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INTRODUCTION
The adrenals and their hormones
The adrenal glands are endocrine organs that produce hormones important for both
homeostasis and stress responses. Located on top of the kidneys (as suggested by their name
(ad – renal)) they are composed of an outer cortex and inner medulla. The cortex is further
subdivided in three distinct zones which secrete three different classes of steroid hormones.
The outermost layer is the zona glomerulosa that produces the mineralocorticoids (most
importantly aldosterone), the middle zona fasciculata synthesizes glucocorticoids (i.e.
cortisol), and the innermost zone, the zona reticularis, secretes adrenal androgens. The
adrenal medulla produces a fourth class of hormones: the catecholamines 1.
Steroid hormones are all derived from the precursor cholesterol, which renders them water
insoluble and able to cross the phospholipid layers of cell membranes to target their
intracellular receptors 1. The mineralocorticoid aldosterone binds to the mineralocorticoid
receptor (MR), to exert its classical role in fluid and electrolyte homeostasis. Acting on the
MR of the cells in the distal tubules and collecting ducts of the nephron, it stimulates sodium
reabsorption and secondary fluid retention, thus increasing blood pressure. Since
reabsorption of the anion sodium increases the electronegativity of the lumen, the resulting
electrical gradient favors potassium excretion via the urine. Logically, low circulating volume
and hypokalemia are the main triggers for aldosterone production 1. Fluid depletion results
in reduced renal blood flow, activating juxtaglomerular cells in the kidney to convert inactive
prorenin to renin. In turn, circulating renin converts angiotensinogen, synthesized by the
liver, to angiotensin I which is subsequently converted to angiotensin II by the angiotensinconverting enzyme (ACE) produced mainly by vascular endothelial cells of the lungs. Last in
this cascade, angiotensin II stimulates aldosterone synthesis by the zona glomerulosa.
Together, this system is known as the renin-angiotensin-aldosterone system (RAAS).
Independently of the RAAS, potassium directly stimulates the cells of the zona glomerulosa
to modulate aldosterone secretion. The other two classes of steroid hormones control either
glucose metabolism and exert anti-inflammatory actions (glucocorticoids), or are converted
to functional sex hormones in the gonads and other target organs to promote sexual
development and reproductive actions (androgens). Both are mainly controlled by the action
of the hypothalamic-pituitary axis, consisting of a cascade of hormonal signals that
communicate between the brain and the adrenals 1.
The catecholamines, produced by the chromaffin cells of the adrenal medulla, are a very
different class of hormones. Their release is strongly intertwined with the actions of the
sympathetic nerve system that prepares the body for fight-or-flight reactions. Cells of the
adrenal medulla are directly innervated by the sympathetic nerve system and secrete
adrenaline, noradrenaline and small amounts of dopamine into the bloodstream in response
10
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to stimulation by sympathetic preganglionic neurons. Catecholamines are also produced by
the postganglionic nerve endings of the sympathetic nervous system 2. Whereas plasma
levels of adrenaline are mainly determined by adrenal release, and strongly rise upon
stressors such as pain and anxiety, levels of noradrenaline are largely determined by
networks of sympathetic nerves that enmesh blood vessels and are generally more stable.
Inherently, adrenaline, more than noradrenaline, behaves as a circulating hormone, whereas
noradrenaline mainly functions as a neurotransmitter in the central nervous system. Alike,
dopamine mainly acts as a neurotransmitter - although it also exerts some local paracrine
actions outside of the central nervous system 2.
Adrenal hormones in homeostasis and disease
Adrenal hormones are indispensable for human health. Their classical actions described
above maintain homeostasis. However, excessive production of adrenal hormones shifts the
balance from homeostasis to disease. In this thesis, we focus on pathology associated with
aldosterone and catecholamine excess. High circulating levels of aldosterone either result
from autonomous overproduction by the adrenals or reflect general overactivity of the RAAS.
The first is called primary aldosteronism (PA), the most prevalent form of secondary
hypertension, which is present in 5-10% of all hypertensive patients 3. The second, commonly
referred to as secondary hyperaldosteronism, is frequently present in cardiac and renal
failure. Likewise, catecholamine excess can reflect autonomous overproduction by pheochromocytomas (tumors that arise from the adrenal chromaffin cells) or paragangliomas 4.
Alternatively, pain or stress stimulate central activation of the sympathetic nerve system,
with rises in local and circulating catecholamine levels 5.
Interestingly, in recent years it became apparent that both supraphysiological levels of
aldosterone 6, as well as high concentrations of catecholamines 7, are associated with an
increased risk of cardiovascular disease (CVD) such as stroke and myocardial infarction. Both
aldosterone as well as adrenaline and noradrenaline have the ability to induce hypertension,
a known risk factor for CVD. However, comparisons between patients with hypertension due
to aldosterone and catecholamine excess and patients with essential hypertension with
comparable blood pressure levels, revealed an additional blood pressure-independent
increase in CVD events in these conditions. This led to the hypothesis that aldosterone and
catecholamines exert non-classical actions that add to the risk to develop CVD. For
aldosterone, this hypothesis is further strengthened by the observation that
mineralocorticoid receptor antagonism reduces mortality more than would have been
expected by the effect of blood pressure reduction alone 8, 9.
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Cardiovascular disease: the number one global health problem
CVD is the leading cause of disability-adjusted life years and deaths worldwide 10. Currently,
it accounts for approximately one third of all deaths globally, with CVD-related morbidity
having increased with over 10% in the last decade. This increase is largely driven by
population growth, aging populations and Westernisation of lifestyle in low- and middleincome countries. CVD is one of the four major non-communicable diseases (NCDs), which
further consist of cancer, diabetes mellitus and chronic respiratory disease. In 2013, the
World Health Organization launched the ‘25×25 Global Action Plan’, an ambitious road map
to globally reduce NCD-related premature mortality by 25% by 2025. Of the noncommunicable diseases, CVD-related mortality is considered the most amenable to rapid
change, which suggests that if the challenging target is to be reached, it will be necessary to
reduce CVD deaths by over 25% 10. This international commitment impacts on the clinical
field of vascular medicine, where preventive approaches are increasingly instigated and
strategies to identify common risk factors and vulnerable populations refined. Moreover, the
impetus to further delineate the pathophysiological mechanisms driving CVD to identify
novel targets for personalized therapies is high. This thesis contains a series of translational
studies which aim to add to this knowledge.
Atherosclerosis at the crossroads of cholesterol and immunity
The majority of cardiovascular mortality is caused by ischemic heart disease (i.e., myocardial
infarction), and cerebrovascular disease (i.e., stroke), conditions that are driven by
atherosclerosis 10. Atherosclerosis is the build-up of plaque inside the arterial wall. It causes
symptoms either through narrowing of the arterial lumen, reducing blood flow to vital
organs, or by inciting thrombus formation in the case of plaque rupture or erosion which
exposes highly thrombogenic core material of the atherosclerotic plaque to circulating blood
cells 11. Where it was long thought that atherosclerotic plaques were merely composed of
cholesterol, novel insights into atherogenesis revealed that cells of the immune system are
important plaque components and that atherosclerosis is best seen as a low-grade
inflammatory disorder. Innate immune cells, including monocytes and macro-phages, are
protagonists in atherogenesis, and within atherosclerotic plaques, macrophages are the
most abundant immune cells. Following the activation of endothelial cells in a proatherosclerotic environment, circulating monocytes adhere to activated endothelial cells and
migrate into the intima of the vessel wall. Here, they accelerate plaque maturation by
differentiating into macrophages that engulf oxidated lipid particles to form foam cells 12. In
addition, they secrete cytokines and chemokines to fuel further arterial wall inflammation.
The pivotal role of the innate immune system in the pathogenesis of atherosclerosis is
illustrated by the fact that preventing influx of monocytes into the arterial wall in animal
models largely prevents atherosclerotic plaque formation 13 and progression 14. Moreover,
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monocytes and macrophages can influence plaque vulnerability by the secretion of matrix
metalloproteases, and by contributing to growth of a necrotic core through foam cell
apoptosis and necrosis 15.
Intriguingly, both the MR as well as the target receptors for noradrenaline and adrenaline
(the α- and β-adrenoreceptors) are present on cells of the innate immune system, and
appreciation of their potential to shape immune cell function has evolved over the last
decade. Preclinical data suggest a role for the monocyte and macrophage MR in all stages of
atherosclerosis, from the initiation of the atherosclerotic plaque to its maturation and
rupture 16, and this receptor could therefore be a promising novel target for antiatherosclerotic therapy. In line, increased catecholamine levels in the bone marrow have
been shown to impact on peripheral blood cell composition. Here, β-adrenergic receptor
signaling reduces the expression of hematopoietic stem cell (HSC) retaining factors in bone
marrow stromal cells and subsequently causes hematopoietic stem cell mobilization,
promoting a preponderance of inflammatory leukocytes (monocytes and neutrophils) and
accelerating atherosclerosis in murine models 5. However, the reported effects of
catecholamines on innate immune cells are inconsistent 17, and human data are lacking.
Studying human atherosclerosis in vivo
Since atherosclerosis is a dynamic process, in which plaque presence, the extent of luminal
narrowing, as well as the inflammatory activity of the atherosclerotic plaque importantly
determine the outcome for the individual patient, it has proven difficult to find an imaging
tool that can equally reflect on all of these parameters. Histological data from aortic and
carotid plaques importantly inform on plaque thickness, inflammatory cell abundance and
instable plaque phenotypes. However, while they are widely available in murine studies,
histology from vital arteries cannot be obtained from asymptomatic human subjects.
Ultrasound can rapidly visualize plaque presence and its functional effects on blood flow, but
does not inform on plaque composition or inflammatory activity of the atherosclerotic site.
Conventional CT and MRI scanning provide better spatial resolution and more detailed
information on plaque composition, but again fail to provide information on local low-grade
arterial inflammation and early plaque development 18. To better detect arterial wall
inflammation that characterizes subclinical atherosclerosis and contributes to plaque
destabilization, 2’-deoxy-2’-(18F)fluoro-D-glucose positron emission tomography with
computed tomography (18F-FDG PET/CT) imaging has emerged as an important novel
imaging modality in recent years 18. 18F-FDG uptake in the arterial wall reflects local
inflammation, correlates with high-risk plaque features on CT and MRI, and is related to
macrophage number and activation in atherosclerotic plaques in histological studies 19. In
this thesis, we use 18F-FDG PET/CT as imaging modality of choice to reflect on the
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inflammatory pathogenesis of atherosclerosis in chapter 5, and carotid ultrasound to detect
plaque presence in chapter 6.
The innate immune system remembers the past
Although the importance of the (innate) immune system in all stages of atherosclerosis is
well established 12, 20, it remains difficult to explain the non-resolving nature of the
inflammation driving the progression and rupture of the atherosclerotic plaque. Human
monocytes have recently been shown to build an immunological memory upon stimulation
with microbial products by a process termed ‘trained immunity’ 21. This concept has been
extended to endogenous, sterile compounds related to atherosclerosis such as oxidized lowdensity lipoprotein (oxLDL) 22 and lipoprotein(a) 23, and confirmed in vivo in a murine model
of Western type diet-induced trained immunity 24. After a brief exposure to training stimuli,
monocytes and monocyte-derived macrophages exhibit a long-term pro-inflammatory and
pro-atherogenic phenotype with an enhanced cytokine production capacity 21. Since the
monocyte-derived macrophage is the most abundant and important innate immune cell in
atherogenesis 13, 14, 20, trained immunity has been implicated in the low-grade, long-term
inflammation that is characteristic of atherosclerosis 25, 26.
The phenotypical changes that occur in trained immunity are orchestrated via profound
changes in the intracellular metabolism, which are strongly associated with epigenetic
modifications 27. Different macrophage phenotypes are characterized by distinct metabolic
routes for energy generation 28, and similarly distinct inducers of training activate different,
although partly overlapping, immunometabolic routes 29. In addition to enhanced glycolysis
30
, induction of oxidative phosphorylation accompanies the development of a trained
macrophage 31. Moreover, induction of cholesterol and fatty acid synthesis pathways, among
others, are associated with the classically trained cell, although not all of these pathways are
indispensable in the process of training 32. Changes in histone modifications modulate the
transcription of metabolic and inflammatory genes. In particular, enrichment of H3 histones
trimethylated at lysine 4 (H3K4me3) at regulatory promoters has been shown to underlie
many of the transcriptional and functional changes in trained immunity, both in vitro and in
vivo 30, 31.
Studying trained immunity in vitro and in vivo
Interestingly, trained immunity can be detected in innate immune cells over a longer period
than their lifespan in the peripheral blood stream. The Bacillus Calmette-Guérin (BCG)
vaccination against tuberculosis protects infants from various unrelated infectious diseases
years after the initial administration, which is one of the earliest observations that led to the
discovery of trained immunity 33, 34. This longevity of the trained immunity effect been
confirmed by many in vivo trained immunity models 21. Unsurprisingly, this has led to the
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hypothesis that trained immunity not only affects circulating monocytes, but is also able to
reprogram progenitor cells in the bone marrow, giving rise to a long-lasting outflow of
trained, pro-inflammatory, innate immune cells. This hypothesis has recently been proven
for both training with infectious 35 as well as non-infectious stimuli 24.
Several hallmarks of trained immunity can be investigated in vivo, and are referred to in this
thesis. On the level of the bone marrow, there is induction of myelopoiesis over
lymphopoiesis, resulting in a relative preponderance of neutrophils and monocytes. Ex vivo,
these innate immune cells are characterized by heightened pro-inflammatory responses
upon stimulation. This is fueled by metabolic changes as described above, that classically
involve enhanced glycolysis and upregulation of cholesterol metabolism. In vitro, trained
immunity can be investigated through a well-established model 36. The in vitro training
experiments described in this thesis make use of this protocol. Here, monocytes are isolated
from the peripheral blood and exposed to a training stimulus or vehicle control for 24 hours.
After 24 hours, the stimulus is washed away, and the monocytes are let to rest to
differentiate to macrophages during 5 consecutive days. On day 6 of the protocol, cells are
restimulated with various stimuli. In our experiments, we used Toll-like receptor (TLR) 2 and
4 agonists, since these pattern recognition receptors have endogenous ligands that were
previously shown relevant in the process of atherogenesis 37. On day 7, cytokine production
capacity reflects the strength of induction of trained immunity.

