and lipid uptake in MDM 
(Figure 3D and 3E), in which we did not observe colony formation in culture, was not apparent. 
These findings suggest that MΦ only exert certain functions beyond a local cell density 
threshold. 
 
Functional differences between MDM of different donors may arise from density differences 

Inter-donor variability has previously been proposed to compromise reproducibility of in vitro 
experiments with MDM (21, 22). Therefore, we looked at functions of MDM from 6 healthy 
donors (A-F) plated at the same density (13,000 cells/well). A significance matrix with the p-
values of all group comparisons can be found in Supplementary Table 3. Differences in the 
number of nuclei (Figure 4A), phagocytosis (Figure 4B), oxLDL uptake (Figure 4C), 
inflammasome activation (Figure 4D) and mitochondrial stress (Figure 4E) between donors 
were apparent. Interestingly, MDM from donors A and B, which showed higher phagocytic 
activity and oxLDL uptake, also had a higher number of nuclei compared to the other donors. 
This suggests that functional differences between MDM obtained from different donors may 
well be related to inter-donor differences in density, possibly resulting from differences in 
adherence and survival capacity. 
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Figure 3: Distance to neighbouring cells influences THP-1 MΦ function 
Distance to closest neighbour was plotted against mean fluorescence intensity (MFI) per cell for proliferation (A), 
phagocytosis (B) and lipid uptake (C) assays in THP-1 MΦ, and (D) phagocytosis and (E) lipid uptake assay in primary 
MDM, for 3 plating densities each. The scale bar corresponds to 50 μm. 
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Figure 4: MΦ function differs between donors 
CD14-positive monocytes of 6 healthy donors were seeded at 13,000 cells/well and differentiated into MΦ for 7 
days using 100 ng/ml macrophage colony-stimulating factor (M-CSF). The number of nuclei per donor at 
experimentation (A) is given. Their functional phenotype was assessed using the MacroScreen platform: 
phagocytosis (B, red), lipid uptake (C, green), inflammasome activation (D, red), and mitochondrial stress (E, red). 
The scale bar corresponds to 25 μM. The indicated p-values refer to overall significance, multiple comparison 
significance can be found in Supplementary Table 3. MFI: Mean fluorescence intensity. 
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Discussion 

In vitro studies are an indispensable step in the screening of genes or drugs and the safety 
testing of compounds, before costly and time-consuming pre-clinical in vivo studies may 
commence (23). Parameters that should be considered for robust in vitro testing include the 
culture medium and supplements such as growth factors or antibiotics, the culture dish and its 
coating, and culture maintenance (24). In this study, we have shown that culture density, a 
frequently overlooked factor, is an at least equally important parameter with major impact on 
MΦ assay outcome. As we show, density affects the functional phenotype of both THP-1 MΦ 
and primary MDM, with individual functions showing distinct density responses. Moreover, our 
data suggest the distance of index cells to their neighbour cells to influence functionality of 
THP-1 MΦ but less so of MDM, and the functional profiles and density response to vary 
considerably between donors. 
 
The effect of low and high culture density on individual MΦ functions has been studied 
previously. In BMDM, secretion of TNF-α and other cytokines (MCP-1, RANTES, MIP-1α and 
MIP-1β) was found to increase with cell density (9). However, another study found BMDM at 
higher density to secrete less pro-inflammatory cytokines, including IL-6 and TNF-α (13). These 
contradicting results may be explained by differences in applied seeding densities in the two 
studies, as these were approximately 10 times higher in the latter study. Although our study 
did not look at BMDM, our THP-1 MΦ results do support a decrease of cytokine secretion with 
increasing density. However, at the lowest density, cytokine secretion by THP-1 MΦ was at 
most marginal, suggesting a defective response of sparsely seeded MΦ to toll-like receptor 
(TLR) activation, potentially due to quiescence or compromised viability.  
 
Although phagocytosis and lipid uptake are both clearance mechanisms, they showed a 
divergent density response pattern in both THP-1 MΦ and MDM. Previously, THP-1 MΦ seeded 
at a lower density were found to show a 5-fold higher accumulation of esterified cholesterol 
after exposure to acetylated LDL (acLDL), which the authors attributed to increased scavenger 
receptor activity and acLDL degradation (15). Moreover, murine peritoneal IC-21 MΦ showed 
decreased phagocytosis of latex beads when seeded at a higher density (14), which partly 
concurs with our findings in human primary MDM and can be attributed to the limited 
availability of beads per cell. Bead concentration should be increased if cells are cultured at 
higher density to ensure sufficient bead availability for all actively phagocytosing cells.  
 
Primary cells or cell lines are frequently and often interchangeably used in MΦ in vitro studies; 
the latter offering the advantages of easier availability and culture maintenance, and a uniform 
genetic background which may increase reproducibility (21). A serious disadvantage of cell lines 
is that compared to primary cells, they are to a certain degree de-differentiated and show clear 
transcriptional and functional differences. For example, the murine J774A.1 MΦ cell line and 
BMDM were found to respond differently to mycobacterial infection (25). Often myeloma-
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derived or immortalised cell lines have aberrant contact inhibition and growth patterns (26); 
indeed, we found the proximity of neighbouring cells to have a greater impact on THP-1 MΦ 
than MDM function. In THP-1 MΦ, this may be attributed to increased proliferation at closer 
proximity which is absent at lower density, and suggests quorum sensing to induce functional 
changes locally at sites of colony formation. Comparing primary human monocytes with the 
monocytic cell lines U-937, HL-60, and THP-1, the latter were found to most closely resemble 
primary monocytes (27). Nevertheless, in contrast to primary MDM, cell line-derived MΦ do 
not capture inter-donor variability. This might be evaded by iPSC-derived MΦ, although 
Vaughan-Jackson et al. recently demonstrated density-related effects also in iPSC, including a 
more rounded and less elongated morphology, decreased cytokine secretion, and altered 
surface marker expression at higher density (28). However, it could be argued that also primary 
MΦ in monocultures in vitro do not mirror the in vivo conditions, where MΦ are embedded in 
a local heterogenous tissue microenvironment with implications for cell function (21). The 
complex cellular and molecular microenvironment tissue MΦ are exposed to in vivo cannot be 
mimicked by exposure to a single or a few selected stimuli such as LPS and interferon (IFN) -γ, 
or IL-4 and IL-10, as commonly done (29, 30).  
 
Of note, we did not observe any indications for increased acidification of the culture medium 
which could explain the observed density effects and even at the highest density, the total cell 
number was most likely too low to deplete key nutrients. However, the comparability of our 
results on THP-1 MΦ and MDM may be impeded because different seeding densities had to be 
used due to the proliferating nature of the THP-1 cell line. In addition, the culturing process of 
MDM (7 days) and THP-1 MΦ (2 days PMA stimulation and 1 day resting) differs considerably. 
An extended resting period (5 days after 3 days PMA stimulation) has been shown to yield THP-
1 MΦ with a phenotype closer to MDM (31).  Moreover, the functional profile we provide here 
is not comprehensive as it only includes measurements of 5 cellular readouts and 5 cytokines. 
Future studies could reveal if the observed culture density effects also apply to other functions 
such as efferocytosis, susceptibility to apoptosis, production of reactive oxygen species (ROS), 
and metabolic differences. 
 
In conclusion, our study highlights the importance of culture density for in vitro MΦ assay 
outcome and pleads for more awareness and closer monitoring of differences in cell density 
between conditions. This is particularly important for the THP-1 cell line which demonstrated 
more pronounced density effects compared to primary MDM, and when treatments are 
suspected to act pro-apoptotic or favour cell detachment or proliferation, which in turn impacts 
cell density. Moreover, a sufficiently large donor pool should be used in experiments with 
primary MDM to account for inter-donor variability, as the number of cells after differentiation 
and culture differed between donors despite seeding at the same density. Disregarding density 
differences may lead to secondary effects on MΦ functions, and thus misinterpretation of 
findings.   
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Supplementary material 
Supplementary Table 1 
Significance matrix with p-values of group comparisons in functional assays on THP-1 macrophages. Density 
conditions are indicated as × 103 cells/mm2. 
 

Phagocytosis (corresponding to Fig. 1A) 
× 103 0.4 0.7 1.2 1.7 2.2 2.7 
0.2 0.1523 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
0.4  0.0341 <0.0001 <0.0001 <0.0001 <0.0001 
0.7   <0.0001 <0.0001 <0.0001 <0.0001 
1.2    0.3623 0.0018 <0.0001 
1.7     0.2933 0.0145 
2.2      0.8149 

Lipid Uptake (corresponding to Fig. 1B) 
× 103 0.4 0.7 1.2 1.7 2.2 2.7 
0.2 >0.9999 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
0.4   <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
0.7     <0.0001 <0.0001 <0.0001 <0.0001 
1.2       0.0504 0.0006 <0.0001 
1.7         0.6558 0.0183 
2.2           0.5003 

Inflammasome (corresponding to Fig. 1C) 
× 103 0.4 0.7 1.2 1.7 2.2 2.7 
0.2 0.5259 0.5661 0.3857 0.2411 0.2054 0.163 
0.4  >0.9999 0.885 0.0899 0.04 0.0124 
0.7   0.2864 0.0061 0.0017 0.0007 
1.2    0.0424 0.0014 <0.0001 
1.7     0.9603 0.1122 
2.2      0.3429 

Mitochondrial Stress (corresponding to Fig. 1D) 
× 103 0.4 0.7 1.2 1.7 2.2 2.7 
0.2 0.6803 0.4296 <0.0001 <0.0001 <0.0001 <0.0001 
0.4   0.9996 <0.0001 <0.0001 <0.0001 <0.0001 
0.7     <0.0001 <0.0001 <0.0001 <0.0001 
1.2       0.9255 0.0055 0.0016 
1.7         0.0864 0.0271 
2.2           0.9953 

Proliferation (corresponding to Fig. 1E) 
× 103 0.4 0.7 1.2 1.7 2.2 2.7 
0.2 N/A N/A N/A N/A N/A N/A 
0.4  0.1936 <0.0001 <0.0001 0.0005 <0.0001 
0.7   0.0018 0.0002 0.0001 <0.0001 
1.2    0.0123 0.0353 0.0002 
1.7     0.1985 0.0006 
2.2      >0.9999 
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IL-10 (corresponding to Fig. 1F) 
× 103 0.2 0.4 0.7 1.2 1.7 2.2 2.7 
CTRL >0.9999 0.062 0.2215 >0.9999 >0.9999 >0.9999 >0.9999 
0.2  0.0096 0.0419 0.2625 >0.9999 >0.9999 >0.9999 
0.4   >0.9999 >0.9999 >0.9999 >0.9999 0.3101 
0.7    >0.9999 >0.9999 >0.9999 0.9146 
1.2     >0.9999 >0.9999 >0.9999 
1.7      >0.9999 >0.9999 
2.2       >0.9999 

IL-6 (corresponding to Fig. 1G) 
× 103 0.2 0.4 0.7 1.2 1.7 2.2 2.7 
CTRL >0.9999 0.0509 0.2621 >0.9999 >0.9999 >0.9999 >0.9999 
0.2  0.0077 0.0509 0.2621 >0.9999 >0.9999 >0.9999 
0.4   >0.9999 >0.9999 >0.9999 >0.9999 0.2621 
0.7    >0.9999 >0.9999 >0.9999 >0.9999 
1.2     >0.9999 >0.9999 >0.9999 
1.7      >0.9999 >0.9999 
2.2       >0.9999 

IL-1β (corresponding to Fig. 1H) 
× 103 0.2 0.4 0.7 1.2 1.7 2.2 2.7 
CTRL 0.0117 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0002 
0.2  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
0.4   0.1783 0.0003 <0.0001 <0.0001 <0.0001 
0.7    0.0485 0.0001 <0.0001 <0.0001 
1.2     0.071 0.0033 <0.0001 
1.7      0.7457 0.0013 
2.2       0.0279 

IL-8 (corresponding to Fig. 1I) 
× 103 0.2 0.4 0.7 1.2 1.7 2.2 2.7 
CTRL >0.9999 <0.0001 <0.0001 <0.0001 0.0001 0.0306 0.7575 
0.2  <0.0001 <0.0001 <0.0001 <0.0001 0.0239 0.6845 
0.4   0.1068 <0.0001 <0.0001 <0.0001 <0.0001 
0.7    0.0003 <0.0001 <0.0001 <0.0001 
1.2     0.0132 <0.0001 <0.0001 
1.7      0.1334 0.0023 
2.2       0.429 

TNF-α (corresponding to Fig. 1J) 
× 103 0.2 0.4 0.7 1.2 1.7 2.2 2.7 
CTRL 0.9934 <0.0001 <0.0001 <0.0001 <0.0001 0.0036 0.6971 
0.2  <0.0001 <0.0001 <0.0001 <0.0001 0.0008 0.2876 
0.4   0.0035 <0.0001 <0.0001 <0.0001 <0.0001 
0.7    0.0119 <0.0001 <0.0001 <0.0001 
1.2     0.0043 0.0001 <0.0001 
1.7      0.5181 0.002 
2.2       0.0903 
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Supplementary Table 2  
Significance matrix with p-values of group comparisons in functional assays on primary monocyte-derived 
macrophages. Density conditions are indicated as × 103 cells/mm2. 
 

Phagocytosis (corresponding to Fig. 2A) 
× 103 2 3 4 5 6 

1 0.1624 0.3698 >0.9999 >0.9999 >0.9999 
2  >0.9999 >0.9999 0.0322 0.0061 
3   >0.9999 0.0848 0.0184 
4    >0.9999 >0.9999 
5     >0.9999 

Lipid Uptake (corresponding to Fig. 2B) 
× 103 2 3 4 5 6 

1 0.9515 0.2974 0.9248 0.991 0.9543 
2  0.7995 >0.9999 0.7022 0.5291 
3   0.8482 0.1028 0.0563 
4    0.6413 0.4681 
5     0.9997 

Inflammasome (corresponding to Fig. 2C) 
× 103 2 3 4 5 6 

1 0.2428 0.2771 0.1483 <0.0001 <0.0001 
2  >0.9999 0.9998 0.0004 <0.0001 
3   0.9993 0.0003 <0.0001 
4    0.0009 <0.0001 
5     0.419 

Mitochondrial Stress (corresponding to Fig. 2D) 
× 103 2 3 4 5 6 

1 >0.9999 >0.9999 0.1386 0.004 <0.0001 
2  >0.9999 0.2979 0.0113 0.0003 
3   >0.9999 0.639 0.0552 
4    >0.9999 0.8267 
5     >0.9999 
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Supplementary Table 3 
Significance matrix with p-values of group comparisons in the functional assays on primary monocyte-derived 
macrophages of 6 different donors. 
 