AIM AND OUTLINE OF THIS THESIS
The aim of this thesis was to study the immunomodulatory effect of aldosterone and the
catecholamines noradrenaline and adrenaline on the innate immune system in order to
address the hypothesis that these adrenal hormones promote inflammatory changes that
could contribute to atherosclerosis. In particular, we study whether these endogenous
hormones are able to induce trained immunity. To this end, we first summarize the current
understanding of the mechanisms underlying the induction of trained immunity in cells of
the innate immune system in chapter 2.
The rest of this thesis can be divided in two parts. The first part focuses on the effect of
aldosterone on inflammation, and in particular on myeloid cell function. In chapter 3, we
provide a state-of-the-art overview on the effect of mineralocorticoid receptor agonism and
antagonism on innate immune cells and atherosclerotic plaque formation. The large majority
of the studies reviewed in this chapter consist of preclinical data investigating
mineralocorticoid receptor-induced immunomodulation in murine models. We therefore
conclude that there is an important lack of human data investigating the in vitro and in vivo
effects of aldosterone on innate immune cell function and atherosclerosis. Following this
observation we study the capacity of aldosterone to induce an immunological memory in
monocytes in chapter 4, using the well-established trained immunity in vitro protocol
15
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described in the introduction of this thesis. Since the inflammatory phenotype of immune
cells is highly dependent on - as well as reflected by - shifts in cellular metabolism, we explore
the metabolic changes that are associated with aldosterone-induced training. Last, we
investigate whether these metabolic changes associate with the expression of
transcriptionally-permissive histone modifications on the chromatin of aldosterone-trained
monocyte-derived macrophages, as has been described for other inducers of trained
immunity. In chapter 5, we aim to translate both the observation that aldosterone induces
inflammatory changes in the vascular wall – as was shown in the preclinical work summarized
in chapter 2, as well as our findings from chapter 4 to the in vivo situation of patients with
supranormal aldosterone levels. Using a cohort of patients with PA and blood pressure-, ageand sex-matched controls with essential hypertension (EHT), we first establish whether these
patients have more arterial wall inflammation – indicative of preclinical atherosclerosis.
Second, we study the immune cell populations and inflammatory profile of the circulating
monocytes of these patients and their controls, to investigate whether trained immunityassociated changes can be confirmed in the in vivo situation of hyperaldosteronism.
In chapter 6, the last chapter of part one of this thesis, we take a new perspective on
aldosterone and its impact on CVD. Here, we not only study immunological changes
associated with circulating aldosterone concentrations, but broaden our investigation to also
include other CVD promoting vasculometabolic disruptions that could be modulated by
aldosterone. Importantly, we study a subset of patients in which high circulating aldosterone
levels are often observed together with other metabolic derangements: the obese. Using the
300-OB cohort, a cohort of over 300 well-characterized overweight and obese individuals,
we associate aldosterone levels with various inflammatory parameters, traits of the
metabolic syndrome, lipidome and metabolome parameters, fat distribution parameters,
and carotid atherosclerosis. Additionally, we measure renin concentrations, to investigate if
the observed effects reflect general activation of the renin-angiotensin-aldosterone system,
or are mediated by aldosterone alone.
Part two of this thesis is aimed at delineating the immunomodulatory effects of the
catecholamines adrenaline and noradrenaline. In chapter 7, we present a bench-to-bedside
study, and presuppose that transient catecholamine peaks can induce trained immunity in
humans. To prove this hypothesis, we first establish the potential of catecholamines to
induce trained immunity and its associated immunometabolic changes in vitro. Next, we
study the inflammatory profile, and in particular the functional and transcriptional monocyte
phenotype of patients with pheochromocytoma or paraganglioma, conditions characterized
by paroxysmal catecholamine excess.
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Finally, we summarize the presented studies in chapter 8, and conclude with a discussion of
the insights obtained in this thesis, with an important focus on the potential implications of
our work for future research and patient care.
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EPIGENETICS AND TRAINED IMMUNITY