Number of Nuclei (corresponding to Fig. 4A) 
Donor B C D E F 

A <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
B  <0.0001 <0.0001 <0.0001 <0.0001 
C   0.9900 0.0159 0.2431 
D    0.0637 0.5600 
E     0.8538 

Phagocytosis (corresponding to Fig. 4B) 
Donor B C D E F 

A 0.3138 <0.0001 <0.0001 <0.0001 <0.0001 
B  <0.0001 <0.0001 <0.0001 <0.0001 
C   0.9998 0.9996 0.9647 
D    0.9921 0.9943 
E     0.8760 

Lipid Uptake (corresponding to Fig. 4C) 
Donor B C D E F 

A >0.9999 >0.9999 0.0430 >0.9999 0.3545 
B  0.1310 0.0012 0.1059 0.0184 
C   >0.9999 >0.9999 >0.9999 
D    >0.9999 >0.9999 
E     >0.9999 

Inflammasome (corresponding to Fig. 4D) 
Donor B C D E F 

A >0.9999 >0.9999 0.0184 0.7632 0.9243 
B  >0.9999 0.0839 >0.9999 >0.9999 
C   0.4614 >0.9999 >0.9999 
D    >0.9999 >0.9999 
E     >0.9999 

Mitochondrial Stress (corresponding to Fig. 4E) 
Donor B C D E F 

A 0.6611 0.9417 0.1130 0.0515 0.6918 
B  0.9969 0.8945 0.7127 >0.9999 
C   0.6961 0.4899 0.9991 
D    0.9986 0.8029 
E     0.5745 

 

 
  



Chapter 4 

Page | 94 

 
 

Supplementary Figure 1 
(A-E) Number of nuclei in functional assays on THP-1 macrophages. (F-I) Number of nuclei in functional assays on 
primary monocyte-derived macrophages. Density conditions are indicated as x 103 cells/mm2. 
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Supplementary Figure 2 
(A) THP-1 cells were seeded at the respective densities (0.2-2.7 x 103 cells/mm²) and differentiated with 2000 nM 
PMA for 48 hours followed by a resting period of 24 hours. Phagocytic activity was assessed with the MacroScreen 
platform using an increasing concentration of substrate (zymosan-coated beads) relative to seeding density. (B) 
CD14-positive monocytes were isolated from PBMCs of 6 healthy donors, pooled and seeded at the respective 
densities (1-6 x 103 cells/mm²), and differentiated into MΦ using 100 ng/ml macrophage colony-stimulating factor 
(M-CSF) for 7 days. Phagocytic activity was assessed using a constant ratio of zymosan-coated beads relative to 
seeding density. Density conditions are indicated as x 103 cells/mm2 
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Abstract 

(Ultra) Small superparamagnetic iron oxide nanoparticles, (U)SPIO, are widely used as magnetic 
resonance imaging contrast media and assumed to be safe for clinical applications in 
cardiovascular disease. As safety tests largely relied on normolipidemic models, not fully 
representative of the clinical setting, we investigated the impact of (U)SPIOs on disease-
relevant endpoints in hyperlipidemic models of atherosclerosis. RAW264.7 foam cells, exposed 
in vitro to ferumoxide (dextran-coated SPIO), ferumoxtran (dextran-coated USPIO), or 
ferumoxytol [carboxymethyl (CM) dextran-coated USPIO] (all 1 mg Fe/ml) showed increased 
apoptosis and reactive oxygen species accumulation for ferumoxide and ferumoxtran, whereas 
ferumoxytol was tolerated well. Pro-apoptotic (TUNEL+) and pro-oxidant activity of ferumoxide 
(0.3 mg Fe/kg) and ferumoxtran (1 mg Fe/kg) were confirmed in plaque, spleen, and liver of 
hyperlipidemic apolipoprotein E-knockout (ApoE-/-) (n=9/group) and low-density lipoprotein 
receptor-knockout (LDLR-/-) (n=9-16/group) mice that had received single IV injections 
compared to saline-treated controls. Again, ferumoxytol treatment (1 mg Fe/kg) failed to 
induce apoptosis or oxidative stress in these tissues. Concomitant antioxidant treatment (EUK-
8/EUK-134) largely prevented these effects in vitro (-68%, p <0.05) and in plaques from LDLR-/- 
mice (-60%, p <0.001, n=8/group). Repeated ferumoxtran injections of LDLR-/- mice with pre-
existing atherosclerosis enhanced plaque inflammation and apoptosis but did not alter plaque 
size. Strikingly, carotid artery plaques of endarterectomy patients who received ferumoxtran 
(2.6 mg Fe/kg) before surgery (n=9) also showed 5-fold increased apoptosis (18.2 versus 3.7% 
respectively; p=0.004) compared to controls who did not receive ferumoxtran. Mechanistically, 
neither coating nor particle size seemed accountable for the observed cytotoxicity of 
ferumoxide and ferumoxtran. In conclusion, ferumoxide and ferumoxtran, but not ferumoxytol, 
induced apoptosis of lipid-laden macrophages in human and murine atherosclerosis, 
potentially impacting disease progression in patients with advanced atherosclerosis. Past and 
ongoing clinical trials with iron-based contrast agents in elderly, hyperlipidemic and/or 
cardiovascular patients should evaluate tissue apoptosis and monitor future cardiovascular 
complications well beyond the imaging timeframe. Safety studies of newly developed iron-
based contrast agents should also be performed in hyperlipidemic settings. 
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Introduction 

Functional imaging is widely employed to detect rupture-prone atherosclerotic plaques in 
coronary artery disease and carotid artery disease patients at risk of clinical symptoms (1). 
Rupture-prone plaques are typified by extensive lipid deposition, inflammation, matrix 
degradation, and cell death. These factors eventually lead to fibrous cap rupture and 
subsequent formation of an atherothrombus (2, 3).  
 
Several passive and active molecular imaging modalities have been considered to identify high-
risk plaques, including 18F-fluoro-deoxyglucose-guided positron emission tomography-
computed tomography (PET-CT), marking plaque inflammation and contrast-enhanced 
magnetic resonance imaging (MRI), respectively. MRI offers the advantage of superior spatial 
resolution, especially when using small (50-150 nm; SPIO) and ultrasmall (15-30 nm; USPIO) 
superparamagnetic iron oxide nanoparticles to enhance signal contrast (4-10). Upon systemic 
administration, both formulations are rapidly cleared by the reticuloendothelial system of lung 
and liver and by renal excretion, while accumulation in heart and brain is less pronounced, 
maximising signal to noise (11). USPIO extravasation and uptake by macrophages are 
considerably increased in inflammation (12-14), and vascular macrophages in the 
atherosclerotic plaque, in abdominal aneurysm, and in the infarcted or inflamed heart show 
avid accumulation of these particles (6, 9, 15-19), rendering them useful for cardiovascular 
disease imaging. 
 
Extensive toxicology studies led to the assumption that (U)SPIO are safe for clinical application 
(20-22). However, this notion is merely based on studies in normolipidemic animal and cell 
culture models. In the hyperlipidemic setting of atherosclerosis, vascular macrophages will 
acquire a foam cell phenotype, with intracellular free cholesterol deposits, and increased 
production of reactive oxygen species (ROS) and susceptibility to apoptosis (23, 24). Moreover, 
upon uptake USPIO will accumulate in endo-lysosomes, where their coating will be degraded 
and the entrapped iron oxide cargo released (25, 26). Besides prolonging the imaging signal, 
(25, 26)  this will also foster an oxidative stress response, which may well be detrimental to 
macrophage survival. Moreover, monocyte-derived macrophages were reported to enhance 
inflammatory cytokine secretion upon exposure to iron oxide particles (27). This suggests that 
(U)SPIO toxicity data obtained in normolipidemic, inflammatory macrophages in vitro may not 
be representative of the clinical situation. This prompted us to study (U)SPIO in macrophage 
foam cells, and in murine and human atherosclerosis to elucidate potentially unfavourable 
effects under clinically relevant conditions.  
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Methods 

Cell culture 

The RAW264.7 murine macrophage cell line was grown in DMEM, containing 10% foetal bovine 
serum (heat-inactivated for 30 minutes at 56 °C), 2 mmol/L L-glutamine, 100 U/ml penicillin 
and 100 µg/ml streptomycin (all from PAA), at 37 °C in a humidified atmosphere (5% CO2).  
Human very-low-density lipoprotein (hVLDL) was isolated from human serum of healthy 
volunteers by discontinuous density gradient centrifugation (using KBr; 40,000 rpm for 22 
hours) (28). The VLDL fraction was collected and dialysed against phosphate-buffered saline 
(PBS) containing 1 mM EDTA. RAW264.7 cells were incubated with hVLDL (50 µg/ml) for 20 
hours and replaced by medium with or without ferumoxide (100 µg Fe/ml, Guerbet) or two 
types of ultrasmall iron oxide nanoparticles (100 µg Fe/ml):  ferumoxtran (Guerbet), and 
ferumoxytol (RIENSO, Takeda; EU tradename for Feraheme, AMAG Pharmaceuticals). Cells 
were pre-treated with EUK-8 antioxidant 2 hours prior to ferumoxtran treatment (25 µM; 
Merck Chemicals Ltd.). Viability of RAW cells was assessed using MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide; Sigma). Apoptosis was quantified in ≥3 
fields per well, 20x magnification after terminal deoxynucleotidyl transferase dUTP nick-end 
labelling (TUNEL) (Roche Diagnostics), or by flow cytometry of Annexin V-Oregon green (120 
ng/ml). 
  
Iron content 

Ferumoxtran (100 µg Fe/ml) uptake by RAW264.7 macrophages and foam cells was determined 
after incubation for 1 hour at 37 °C. Quantitative determination of iron uptake by inductively 
coupled plasma atomic emission spectroscopy (ICP-AES; Optima 3300 RL, Perkin Elmer) was 
carried out after mineralisation of the pellet with HNO3 (3 hours at 80 °C). 
 
Animals and tissue harvesting 

All animal work was performed in compliance with the Dutch government and directive 
2010/63/EU guidelines and approved by national and local review boards 
(AVD1070020185705). Male low-density lipoprotein receptor-knockout (LDLR-/-) or 
apolipoprotein E-knockout (ApoE-/-) mice (aged 12 weeks) were obtained from the local animal 
facility. Animals were housed in the laboratory animal facility of Leiden University under 
standard conditions. Food and water were provided ad libitum during the entire experiment. 
All animals were housed in individually ventilated cages (GM500, Techniplast) in groups of up 
to 5 animals per cage, with bedding (corn cob, Technilab-BMI) and cage enrichment. Cages 
were changed weekly, reducing handling of the mice to one handling per week during non-
intervention periods.  
A pilot study was done with ApoE-/- mice (n=3/group) that received a single dose of saline, 
ferumoxide (0.3 mg Fe/kg), or ferumoxtran (1 mg Fe/kg) after 9 weeks on a Western-type diet 
(WTD, 0.25% cholesterol, 15% cocoa butter; SDS). Based on this, a sample size of 8 single mice 
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per group was calculated by power analysis. No inclusion or exclusion criteria were set. Cages 
were randomly located on the racks. LDLR-/- (n=9/group) were fed a WTD for 3 weeks, after 
which they received weekly intravenous injections of saline or ferumoxtran and fed a WTD for 
5 consecutive weeks. LDLR-/- (n=8/group) fed a WTD for 14 weeks received either saline, 
ferumoxtran, antioxidant EUK-134 (10 mg/kg, Cayman Chemicals), or ferumoxtran with EUK-
134, whereby EUK-134 was administered intraperitoneally 1 hour prior to the intravenous 
injection of ferumoxtran. In a third experiment, male LDLR-/- (n=9/group) fed a WTD for 9 weeks 
received a single saline, or ferumoxytol (1 mg Fe/kg) injection. In all experiments, 24 hours after 
the final injection, mice were anaesthetised using a single dose of pentobarbital (100 mg/kg 
i.p.), subjected to blood sampling and in situ perfusion-fixation through the left cardiac 
ventricle. Aortic root, liver and spleen were collected for cryosectioning using a Leica CM 3050S 
Cryostat (Leica Instruments).  
 
Human tissue collection 

Atherosclerotic carotid arteries (n=18) were obtained at surgery from patients treated with 
ferumoxtran (2.6 mg Fe/kg, single dose, n=9) and historic control patients (n=9) matched for 
age, sex and plaque type (Table 1) to analyse apoptosis in plaque sections (6). Inclusion and 
exclusion criteria were described before (6). Sample size was calculated based on interpatient 
MRI enhancement. Collection, storage, and use of tissue and patient data were performed in 
agreement with institutional ethical guidelines and the principles outlined in the Declaration of 
Helsinki and approved by the Maastricht University Medical Center Medical Ethical Committee 
(MEC00-078b) (6). Subjects gave informed consent prior to the inclusion and were enrolled 
consecutively between 2000 and 2002. Samples were processed and classified based on plaque 
morphology as described previously (29).  
 
Histology and morphometry 

Aortic root cryosections (10 µm) were stained with Oil Red O (Sigma) and MoMa-2 (1:50; 
Serotec) to detect lipid deposits and macrophage content, respectively. Secondary antibody 
goat anti-rat IgG-AP (1:100; Sigma) and enzyme substrate nitro-blue tetrazolium chloride with 
5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (NBT-BCIP, DAKO) were used for MoMa-
2 visualisation. The primary outcome of apoptotic cells in liver, spleen and atherosclerotic 
plaque was detected using TUNEL (Roche Diagnostics) and visualised using Nova-Red (DAKO) 
for mouse and AEC (Sigma) for human sections. Human atherosclerotic plaques were stained 
with 8OH-dG (Japan Institute for the Control of Aging, clone N45.1), TUNEL and cleaved caspase 
for apoptosis, CD68 to detect ROS, apoptosis, and macrophages, respectively. Quantitative 
morphometric analysis of Oil Red O, MoMa-2 and TUNEL was performed using Leica Qwin 
image analysis software and a Leica-DM-RE microscope (Leica Imaging Systems). Cells were 
marked as apoptotic when double positive for TUNEL and DAPI. High-sensitive Perl’s iron 
staining was performed to visualise iron nanoparticles. Following quenching of endogenous 
peroxidases by hydrogen peroxide (0.3% in methanol), slides were incubated for 90 minutes in 
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1:1 solution of 2% HCl + 2% potassium hexacyanoferrate Fe2+. After washing, slides were 
incubated for 20 minutes in 3,3′-diaminobenzidine (DAB, DAKO). Slides were counterstained 
with Nuclear Fast Red. Negative control sections incubated with DAB only were negative. 
Outcome and data analysis were done blindly. 
 
Electron microscopy 

Tissue fragments of carotid endarterectomy specimens of ~1 mm3 were fixed overnight in 2.5% 
glutaraldehyde (Ted Pella), post-fixed in 1% osmium tetroxide solution, dehydrated, and 
embedded in epoxy resin. Semi-thin (1 µm) serial sections were stained with toluidine blue to 
localise microvessels. Ultra-thin sections (70-90 nm) were mounted on Formvar (1595 E, 
Merck)-coated 75 mesh copper grids, and counterstained with uranyl acetate and lead citrate 
before analysis on a Philips CM100 transmission electron microscope. 
 
Trolox equivalent antioxidant capacity  

The Trolox equivalent antioxidant capacity (TEAC) gives the concentration of 2,2’-azino-bis (3-
ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS) radicals that can be scavenged by 
serum. It is a measure of antioxidant capacity. The TEAC was determined in serum that was 
deproteinated with a final concentration of 5% trichloroacetic acid (TCA), as described 
previously (30). The samples were incubated with an ABTS radical solution for 5 minutes and 
subsequently, the reduction in absorbance at 734 nm, reflecting the extent of radical 
scavenging, was quantified. This is related to that of the reference antioxidant Trolox and is 
expressed as µM Trolox equivalents. The TEAC value gives the concentration of Trolox that has 
the same capacity. 
 
Uric Acid 

Uric acid was determined in serum that was deproteinated with a final concentration of 5% 
TCA, using HPLC. A Hypersil BDS C-18 end-capped column, 125 x 4 mm, particle size 5 µm 
(Agilent, Palo Alto), was used, with a mobile phase of 0.1% trifluoroacetic acid (v/v) in water. 
UV detection was performed at 292 nm.  
 
IL1-β ELISA 

IL1-β, secreted in supernatant medium of RAW264.7 cells, was measured as suggested by the 
manufacturer (Invitrogen). 
 
Quantitative RT-PCR 

Quantitative RT-PCR analysis was performed to determine mRNA expression of apoptosis and 
oxidative stress related genes in RAW264.7 cells, foam cells and ferumoxtran-treated foam 
cells. Total RNA extracts isolated using the guanidium isothiocyanate (GTC) method (31) were 
transformed into cDNA using RevertAid M-MuLV reverse transcriptase (Fermentas, Burlington, 
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Canada) according to manufacturer’s protocol. Quantitative gene expression analysis was 
performed with the SYBR-Green technology on a 7500 fast Real-Time PCR apparatus (Applied 
Biosystems). All Ct values were normalised to the stable-expressed reference gene 
hypoxanthine phospho-ribosyltransferase (HPRT). Supplementary Table 1 shows a detailed 
overview of the different primer pairs (Eurogentec), which were designed using NCBI primer 
blast. 
 
Serum cholesterol analysis 

Total cholesterol concentration in serum was determined using an enzymatic colorimetric assay 
(Roche Diagnostics). Precipath I (Roche Diagnostics) was used as an internal standard. 
Absorbance was measured at 490 nm. Cholesterol distribution over the different lipoprotein 
fractions was determined by fractionation of 30 µl serum using a Superose 6 column (3.2 x 300 
mm; SMART system, Pharmacia). Cholesterol content of the effluent was determined as 
described above. 
 
Dextran uptake assay 

RAW264.7 cells were seeded at 75,000 cells per well in a 96-well black clear-bottom imaging 
microplate (Corning) in DMEM medium with 4.5 g/L D-glucose and pyruvate (Gibco) 
supplemented with 10% heat-inactivated (30 minutes at 56 °C) foetal bovine serum (SERANA) 
and 1% penicillin-streptomycin, and left to attach for 2 hours (37 °C, 5% CO2). Supernatant of 
cells was either replaced with 1, 2.4, or 4 μM TRITC-labelled dextran (ThermoFisher Scientific). 
After 1 hour (37 °C, 5% CO2), cells were washed with DMEM and nuclei were stained with 
Hoechst 33342 (Sigma) in DMEM for 10 minutes (37 °C, 5% CO2). Cells were imaged using the 
BD Pathway 855 (BD Biosciences) and analysed with CellProfiler software 4.0.4 (32). 
 
Chemicals for synthesis of iron particles 

Ferric chloride anhydrous, ferrous chloride tetrahydrate, 1,10-phenanthroline, hydroxylamine 
hydrochloride, dextran and carboxymethyl (CM) dextran were purchased from Sigma. 
Trisodium citrate dihydrate, citric acid, hydrogen chloride, ammonium hydroxide (NH4OH) and 
sodium hydroxide were obtained from Carl Roth. 
 
Synthesis of citrate-coated iron particles 

Citrate-coated iron particles were prepared via the standard co-precipitation technique. Briefly, 
8 mmol of ferric chloride was dissolved in 10 ml of deionised water (from here on water) and 
mixed for 5 minutes under mechanical stirring and nitrogen atmosphere. Subsequently, 4 mmol 
of ferrous chloride tetrahydrate was added to the solution and mixed for a further 5 minutes 
at room temperature.  The pH of the solution was adjusted to 11.0 by adding 80 ml of 1 M 
aqueous ammonia solution drop-wisely, and vigorously stirred at room temperature for 30 
minutes. The formed black-coloured iron oxide nanoparticles were decanted using a 
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permanent magnet and washed at least three times with 500 ml of water. Afterwards, 20 ml of 
0.1 M hydrochloric acid was added to the particles and sonicated for 10 minutes. Following, 2.5 
g trisodium citrate dihydrate in 10 ml of water were added to the mixture and was stirred at 80 
°C for 2 hours. The citrate-coated polydisperse particles were separated using a permanent 
magnet and then resuspended in 35 ml of water. Finally, the suspension was passed through a 
0.2 µm filter to remove larger particles.  
This highly polydisperse crude batch was subjected to five sequential rounds of centrifugation 
to obtain monodispersed iron particle subfractions. As depicted in Supplementary Figure 1, the 
supernatant obtained after 20 minutes of centrifugation at 14,000 rpm is referred to as Citrate 
S (USPIO size). The precipitate was resuspended in water and centrifuged again at progressively 
lower speed. The monodisperse batch obtained after 5 centrifugation cycles is referred to as 
Citrate L (SPIO size). 
 
Synthesis of dextran-coated iron particles 

Dextran-coated iron particles were prepared via the standard co-precipitation technique, 
under a nitrogen atmosphere. Briefly, 1 mmol of ferric chloride was dissolved in 2 ml of water 
and mixed for 5 min under mechanical stirring and nitrogen atmosphere. Subsequently, 
0.5 mmol of ferrous chloride tetrahydrate in 1 ml of water was added to the solution and mixed 
for 5 minutes at room temperature after which pH was adjusted to 11.0 (1 M aqueous 
ammonia). The suspension was stirred at 0 °C for 1 or 30 minutes to obtain differently sized 
particles and an aqueous solution of dextran (1 kDa or 10 kDa; 1 gr) or CM dextran (10-20 kDa, 
1 gr), filtered over a 200 nm syringe filter, was added. The temperature was slowly increased 
to 80 °C and was kept at that temperature for 60 minutes. Afterwards, the solution was cooled 
down to room temperature. The formed black-coloured iron oxide particles were sonicated for 
20 minutes. Following, the solution was dialyzed for 24 hours against 5 L of water (25 kDa cut-
off, SnakeSkin™ dialysis membrane, ThermoFisher Scientific). Finally, the suspension was 
passed through a 0.2 µm filter to remove the aggregates. Also here, the highly polydisperse 
starting batch was fractionated by size via two sequential rounds of centrifugation as described 
above (14,000 rpm, 20 minutes (S batch) and 7,000 rpm, 10 minutes (L batch)).  
 
Characterisation of synthesized iron particles 

Particle size and size distribution, Zeta potential, average hydrodynamic diameter (Dh) and 
polydispersity index (PDI) of the particles were measured by dynamic light scattering using a 
Zetasizer Nano-ZS instrument (Malvern Instruments) at 25 °C. The machine was equipped with 
a 633 nm He–Ne laser and a detector at angle of 173°. The samples were diluted and sonicated 
in a water bath prior to size analysis. Iron concentration was measured using 1,10-
phenanthroline assay as described previously (33). Finally, the absorbance was detected at 510 
nm using an Infinite M200 Pro TECAN reader (TECAN).  
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Apoptosis assay 

RAW264.7 cells were seeded at 6000 cells per well in a 96-well black clear-bottom imaging 
microplate (Corning) in DMEM medium with 4.5 g/L D-glucose and pyruvate (Gibco) 
supplemented with 10% heat-inactivated (30 minutes at 56 °C) foetal bovine serum (SERANA) 
and 1% penicillin-streptomycin, and left to attach for 24 hours (37 °C, 5% CO2). Supernatant of 
cells was either replaced with 50 µg/ml hVLDL in DMEM or fresh DMEM. After 20 hours (37 °C, 
5% CO2), cells were incubated with iron particles (100 µg Fe/ml) small (S) or large (L) in size with 
different coatings (citrate, dextran, or CM dextran) in DMEM or fresh DMEM for 1 hour (37 °C, 
5% CO2). Nuclei were stained with Hoechst 33342 (Sigma) in DMEM for 10 minutes (37 °C, 5% 
CO2). After washing with Annexin binding buffer (10 mM HEPES, 140 mM NaCl, 5 mM CaCl2; pH 
7.37), cells were incubated with 2.5 ng/µl Annexin V for 15 minutes (37 °C, 5% CO2). Cells were 
imaged using the BD Pathway 855 (BD Biosciences) and analysed with CellProfiler software 
4.0.4 (17). 
 
Statistical analysis 

Data are expressed as mean ± SEM. Normal distribution was assessed by Shapiro-Wilkes 
normality test, followed by Student’s t-test or ANOVA for normal distributed data or a non-
parametric Mann-Whitney U test or Kruskal-Wallis to compare two or more groups. Sidak or 
Dunn’s multiple comparison test followed significant changes demonstrated by ANOVA or 
Kruskal-Wallis respectively. Results were considered statistically different when p <0.05. 
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Results 

Iron oxide nanoparticles induce macrophage foam cell apoptosis in vitro, plaque, liver and 
spleen in vivo 

RAW264.7 foam cells were formed by preloading with 50 μg/ml hVLDL for 20 hours. 90-minute 
treatment with the dextran-coated USPIO ferumoxtran (100 µg Fe/ml) increased apoptosis of 
foam cells compared to normolipidemic RAW macrophages (Figure 1A) in a time- and hVLDL 
concentration-dependent manner (Figure 1E). Specifically, foam cells showed apoptotic 
morphology (blebbing and shrinkage) and 4-fold enhanced TUNEL positivity (Figure 1A-C), 
despite similar iron uptake as normolipidemic macrophages (Figure 1D). Together, these data 
indicate that ferumoxtran preferentially induced apoptosis in lipid-laden foam cells.  
 
These findings were confirmed in vivo in ApoE-/- mice fed a WTD for 9 weeks before receiving a 
single dose of the SPIO platform ferumoxide (0.3 mg Fe/kg), of ferumoxtran (1 mg Fe/kg), or 
saline. Even these subclinical doses of ferumoxide or ferumoxtran markedly enhanced TUNEL-
positive apoptosis in atherosclerotic plaque compared to saline controls (Figure 2A-D). As 
expected from the short follow-up time, plaque size was not affected 24 hours after treatment 
(Figure 2E), also excluding that observed effects were biased by differences in plaque stage. 
 
Superparamagnetic iron oxide nanoparticles induce apoptosis in murine liver and spleen in vivo 

Notably, apoptosis was not only limited to atherosclerotic plaques, as macrophage-rich liver 
and spleen of ApoE-/- mice also showed significant 2.5- to 4-fold increases in TUNEL-positive 
cells after only a single dose of ferumoxide or ferumoxtran treatment (Figure 2F and 2G). 
TUNEL-positive cells in the spleen were exclusively localised in the red pulp area 
(Supplementary Figure 2), which harbours mainly marginal metallophilic macrophages. These 
data clearly show that ferumoxide and ferumoxtran treatment both enhance apoptosis in 
atherosclerotic lesions and other macrophage-rich tissue in hyperlipidemic mice. 
 
Repeated iron oxide injection shows smaller, but less stable plaques 

The effect of ferumoxtran on atherosclerotic lesion progression was studied in LDLR-/- mice fed 
a WTD for 3 weeks to develop initial lesions and then subjected to weekly ferumoxtran 
injections (1 mg Fe/kg) for another 5 weeks. Ferumoxtran-treated mice again showed a 5.4-
fold increase in TUNEL-positive plaque cells compared to controls (Figure 2H-J). Most apoptotic 
cells were foam cells, and few endothelial and smooth muscle cells, as inferred from cell 
morphology and location. Repeated ferumoxtran treatment prevented weight gain, but 
increased serum levels of total, VLDL, and LDL cholesterol (Supplementary Figure 3). These 
findings are in agreement with a study showing that selective depletion of 
monocytes/macrophages in circulation and peripheral tissue results in increased (V)LDL-
derived cholesterol levels with reduced atherogenesis (34). Indeed, atherosclerotic plaque size 
was reduced in ferumoxtran-treated mice (Figure 2K), despite the moderate serum cholesterol 
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increase. This observation concurs with known effects of enhanced apoptosis on early 
atherosclerosis (2). Notwithstanding increased apoptosis, plaque macrophage content was 
increased in ferumoxtran-treated mice (Figure 2L), possibly reflective of influx of new 
phagocytes upon apoptotic eat-me signals. 
 

 
 

Figure 1: Ferumoxtran exposure increases apoptosis of RAW264.7 foam cells compared to normolipidemic 
macrophages 
(A) RAW264.7 cells were transformed into foam cells (20 hours incubation with hVLDL 50 μg/ml) and incubated 
with ferumoxtran (USPIO, 100 μg Fe/ml). (B) Fluorescent microscopic pictures of DAPI and TUNEL-stained foam 
cells incubated with or without ferumoxtran for 1.5 hours. (C) RAW264.7 control macrophages (circles) and foam 
cells (squares) were harvested at different time points and cytospins were analysed for TUNEL in 3 random fields 
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of view (magnification 20x; 412 ± 104 cells/cytospin were analysed). (D) The ability of macrophages and foam cells 
to take up iron-based contrast media was quantitatively analysed using an ICP-AES assay. (E) Cell viability after 
ferumoxide (100 μg Fe/ml, black circles) or ferumoxtran treatment (white circles) of RAW264.7 cells with different 
lipid loading were determined using a cytotoxic MTT assay. Data are mean ± SEM (n=3), 4-12 technical replicates, 
and representative of 3 independent experiments. Statistics: unpaired student’s t-test, * p <0.05, ** p <0.01 and 
*** p <0.001 compared to control conditions. CON: control. 
 
Antioxidant treatment prevents iron oxide nanoparticle-induced apoptosis in vitro and in vivo 

As iron oxide metabolism has been suggested to lead to oxidative stress (25, 26), we 
investigated whether this could explain ferumoxtran-induced apoptosis. 24 hours after 
ferumoxtran injection, serum antioxidant levels were increased as shown by increased uric acid 
concentration with a consequential increase in TEAC (Figure 3A and 3B), a common response 
to oxidative stress exposure (35). Uric acid is an established oxidative stress marker. Although 
uric acid was previously shown to display moderate antioxidant activity, this seems outweighed 
by its pro-oxidant and pro-inflammatory effects (36). In addition, plaque oxidant damage (8OH-
dG) showed a trend to increase (data not shown), and quantitative RT-PCR of ferumoxtran-
treated and control foam cells revealed a strong upregulation of oxidative stress-related 
p22phox (also known as neutrophil cytochrome b light chain), and the pro-apoptotic BCL-2-
associated X protein (Bax) and X-linked inhibitor of apoptosis (XIAP) genes (Figure 3C). Although 
nanoparticle-induced ROS have been shown to activate the NLR family pyrin domain containing 
protein 3 (NLRP3) inflammasome (37), ferumoxtran did neither enhance serum interleukin-1β 
(IL-1β), nor mRNA expression of IL-1β and NLRP3 in liver and spleens in vivo (data not shown). 
Importantly, ferumoxtran-augmented apoptosis could be prevented by EUK-8 and its more 
lipophilic O-methyl derivative EUK-134, both antioxidants with superoxide dismutase, catalase, 
and oxyradical scavenging properties (38). Antioxidant treatment resulted in normalisation of 
ferumoxtran-induced apoptosis in vitro (Figure 3D), as well as in LDLR-/- mice with advanced 
atherosclerosis (Figure 3E-J).  
 



Chapter 6 

Page | 144 

 
 

Figure 2: Ferumoxide and ferumoxtran increase apoptosis in atherosclerotic lesions in hyperlipidemic  
ApoE-/- and LDLR-/- mice 
(A) ApoE-/- mice with advanced atherosclerosis were injected once with NaCl 0.9% (n=3), ferumoxide (0.3 mg Fe/kg; 
n=3) or ferumoxtran (1 mg Fe/kg; n=3). TUNEL-positive cells in the atherosclerotic plaques of the aortic root were 
quantified and normalised to total cell count. * indicates p-value <0.05 for Kruskal-Wallis across 3 groups, not 
significant changes in Dunn’s post-hoc testing between individual groups. (B) Representative image of TUNEL 
staining of plaques in control, (C) ferumoxide or (D) ferumoxtran-treated mice. Scale bar in (B) to (D) corresponds 
to 100 μm. (e) Plaque area of ApoE-/- was determined by computer-assisted morphometric analysis of Oil Red O-
stained section. (F) The percentage of TUNEL-positive cells was quantified in liver and (G) spleen of ApoE-/- mice 
controls and mice receiving a single ferumoxide or ferumoxtran dose. * indicates p-value <0.05 for Kruskal-Wallis 
across 3 groups, # p-value <0.05 in Dunn’s post-hoc testing versus control.  (H) LDLR-/- mice with initial plaques 
were fed a high cholesterol diet and received weekly intravenous injections with NaCl 0.9% (control group, n=8) 
or ferumoxtran (n=8). The percentage of TUNEL-positive cells was quantified in the atherosclerotic plaques of the 
aortic root. Unpaired student’s t-test, * p <0.05 and *** p <0.001 compared to control conditions.  
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(I) Representative image of TUNEL staining of plaques in control, and (J) ferumoxtran-treated LDLR-/- mice. (K) 
Plaque area (Oil Red O) and (L) the percentage of macrophages (MoMa-2-positive) cells were quantified in plaques 
of control LDLR-/- and mice repeatedly treated with ferumoxtran. Statistics: unpaired student’s t-test, * p <0.05 
and *** p <0.001 compared to control conditions. Data are mean ± SEM. CON: control. 
 