ABSTRACT
Significance: A growing body of clinical and experimental evidence has challenged the
traditional understanding that only the adaptive immune system can mount immunological
memory. Recent findings describe the adaptive characteristics of the innate immune system,
underscored by its ability to remember antecedent foreign encounters and respond in a
nonspecific sensitized manner to reinfection. This has been termed trained innate immunity.
Although beneficial in the context of recurrent infections, this might actually contribute to
chronic immune-mediated diseases, such as atherosclerosis.
Recent Advances: In line with its proposed role in sustaining cellular memories, epigenetic
reprogramming has emerged as a critical determinant of trained immunity. Recent
technological and computational advances that improve unbiased acquisition of epigenomic
profiles have significantly enhanced our appreciation for the complexities of chromatin
architecture in the contexts of diverse immunological challenges.
Critical Issues: Key to resolving the distinct chromatin signatures of innate immune memory
is a comprehensive understanding of the precise physiological targets of regulatory proteins
that recognize, deposit, and remove chemical modifications from chromatin as well as other
gene regulating factors. Drawing from a rapidly expanding compendium of experimental and
clinical studies, this review details a current perspective of the epigenetic pathways that
support the adapted phenotypes of monocytes and macrophages.
Future Directions: We explore future strategies that are aimed at exploiting the mechanism
of trained immunity to improve the prevention and treatment of infections and immunemediated chronic disorders.

INTRODUCTION
Innate immunity is the first in line and one of the most important components of host
defense. Recently, a paradigm shift has occurred through the discovery of memory
properties in innate immune cells 1, 2. In contrast to adaptive immune responses, the innate
immune system has traditionally been viewed as primitive and generic, lacking the ability to
differentiate individual species of pathogen or the quantity of encounters. However, an
unequivocal body of clinical and experimental evidence now argues for a shift in our
understanding of the innate immune system 2, underscored by its capacity to confer broad
immunological protection. Innate immune cells, such as monocytes/macrophages and
natural killer cells (NK-cells), can recollect a previous foreign encounter and therefore mount
immunological memory. This biological process of innate immune memory has been called
trained immunity 3, and is illustrated by the observation that stimulation of innate immune
cells with a pathogen augments the subsequent immune response to similar or unrelated
immunological stimuli 1, 4. The enhanced immune response is associated with a profound
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change in the intracellular metabolism and epigenetic regulation at the level of histone
modifications 5, 6.
Besides the primary function of the innate immune system to mediate first-line host defense
against a broad spectrum of pathogens and to regulate tissue homeostasis, recent studies
have argued that functional reprogramming of innate immune cells may also play an
important role in immune-mediated diseases 7-9. Monocytes and macrophages are involved
in the pathogenesis of many highly prevalent chronic disorders, including insulin resistance
(in obesity as well as diabetes mellitus), tumor growth, and autoimmune or autoinflammatory diseases such as rheumatoid arthritis and inflammatory bowel disease.
Furthermore, innate immune cells play a central role in the development of atherosclerosis,
a chronic low-grade inflammatory condition of the vessel wall, with macrophages being the
most abundant immune cells in the atherosclerotic lesion that regulate plaque progression
and stability 10, 11. The involvement of innate immune cells in atherosclerosis, as well as in
other immune-mediated diseases, illustrates the pivotal role of the innate immune system in
common inflammatory disorders with a high medical and economic burden.
To exploit the concept of trained immunity to improve vaccination strategies or prevent
atherosclerosis and other chronic inflammatory diseases, it is crucial to unravel the
underlying mechanism. This review provides a comprehensive state-of-the-art framework on
the intracellular events that coordinate trained immunity, namely intracellular metabolism
and epigenetic rewiring of gene transcription. Understanding the specific immunometabolic
pathways and epigenetic signatures of innate immune memory is crucial for the
development of novel therapeutic approaches for infectious and chronic inflammatory
diseases.

MEMORIES ARE NOT JUST ABOUT THE PAST
Unlike acquired immunity, which primes the adaptive immune system for an enhanced
response to subsequent encounters with the same pathogen, innate immune memory
instructs an altered future response that is nonspecific. Nonspecific immunological memory
has long been known to occur in plants 12 and invertebrate animals 13-15, both of which lack
an adaptive immune system, suggesting an ancient biological process 16. The first indication
of the potential importance of this phenomenon for vertebrate host defense came from the
broad protection conferred against unrelated diseases by pioneering vaccination programs.
As early as the 1930’s, Bacillus Calmette-Guérin (BCG), one of the world’s most administered
vaccines against Mycobacterium tuberculosis, was found to greatly improve the survival of
infants beyond the tuberculosis mortality burden 17-22. The nonspecific beneficial effects of
BCG vaccination were further demonstrated by randomized clinical trials reporting reduced
mortality from various infections in low-birth-weight children in Africa 23, 24. Perhaps the most
striking example in humans supporting a nonspecific training of the immune system was a
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series of studies revealing a heightened ex vivo immune response to the fungal pathogen
Candida albicans in human volunteers recently vaccinated with BCG 4, consistent with
previous reports of BCG-mediated protection against disseminated candidiasis in experimental animals 25, 26. The enhanced immune response was detected not only for the
lymphocyte-derived IFN-γ, but also for monocyte-derived TNF-α and IL-6. Furthermore, the
heterologous protection conferred by BCG training was replicated in mice with known
deficiencies in adaptive immune responses 4.
Appreciation for the importance of innate immune memory has since expanded beyond
vaccines to include various microbe-associated molecular patterns (MAMPs). For example,
protection against lethal C. albicans infection in mice by prior administration of a nonlethal
dose is dependent on the enhanced proinflammatory and microbicidal function of trained
monocytes and macrophages 1. Similar effects are observed for human primary monocytes
trained in vitro with the C. albicans cell wall component β-1,3-(D)-glucan (β-glucan), which
show an enhanced secondary response to stimulation with various Toll-like receptor (TLR)
agonists such as the bacterial lipoprotein Pam(3)CSK4 (TLR2) and lipopolysaccharide (LPS)
endotoxin (TLR4). This in vitro model 27 exemplifies the main properties of trained immunity:
infection with one pathogen augments the subsequent immune response to unrelated
immunological stimuli. In striking contrast, primary stimulation by a high dose of LPS has been
long known to induce a persistent refractory state with reduced capacity to respond to
restimulation by a process called LPS-induced tolerance 28. Conceptually also a form of innate
immune memory, inappropriately activated immune tolerance is responsible for the
immunoparalysis induced by Gram-negative sepsis 29, 30. The adapted phenotypes induced in
vitro are highly reproducible across cells prepared from unrelated donors and indicative of a
specific program of cell differentiation 6. The distinct and opposing functional programs of
training and tolerance provide a useful contrast for understanding the extremes of a
spectrum of adaptive characteristics that can be acquired by the innate immune system in
response to diverse immunological challenges (Figure 1).

TRAINED IMMUNITY IS A DOUBLE-EDGED SWORD
Despite its benefits in the context of infections, long-term activation of the innate immune
system may play a maladaptive role in the pathogenesis of chronic inflammatory diseases 31.
One example of such a disease is atherosclerosis, the result of a chronic, low-grade vascular
inflammation in which the immune system plays a central role. A complex interplay between
endothelial cells, smooth muscle cells and circulating immune cells creates a
proinflammatory microenvironment in the vascular wall supporting the formation of an
atherosclerotic plaque 32. In this process, the most abundant inflammatory cells are monocytes and macrophages. By migrating into the vessel wall, monocytes determine early plaque
development, and following differentiation into macrophages they ingest lipid particles to
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become foam cells 31. Moreover, local damage associated molecular patterns such as
modified LDL particles and proteoglycans stimulate membrane bound receptors such as TLR2
and TLR4 33. The subsequent secretion of proinflammatory cytokines and chemokines further
fuels the proinflammatory environment associated with the development, progression, and
(in)stability of atherosclerotic plaques 31.
FIGURE 1.