Superparamagnetic iron oxide nanoparticles associated with enhanced human plaque apoptosis 

As ferumoxtran has been widely used as contrast agent for MRI detection of inflammatory 
human atherosclerosis (6, 9), the potential impact of ferumoxtran treatment on human disease 
was studied in carotid endarterectomy samples. Samples were collected from symptomatic 
patients that had received ferumoxtran (2.6 mg Fe/kg I.V., n=9) 2-11 days prior to surgery, and 
from control patients (n=9), matched for sex, age and plaque phenotype (Table 1) (6). All 
patients were eligible, gave informed consent, and completed all steps of the protocol, and 
were thus included in the analysis. Notably, the dose used in our mouse model experiments 
was almost 3 times lower than that used for the clinical study. Electron microscopy detected 
ferumoxtran mainly in macrophages and smooth muscle cells (Figure 4A-C). The percentage of 
TUNEL-positive apoptotic cells (Figure 3D-J; 3.7 ± 1.4 (95% CI of mean: 0.5-6.9) versus 18.2 ± 
5.3 (95% CI: 5.9-30.5) for the control and ferumoxtran group, respectively), as well as the 
number of apoptotic cells per plaque area (33.4 ± 11.1 (95% CI: 7.9-59.0) versus 191.2 ± 48.0 
(95% CI: 80.5-301.9) for the control and ferumoxtran group, respectively) was increased 4-fold 
in atherosclerotic plaque from ferumoxtran-treated compared to untreated patients. Most 
apoptotic cells were macrophage foam cells (Figure 4K and 4L). TUNEL-positive cells co-
localised with CD68-positive macrophages (Figure 4E and 4H) and activated caspase-3 (Figure 
4F and 4I). Thus, the use of ferumoxtran in patients with cardiovascular disease aggravated 
plaque apoptosis, and possibly subsequent plaque instability. 
 
Table 1: Patient characteristics 
 

Patients characteristics Control (n=9) Ferumoxtran (n=9) 

Gender Male %; male/female 89%; 8/1 89%; 8/1 
Age Years ± SD 64.6 ± 2.9 63.9 ± 3.2 
Plaque type Thin/thick cap fibroatheroma 67% (n=6) 67% (n=6) 
 Intraplaque/luminal thrombus 33% (n=3) 33% (n=3) 
Clinical stage Symptomatic % 100% 100% 
Stenosis Patients % with >70% 100% 100% 

 

No significant p-values. 
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Figure 3. Ferumoxtran triggers ROS-induced apoptosis in vitro and in vivo 
(A) Serum uric acid and (B) Trolox equivalent antioxidant capacity were increased in serum samples of LDLR-/- mice 
24 hours after ferumoxtran injection compared to control, a common response to oxidant stress exposure. 
Statistics: unpaired Student’s t-test. Data are mean ± SEM.  (C) Gene expression levels of apoptosis- and oxidative 
stress-related genes of RAW untreated macrophages (white bars), hVLDL–treated foam cells (yellow bars), and 
hVLDL–treated foam cells exposed to 100 μg/ml ferumoxtran (yellow dotted bars). (D) RAW264.7 cells 
transformed into foam cells with hVLDL (yellow bars) were incubated with ferumoxtran (dotted filling) to induce 
apoptosis. Pre-treatment of hVLDL foam cells with antioxidant (grey bars) prior to ferumoxtran reduced apoptosis. 
Untreated RAW264.7 cells were used as a control (white bars). Cells were harvested, cytospins were made and 
apoptotic cells quantified by TUNEL analysis in 4 randomly chosen field of views (20x magnification; average 93 ± 
27 cells/FOV analysed).  Data are mean ± SEM, include 3-6 technical replicates, and are representative of three 
independent experiments. Statistics: * p <0.05, and p <0.001 versus control (Kruskal-Wallis; Dunn’s multiple 
comparison). (E) LDLR-/- mice on a high cholesterol diet for 6 weeks received a single treatment with either saline 
(n=8), saline with antioxidant EUK-134 (10 mg/kg, n=8), ferumoxtran alone (1000 μg Fe/kg, n=9), or ferumoxtran 
with EUK-134 (n=9). The percentage of TUNEL-positive cells was quantified in the atherosclerotic plaques of the 
aortic root. Statistics: * p <0.05, and p <0.001 versus control (ANOVA; Sidak’s multiple comparison). (F) Plaque 
area (Oil Red O) was quantified in plaques of LDLR-/- treated once with saline, EUK-134, ferumoxtran, or 
ferumoxtran with EUK-134. (G) Representative image of TUNEL staining of plaques in saline, (H) EUK-134, (I) 
ferumoxtran, or (J) ferumoxtran with EUK-134 treated LDLR-/- mice. Data are mean ± SEM. CON: control. 
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New USPIO formulation does not enhance macrophage apoptosis in vitro or in vivo 

The newly developed CM dextran-coated USPIO ferumoxytol has recently been approved by 
the U.S. Food and Drug Administration to treat anaemia in chronic kidney patients (39). In light 
of the initial controversy regarding acute side-effects at time of injection (40) and its use in 
clinical trials of several cardiovascular diseases (8, 15-19, 41), this new generation USPIO was 
also tested in vivo and in vitro. In contrast to prior USPIO formulations, ferumoxytol did not 
enhance apoptosis in plaques or liver of hypercholesterolemic LDLR-/- mice (Figure 5A-G). In 
line, ferumoxytol did not enhance foam cell apoptosis in vitro, despite positive Perl’s iron 
staining (Figure 5H-J). This supports a favourable safety profile of ferumoxytol for 
cardiovascular imaging, in line with recent safety reports (42), and in contrast to ferumoxtran 
and ferumoxide, the use of which may have side effects on atherosclerotic plaque stability.  
 
Table 2: Nanoparticle characteristics 
 

Feature Ferumoxide Ferumoxtran Ferumoxytol 
SPIO/USPIO SPIO USPIO USPIO 
Particle size (nm) 120-180 31 ± 5 28 ± 4  
Crystal core size (nm) 5 6 6.7 
Polydispersity index n.a. 0.374 ± 0.019 0.252 ± 0.018 
Half-life (hours) 2-3 30 15 
Coating Dextran Dextran Carboxymethyl dextran 
Zeta potential ζ (mV) n.a. -27 ± 7.1 -43.9 ± 8.4 
Macrophage uptake 
(pg Fe/cell)* 

5.0-7.0 0.5 ± 1.8 1.0-1.5 

Mechanism uptake SRA1 SRA1 SRA1 
Clinical dose mg/kg 0.6 4 2.7 

 

Integrated data from (59-61, 64) and own measurements; * THP-1 with 200 μg Fe/ml for 24 hours; SRA1: 
scavenger receptor A-mediated; n.a.: information not available. 
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Figure 4: Ferumoxtran increases apoptosis in human carotid atherosclerotic lesions  
(A) Electron microscopy shows human carotid atherosclerotic plaque with accumulation of superparamagnetic 
iron oxide nanoparticles, scale bar corresponds to 10 μm. Boxed region shows particle-laden macrophages, 
represented in (B) high-power view of macrophage with intracellular ferumoxtran (arrows). Scale bar corresponds 
to 2 μm. (C) Smooth muscle cell with numerous mitochondria (*) also showing intracellular accumulation of 
ferumoxtran nanoparticles (arrow). Insert shows origin of smooth muscle cell. Scale bar corresponds to 0.5 μm. 
(D) Atherosclerotic lesions obtained from symptomatic patients undergoing carotid endarterectomy and receiving 
no injection (n=9; D-F) or a single dose of ferumoxtran (2.7 mg/kg IV, n=9; G-I) prior to surgery. Sections were 
stained with TUNEL (AEC red precipitate; D,G). Apoptotic TUNEL-positive cells co-localise with macrophages and 
activated caspase-3 on serial sections stained respectively with CD68 (red precipitate; E, H), (F) activated caspase 
3 (red precipitate; F, I). Scale bars in (D) to (I) corresponds to 100 μm. (H) Apoptosis was quantified as TUNEL-
positive cells per total cell count. (K) Arrows indicate TUNEL-positive nuclei in endothelial cells lining an intraplaque 
microvessel and (L) smooth muscle cells. Scale bars in (K) and (L) correspond to 100 μm. Data are mean ± SEM. 
Statistics: ** p=0.004 (Mann-Whitney compared to control). CON: control. 
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Figure 5: Ferumoxytol does not enhance apoptosis in vivo or in vitro 
(A) Plaque area at sacrifice of LDLR-/- mice with early atherosclerosis which were fed a high cholesterol diet for 9 
weeks after single weekly intravenous injections with NaCl 0.9% (control group, n=8) or ferumoxytol (n=8). 
Representative images of apoptotic cells detected by TUNEL in atherosclerotic plaques of the aortic root of  
LDLR-/- mice injected with saline (control; B) or ferumoxytol (C), with corresponding quantification (D). 
Quantification (E) and representative images of apoptotic cells detected by TUNEL in liver of LDLR-/- mice injected 
with saline (control; F) or ferumoxytol (G). (H) Perl’s iron staining of RAW264.7 cells, incubated with hVLDL and 
ferumoxytol, detects iron accumulation. (I) Oil Red O staining of RAW264.7 cells, incubated with hVLDL and 
ferumoxytol, confirmed massive lipid accumulation. (J) The percentage of apoptotic, Annexin V-positive cells was 
quantified by flow cytometry of RAW264.7 cells incubated with or without hVLDL, in the absence or presence of 
ferumoxytol (n=5-8 technical replicates per group). Data are mean ± SEM.  * p <0.05, (unpaired Mann-Whitney 
test or Kruskal-Wallis with Dunn’s multiple comparison test, compared to control). CON: control. 
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Dextran coating and particle size are not associated with enhanced macrophage apoptosis 

Since ferumoxide and ferumoxtran particles are coated with dextran, while ferumoxytol 
particles are coated with negatively charged CM dextran, the effect of iron particle coating on 
macrophage apoptosis was investigated. Dextran was avidly taken up by RAW264.7 
macrophages (Figure 6A and 6B) but, compared to the untreated control, no significant 
induction of apoptosis in both foam cells and normolipidemic macrophages was observed 
(Figure 6C and 6D). Moreover, no significant difference in apoptosis was observed in both 
normolipidemic and hVLDL-laden RAW264.7 cells incubated with iron nanoparticles coated 
with citrate, dextran, or CM dextran (Supplementary Figure 4). Particle size itself also did not 
appear to be a major determinant of USPIO-induced apoptosis (Supplementary Figure 4). Taken 
together, these findings suggest that neither particle size nor coating accounts for the 
difference in apoptosis induction found between ferumoxtran and ferumoxytol. 
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Figure 6: Dextran does not increase apoptosis in RAW foam cells compared to normolipidemic macrophages  
(A) Fluorescent microscopic pictures of RAW264.7 incubated with 1 µM, 2.4 µM or 4 µM TRITC-dextran for 1 hour 
or untreated RAW264.7 (CON) and stained with Hoechst 33342. Per well, 9 fluorescent images were taken and 
merged, corresponding to around 2700 cells imaged per well, with 3 technical replicates per condition. Scale bars 
correspond to 50 μm. (B) Quantification of (A), percentage of cells positive for TRITC-dextran. (C) Fluorescent 
microscopic pictures of RAW264.7 transformed into foam cells with hVLDL (yellow bars) or normolipidemic cells 
(white bars) exposed to 2.4 µM or 4.8 µM dextran or fresh DMEM for 1 hour. Untreated cells served as control 
(CON), RAW264.7 cells treated with 1 µM staurosporine for 20 hours served as positive control (POS). Cells were 
stained with Annexin V and Hoechst 33342. 9 fluorescent images were taken and merged per well, corresponding 
to around 4400 cells imaged per well, with 3 (POS) or 7-8 technical replicates per conditions. Scale bars correspond 
to 100 μm. (D) Quantification of (C), percentage of cells positive for Annexin V. Data are presented as mean ± SEM 
and representative of three independent experiments (C, D). Statistics: * p <0.05 (Kruskal-Wallis with Dunn’s 
multiple comparison test).  
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Discussion 

Collectively, our findings indicate that administration of previous formulations of 
superparamagnetic iron oxide nanoparticles enhances apoptosis in murine and human 
atherosclerosis. Despite the large body of evidence supporting the safety of superparamagnetic 
iron oxide nanoparticles (20, 21), concern is growing that (U)SPIO uptake may lead to 
intracellular release of iron ions, generation of oxidative stress, and DNA damage, and that it 
will promote thrombogenicity in the heart (25, 43, 44). Our study shows that ferumoxide and 
ferumoxtran induce apoptosis and ROS in lipid-laden macrophages and that its effects can be 
prevented by antioxidant treatment in vivo and in vitro, pointing to iron oxide-induced oxidative 
stress as causative factor for USPIO-induced apoptosis. In support of this finding, bare USPIO 
was seen to induce endothelial cell apoptosis in vitro, which was also mediated by USPIO-
related ROS, and reversed by antioxidant treatment (45, 46). In fact, we observed occasional 
endothelial apoptosis in atherosclerotic plaque after treatment with dextran-coated 
ferumoxide (SPIO), and to a lesser extent ferumoxtran (USPIO). The apparent preference for 
foam cell apoptosis may be explained by the increased susceptibility to apoptosis of lipid-laden 
foam cells subjected to a second stressor (23). 
 
Moreover, repeated ferumoxtran treatment of mice with early atherosclerosis not only led to 
enhanced plaque apoptosis but also increased plaque macrophage accumulation. Interestingly, 
this did not translate in progressive plaque growth. Although the jury is still out on this notion, 
increased macrophage apoptosis has indeed been suggested to impede plaque progression in 
early-stage atherosclerosis as phagocytic clearance of apoptotic cells is fully operative at this 
stage (34, 47, 48). In contrast, in advanced plaques with compromised efferocytosis (49), 
accumulating apoptotic cell debris and secondary necrosis will directly promote plaque 
progression by expansion of the necrotic core and inflammation (2, 50). As ferumoxtran 
exacerbated plaque apoptosis in mice and patients with advanced atherosclerosis, this raises 
concerns regarding potentially deleterious effects on plaque progression and destabilisation. 
This is especially true considering the prolonged residence time of USPIO platforms in tissue. In 
fact, in porcine heart, USPIO persisted for several months after intracardiac injection of USPIO-
labelled stem cells (51). However, our cardiovascular disease (CVD) cohort, with its limited 
group size, is not fit to draw any conclusions on USPIO treatment-associated clinical adverse 
events. 
 