Innate immune memory
underlies a spectrum of adaptive
characteristics that are acquired in
response to diverse immunological
challenges.
Monocyte (Mo) memories of past
encounters with microbial and
nonmicrobial products can elicit vastly
different responses to future
exposures upon differentiation to
macrophages (Mϕ). Trained immunity, induced by Bacillus Calmette–
Guérin (BCG), β-glucan, or oxidized
low-density lipoprotein (oxLDL),
defines an immunological memory
that calibrates an enhanced nonspecific response to subsequent infections by enhancing the inflammatory and antimicrobial properties of innate
immune cells. In contrast, primary stimulation with lipopolysaccharide (LPS) induces a persistent refractory state
known as tolerance, with markedly reduced capacity to respond to restimulation. BCG, Bacillus Calmette–Guérin;
LPS, lipopolysaccharide; oxLDL, oxidized low-density lipoprotein.

Training of human primary monocytes with MAMPs induces a marked elevation in the
production of proinflammatory cytokines and chemokines that are strongly implicated in the
development and progression of atherosclerotic plaques 9. Vaccination with BCG accelerates
atherosclerosis in rabbits fed a cholesterol-rich diet 34. In contrast, other studies have
reported a protective effect in atherosclerosis-prone mice 35, 36, which might be due to its
cholesterol-lowering action. Perhaps most compelling are recent observations that
nonmicrobial products, including lipoproteins that are known drivers of cardiovascular
disease, can also induce trained immunity (Table 1). In vitro stimulation of human primary
monocytes with a low concentration of oxidized low-density lipoprotein (oxLDL) programs a
sustained atherogenic macrophage phenotype characterized by elevated expression of CD36
and SR-A scavenger receptors leading to enhanced foam cell formation, as well as amplified
proinflammatory cytokine production and matrix metalloprotease expression 7. Similarly,
brief exposure to lipoprotein(a) induces a proinflammatory phenotype in monocytes
restimulated in vitro 8. Indeed, circulating monocytes isolated from patients with
symptomatic atherosclerosis exhibit a proinflammatory phenotype compared with cells
isolated from healthy controls 37. This effect was also observed in patients with an increased
cardiovascular risk due to elevated circulating levels of lipoprotein(a) 8.
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These findings convey the concept that trained immunity is a biological process with broad
implications for cardiovascular disease 31. Such a model implies that monocytes are
stimulated by environmental signals in the circulation that could induce epigenetic
reprogramming, thereby increasing their responsiveness to secondary stimulation, for
instance within the arterial wall or atherosclerotic plaque. The ability for macrophages to
adopt unique properties as a function of their microenvironment raises important
considerations for macrophage populations in atherosclerotic lesions that are hypoxic, as
well as rupture-prone versus stable plaques. Furthermore, accelerated atherosclerosis
remains the principal cause of morbidity and premature mortality in patients with diabetes
mellitus 38, and a role for trained immunity in diabetic versus normoglycemic environments
warrants exploration 9, 31. Several other factors associated with metabolic disease such as
free fatty acids, uric acid, and advanced glycation end-products elicit inflammatory responses
in monocytes via pattern recognition receptor stimulation, raising the unexplored possibility
that they too could induce functional reprogramming and innate immune memory in the
context of cardiovascular complications 9, 39.

CELLULAR METABOLISM DETERMINES THE PHENOTYPE OF INNATE
IMMUNE CELLS
The extensive range of physiological macrophage functions in host defense and maintenance
of tissue homeostasis necessitates a broad spectrum of precisely regulated states of
macrophage activation. Although it has long been appreciated that changes in oxygen and
glucose consumption accommodate the metabolic requirements of activated macrophages,
the importance of intracellular metabolism for shaping the immune response has only
recently emerged 40. Moreover, engagement of distinct metabolic pathways not only follows
energy requirements but also distinguishes and supports discrete macrophage phenotypes.
This metabolic reprogramming is best exemplified by the polarization of classically activated
(M1 or M[IFNγ]) and alternatively activated (M2 or M[IL-4]) macrophages. Paralleling their
respective pro- and anti-inflammatory phenotypes, these subtypes are characterized by
distinct arginine metabolism as well as differences in fatty acid synthesis and usage (recently
reviewed by Van den Bossche et al. 41). Although glycolytic metabolism is upregulated across
both polarized states, activation of the pentose phosphate pathway (PPP) is only observed in
classically activated macrophages, where it supports inflammatory responses by generating
amino acids for protein synthesis, nucleotides for proliferation, as well as NADPH for the
production of reactive oxygen species necessary for phagocytic killing 40.
Although energetically less efficient than mitochondrial oxidative phosphorylation (OXPHOS),
the relatively rapid expandability of glycolysis allows faster production of ATP in order to
meet cellular requirements 40, 50 . In alternatively activated macrophages these biochemical
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TABLE 1. Inducers of innate immune memory in monocytes
Primary stimulus
Bacillus Calmette–
Guérin (BCG)

Type of immune
response
Trained immunity

Cellular metabolism
in trained cells
↑Aerobic glycolysis
↑oxidative
phosphorylation
↑glutamine metabolism

References

Cheng et al., (2014) Science
345:1250684 43
Saeed et al., (2014) Science
345:1251086 6
Arts et al., (2016) Cell Metab
24: 807-819 44
Bekkering et al., (2014) ATVB
34:1731-8 7
Van der Valk et al., (2016)
Circulation 134:611-24 8
Arts et al., (2016) Cell Metab
24: 807-819 44

Candida albicans

Trained immunity

Saccharomyces
cerevisiae via fungal
chitin
β-1,3-(D)-glucan

Trained immunity

Trained immunity

↑ Aerobic glycolysis
↓oxidative
phosphorylation

Oxidized low-density
lipoprotein (oxLDL)
Lipoprotein(a)

Trained immunity

↑ Glycolysis

Fumarate

Trained immunity

TLR-agonists
TLR 4: LPS

TLR 2: Pam3CSK4
TLR 3: Poly(I:C)
TLR 5: flagellin
Cytosolic receptors
NOD2 (muramyl
dipeptide, MDP)
NOD1 (l-Ala-γ-d-GlumDAP, Tri-DAP)
Cytokines/chemokines
GM-CSF, IL-3
IFN-y

Trained immunity

Trained immunity/
tolerance
Immunotolerance
Trained immunity/
tolerance
Trained immunity
/tolerance
Trained immunity

Kleinnijenhuis et al., (2012)
PNAS 109:17537-17542 4
Arts et al., (2016) Cell Rep
17:2562-2571 5
Quintin et al., (2012) Cell Host
Microbe 12: 223-232 1
Rizzetto et al., (2016) J Biol
Chem 291:7961-72 42

Novakovic et al., (2016) Cell
167:1354-1368 45
Foster et al., (2007) Nature
447: 972-978 28
Ifrim et al., (2014) Clin Vaccine
Immunol 21: 534-545 46
Lachmandas et al., (2016) Nat
Immunol 2:16246 47
Ifrim et al., (2014) Clin Vaccine
Immunol 21: 534-545 46