Considering the widespread cardiovascular and non-cardiovascular clinical use of USPIO, our 
findings may have broader impact. USPIO-based imaging has been used for the diagnosis of 
tumour metastases, autoimmune diseases, rheumatoid arthritis, for targeted stem cell transfer 
to the infarcted heart, and for treatment of anaemia in patients with chronic kidney disease 
(21, 51-53). Although ferumoxtran has been discontinued in 2010 (51-54), several trials have 
been started to test the potential of similar USPIO platforms for diagnosis of prostate cancer 
(55, 56), head and neck squamous cell carcinoma (57), and aortic dissection (58). Most 
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applications involve elderly patient populations, expected to suffer from moderate to advanced 
atherosclerosis. Nevertheless, ferumoxytol, a new generation USPIO equipped with a CM 
dextran coating, appears to display a safer profile for cardiovascular disease. Biodistribution, 
macrophage uptake route and speed, and intracellular release of USPIO entrapped iron are 
dependent on particle and iron core size and composition, coating chemistry and charge and 
will define the particle’s pro-oxidant and pro-apoptotic activity. Dextran-coated SPIOs 
ferumoxide and ferumoxtran, while differently sized, both acted pro-apoptotic, suggesting that 
coating (chemistry) may be critical (Table 2) (59-61). However, it has previously been shown 
that blocking CD206 or CD11b does not reduce SPIO uptake by macrophages, indicating that 
interaction of the dextran coating with carbohydrate receptors does not notably contribute to 
SPIO uptake (62). Our data show that dextran polymers of similar size and molecular 
concentration as the derived SPIO were completely inert, suggesting that particle charge or 
subtle factors in the SPIO production process may be critical. Net macrophage uptake (and thus 
gross iron oxide availability) of ferumoxide was highest, followed by ferumoxytol and 
ferumoxtran (59, 63), which underpins that particle intrinsic factors are decisive. Ferumoxytol 
uptake, while higher than that of ferumoxtran, did not enhance apoptosis. As ferumoxytol and 
ferumoxtran differ in coating chemistry and charge (negatively charged CM dextran versus non-
ionic dextran) (61), but not in particle size and core composition, this suggests that the former 
factors are indeed instrumental in its toxicity. The lack of toxicity of citrate- versus dextran- 
versus CM dextran-coated USPIO particles (33) of similar size, suggest however that the driving 
determinant may be even more subtle, and relate to differences in coating density or 
heterogeneity. Nevertheless, our study may reassure recent investigators and their patients on 
safe use of ferumoxytol (8, 16, 17, 21, 41, 42, 63). 
 
In conclusion, iron-based contrast agents, such as ferumoxide and ferumoxtran increase 
apoptosis in human and murine atherosclerotic plaque, an effect that can be prevented by 
antioxidants. Their administration to patients with advanced lesions may result in plaque 
destabilisation. Although ferumoxytol appears to have a safe cardiovascular profile, our findings 
indicate that caution should be exercised when applying other iron-based contrast agents in 
patients with clinical atherosclerosis or other inflammatory disorders that involve lipid-laden 
macrophages. 
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Supplementary material 
Supplementary Table 1  
Primer sequences. 
 

Gene Forward primer Reverse primer 
p22phox 5’-GCCATTGCCAGTGTGATCTA -3’ 5’-AATGGGAGTCCACTGCTCAC-3’ 
XIAP 5'-GAGTTCTGATAGGAATTTCCCAAATT-3' 5'-AACGACCCGTGCTTCATATTCT-3' 
Bax 5'-CGTGGTTGCCCTCTTCTACTTT-3 5’-TGATCAGCTCGGGCACTTTA-3 
SOD2 5'-ACGTTGGATGGCTTTCTCGTCTTCAGCACC-3' 5'-ACGTTGGATGTTCTGCCTGGAGCCCAGATAC-3' 
IL-1β 5'-TACCTGTGGCCTTGGGCCTCAA-3' 5'-GCTTGGGATCCACACTCTCCAGCT-3' 
NLRP3 5'-GCACCAACCGGAGCCTCACT-3' 5'-AGCGCCCCAACCACAGTCTC -3' 
HPRT 5'-TTGCTCGAGATGTCATGAAGGA-3' 5'-AGCAGGTCAGCAAAGAACTTATAG-3' 
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Supplementary Table 2  
Characteristics of synthesized nanoparticles. Values are given ± SD. PDI: Polydispersity Index. 
 

Name Citrate 1 kD-Dextran 10 kD-Dextran CM-Dextran 
Coating Citrate Dextran (1 kD) Dextran (10 kD) Carboxymethylated 

dextran (10-20 kD) 
 S L S L S L S L 
Particle size 
(nm) 

26 ± 1 115 ± 1 25 ± 2 107 ± 2 30 ± 2 105 ± 1 39 ± 3 110 ± 3 

PDI 0.099  
± 0.005 

0.113  
± 0.008 

0.189  
± 0.015 

0.138  
± 0.007 

0.191  
± 0.011 

0.154  
± 0.009 

0.191 
± 0.011 

0.144  
± 0.007 

Zeta 
potential 
(mV) 

-45  
± 7.1 

-53.9  
± 9.3 

-26.1  
± 6.2 

-21.4  
± 7.1 

-19.5  
± 5.1 

-16.3  
± 4.1 

-37.2  
± 3.4 

-39.9  
± 5.2 

 
  



Chapter 6 

Page | 160 

 
 

Supplementary Figure 1: Iron oxide particle synthesis 
Iron oxide particle fractionation strategy via sequential centrifugation. Schematic overview of the centrifugation 
protocol to obtain monodispersed iron oxide particle with different hydrodynamic diameters from a crude mixture 
of polydisperse particles. The polydisperse sample (C) was transferred into 1.5 ml Eppendorf tubes and centrifuged 
at 14,000 rpm for 20 minutes. The resulting 1 ml of supernatant was collected (1st centrifugation sample, referred 
to as Citrate S). 0.1 ml of the bottom compartment in the Eppendorf tube was resuspended in water and again 
centrifuged, and the top 1 ml was collected. These steps were repeated multiple times to yield Citrate L particles 
(5th centrifugation). The image is reproduced from Dadfar et al., J. Nanobiotechnology 2020 (33). 
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Supplementary Figure 2: Apoptosis in liver and spleen of ferumoxide/ferumoxtran-treated mice 
(A) Representative image of TUNEL staining of liver and (B) spleen of single-treated control, ferumoxide or 
ferumoxtran-treated ApoE-/- mice. 
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Supplementary Figure 3: Repeated in vivo ferumoxtran injections affect weight and cholesterol levels in 
hyperlipidemic LDLR-/- mice 
(A) Weight and (B) serum cholesterol of LDLR-/- mice before and after 5-week treatment with NaCl 0.9% (control 
group, n=8) or ferumoxtran (n=8). (C) Lipoprotein fraction analysis of control (circles) and ferumoxtran-treated 
mice (squares) was performed using SMART analysis to identify differences in lipoprotein profiles. Data are mean 
± SEM. Statistics: * p <0.05 (unpaired Mann-Whitney U compared to control week 0); # p <0.05 (unpaired Mann-
Whitney U compared to ferumoxtran week 0). VLDL: very-low-density lipoprotein; LDL: low-density lipoprotein; 
HDL: high-density lipoprotein. 
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Supplementary Figure 4: Apoptotic effect of ferumoxtran in RAW264.7 foam cells may not be attributed to iron 
particle coating or particle size 
(A) RAW264.7 cell transformed into foam cells with hVLDL (yellow bars) or normolipidemic cells (white bars) were 
incubated with ferumoxtran (100 µg Fe/ml) for 1 hour or (B) small (S) or large (L) iron particles coated with citrate, 
dextran, or carboxymethylated dextran (see Supplementary Table 2 for particle characteristics) or left untreated 
(CON). Cells were stained with Annexin V and Hoechst 33342 for fluorescence microscopic imaging. Per well, 9 
fluorescent images were taken and merged, including around 5000 cells images per well, with 5-16 technical 
controls per condition. The percentage of Annexin V-positive cells was normalised to the total number of cells per 
well. Data are presented as mean ± SEM. Statistics: * p <0.05 and ** p <0.01 (Kruskal-Wallis with Dunn’s multiple 
comparison test).  
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Reprogramming of human macrophages by the blood 
milieu of SARS-CoV-2-infected patients is predictive of 

respiratory function decline 
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Main findings of this thesis 

Macrophages (MΦ) are implicated in all stages of atherosclerosis (1). They are well-known for 
their phenotypic plasticity and for sensing their microenvironment (2). However, how the 
functional phenotype of fully differentiated MΦ is influenced at monocyte stage, during 
monocyte-to-MΦ differentiation, and by the microenvironment is still largely unknown. 
 
The studies presented in this thesis aimed to address this gap and have led to the following 
main findings: 
 
1) MΦ phenotype is imprinted at monocytic precursor stage, as MΦ derived from different 

monocyte subsets have distinct functional phenotypes (Chapter 3). 
2) MΦ phenotype is dependent on cues from neighbouring cells, as culture density strongly 

affects MΦ function in vitro (Chapter 4). 
3) MΦ phenotype is primed by growth factors during monocyte-to-MΦ differentiation, as 

macrophage colony-stimulating factor (M-CSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) induce specific differentiation trajectories that yield functionally 
and transcriptionally distinct MΦ (Chapter 5).  

4) MΦ phenotype is shaped by environmental cues, as nanoparticle treatment (Chapter 6) or 
the systemic environment reflecting coronavirus disease 2019 (COVID-19) (Chapter 7) 
induce functional changes. 

 
Altogether, these findings indicate that MΦ phenotype is at least partly determined before 
differentiation to MΦ is completed. This, in turn, will influence their environment-specific 
response. In this general discussion, I will consider the implications of functional changes at 
monocyte stage or during differentiation for the MΦ response to environmental cues. 
Moreover, I will address the origin and role of embryonic and monocyte-derived MΦ in vivo 
and discuss to what extent their phenotype can be mimicked using MΦ models in vitro. The 
employed functional profiling methodology relied heavily on the MacroScreen functionomics 
platform. Therefore, I will also elaborate on its merits and potential future applications, as well 
as its limitations. Finally, I will discuss outstanding questions and perspectives for further 
research. 
 
Sensitive sensors: MΦ responses to disease environments captured by the 
MacroScreen 

In all experimental chapters of this thesis (Chapters 3-7), the MacroScreen platform was used 
to measure several key functions of MΦ, including phagocytosis, inflammasome activation, and 
oxidised low-density lipoprotein (oxLDL) uptake. The MacroScreen platform is built on 
automated microscopy and fluorescence-based functional assays at microscale, allowing rapid 
high-content analysis (HCA) of MΦ function. In principle, the MacroScreen can be used with 
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any adherent cell type, although optimisation of the functional assays and attention to culture 
density, as shown in Chapter 4, are required for each cell type. The extension of the 
MacroScreen to other cell types was demonstrated in Chapter 3, where we performed 
functional measurements on monocytes, and in Chapter 7, where we measured collagen 
production and morphological features of alveolar fibroblasts. In addition, the MacroScreen is 
compatible with various pre-treatment protocols, such as incubation with drug compounds 
(Chapter 6), and stimulation with patient serum or conditioned medium (Chapter 7), among 
others. This offers the possibility of pre-clinical evaluation of candidate drugs using human 
primary cells to either complement or even circumvent animal testing. Moreover, it allows the 
study of MΦ phenotype in disease contexts in vitro by using patient material to reflect the 
(micro)environment MΦ encounter in vivo more accurately. 
 
In Chapter 7, we used patient serum to mimic the systemic environment in COVID-19 and to 
elucidate the role of MΦ. In (severe) COVID-19, the monocyte-derived MΦ pool in the lung will 
expand as a consequence of progressive monocyte influx (3, 4). Due to massive pulmonary 
oedema (5), alveolar MΦ will be exposed to the systemic disease environment not only at 
monocyte stage in the blood but also after infiltrating the lung. We found increased apoptosis 
and phagocytic activity of MΦ stimulated with serum of COVID-19 patients compared to 
healthy subjects, a functional adaptation that was sustained even at 3 months after 
hospitalisation. This could be an indication of a failing regression of COVID-19 but could also 
reflect an intrinsic pre-disposition of the hospitalised patients. Interestingly, phagocytic 
capacity was also found to be the main predictor of impaired lung function and clinical 
outcome. The observed increased phagocytosis of MΦ exposed to serum of patients with a 
poor prognosis might be attributed to the activation of certain pattern-recognition receptors 
(PRRs) by pathogen-associated (PAMPs) or danger-associated molecular patterns (DAMPs) (6, 
7) to promote debris clearance, and prevent secondary necrosis and inflammation to reduce 
injury. However, MΦ activation via PRRs may also culminate in macrophage activation 
syndrome (MAS), the excessive activation of MΦ that underlies a cytokine storm (8). COVID-19 
has been associated with an increased risk for cardiovascular disease (CVD) after infection, 
including dysrhythmia, myocarditis, and ischemic heart disease (9). Previously, MΦ phenotype 
in response to the systemic environment of acute myocardial infarction (AMI) was investigated 
with the MacroScreen (10), using a similar setup as in Chapter 7. Interestingly, increased 
phagocytosis was also observed in this study, hinting at a similar functional response of MΦ. 
However, a more sophisticated comparison of MΦ functional profiles between COVID-19 and 
AMI is required to draw substantive conclusions regarding the relevance of this connection, 
which may well reflect the ongoing inflammation in both pathologies.  
 
In this thesis, we have demonstrated that MΦ phenotype may be influenced by the respective 
growth factors driving monocyte-to-MΦ differentiation. For alveolar MΦ, development and 
maintenance are largely dependent on GM-CSF (11). Moreover, GM-CSF levels in circulation 
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were found to be increased in hospitalised COVID-19 patients compared to healthy subjects 
(12). Thus, in Chapter 7, we have used GM-CSF for the differentiation of MΦ before their 
exposure to COVID-19 patient serum. In Chapter 5, we have found distinct functional and 
transcriptional profiles induced by GM-CSF and M-CSF, with overall lower phagocytic activity, 
uptake of oxLDL, and interleukin (IL) -6 secretion in GM-CSF-differentiated MΦ. Strikingly, 
several ongoing clinical trials are investigating GM-CSF inhibition but, paradoxically, also GM-
CSF administration for COVID-19 therapy (13). Underlying these contrary approaches is the idea 
of regulating the hyperactive immune response in COVID-19 on the one hand, and on the other, 
facilitating alveolar MΦ function to promote tissue repair and to protect against secondary 
infections (13). However, MΦ will likely be exposed to both M-CSF and GM-CSF simultaneously 
in vivo, and both CSFs have been shown to influence alveolar and interstitial MΦ (11). Thus, an 
indication of local CSF levels in the lung in COVID-19 would be necessary to understand their 
contribution to MΦ phenotype and mimic it in vitro. Moreover, increased proportions of 
intermediate and non-classical monocytes were found in patients with post-acute sequelae of 
COVID-19 (PASC; also referred to as Long COVID) (14). Considering the pronounced functional 
differences between MΦ derived of different monocyte subsets as we have shown in Chapter 
3, further studies using MΦ differentiated from different monocyte subsets could help unravel 
MΦ phenotype in PASC. 
 
Like two peas in a pod? Resemblance of in vitro MΦ models to MΦ in vivo 

Human MΦ are commonly cultured in vitro for their use in biological assays or screening tools, 
whether they are maintained as cell lines or as primary MΦ derived from blood monocytes. 
Several in vitro models of MΦ have been used in this thesis, including human monocyte-derived 
MΦ (Chapters 3-5 and 7), human MΦ derived from the THP-1 acute monocytic leukaemia cell 
line (Chapter 4), or the murine RAW264.7 virus-immortalised MΦ cell line (Chapter 6). 
However, next to advantages and disadvantages regarding availability and reproducibility, MΦ 
cell lines and primary MΦ differ functionally, as we have demonstrated in Chapter 4. In 
particular, we showed that THP-1-derived MΦ and primary monocyte-derived MΦ are affected 
by culture density, with a more profound impact on the former. Thus, it is crucial to not only 
ensure equal seeding density, but also to take density differences at the timepoint of 
experimental readout into account when interpretating in vitro experiments. However, 
considering density differences may be challenging in assays such as the apoptosis assay, where 
(initial) cell density may be obscured by pro-apoptotic effects of the compound or treatment 
being tested, like the pre-treatment with very-low-density lipoprotein (VLDL) or iron oxide 
nanoparticles used in Chapter 6. In addition, human primary MΦ are often obtained by isolating 
CD14-positive monocytes from peripheral blood mononuclear cells (PBMCs) and differentiating 
them into MΦ, disregarding the functional phenotype of MΦ derived of intermediate and non-
classical monocytes that may be distinct, as we have shown in Chapter 3. Moreover, it could be 
argued that monocyte-derived MΦ may only resemble MΦ originating from infiltrating 
monocytes, thus reflecting inflammatory MΦ rather than tissue-resident MΦ.  
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Tissue-resident MΦ may self-maintain without or with limited contribution of monocyte-
derived MΦ at steady-state or, depending on the organ, require constant replenishment by 
MΦ derived from recruited monocytes (15). They are seeded in sequential haematopoietic 
waves during embryonic development, in which they are first generated in the yolk sac, and 
later in the foetal liver (16). Circulating monocytes in adulthood arise from haematopoietic 
stem cells (HSCs) in the bone marrow or, in inflammation and injury, from extramedullary 
monocyte reservoirs like the spleen (17). Considering this difference in origin, the question 
arises whether part of MΦ heterogeneity can be attributed to their ontogeny. Bonnardel and 
Guilliams proposed that monocyte-derived MΦ at steady-state are similar but not identical to 
embryonic MΦ in tissue, resulting in different functional responses to inflammation. 
Alternatively, they suggest that the response to microenvironmental cues superimposes any 
retained functions from their precursors (18). Xue et al. found local context-induced epigenetic 
rewiring to partly overrule the epigenetic imprint of the progenitors. Nevertheless, strong 
inflammatory stimuli acting at transcriptional level could often overrule this environmental 
epigenetic imprint (19). The findings of this thesis indicate that MΦ phenotype may not 
exclusively be attributed to the plastic response to their microenvironment but is at least partly 
retained from their monocyte precursors (Chapter 3). However, how ontogeny influences the 
function of MΦ in tissue remains to be investigated by fate-mapping approaches in vivo (18). 
These utilise the differential expression of markers between haematopoietic and embryonic 
MΦ and are thus highly dependent on the specificity of their expression. However, common 
models like the Cx3cr1CreER or Flt3Cre mouse strains have been reported to label both HSC-
derived MΦ and the tissue-resident MΦ population (20). A more specific option could be 
Ms4a3-based lineage tracing, as it was proposed to allow discrimination between monocyte-
derived MΦ and embryonic tissue-resident MΦ (21). Besides, observations in mice are only 
partly transferable to humans, as the overlap of markers and cell subtypes between the two 
species is not exact (22). 
 
In vitro, tissue-resident MΦ may be modelled by using MΦ derived from induced pluripotent 
stem cells (iPSCs). MΦ from iPSCs (iMΦ) are generated by replicating the embryonic seeding of 
MΦ, starting with the formation of mesoderm, followed by the induction of haematopoietic 
differentiation and commitment to the myeloid lineage, and finally the differentiation to MΦ 
(23). This stepwise protocol is intricately orchestrated by different combinations of 
differentiation factors, albeit with large differences in the protocols used (24). However, how 
closely iMΦ will resemble tissue-resident MΦ depends on how closely their niche and 
contained cues can be emulated in vitro. In this thesis, we have focused on MΦ function in 
atherosclerosis (Chapters 5 and 6) and COVID-19 (Chapter 7), where MΦ derived from 
recruited monocytes are involved in the pathogenic process (25, 26). Nevertheless, to identify 
MΦ functions that contribute to the development and progression of disease, it is crucial to 
understand MΦ phenotype at steady-state. It is expected that the MacroScreen will be suitable 
for high-throughput functional analysis of iMΦ which could contribute to a deeper 
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understanding of the tissue-resident MΦ phenotype. Ultimately, more complex experimental 
models starting with the co-culture of multiple cell types, to organoids, to ex vivo experiments 
using human tissue, are required to verify these findings. 
 
MΦ as multi-tools: MΦ functions unaccounted for by the MacroScreen 

The MacroScreen allows measurement of many MΦ functions important in atherosclerosis and 
other inflammatory diseases. These include phagocytosis, lipid uptake, inflammasome 
activation, mitochondrial function, and cytokine secretion. However, some relevant functions 
are still not covered by the MacroScreen and should be added for a more comprehensive 
characterisation of MΦ phenotype. 
 
Oxidative stress by the dysregulated production of reactive oxygen species (ROS) contributes 
to atherogenesis (27) and is implicated in the oxidation of low-density lipoprotein (LDL) and 
cellular damage (28). Unfortunately, our efforts to set up a robust assay to measure oxidative 
stress in MΦ using the MacroScreen were unsuccessful, despite various fluorescent probes 
(H2DCFDA or CellROX) and stimulation protocols (using H2O2, PMA, t-BOOH, or menadione) 
tested. Interestingly, this seems to concern mainly primary MΦ, as ROS measurement by 
H2DCFDA in other cell types (fibroblasts) and cell lines (THP-1) was more robust and 
reproducible in our hands. Due to their inherent oxidative burst to defend against bacteria (29), 
MΦ may be habituated to and protected from high levels of ROS, impeding the stimulation of 
ROS production in vitro. Moreover, high background fluorescence intensity with high variation 
between wells was observed. This might indicate that the probe is not retained intracellularly 
but pumped out by MΦ, suggesting that the use of fluorescent probes might not be suitable to 
measure ROS in primary MΦ. Oxidative burst may be measured as conversion of nitric oxide to 
nitrite by the widely-used Griess assay after stimulation with LPS (30). 
 
Impaired efferocytosis contributes to the growth and vulnerability of atherosclerotic plaques 
(31). While phagocytosis of zymosan-coated particles is one of the functional measurements 
included in the MacroScreen (Chapter 3-5 and 7), an assay to measure uptake of apoptotic 
cells, which utilises a mechanism different from phagocytosis (32), is still being optimised. For 
this, apoptotic Jurkat T cells were labelled with fluorescent Annexin V which is also used in the 
apoptosis assay. However, it was difficult to distinguish Jurkat cells within MΦ from Jurkat cells 
on top of MΦ in the fluorescent images acquired with the MacroScreen. To circumvent this, 
Jurkat cells were labelled with pHrodo-Annexin V that is fluorescent only in acidic environments 
like the MΦ lysosome. Unfortunately, a drop in intracellular pH is a hallmark of apoptotis (33), 
and Annexin V bound to phosphatidylserine (PS) may be exposed to the intracellular acidic 
environment as PS is translocated to the inner membrane leaflet (34). This could explain why a 
fluorescent signal was also observed in Jurkat cells clearly outside of MΦ. A possible solution 
to this would be to use a different or additional marker next to Annexin V to label apoptotic 
Jurkat cells, such as a pHrodo-coupled antibody against T cell marker CD3. 
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MΦ are professional antigen-presenting cells that express major histocompatibility complex 
(MHC) class II molecules on which they present peptides derived of exogenous proteins to T 
cells (35). Thus, MΦ may tune the adaptive immune response to be more atherogenic by 
activating TH1 cells, or more atheroprotective by activating regulatory T cells (36). An assay 
using fluorescent labelling of surface MHC II could be used as a measure of antigen 
presentation, although this would not allow any conclusions about the expression of co-
stimulatory molecules, antigen-MHC II stability and binding affinity, and the T cell subsets 
activated. Alternatively, a co-culture system using a known antigen such as ovalbumin and 
labelled OT-II CD4+ T cells could be used to assess T cell activation and proliferation, a more 
relevant read-out for the efficiency of antigen presentation.  
 
Foam cell formation is one of the hallmarks of atherosclerosis (37). An assay measuring oxLDL 
uptake is already included in the MacroScreen and was employed in Chapters 3-5 and 7. In 
Chapter 6, we generated foam cells using VLDL before assessing apoptosis using the 
MacroScreen. However, as the formation of foam cells is attributable to disbalanced 
influx/efflux, it can also result from impaired cholesterol efflux (38). To measure cholesterol 
efflux, MΦ could be loaded with fluorescently-labelled cholesterol, similar to the oxLDL uptake 
assay. Cholesterol efflux could be quantified by comparing the fluorescence intensity and 
percentage of cholesterol-positive MΦ directly after cholesterol loading to MΦ after releasing 
the labelled cholesterol into fresh culture medium. In addition, the amount of cholesterol 
released to the culture medium could be assessed as fluorescence intensity with a plate reader 
(39). 
 
Another important function of MΦ not covered by our panel yet is extracellular matrix 
degradation capacity, needed for the migration through tissue, among other purposes. MΦ 
secrete cathepsins which are cysteine/serine proteases, and matrix metalloproteinases (MMPs) 
which are zinc-dependent proteases (40, 41). In atherosclerosis, MMPs contribute to plaque 
rupture by degrading the collagen-rich fibrous cap (42). Moreover, in severe COVID-19, MMPs 
may promote lung tissue remodelling, fibrosis, and tissue damage (43). MMP activity could be 
measured using a fluorogenic MMP substrate (44) on both cell lysate and conditioned medium 
to include both membrane-bound and secreted MMPs, respectively. Additionally, as MMP 
activity may be pericellular or focused to podosomes, MΦ could be cultured in wells pre-coated 
with fluorescently-labelled gelatine and degradation could be quantified as the area devoid of 
fluorescent signal (45). 
 
Ultimately, for the MacroScreen platform to be utilised for screening purposes, it will be 
necessary to link the in vitro setting to the in vivo setting. This could be realised by using one 
set of phenotype markers in both settings, which in turn requires thorough understanding of 
MΦ phenotypic heterogeneity in vivo. In the atherosclerotic plaque, at least three major MΦ 
populations with distinct phenotypes may be distinguished, including foam cell MΦ (expressing 
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CD9, LGALS3, PLIN2), inflammatory MΦ (expressing IL1B, CASP1, CASP4 or TLR4, TNF), and 
resident-like MΦ (LYVE-1, CD206), although recent single-cell studies have described numerous 
subpopulations (46, 47). In summary, the assay-based setup of the MacroScreen platform 
allows the addition of assays to measure other functions, and could be linked to the in vivo 
setting through the use of a pre-defined set of phenotypic markers in the future. 
 
Outstanding questions and perspectives 

As our current understanding of the functional phenotype of MΦ is still only scratching the 
surface, many questions remain unresolved, but many opportunities for further research arise. 
A first opportunity concerns the study of MΦ phenotype constituted in monocyte-to-MΦ 
differentiation with a combination of M-CSF and GM-CSF, which would be closer to the in vivo 
setting. This would require quantitative measurements of M-CSF and GM-CSF levels in 
homeostasis and disease contexts in vivo to determine a representative ratio that could be used 
in vitro. In a pilot experiment related to Chapter 5, we used different ratios of M-CSF and GM-
CSF and assessed the functional phenotype during differentiation, obtaining preliminary 
evidence that GM-CSF overrides the M-CSF differentiation trajectory. A second opportunity 
relates to the role of monocyte-derived MΦ in COVID-19. In Chapter 7, we have studied the 
functional response of fully differentiated MΦ to COVID-19 patient serum but did not account 
for any phenotypic imprinting that may have occurred in the monocytic precursors that were 
exposed to the systemic COVID-19 disease environment in circulation. This could be 
investigated by already stimulating monocytes with COVID-19 patient serum, differentiating 
them to MΦ, and assessing their phenotype using the MacroScreen. Moreover, monocytes of 
COVID-19 patients themselves could be used to investigate whether monocytes harbour a pre-
disposition to the severity or duration of the disease.  A third challenge concerns the functions 
of the three human monocytes subsets, which we studied in Chapter 3. The role of each 
monocyte subset, especially the proportionally smaller intermediate and non-classical subsets, 
remains to be elucidated. As discussed in Chapter 2, non-classical monocytes have been 
proposed to patrol the vasculature, raising the possibility that their function is limited to the 
vasculature and that they generally do not extravasate. Thus, it would be interesting to 
investigate whether they respond to or rely on blood-related factors, possibly derived from 
thrombocytes or erythrocytes, to exert their patrolling function. Moreover, their patrolling 
behaviour would make non-classical monocytes interesting cells to study in atherogenesis, as 
they might enter atherosclerotic lesions upon endothelial dysfunction where they could be 
involved in debris clearance and lipid uptake. 
 
Concluding remarks 

This thesis investigated MΦ phenotype using the MacroScreen platform. We found the 
functional phenotype of MΦ to be determined by monocytic origin, growth factors during 
monocyte-to-MΦ differentiation, and their environment. A more holistic picture of MΦ 
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phenotype may be obtained by considering all these levels at which phenotypic modulation 
may occur. In the current age of single-cell RNA-sequencing and high-parameter flow 
cytometry broadening our view of monocyte and MΦ heterogeneity, it will become inevitable 
to functionally characterise the identified (sub)populations. This may be facilitated by the 
MacroScreen which allows cost-effective high-throughput measurement of several functional 
parameters. Moreover, the addition of other functional assays and cell types such as human or 
murine iMΦ to the MacroScreen may further refine the profiling of MΦ phenotype in the 
future. Ultimately, a thorough understanding of MΦ phenotype will be instrumental to the 
development of MΦ-targeted screening models and therapies for atherosclerosis and other 
inflammatory diseases.   
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Cardiovascular disease weighs heavily on public health in nations at all economic levels as it is 
the leading cause of death worldwide. The most common cause of cardiovascular disease is 
atherosclerosis, an inflammatory disease that leads to the formation of atherosclerotic plaque 
in the artery wall. Atherosclerotic plaques can rupture, causing blood clots to form which can 
lead to myocardial infarction or stroke. Inflammation plays an important role in atherosclerosis 
and underlies its development. One of the main immune cells involved in the development of 
atherosclerosis is the macrophage (MΦ) which can exert a repertoire of functions in response 
to local factors. However, characterisation of the cells’ function by laboratory experiments have 
been incomplete: so far, most studies considered a single factor, rather than the usual cocktail 
that MΦ encounter in the living body. Moreover, they often overlooked functional changes that 
may have been induced at the level of the MΦ precursor cell, the monocyte, or during the 
differentiation of monocyte into MΦ. In this thesis, we examined MΦ function and how it is 
affected by monocytic origin, growth factors, and complex (mixtures of) factors in the (direct) 
surrounding of the cell. 
 
MΦ function may partly mirror the set of functional traits their monocytic precursors possess. 
In Chapter 2, we discussed the diversity of monocytes which is transcending the prevailing 
tripartite classification, considering recent technological advances to study single cells. 
Moreover, we discussed associations with cardiovascular disease, identifying the strongest 
association with one particular type of monocyte, so called “intermediate” monocytes. In 
Chapter 3, we studied the functional traits of MΦ derived from three known types of 
monocytes, namely “classical,” “intermediate”, and “non-classical” monocytes. We observed 
clear differences in cell size, shape, and function between MΦ that were stemming from these 
three monocyte classes, demonstrating that the monocyte origin is important for MΦ function. 
 
MΦ function may also be influenced by the culture density in laboratory experiments. In 
Chapter 4, we investigated cell density as a modulator of human MΦ function. We observed a 
profound effect of culture density on a multitude of human MΦ functions, using two different 
types of experimental MΦ models. Moreover, we found evidence for growth pattern-
associated functional adaptations in one of the models, namely THP-1 MΦ, and show 
substantial variability in the functional traits of MΦ isolated from different human donors. 
Given the bias that may be introduced by ignoring cell density differences, our findings 
demonstrate the need to account for differences in cell density in MΦ laboratory experiments.  
 