Trained immunity

Trained immunity

Borriello et al., (2017) Front
Immunol 7:680 48

Immune priming

Hoeksema et al., (2015) J
Immunol 194:3909-3916 49
BCG, Bacillus Calmette–Guérin; LPS, lipopolysaccharide; oxLDL, oxidized low-density lipoprotein; TLR, Toll-like
receptor.
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processes remain coupled: enhanced glycolytic generation of pyruvate fuels the tricarboxylic
acid (TCA) cycle and parallels the induction of OXPHOS 51. This contrasts sharply with
inflammatory macrophages, which are characterized by impaired OXPHOS and anabolic
repurposing of the TCA cycle 40, 41. This metabolic shift is comparable to the Warburg effect
characteristic of cancer metabolism that amends tumor cells to hypoxic environments by
upregulating glycolytic gene expression via the hypoxia-inducible factor 1 alpha (HIF1α)
transcription factor 52, 53. Furthermore, instead of feeding into the TCA cycle to ultimately fuel
OXPHOS, pyruvate is fermented to lactate by HIF1α-dependent pathways. A similar process
drives the glycolytic switch in inflammatory macrophages despite the availability of oxygen
40, 51
.
Cellular metabolism orchestrates innate immune memory
A metabolic switch comparable to that of classically activated macrophages underlies the
adapted phenotype induced by β-glucan training. Stimulation of human monocytes with βglucan induces glycolysis paralleling elevated glucose consumption and increased pyruvate
to lactate conversion 43. Moreover, markedly reduced oxygen consumption in β-glucantrained macrophages indicates a concomitant reduction in OXPHOS 43. Recent studies
reported long-term upregulation of glycolytic rate-limiting enzymes in circulating monocytes
from individuals vaccinated with BCG and demonstrated that genetic variation in hexokinase
2 and phosphofructokinase modulates induction of trained immunity 5. Contrasting the
classical Warburg switch induced by β-glucan, the immunometabolic profile of BCG training
is characterized not only by increased glycolysis and lactate production, but also by
augmented oxygen consumption 5. However, inhibition of the electronic transport chain did
not alter the reprogramming of macrophages in BCG-training, demonstrating the secondary
role of OXPHOS in development of the adapted phenotype 5. By contrast, inhibition of
glycolysis with 2-deoxyglucose abrogated BCG training. Furthermore, inhibition of the
Akt/mTOR/HIF1α pathway at several stages abolished training by β-glucan and BCG in vitro
as well as experimental animals 5, 43. Emphasizing the relevance of this pathway in humans,
administration of the antidiabetic drug and indirect mTOR inhibitor metformin decreased the
ability for circulating monocytes to mount a trained response ex vivo to β-glucan exposure in
healthy individuals 44. Interestingly, the PPP was also found to be upregulated in β-glucantrained cells. However, evidence so far suggests that the role of the PPP in trained immunity
is relatively small, since inhibition of this pathway had no effect on the adapted phenotype
44
. The relevance of this metabolic rewiring in the context of atherosclerosis is illustrated by
the consistent finding that glycolytic enzymes are upregulated in monocytes and monocytederived macrophages isolated from patients with established atherosclerosis 37, 54.
Despite the metabolic skewing of β-glucan-trained macrophages towards glycolysis,
concentrations of the TCA cycle metabolites citrate, succinate, malate, fumarate, and 2-
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hydroxyglutarate are increased in comparison to naive macrophages 44. This suggested that
the TCA cycle was not entirely adjourned and led to the speculation that these specific
metabolites were being replenished through glutaminolysis 44. Indeed, increased glutamine
metabolism was one of the consistent immunometabolic changes in macrophages trained
with β-glucan and BCG 5, 43, 44, and plays an important role in immune activation 55.
Demonstrating the importance of this process, the glutaminase inhibitor BPTES blocked the
induction of trained immunity by β-glucan 44 and BCG 5 in vitro and in experimental animal
models 44.
Immunometabolic pathways that are important for the functional reprogramming of
immune cells extend beyond those involved in glucose metabolism and oxidative
phosphorylation. Cells trained with β-glucan displayed upregulation of more than half of the
genes involved in cholesterol biosynthesis, identifying this pathway together with
glutaminolysis and glycolysis as one of the most essential for innate immune training 44.
Underlining the importance of the cholesterol synthesis pathway even further, treatment
with the HMG-CoA-reductase atorvastatin attenuated β-glucan-induced innate immune
training in a murine model 44. Since, next to sterols, the essential lipids in the human cell
membrane are phospholipids and glycolipids, fatty acid synthesis is also an important
pathway in immune cell function 41. Indeed, recent data indicate that inflammatory stimuli
such as LPS and cytokines trigger an increase in fatty acid synthesis in macrophages 44.
However, in contrast to the abrogation of training when cholesterol synthesis was inhibited,
blockade of fatty acid synthesis did not alter the proinflammatory macrophage phenotype
induced by β-glucan training 44.

MOLECULAR MECHANISMS OF MACROPHAGE MEMORY
For a monocyte, memories of past encounters with microbial products can be truly
transformative insofar as they can elicit vastly different future responses to microbial ligands.
The gross implication of training or tolerance is a fundamental phenotypic shift involving
changes to major metabolic and signaling pathways that facilitate the overall cellular
memory. Underlying much of this reprogramming are widespread transcriptional changes
associated with metabolic pathways, many of which occur early in the training regimen and
precede the adapted phenotype 44. Because distinct cell types and subtypes of multicellular
organisms arise from identical genetic material, gene control and expression are
fundamental determinants of differentiation and phenotype. However, much remains to be
understood about how genetic information is interpreted by individual cells in health and
disease. Only when we unravel the DNA strands to appreciate the constituent assembly of
chromatin can we begin to recognize the complexity of genome organization and regulation
56
.
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CHROMATIN REORGANIZATION AND INNATE IMMUNE MEMORY
Epigenetic regulation of gene expression
Gene transcription is tightly controlled by the interplay and long-range communication of
regulatory events at gene promoters proximal to the transcription start site and distal genetic
elements called enhancers 57. Accessibility of the DNA to protein transcription factors (TFs)
and other transcriptional machinery at these regulatory regions is essential for gene
expression. The dynamic polymer of DNA and nucleosomal histone proteins known as
chromatin facilitates functional compartmentalization of the genome to assemble
structurally open, transcriptionally permissive configurations or condensed, repressive
domains 58. Since the initial description of the nucleosome particle as the repeating unit of
chromatin in 1977 59, it has become increasingly clear that core nucleosome components are
distinguishable by posttranslational chemical modification and instructive of chromatin
architecture 60, 61.
Histone modifications influence chromatin structure and function
The octameric nucleosome is composed of four core histone proteins: two H3 and H4
homodimers and two H2A/H2B heterodimers, encircled by approximately 147 bp of DNA 58.
Unstructured N-terminal histone tails that extend from nucleosomes are substrate for
posttranslational enzymatic modifications, which are cooperatively associated with various
states of transcriptional competency and chromatin organization. Amid a vast repertoire of
histone modifications 62, acetylation (lysine residues) and methylation (arginine and lysine
residues) are the most broadly studied and extensively characterized (Figure 2). The capacity
for histone modifications to designate functional genomic regions and support
transcriptional processes significantly amplifies the information potential of the genetic code
through mechanisms that modulate chromatin structure and function. Their influence on
higher order chromatin accessibility is predominantly facilitated by establishing high-affinity
binding sites for the recruitment of chromatin readers: core transcriptional machinery, as
well as multisubunit protein complexes that actively restructure, relocate, install, or evict
nucleosomes 63.
Histone acetylation
Histone acetylation, for example at lysine-9 (H3K9ac) and lysine-27 (H3K27ac) of H3 histones,
almost exclusively demarcates transcriptional competency 64. In addition to promoting open
chromatin architecture by neutralizing the electrostatic charges on the histone tail and
subsequently altering interactions with adjacent nucleosome components 65, acetylated
histones are recognized and bound by bromodomains – a structural motif found in
specialized chromatin reader proteins 66. Components of many histone acetyltransferase
(HAT) complexes harbor bromodomains, which anchor the HAT complexes to acetylated
28
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FIGURE 2. Post-translational chemical
modifications distinguish between
chromatin architecture and transcriptional competency.
As the repeating structural unit of
chromatin, the nucleosome consists of
approximately 147 bp of DNA wrapped
around an octamer of the core histone
proteins H2A, H2B, H3, and H4.
Unstructured N-terminal histone tails
are substrate for a variety of posttranslational modifications, which are
dynamically written to and erased from
specific amino acid residues by
specialized enzymes. Shown here are
lysine modifications that occur on the
tails of H3 and H4 histones. Histone
lysine acetylation (orange hexagons) is
ubiquitously associated with transcripttional competency and is regulated by
the competing activities of histone
acetyltransferase (HAT) and deacetylase (HDAC) enzymes. By contrast,
the extent of modification as well as the
position of the modified residue within
the histone tail determines the
functional readout of histone lysine methylation (purple hexagons). The influence of histone modifications on higher
order chromatin accessibility is predominantly facilitated by establishing high-affinity binding sites for the
recruitment of protein complexes that actively remodel chromatin. HAT, histone acetyltransferase; HDAC, histone
deacetylase; K, lysine; KDM, lysine demethylase; KMT, lysine methyltransferase.