MΦ function may be established during monocyte-to-MΦ differentiation. In Chapter 5, we 
used the growth factors macrophage colony-stimulating factor (M-CSF) or granulocyte-
macrophage colony-stimulating factor (GM-CSF) to differentiate human monocytes to MΦ and 
studied their differentiation track. We identified changes in function and genetic information 
that we could relate to the differentiation trajectory itself or to the growth factor. We found 
these growth factor-induced changes to be established early in the differentiation process. 
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Next to differences, we also found common changes related to cell growth and differentiation 
induced by M-CSF or GM-CSF. In addition, we discovered M-CSF to be the main growth factor 
in atherosclerotic lesions. Plaque MΦ were more similar to M-CSF-grown MΦ than to GM-CSF-
grown MΦ, especially later in the disease development. Moreover, newly recruited 
inflammatory MΦ and lipid-containing MΦ (also called foam cells) were mirroring the gene 
profile of M-CSF-derived MΦ. 
 
MΦ respond to nanoparticles used as contrast agents in magnetic resonance imaging (MRI). In 
Chapter 6, we revealed a cell death-inducing effect of ferumoxide and ferumoxtran, two iron 
oxide nanoparticles, on lipid-containing MΦ. This effect was absent in MΦ not containing 
excess lipids, demonstrating foam cells to respond to environmental stimuli differently and to 
be more susceptible to stressors. Interestingly, a newer formulation of nanoparticles, 
ferumoxytol, did not induce cell death in foam cell MΦ, which was neither attributable to 
particle coating nor particle size. 
 
MΦ respond to disease environment. In Chapter 7, we stimulated MΦ with serum of COVID-
19 patients at hospitalisation or at 3-month follow-up, or serum of healthy subjects. We 
showed that MΦ react to the systemic COVID-19 disease environment reflected in the serum 
by adapting their functions to a higher activation status. Moreover, COVID-19 serum-stimulated 
MΦ instructed fibroblasts, cells which contribute to the formation of connective tissue, to 
multiply. Based on functional differences in the uptake of particles and lipids by MΦ, and the 
production of collagen by fibroblasts, we could predict the need for patients to be admitted to 
the intensive care unit (ICU) and/or determine which patients would be suffering from 
respiratory failure. Certain functional changes were found to persist even at 3-month follow-
up, including increased particle uptake and cell death, and a more stretched appearance. 
 
In Chapter 8, we summarised the main findings presented in thesis and discussed their 
implications for future research, their limitations, and the potential for drug screening and 
therapeutic approaches. Altogether, the findings presented in this thesis suggest that MΦ 
function is not only determined by environmental stimuli encountered locally, but also by the 
systemic environment as well as monocytic origin and the growth factors driving monocyte-to-
MΦ differentiation. 
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Hart- en vaatziekten zijn wereldwijd de belangrijkste doodsoorzaak en wegen daarom zwaar op 
de volksgezondheid in landen van alle economische niveaus. De meest voorkomende oorzaak 
van hart- en vaatziekten is atherosclerose, een ontstekingsziekte die leidt tot de vorming van 
atherosclerotische plaque in de slagaderwand. Atherosclerotische plaques kunnen scheuren, 
waardoor zich bloedstolsels vormen die kunnen leiden tot een hartinfarct of een beroerte. 
Ontsteking speelt een belangrijke rol bij atherosclerose en ligt ten grondslag aan de 
ontwikkeling ervan. Een van de belangrijkste immuuncellen die bij de ontwikkeling van 
atherosclerose betrokken is, is de macrofaag (MΦ), die een breed repertoire van functies 
kunnen uitoefenen in reactie op lokale factoren. De karakterisering van de functie van deze 
cellen door middel van laboratoriumexperimenten is tot nu toe echter onvolledig: doorgaans 
keek men naar één enkele factor, in plaats van de gebruikelijke cocktail die MΦ in het levende 
lichaam tegenkomen. Daarenboven zijn functionele veranderingen over het hoofd gezien die 
al geïnduceerd kunnen zijn op het niveau van de MΦ voorlopercel, de monocyt, of tijdens de 
differentiatie van monocyt tot MΦ. In dit proefschrift onderzochten wij de MΦ functie en hoe 
deze wordt beïnvloed door monocytaire oorsprong, groeifactoren, en complexe (mengsels van) 
factoren in de (directe) omgeving van de cel. 
 
MΦ-functie kan deels een afspiegeling zijn van de set van functionele eigenschappen die hun 
monocytische voorlopers bezitten. In hoofdstuk 2 bespraken wij de diversiteit van monocyten 
die de gangbare driedelige classificatie overstijgt, gezien de recente technologische 
vooruitgang die het mogelijk heeft gemaakt om individuele cellen te bestuderen. Bovendien 
bespraken wij de associaties met hart- en vaatziekten, waarbij wij de sterkste associatie met 
één bepaald type monocyt identificeerden, de zogenaamde "intermediaire" monocyten. In 
hoofdstuk 3 bestudeerden wij de functionele kenmerken van MΦ afkomstig van drie bekende 
typen monocyten, namelijk "klassieke", "intermediaire" en "niet-klassieke" monocyten. Wij 
zagen duidelijke verschillen in celgrootte, vorm en functie tussen MΦ die afkomstig waren van 
deze drie monocytensoorten, waaruit blijkt dat de monocytensoort van belang is voor de MΦ-
functie. 
 
De MΦ-functie kan ook worden beïnvloed door de kweekdichtheid in 
laboratoriumexperimenten. In hoofdstuk 4 onderzochten wij de celdichtheid als modulator van 
de menselijke MΦ-functie. Wij constateerden een duidelijk effect van de kweekdichtheid op 
verschillende menselijke MΦ-functies, met behulp van twee verschillende soorten 
experimentele MΦ-modellen. Bovendien vonden wij bewijs voor groeipatroon-geassocieerde 
functionele aanpassingen in een van de modellen, namelijk THP-1 MΦ, en tonen wij 
aanzienlijke variabiliteit in de functionele eigenschappen van MΦ geïsoleerd van verschillende 
menselijke donoren. Gezien de bias die kan ontstaan door het negeren van verschillen in 
celdichtheid, tonen onze bevindingen aan dat rekening moet worden gehouden met verschillen 
in celdichtheid in MΦ-laboratoriumexperimenten.  
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MΦ-functie kan worden vastgesteld tijdens de differentiatie van monocyt naar MΦ. In 
hoofdstuk 5 gebruikten wij de groeifactoren M-CSF of GM-CSF om menselijke monocyten te 
differentiëren tot MΦ en bestudeerden wij hun differentiatietraject. Wij identificeerden 
veranderingen in functie en in gen expressie die wij in verband konden brengen met het 
differentiatietraject zelf of met de groeifactor. Wij vonden dat deze door de groeifactor 
geïnduceerde veranderingen vroeg in het differentiatieproces tot stand kwamen. Naast 
verschillen vonden wij ook gelijkaardige veranderingen met betrekking tot celgroei en 
differentiatie geïnduceerd door M-CSF of GM-CSF. Bovendien ontdekten we dat M-CSF de 
belangrijkste groeifactor is in atherosclerotische laesies. Plaque MΦ leken meer op M-CSF-
gegroeide MΦ dan op GM-CSF-gegroeide MΦ, vooral later in de ziekteontwikkeling. Bovendien 
spiegelden ook pas gerekruteerde inflammatoire MΦ en lipide bevattende MΦ (ook 
schuimcellen genoemd) het genprofiel van M-CSF-afgeleide MΦ. 
 
MΦ reageren op nanodeeltjes die worden gebruikt als contrastmiddel bij MRI. In hoofdstuk 6 
toonden we een celdood-inducerend effect aan van ferumoxide en ferumoxtran, twee 
ijzeroxide nanodeeltjes, op lipide-bevattende MΦ. Dit effect was afwezig in MΦ die geen 
overtollige lipiden bevatten, wat aantoont dat schuimcellen anders reageren op 
omgevingsstimuli en gevoeliger zijn voor stressoren. Interessant is dat een nieuwere 
formulering van nanodeeltjes, ferumoxytol, geen celdood induceerde in schuimcellen, hetgeen 
niet te wijten was aan de coating of de grootte van de deeltjes. 
 
MΦ reageren op de ziekteomgeving. In hoofdstuk 7 hebben wij MΦ gestimuleerd met serum 
van COVID-19-patiënten bij opname in het ziekenhuis of bij 3 maanden follow-up, of met serum 
van gezonde proefpersonen. Wij toonden aan dat de MΦ reageren op de systemische COVID-
19-ziekteomgeving die in het serum tot uiting komt, door hun functies aan te passen en actiever 
te worden. Bovendien vonden wij dat MΦ cellen die bijdragen tot de vorming van bindweefsel, 
fibroblasten genaamd, opdracht geven zich te vermenigvuldigen. Op basis van functionele 
verschillen in de opname van deeltjes en lipiden door MΦ, en de productie van collageen door 
fibroblasten, konden wij de noodzaak van opname op de IC en/of het risico op 
ademhalingsfalen voorspellen. Bepaalde functionele veranderingen bleken zelfs na 3 maanden 
follow-up te blijven bestaan, waaronder verhoogde deeltjesopname en celdood, en een meer 
uitgerekt uiterlijk. 
 
In hoofdstuk 8 vatten we de belangrijkste bevindingen van dit proefschrift samen en bespraken 
we de implicaties ervan voor toekomstig onderzoek, alsook de beperkingen en het potentieel 
voor het screenen van geneesmiddelen en therapeutische benaderingen. Al met al suggereren 
de bevindingen in dit proefschrift dat de MΦ-functie niet alleen wordt bepaald door 
omgevingsstimuli die zich lokaal voordoen, maar ook door de systemische omgeving, de 
monocytaire oorsprong en de groeifactoren die de monocyt-naar-MΦ-differentiatie aansturen. 
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Herz-Kreislauf-Erkrankungen sind weltweit die häufigste Todesursache und belasten daher die 
Volksgesundheit in Ländern aller Wirtschaftsniveaus schwer. Die häufigste Ursache von Herz-
Kreislauf-Erkrankungen ist Atherosklerose, eine entzündliche Erkrankung, die zur Bildung von 
atherosklerotischen Plaques in der Arterienwand führt. Atherosklerotische Plaques können 
reißen, wodurch sich Blutgerinnsel bilden, die zu einem Herzinfarkt oder Schlaganfall führen 
können. Entzündungen spielen bei der Atherosklerose eine wichtige Rolle und liegen ihrer 
Entstehung zugrunde. Eine der wichtigsten Immunzellen, die an der Entstehung von 
Atherosklerose beteiligt ist, ist der Makrophage (MΦ), der als Reaktion auf lokale Faktoren ein 
breites Repertoire an Funktionen ausüben kann. Die Charakterisierung der Funktionen von MΦ 
durch Laborexperimente ist bislang allerdings unvollständig: In den meisten Studien wurde 
bisher nur ein einziger Faktor anstelle einer Mischung aus Faktoren betrachtet, dem MΦ im 
lebenden Körper üblicherweise ausgesetzt sind. Darüber hinaus wurden funktionelle 
Veränderungen, die möglicherweise auf der Ebene der MΦ-Vorläuferzelle, dem Monozyten, 
oder während der Differenzierung von Monozyten zu MΦ ausgelöst wurden, nicht beachtet. In 
dieser Dissertation haben wir untersucht, wie die MΦ-Funktion durch den monozytären 
Ursprung, durch Wachstumsfaktoren sowie komplexe (Mischungen von) Faktoren in der 
(unmittelbaren) Umgebung der Zelle beeinflusst wird. 
 
Die MΦ-Funktion kann teilweise die funktionellen Eigenschaften ihrer monozytären Vorläufer 
widerspiegeln. In Kapitel 2 haben wir, unter Berücksichtigung der jüngsten technologischen 
Fortschritte bei der Untersuchung einzelner Zellen, die Vielfalt der Monozyten erörtert, die 
über die aktuell geltende Dreiteilung hinausgeht. Des Weiteren haben wir Assoziationen mit 
Herz-Kreislauf-Erkrankungen dargelegt, wobei die stärkste Assoziation mit einem bestimmten 
Monozytentyp, den so genannten "intermediären" Monozyten, festgestellt wurde. In Kapitel 3 
untersuchten wir die funktionellen Eigenschaften von MΦ, die von den drei geläufigen Typen 
von Monozyten, den "klassischen", "intermediären" und "nicht-klassischen" Monozyten, 
abstammen. Wir beobachteten deutliche Unterschiede in Zellgröße, -form und -funktion 
zwischen MΦ, die sich aus diesen drei Monozytentypen entwickelten, was die Bedeutung der 
Monozytenherkunft für die MΦ-Funktion zeigt. 
 
Die MΦ-Funktion kann auch durch die Zelldichte in Laborexperimenten beeinflusst werden. In 
Kapitel 4 haben wir die Zelldichte als Modulator der menschlichen MΦ-Funktion untersucht. 
Wir beobachteten eine tiefgreifende Auswirkung der Zelldichte auf eine Vielzahl menschlicher 
MΦ-Funktionen, wobei wir zwei verschiedene Arten von experimentellen MΦ-Modellen 
verwendeten. Darüber hinaus fanden wir Hinweise auf wachstumsmusterbedingte funktionelle 
Anpassungen in einem der Modelle, nämlich THP-1 MΦ, und zeigen eine erhebliche Variabilität 
in den funktionellen Merkmalen von MΦ, die von verschiedenen menschlichen Spendern 
isoliert wurden. Angesichts der Verzerrung, die durch die Nichtberücksichtigung von 
Unterschieden in der Zelldichte entstehen kann, zeigen unsere Ergebnisse, dass Unterschiede 
in der Zelldichte bei MΦ-Laborversuchen berücksichtigt werden müssen.  
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Die MΦ-Funktion kann während der Differenzierung von Monozyten zu MΦ entstehen. In 
Kapitel 5 verwendeten wir die Wachstumsfaktoren M-CSF oder GM-CSF, um menschliche 
Monozyten zu MΦ zu differenzieren und untersuchten den Differenzierungsverlauf. Wir 
stellten Veränderungen in der Funktion und den genetischen Informationen fest, die wir mit 
dem Differenzierungsprozess selbst oder dem jeweiligen Wachstumsfaktor in Verbindung 
bringen konnten. Zudem stellten wir fest, dass diese wachstumsfaktorinduzierten 
Veränderungen bereits früh im Differenzierungsprozess auftreten. Neben Unterschieden 
fanden wir auch ähnliche Veränderungen im Zusammenhang mit Zellwachstum und  
-differenzierung, die durch M-CSF oder GM-CSF ausgelöst wurden. Darüber hinaus entdeckten 
wir, dass M-CSF der wichtigste Wachstumsfaktor in atherosklerotischen Läsionen ist. Plaque-
MΦ ähnelten mehr den durch M-CSF differenzierten MΦ als den durch GM-CSF differenzierten 
MΦ, insbesondere im späteren Verlauf der Erkrankung. Außerdem spiegelten neu rekrutierte 
entzündliche MΦ und lipidhaltige MΦ (auch Schaumzellen genannt) das Genprofil von M-CSF-
differenzierten MΦ wider. 
 
MΦ reagieren auf Nanopartikel, die als Kontrastmittel in der Magnetresonanztomographie 
(MRT) verwendet werden. In Kapitel 6 zeigten wir eine zelltodauslösende Wirkung von 
Ferumoxid und Ferumoxtran, zwei Eisenoxid-Nanopartikeln, auf lipidhaltige MΦ. Dieser Effekt 
war bei MΦ, die keine überschüssigen Lipide enthielten, nicht vorhanden, was zeigt, dass 
Schaumzellen unterschiedlich auf Umweltreize reagieren und anfälliger für Stressfaktoren sind. 
Interessanterweise löste eine neuere Formulierung von Nanopartikeln, Ferumoxytol, keinen 
Zelltod in Schaumzellen-MΦ aus, was weder auf die Partikelbeschichtung noch auf die 
Partikelgröße zurückzuführen war. 
 
MΦ reagieren auf das Krankheitsumfeld. In Kapitel 7 stimulierten wir MΦ mit dem Serum von 
COVID-19-Patienten, das bei der Aufnahme ins Krankenhaus oder bei der dreimonatigen 
Nachbeobachtung abgenommen wurde, oder mit dem Serum gesunder Personen. Wir konnten 
zeigen, dass MΦ auf das systemische COVID-19-Krankheitsumfeld, das sich im Serum 
widerspiegelt, reagieren, indem sie ihre Funktionen an einen höheren Aktivierungsstatus 
anpassen. Darüber hinaus veranlassten COVID-19-serumstimulierte MΦ wiederum 
Fibroblasten, Zellen, die zur Bildung von Bindegewebe beitragen, sich zu vermehren. Anhand 
der funktionellen Unterschiede bei der Aufnahme von Partikeln und Lipiden durch MΦ und der 
Produktion von Kollagen durch Fibroblasten konnten wir vorhersagen, ob Patienten auf die 
Intensivstation eingewiesen werden mussten und/oder welche Patienten an Atemversagen 
leiden würden. Bestimmte funktionelle Veränderungen blieben auch nach drei Monaten 
bestehen, darunter eine erhöhte Partikelaufnahme und ein vermehrter Zelltod sowie ein 
gestreckteres Erscheinungsbild der MΦ. 
 
In Kapitel 8 fassten wir die wichtigsten Ergebnisse dieser Arbeit zusammen und erörterten ihre 
Bedeutung für die künftige Forschung, ihre Grenzen, und das Potenzial für Medikamenten-
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Screening und therapeutische Ansätze. Insgesamt deuten die in dieser Arbeit vorgestellten 
Ergebnisse darauf hin, dass die MΦ-Funktion nicht nur durch lokal auftretende Umweltreize 
bestimmt wird, sondern auch durch die systemische Umgebung sowie die monozytäre 
Herkunft und die Wachstumsfaktoren, die die Differenzierung von Monozyten zu MΦ 
vorantreiben. 
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Expanding the understanding of MΦ phenotype in CVD and beyond 

The studies presented in this thesis have added to our understanding of macrophage (MΦ) 
phenotype by demonstrating that the functional response of MΦ is not only influenced by 
environmental stimuli (Chapters 6 and 7) but also by their monocytic origin (Chapter 2 and 3) 
and by the growth factors which are driving monocyte-to-MΦ differentiation (Chapter 5). In 
this way, the findings in this thesis could eventually contribute to the development of novel 
therapeutic strategies employing targeted phenotypic modulation of MΦ. Unlike conventional 
approaches that target the complete MΦ pool or MΦ with a specific disease-related 
phenotype, such therapy would aim at interfering with a specific context or (systemic) 
environment to modulate MΦ function. Next to cardiovascular disease (CVD), such thorough 
understanding of MΦ phenotype and its regulation may also benefit flanking fields and 
accelerate the development of therapies for other diseases, as MΦ are implicated in a wide 
range of immune-driven diseases, including multiple sclerosis, rheumatoid arthritis, fibrosis, or 
cancer (1). Chapter 7 illustrates the relevance of this approach for immune-driven diseases by 
showing the prognosis-dependent differences in functional response of MΦ to the coronavirus 
disease 2019 (COVID-19) disease context. This thesis also illustrates the potential of the 
MacroScreen for assessing effects of novel leads on MΦ, as it represents a robust and cost-
effective platform that can streamline functional measurements by combining multiple 
functional assays in a high-throughput approach. Thus, we expect that the MacroScreen 
platform could also be used for immunotoxicity screening, and to facilitate the discovery of 
novel drugs and of new insights into MΦ function in the context of disease. 
 
A methodology makeover to combat MΦ mayhem 

Besides the pursuit of discovery and new theories based thereon, progress in science also relies 
on the verification, falsification or questioning, and if opportune, refinement of established 
concepts and models (2). While revisiting previous findings can lead to innovation, failure to 
replicate them may indicate that the model’s or concept’s robustness has been overestimated 
(3). The systematic approach to science, the “scientific method”, is challenged by the increasing 
failure and perpetual inability to independently reproduce previous findings, the so-called 
replication crisis (4, 5). Whereas general factors contributing to the replication crisis, such as 
the incomplete description of the methods used or the bias towards publishing positive results 
(6) apply to any scientific discipline, we have, in this thesis, pinpointed some pitfalls in 
methodologies and taxonomies commonly used in the monocyte/MΦ research field. Our study 
presented in Chapter 4 demonstrated that disregarding density could introduce bias as it is 
unclear whether observed effects are induced by the tested compound or treatment condition 
or are indirectly caused by effects on cell density. We have stressed the importance of density 
for MΦ function in vitro and argue for better awareness of cell density as a confounding factor 
in in vitro testing. Chapter 2 calls for an update of monocyte taxonomy, as our outline clearly 
shows that the current nomenclature inadequately captures monocyte heterogeneity, and is, 
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on top, inconsistently used in publications, which complicates the drawing of conclusions. 
Incorporating these findings into methodological considerations for future studies can help 
ensure their reproducibility. 
 
Sharing is caring: Disseminating scientific outcome 

Scientific progress is directly or indirectly enabled via financial support by the community, and 
requires the publication of research outcomes in academic journals to be available to other 
researchers and to ensure return of investment for society (7). Out of the 6 articles that 
comprise this thesis, 3 have been published in international, peer-reviewed journals, all of them 
open access. The RNA-sequencing (RNA-Seq) data we present in Chapter 5 will be made 
available to other researchers in the public database repository Gene Expression Omnibus 
(GEO). This will enable other scientists to use our data for verification, validation, and deeper 
analyses or meta-analyses. The findings of this thesis have also been presented at various 
national and international meetings, such as the 28th annual conference of the Scandinavian 
Society for Atherosclerosis Research (SSAR). 
 
Turning knowledge into benefit: Implications for therapeutic strategies 

Science also aims at bringing a benefit to society. In Chapter 6, we showed that the second-
generation superparamagnetic iron oxide nanoparticle ferumoxytol seems to be safe for 
application in patients with CVD, whereas ferumoxtran administration increased apoptosis in 
human atherosclerotic plaques, which can considerably affect disease progression. Despite that 
the manufacturing of ferumoxtran has been discontinued, several clinical studies are recruiting 
participants for trials on its use in prostate cancer, head and neck squamous cell carcinoma, 
and aortic dissection, which involves mostly elderly patients that will suffer from moderate to 
advanced atherosclerosis. Our results in Chapter 6 demonstrate that thorough safety testing 
regarding atherosclerosis progression and plaque destabilisation are necessary before 
ferumoxtran can be considered safe for use in these patients. In Chapter 5, our findings 
challenge the prevailing dogma of granulocyte-macrophage colony-stimulating factor (GM-CSF) 
as the driving growth factor of MΦ phenotype in chronic inflammation, as we found 
macrophage colony-stimulating factor (M-CSF) to be dominant in atherosclerotic plaque. This 
also raises concern about GM-CSF-targeted interventions, such as in cancer therapy or cancer 
vaccines (7), as a concealed side effect could be plaque destabilisation by an enhancement of 
the M-CSF-driven MΦ phenotype. In Chapter 7, we have investigated the functional response 
of MΦ to the COVID-19 systemic disease environment which may help the development of 
MΦ-based therapies for acute COVID-19. Moreover, we have found certain disease-associated 
stimuli reflected in serum to sustain even 3 months after hospitalisation which could potentially 
help understand the development of post-acute sequelae of COVID-19 (PASC), more commonly 
referred to as Long COVID. However, larger, independent cohort studies will be needed to 
confirm our findings and to draw firm conclusions. Moreover, we have found phagocytosis as 
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a predictor of the need to be transferred to the intensive care unit (ICU). As the overload of ICU 
posed a burden on society during the peaks of the pandemic, this finding could help better 
categorise patients. Although COVID-19 is likely to become endemic, our results keep its 
relevance because the course of disease may still be severe for patients at risk, and the 
emergence of new variants and/or a decline in herd immunity might again lead to infection of 
large populations. 
 
Conclusion 

In conclusion, the findings presented in this thesis have increased our understanding of the 
(functional) phenotype of MΦ, and its dependence on origin, differentiation trajectory, and 
local context (density, disease), which could facilitate the development of MΦ-targeted 
therapies for CVD, COVID-19, and other MΦ-driven diseases. Moreover, we have identified 
potential pitfalls for the reproducibility of studies using in vitro MΦ models and point out 
approaches for improvement. Lastly, the MacroScreen platform used in this thesis could be 
used to further characterise the functional phenotype of MΦ or other cell types and in other 
disease contexts in the future. 
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Ab Antibody 
ABTS 2,2’-azino-bis (3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt  
AC Atherosclerotic core 
ACE2 Angiotensin converting enzyme 2 
acLDL Acetylated low-density lipoprotein 
AHR Aryl hydrocarbon receptor  
AMI Acute myocardial infarction 
ApoE Apolipoprotein E 
ApoE-/- Apolipoprotein E-knockout 
ARDS Acute respiratory distress syndrome 
ASC Apoptosis-associated speck-like protein containing a CARD 
Bax BCL-2-associated X protein  
BCA Bicinchoninic acid  
BMDM Bone marrow-derived macrophages 
BSA Bovine serum albumin 
CAD Coronary artery disease 
CANTOS Canakinumab Anti-inflammatory Thrombosis Outcomes Study  
CCL Chemokine (C-C motif) ligand 
CCR Chemokine (C-C motif) receptor 
CD Cluster of differentiation 
CEA Carotid endarterectomy 
CIRT Cardiovascular Inflammation Reduction Trial 
CM Carboxymethyl 
cMo Classical monocytes 
cMΦ Macrophages derived of classical monocytes 
COLCOT Colchicine Cardiovascular Outcomes Trial 
CON Control 
COVID-19 Coronavirus disease 2019 
CRP C-reactive protein 
CSF Colony-stimulating factor 
CT Computed tomography 
CVD Cardiovascular disease 
CXCL Chemokine (C-X-C motif) ligand 
CXCR Chemokine (C-X-C motif) receptor 
CyTOF Cytometry by time-of-flight  
DAMPs Danger-associated molecular patterns  
DC Dendritic cell 
DEGs Differentially expressed genes 
Dh Hydrodynamic diameter 
DLCO Diffusion capacity of the lungs for carbon monoxide 
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DMEM Dulbecco's Modified Eagle Medium 
DMSO Dimethyl sulfoxide  
EC Endothelial cells 
ECM Extracellular matrix 
EDTA Ethylenediaminetetraacetic acid 
EdU 5’ethynyl-2’-deoxyuridine  
eGFR Estimated glomerular filtration rate 
ER Endoplasmic reticulum 
FACS Fluorescence-activated cell sorting  
FBS Foetal bovine serum 
FITC Fluorescein isothiocyanate  
FOV Field of view 
GEO Gene Expression Omnibus 
GGO Ground-glass opacities 
GLI Global Lung Function Initiative Network 
GM-CSF Granulocyte-macrophage colony-stimulating factor 
GO Gene Ontology 
GSEA Gene set enrichment analysis 
GSOA Gene set overrepresentation analysis 
GTC Guanidium isothiocyanate 
HC Healthy controls 
HCA High-content analysis 
HDL High-density lipoprotein 
HF Heart failure 
HLA Human leukocyte antigen 
HPRT Hypocanthine phospho-ribosyltransferase 
HSCs Haematopoietic stem cells 
hVLDL Human very-low-density lipoprotein 
ICP-AES Inductively coupled plasma atomic emission spectroscopy 
ICU Intensive care unit 
IFN Interferon 
Ig Immunoglobulin 
IL Interleukin 
iMΦ Macrophages from induced pluripotent stem cells 
iNOS Inducible nitric oxide synthase 
intMo Intermediate monocytes 
intMΦ Macrophages derived of intermediate monocytes 
iPSCs Induced pluripotent stem cells 
LDL Low-density lipoprotein 
LDLR Low-density lipoprotein receptor 
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LDLR-/- Low-density lipoprotein receptor-knockout 
LLN Lower limit of normal 
Lp(a) Lipoprotein (a)  
LPS Lipopolysaccharide 
LVEF Left ventricular ejection fraction 
MACE Massive analysis of complimentary DNA ends  
MAS Macrophage activation syndrome 
M-CSF Macrophage colony-stimulating factor 
MDM Monocyte-derived macrophages 
MGC Multinucleated giant cells 
MHC Major histocompatibility complex 
miR microRNA 
MMPs Matrix metalloproteinases 
MRI Magnetic resonance imaging 
MΦ Macrophage 
ncMo Non-classical monocytes 
ncMΦ Macrophages derived of non-classical monocytes 
NES Normalised enrichment scores 
NET Neutrophil extracellular traps  
NK Natural killer 
NLRP3 NLR family pyrin domain containing protein 3 
NO Nitric oxide 
oxLDL Oxidised low-density lipoprotein 
P/F-ratio pO2/FiO2-ratio 
PA Proximal adjacent 
PAMPs Pathogen-associated molecular patterns 
PASC Post-acute sequelae of COVID-19 
PBMCs Peripheral blood mononuclear cells 
PBS Phosphate-buffered saline 
PC Principal component 
PCA Principal component analysis 
PDCD4 Programmed cell death 4  
PDI Polydispersity index 
PET-CT Positron emission tomography-computed tomography 
PFA Paraformaldehyde 
PHAMOS Prospective Halle Monocyte Study  
PMA Phorbol 12-myristate 13-acetate  
PPARγ1 Peroxisome proliferator-activated receptor-γ1  
PRRs Pattern-recognition receptors 
PS Phosphatidylserine 
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RCT Randomised control trial 
RF Respiratory failure 
RMA Robust multichip average  
RNA-Seq RNA sequencing 
ROC Receiver operating characteristic 
ROS Reactive oxygen species 
RPMI Roswell Park Memorial Institute 
SARS-CoV-2 Severe acute respiratory syndrome coronavirus 2  
scRNA-Seq Single-cell RNA sequencing 
SD Standard deviation 
SEM Standard error of mean 
SHP-1 Src homology region 2 domain-containing phosphatase 1 
siRNA Small interfering RNA  
SIRPα Signal regulatory protein α 
slan 6-sulfo LacNAc  
SMC Smooth muscle cell 
SPIO Small superparamagnetic iron oxide nanoparticles 
SSAR Scandinavian Society for Atherosclerosis Research 
ssGSEA Single-sample gene set enrichment analysis 
STEMI ST-elevation myocardial infarction  
TCA Trichloroacetic acid 
TEAC Trolox equivalent antioxidant capacity 
TGF-β Transforming growth factor-beta 
TH T helper 
TLR Toll-like receptor 
TNF Tumour necrosis factor 
TOM Topological overlap matrix 
TRITC Tetramethyl rhodamine isothicyanate  
t-SNE t-Distributed Stochastic Neighbour Embedding  
UMAP Uniform manifold approximation and projection 
USPIO Small superparamagnetic iron oxide nanoparticles 
VCAN Versican 
VLDL Very-low-density lipoprotein 
VST Variance stabilising transformation  
WGCNA Weighted gene co-expression network analysis 
WTD Western-type diet 
XIAP X-linked inhibitor of apoptosis  
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