chromatin, allowing them to propagate the acetyl signature to adjacent nucleosomes.
Similarly, the bromodomain components of ATP-dependent chromatin remodeling
complexes are critical for their recruitment to acetylated promoters 65. Another class of
histone-acetyl readers known as the bromodomain and extra-terminal (BET) domaincontaining family of proteins can regulate gene expression by recruiting TFs as well as
chromatin remodeling complexes, and they are increasingly implicated in transcriptional
responses associated with inflammation 31 and innate immunity 67, 68. Histone modifications
are reversible, and their presence on the chromatin is determined by opposing activities of
enzymatic writers and erasers. Histone deacetylase (HDAC) enzymes remove acetyl groups
from histone tails. Thus, HAT/HDAC activity balance is an important determinant of gene
regulation, and has accordingly emerged as a potential therapeutic target for the treatment
of various diseases 69-72.
Histone methylation
Contrasting histone acetylation, the position of the modified residue within the histone tail
determines the functional readout of histone methylation. Regulatory elements of repressed
genes are often characterized by H3 histones methylated at lysine-9 and lysine-27.
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Conversely, methylation of lysine-4 and lysine-36 is associated with the assembly of
transcriptionally permissive chromatin structures. Enzymes that catalyze the transfer (lysine
methyltransferase [KMT]) and removal (lysine demethylase [KDM]) of histone methylation
demonstrate remarkable specificity toward amino acid positions within the histone tail 73.
Furthermore, specific enzymes and complexes determine the extent of individual lysine
methylation: mono- (me1), di- (me2), or trimethylated (me3) histone lysine residues are
differentially distributed across chromatin and attributed discrete functional roles in gene
regulation. Transcriptional activity positively correlates with the degree of H3-lysine-4
trimethylation (H3K4me3) at gene promoters 74. On the other hand, monomethylation of this
residue (H3K4me1) is a stereotypical feature of enhancers 75. Specialized protein domains,
including the chromodomain, tudor domain, MBT domain, and the PHD finger domain
interpret methylated histones by recruiting various chromatin-remodeling complexes 76, 77.
DNA methylation regulates gene expression
The epigenetic methyl modification is unique in the way that in addition to histones, it can
also be written directly to the DNA template. Again, the genomic location of the modification
is key to the functional outcome. Post-replicative methylation of the 5-carbon ring of cytosine
nucleotides (5-methylcytosine, 5mc) immediately adjacent to guanine residues (CpG) is
primarily associated with promoter silencing by two main mechanisms. First, 5mc is
mechanistically interpreted by proteins possessing the methyl-CpG-binding domain, which
in turn recruit transcriptional repressors and chromatin remodeling complexes to establish
transcriptionally incompetent chromatin 78. Second, 5mc can physically modulate the binding
of transcription factors to gene regulatory elements 79. On the other hand, 5mc regulates
gene splicing, transcriptional elongation, and distal regulatory activities of highly transcribed
genes 80. Recent advances in methyl-capture and sequencing technologies have propelled
efforts to characterize the DNA methylome across various tissues and disease states,
including myeloid differentiation 81, 82, macrophage polarization 83 and cytokine production 84.
Epigenetic cross-talk
The emerging picture of epigenetic regulation is one of remarkable complexity. Protein
complexes that read chromatin marks can further recruit certain classes of epigenetic
enzymes that cooperatively shape the chromatin landscape. For example, binding of
heterochromatin protein 1 (HP1) via its chromodomain to H3K9m2/3 promotes further
repressive methyl marks by enlisting additional KMTs, as well as DNA methyltransferases 85,
86
. Together with the activities of short (miRNAs) and long (lncRNAs) noncoding RNA, histone
and DNA modifications are collectively defined as epigenetic 87. Through complex
interactions with TF networks and other transcriptional machinery, epigenetic modifications
collaboratively support the functional exchange between repressed and active states of
chromatin to contextualize gene expression.
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Chromatin modifications associated with macrophage differentiation and identity
Epigenome-wide variations underlying cellular function and fate are definable at
unprecedented resolution by current analytical technologies. To this end, the importance of
histone modifications to cellular identity is underscored by the massive reconfiguration of
lysine methylation and acetylation patterns at gene regulatory elements during naïve
monocyte to macrophage differentiation 6, 45. Crucially, the intersection of transcriptome and
epigenome profiles revealed a positive correlation between transcriptionally permissive H3
histone modifications and the activity of regulatory elements 6. The most dynamic of these
changes were observed for H3 acetylation, with one report describing approximately equal
numbers of promoters exhibiting significant enrichment or depletion of H3K27ac 6, 45.
A similar pattern of H3K27ac was observed at distal enhancer regions upon differentiation,
with 1894 and 2142 regions displaying significant loss and gain of this modification,
respectively, 6 in accordance with the function of enhancers as key determinants of cell
identity especially within the myeloid lineage. The complement of active enhancer elements
in a given tissue are typically co-occupied by combinations of lineage-determining TFs
enforcing tissue and cell-type specific programs of gene expression 88, 89. Enhancers are
distinguished from promoters by their specific enrichment of H3K4me1 75 and can be
classified as active or poised depending on the presence or absence of H3K27ac 88. A
comprehensive study of hematopoiesis in mice revealed that a significant proportion of
lineage-specific enhancers are established de novo in parallel with H3K4me1 enrichment.
Furthermore, clear distinctions were observed across the respective enhancer repertoires
following the definitive differentiation step from monocyte to macrophage 90. Enrichment of
H3K27ac during human macrophage differentiation is often accompanied by increased
deposition of H3K4me1. By contrast, a majority of sites that lose H3K27ac retain their
H3K4me1 signature and remain sensitive to cleavage by DNase I due to their open chromatin
architecture 6.
Epigenomic patterns distinguish training and tolerance
Because many studies reporting adaptive characteristics of the innate immune system
predate the modern era of molecular biology, insufficient understanding at the molecular
level meant that the magnitude of this process was perhaps underappreciated. While much
detail remains to be elucidated, several studies published in recent years demonstrate the
essential role of epigenetic reprogramming in innate immune memory across various phyla
13, 16, 91-93
. These seminal findings not only shed light on the molecular mechanisms underlying
the capacity for monocytes to integrate micro-environmental experiences into their
programs of gene expression that is a type of chromatin-based memory, but also emphasize
the potential reversibility of innate immune phenotypes 45.
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Several studies describe the enrichment of H3K4me3 at promoters associated with trained
immunity, for instance at genes encoding proinflammatory cytokines and intracellular
signaling molecules following stimulation with β-glucan 1, 6, as well as at promoters of genes
implicated in atherogenesis in cells trained with oxLDL 7. Further, the heterologous benefit
of BCG vaccination is associated with persistent H3K4me3 enrichment at the promoters of
genes encoding TNFα, IL6, and TLR4 4. Similarly, H3K4me3 distinguishes attenuated
(tolerizable) and induced (non-tolerizable) genes in immune tolerance. Although promoters
of both classes of genes are trimethylated at H3K4 upon LPS stimulation, this mark is
selectively maintained at non-tolerizable promoters following restimulation 28. The positive
correlation of H3K4me3 and transcriptional activity is well described across various
organisms and cell types 14, 75, 94. Accordingly, inhibition of this modification using the panmethyltransferase inhibitor 5´-methylthioadenosine (MTA) precludes the adapted
phenotypes induced by β-glucan 46, BCG 4, and oxLDL 7.
Although quantifying H3K4me3 can be informative of transcriptional competency or activity
at discrete loci, it hardly exhausts the broad regulatory potential for histone modifications in
innate immune memory. Recent deep sequencing analyses revealed distinct epigenomic
signatures characteristic of trained immunity and tolerance 6, 43, 45. By generating epigenomewide maps of H3K4me1, H3K4me3, H3K27ac, and DNase I sensitivity, Saeed et al., 6 defined
distinct clusters of genomic regions reflecting putative transcriptional regulatory elements.
Importantly, several of these clusters are differentially modulated in β-glucan training and
LPS tolerance. This is most apparent at approximately 500 promoters that concurrently gain
H3K27ac and H3K4me3 exclusively in β-glucan-trained cells 6. Paralleling naive monocytes,
β-glucan treatment results in partial establishment of macrophage-specific regions within
the first 24 hours of the in vitro training protocol. In contrast, LPS-treated cells exhibited
stunted differentiation and delayed establishment of chromatin marks. This temporal
observation is consistent with a failure of LPS-tolerized macrophages to deposit active
histone marks at promoters of tolerized loci in response to a second LPS stimulation,
including genes associated with lipid metabolism and phagocytic pathways 45. Most
remarkable, however, is the epigenetic distinction observed across the respective
repertoires of distal enhancers within these phenotypic extremes of the innate immune
memory spectrum 6, 45. LPS and β-glucan pretreatment induced a distinct set of enhancers
generating signal-dependent differences in gene expression. Some enhancer regions (1212)
showed consistent enrichment of H3K27ac across both treatment conditions, whereas more
than 40% of all dynamic enhancers gain de novo H3K27ac exclusively in cells trained with βglucan. On the other hand, acetylation of a much smaller subset of enhancers is restricted to
LPS-tolerized cells 6. Taken together, these studies suggest that β-glucan induces
comprehensive epigenetic rewiring of promoters and enhancers, while LPS tolerance is
characterized by a subtle epigenetic signature closely reflecting that of naïve macrophages.
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The epigenome modulating effects of β-glucan were further exemplified by the exciting
finding that it can partially reverse LPS tolerance. Exposure of LPS-tolerized cells to β-glucan
for 24 hours in vitro restored their capacity for cytokine production 45. Importantly, this
reversal of immunoparalysis to a more responsive phenotype was also observed in
monocytes isolated from volunteers with experimental endotoxemia restimulated with βglucan ex vivo. The effects of β-glucan were demonstrated by the reinstitution of the
transcriptional response to LPS at otherwise tolerized genes. This process was associated
with the restoration of H3K27ac at enhancers previously precluded by LPS exposure,
demonstrating the ability for β-glucan to effectively erase and reprogram innate immune
memory. These findings indicate that β-glucan-induced receptor pathways remain at least
partially responsive in LPS tolerized cells, and could lead to novel immunomodulatory
strategies for the clinical management of sepsis 45.
DNA methylation in innate immune memory
Despite its historically robust associations with genome organization and transcriptional
regulation, much less is known about the potential role of DNA methylation in innate immune
memory. Epigenome-wide analyses have demonstrated a general loss of 5mc during ex vivo
monocyte to macrophage differentiation 45, 95. The vast majority of differentially methylated
regions occurred at distal enhancers, with only a small fraction enriched at gene promoters.
In terms of macrophage subtypes, a distinct methylation pattern was observed for LPStreated cells. On the other hand, the methylome of β-glucan-treated cells more closely
resembled that of naïve macrophages 45.
Like its histone counterpart, 5mc is enzymatically reversible. The first step of this process
requires oxidation of 5mc by the ten-eleven-translocation (TET) family of dioxygenases 96 to
generate 5-hydroxymethylcytosine (5hmc). This variant can then be further processed to 5formylcytosine and 5-carboxylcytosine - newly characterized epigenetic marks that appear
to be associated with silenced 97, poised 98, or activated 99 enhancer elements. The
importance of 5mc and 5hmc dynamics in the course of innate immune memory remains an
open question. The answer necessitates an ability to accurately distinguish these variants of
cytosine methylation. The method used by the aforementioned study 45, bisulfite
sequencing, is the gold standard for 5mc analysis and involves the conversion of unmethylated cytosine residues to uracil. Importantly, 5mc and 5hmc are both resistant to
bisulfite conversion 100, meaning that DNA demethylation could be underestimated using this
method. By extension, such a method of analysis confounds the discovery of 5hmc-specific
functions in genome regulation. To this end, a recent study highlights advantages and caveats
of commonly used epigenome-wide 5hmc profiling technologies and demonstrates that the
interpretation of 5hmc data is significantly influenced by the sensitivity of the method used 100.
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Transcriptional and epigenetic memory
The biological consequences of this epigenetic reprogramming are numerous and varied.
Where they intersect is at the level of transcriptional regulation; however, the precise
mechanisms of this control require further investigation. Amongst the catalogue of gene
expression changes associated with innate immune memory is a subset of genes whose
pattern of expression reveals a profound transcriptional memory. Within this cluster, a broad
distinction can be drawn between genes that are primed for transcriptional activation, and
those that are persistently altered. A recently emerged paradigm of primed transcriptional
memory centers on the induction of de novo or latent enhancers 89. In unstimulated
macrophages, these genomic regions are unbound by transcription factors and are largely
devoid of the histone modifications characteristic of distal regulatory elements. However,
they acquire signature epigenetic features of enhancers such as an open chromatin
architecture marked by H3K4me1 and H3K27ac in response to specific stimuli. On removal
of the activating stimulus, Ostuni et al. 89 demonstrated the persistence of H3K4me1 despite
loss of H3K27ac at a fraction of decommissioned de novo enhancers. Moreover, the
enhancers that retained the H3K4me1 signature exhibited a stronger response to
rechallenge (Figure 3). This chromatin-dependent transcriptional memory may at least partly
explain the differential activation of enhancer repertoires supporting the unique phenotypic
properties adopted by macrophages as a function of anatomical location 101, and similar
mechanisms are likely to shape chromatin architectures associated with innate immune
memory. Indeed the dynamics and genomic locations of H3K4me1-marked enhancers differs
significantly between β-glucan training and LPS tolerance 45. Furthermore, these findings are
reminiscent of previous descriptions of H3K4me1-dependent metabolic memory in
monocytes and other cell types 58.
FIGURE 3.

Latent enhancers prime a
transcriptional memory in macrophages.
Constitutively unmarked distal regulatory elements acquire signature epigenetic features of enhancers such as an
open chromatin architecture marked by
H3K4me1 and H3K27ac in response to
specific stimuli. On removal of the
activating stimulus, regions that retain
the H3K4me1 enrichment mediate a
faster and more robust response to
restimulation, supporting a role for this
specific modification in the epigenetic
memory of macrophages. H3K27ac, H3
histone-lysine-27 acetylation; H3K4me1,
H3 histone-lysine-4 monomethylation.
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Contrasting primed memory, persistent memory is characterized by transcriptional activity
that is sustained beyond removal of the activating stimulus. Monomethylation of H3K4
underlies persistent, high glucose-mediated proinflammatory gene expression that is
refractory to glycaemic correction in vascular endothelial models of glycaemic variability
and diabetic mice 102. This epigenetic signature, written by the Set7 lysine methyltransferase,
was later observed in monocytes of diabetic patients 103. Intersection of the transcriptome
data from early and late timepoints described by Novakovic et al. 45 reveals a cluster of genes
whose transcriptional response to β-glucan is maintained for 5 days in culture (Figure 4). This
includes genes downregulated 24 hours after stimulation that are also downregulated on day
6, as well as genes upregulated on day 1 that remain in a state of heightened transcriptional
activity for the duration of the experiment.
FIGURE 4. Training with β-glucan induces a program of persistent
transcriptional memory.
Persistent transcriptional memory is characterized by transcriptional activity that is sustained beyond removal of the
activating stimulus. Intersection of transcriptome data derived from
macrophages at early (24 hours) and late (6 days) time points post
β-glucan stimulation described by Novakovic et al. 45(GSE85246)
reveals a cluster of 121 genes whose transcriptional response is
maintained for the duration of the experiment.

Of course this is a simplification as the activity of some genes may oscillate between altered
and basal transcriptional states at intermediate time points. Nonetheless, this model may
provide a useful framework to understand changes in gene expression associated with
metabolic and other pathways that occur early in the process of trained immunity and
support the phenotype of fully differentiated, trained macrophages. Discernment of the
epigenetic proponents of persistent gene expression will not only inform about mechanisms
that sustain the memories of macrophages, but also long-term epigenetic programming of
myeloid cells.
The heterologous protection conferred by vaccination with BCG far exceeds the lifespan of
innate immune cells in the circulation 4. The remarkable finding that the trained phenotype
and gene-specific H3K4me3 enrichment can be observed 3 months and even up to 1 year
after vaccination has inspired interest in the physiological mechanisms mediating innate
immune memory at the level of immune progenitor cells. Myeloid cell progenitors can
mediate long-term TLR2-induced tolerance 104, however, much less is known about this
process in trained immunity. Evolutionary conservation of innate immune memory across
various phyla provides valuable opportunities to understand this biological process in
humans 105. Using an experimental infection model, Torre et al. recently demonstrated that
the induction of innate immune memory in planarians (phylum Platyhelminthes) is driven by
a specific population of pluripotent stem cells 91. Although much controversy surrounds the

35

EPIGENETICS AND TRAINED IMMUNITY

transmissibility of histone modifications across generations in vertebrates, the role of DNA
(de)methylation in myeloid differentiation is actively investigated 81, 106. Furthermore, the
heritability and potent gene-regulating functions of 5mc underscores the enthusiasm
surrounding the role of this modification in sustaining cellular memories 107. Future studies
should aim to characterize the DNA methylomes of myeloid progenitors and terminally
differentiated cells in the broader context of innate immune memory.
In light of the epigenetic changes and different modes of transcriptional memory that define
innate immune memory, a key challenge is to understand the operational epigenetic
machinery 108. Several epigenetic enzymes have been recently associated with macrophage
function (recently reviewed by Hoeksema and de Winther 88), however, their roles in training
and tolerance remain untested. One study reported significant upregulation of Set7 in
response to β-glucan training 6. Although the importance of the MLL1 KMT to epigenetic
enhancer signatures in macrophages has been recently described for processes such as TLR4
signaling 109, 110, the potential role of Set7 remains to be established. As an interesting link to
metabolic regulation, genes encoding KDMs JMJD1A and JMJD2B are transcriptionally
activated by HIF1α in response to hypoxia in primary epithelial cells as well as transformed
cell lines 111, 112. In this search for epigenetic regulators another potentially important clue
was revealed by the study of Torre et al. 91. The trained phenotype of planarians is dependent
on a KMT that shares homology with human Set8. This enzyme specifically methylates lysine
20 on H4 histones 113, a modification that is yet to be explored in the innate immune memory
of vertebrates 105. Recent evidence suggests that the identities of some of the factors
responsible for the myriad epigenetic changes governing innate immune memory may be
revealed through a deeper understanding of upstream signaling events that sustain
epigenetic pathways and shape the deposition of chromatin marks 2.
Epigenetics and immunometabolism
Inhibition of either glycolysis or mTOR signaling interrupts the characteristic chromatin
modification pattern and adapted phenotype of trained immunity, confirming a role for
metabolic changes in epigenetic reprogramming. Further linking metabolic rewiring of
cellular metabolism with innate immune memory, evidence increasingly supports the
integration of metabolic information and transcriptional control via the enzymatic
consumption of metabolites in epigenetic reactions 58. Specifically, the enzymatic activities
of many chromatin modifiers are regulated in part by concentrations of metabolic
intermediates 114. Fluctuating metabolite concentrations therefore potentiate continual
adjustment of gene expression by modulating the epigenome to influence chromatin
dynamics 58. It is therefore reasonable to speculate that the profound metabolic changes
associated with trained immunity could sustain epigenetic patterns or drive further
alterations to the chromatin landscape at important regulatory regions through an interes-
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ting interplay between metabolites and gene regulation. Critical metabolic intermediates
such as NAD+ and acetyl-CoA, which are altered in β-glucan trained monocytes 2, 43, serve as
cofactors or substrates for numerous HDACs and HATs respectively (Figure 5). The
methylome is also sensitive to metabolic variation through changes to cellular levels of αketoglutarate, an essential cofactor for several lysine and cytosine demethylating enzymes
58, 115
. Importantly, TCA cycle intermediates succinate and fumarate can inhibit certain
demethylation reactions 116. The striking elevation of succinate and fumarate induced by the
metabolic rewiring of trained macrophages, therefore, represents a plausible mechanism
behind the integration of immunometabolic and epigenetic programs in trained immunity.
Drawing upon these molecular interactions, we recently demonstrated that the
accumulation of fumarate as a function of glutamine replenishment of the TCA cycle
connects immune pathways with epigenetic programs by inhibiting the H3K4 demethylase
KDM5, thereby elevating the enrichment of H3K4me3 at the promoters of genes encoding
proinflammatory cytokines 44. Moreover, exogenous fumarate itself induces a trained
macrophage phenotype in terms of cytokine production that is again abolished by inhibition
of glutaminolysis and glycolysis. At the epigenomic level, fumarate training echoes a
proportion of the chromatin patterns induced by β-glucan, implicating its probable
involvement in at least partially mediating the effects of classical training stimuli. Perhaps
most remarkable is the observation that fumarate positively regulates transcription of genes
FIGURE 5. Chromatin modifications unite
immunometabolism and gene expression.
The activities of many chromatin-modifying
enzymes are regulated in part by
concentrations of intermediates of energy
metabolism. Repurposing of the TCA cycle
modulates the epigenome of trained
immunity. Members of the sirtuin family of
histone deacetylase (HDAC) enzymes are
sensitive to intracellular NAD+/NADH ratios.
Acetyl-CoA is the essential acetyl group
donor to lysine acetylation (by histone
acetyltransferases,
HATs),
linking
intermediary carbon metabolism with
chromatin dynamics and transcription.
Histone lysine demethylating events are
influenced by the elevated levels of
succinate and fumarate associated with
metabolic rewiring of trained macrophages.
In particular, fumarate inhibits lysine
demethylases (KDMs) thereby elevating the
enrichment of H3K4me3 at the promoters
of genes encoding proinflammatory
cytokines. H3K4me3, H3 histone-lysine-4
trimethylation; TCA, tricarboxylic acid.
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encoding KDM5 isoforms, in addition to the epigenetic activity of these enzymes. From this
interplay emerges a regulatory dichotomy with relevance for trained immunity: KDM5
activity and the downstream increases in cytokine production mediated by fumarate were
attenuated by α-ketoglutarate 117.
Another important observation transpiring from this study was the induction of H3K27ac in
cells trained with fumarate 44. This raises two main possibilities. First, fumarate could
positively regulate expression of genes encoding HATs, or, reciprocally, negatively regulate
HDAC gene expression by inhibiting demethylation of active chromatin marks. Second,
fumarate inhibits KDM5 demethylases to regulate the chromatin-modifying activities of HATs
or HDACs by altering their posttranslational lysine methylation status (see below). Finally,
other metabolites could directly influence epigenetic regulation by mechanisms that are yet
to be thoroughly characterized. A pertinent example is succinylation - a posttranslational
modification of proteins in which a succinyl group is added to a lysine residue from succinylCoA 118. In accordance with the marked increases observed for succinate in trained immunity,
lysine succinylation is considered an inflammatory signal for innate immune cells 53.
Importantly this modification is written to several sites of histone tails in human and yeast
cells 119. Although details of the functional consequences of histone succinylation are
currently undescribed, this modification induces a structural chromatin change greater than
the change caused by lysine acetylation, by converting a positively charged residue to a
negative charge 119. Future studies are predicted to strengthen this regulatory connection
between chromatin biology and the metabolic characteristics of innate immune memory.
Multiple roles for lysine methylation in innate immune memory
The very definition of epigenetics has drawn its share of recent criticism 120, though perhaps
largely from argument that is more semantic than biologic and stemming from an etymology
rooted in developmental biology and heredity 121. It is now clear that epigenetic processes
are not restricted to roles in development but also shape the phenotypes of nondividing cells.
Certainly more deserving of attention is the controversy surrounding the hierarchical
significance of epigenetic modifications in gene expression. A stringent interpretation of the
histone code hypothesis 73 tends to attribute regulatory primacy to chromatin modifications
whilst appreciating that TFs bind specific DNA sequences to activate nearby genes. However,
rather than displace the long-standing importance of TFs, the emerging picture is one where
epigenetic enzymes and chromatin modifications synergize with traditional regulators of
transcription. To this end, a conceptual framework that encompasses the molecular tagging
of chromatin components to designate functional genomic regions and support
transcriptional responses to distinct signaling cues is consistent with the current
understanding of gene regulation. Though not entirely overlooked, the role of TF networks
for the induction of innate immune memory has not received the same attention as
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chromatin modifications. Approximately 12% of known TFs are variably expressed during
macrophage differentiation, tolerance, and training 6. Furthermore, discrete binding motifs
within condition-specific dynamic epigenomic regions indicates the importance of particular
TFs for the distinct transcriptional programs of trained and tolerized macrophages 6, 45.
Although pre-treatment with a pan-methylation inhibitor impedes the epigenetic rewiring
and consequently blocks the adapted phenotype of trained cells 4, 7, 46, histones and DNA are
not the only gene-regulating factors modulated by methylation. Post-translational methylation has in recent years emerged as a ubiquitous and pivotal determinant of TF stability and
trans-activity, revealing the dual regulatory roles of KMTs and KDMs in histone-dependent
and -independent mechanisms of transcription (Figure 6) 122, 123. Similar regulatory functions
are attributed to posttranslational lysine acetylation 124, 125. Of particular relevance to the
induction of innate immune memory for its potential influence on cellular metabolism is the
posttranslational methylation recently shown to regulate HIF1α function. Set7-mediated
methylation of HIF1α diminishes its occupancy on glycolytic gene promoters, thereby
inhibiting gene expression 126. Importantly, this modification is reversed by lysine-specific
histone demethylase 1 (LSD1) 127, an epigenetic enzyme that is influenced by cellular levels
of flavin adenosine dinucleotide and is therefore sensitive to metabolic variation 128. It is
currently unknown if similar methyl-dependent regulation of HIF1α, or other TFs that direct
the overall metabolic shift, impacts the induction of trained immunity.
This avenue of inquiry could also reveal novel regulatory mechanisms immediately
associated with the trained cell’s response to secondary stimuli. The rapidity and magnitude
of macrophage responses to TLR stimulation is facilitated by the expeditious deployment of
stimulus-responsive TFs such as AP-1, NFκB, and STAT family members to regulatory
elements of inflammatory genes 2. As described above, these transcriptional responses are
intensified in trained immunity by the sustained accessibility of chromatin owing to specific
epigenetic patterns. However, the same pathways that support chromatin modifications may
FIGURE 6.

Lysine methylation regulates
gene expression by chromatin-dependent
and chromatin-independent mechanisms.
In addition to chromatinized histone substrates, epigenetic lysine methyl writers can
exert their influence on gene expression by
specific methylation of amino acid residues
on the surface of non-histone proteins. The
functional consequences for substrates such
as key transcription factors include changes
in protein stability and activity that modulate
downstream transcriptional outcomes.
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also influence TF dynamics. Much like histones, the functional consequences of TF lysine
methylation are site-specific (Table 2).
In addition to their interactions with modified histones, binding of TFs can in fact facilitate
the localization of epigenetic enzymes to sites of chromatin modification 129. A recent finding
suggests that the stress-responsive TF ATF7 is a key regulator of long-term maintenance of
epigenetic changes that enhance macrophage resistance to pathogens 130. In resting cells,
ATF7 suppresses a group of innate immune-related genes by recruiting the H3K9 KMT G9a.
In response to LPS stimulation, ATF7 is phosphorylated by p38 kinase and released from the
chromatin. This causes a concomitant decrease in transcriptionally repressive H3K9m2 levels
culminating in a partially disrupted chromatin structure. Once ATF7 is depleted from the
chromatin it is not entirely reinstated back at the original binding sites, thus maintaining the
expression of target genes for long periods as a type of epigenetic and transcriptional
memory 130, 131.
TABLE 2. Lysine methylation regulates transcription factor function
Transcription factor
HIF1α

NFκB-p65

STAT3

STAT1

Methylated lysine

Regulatory function

K32

repression

K391

degradation

KMT

KDM

Set7

126, 127

135

LSD1 127
LSD1 134

K37

activation

Set7

K218

activation

NSD1 136

FBXLII 136

K221

activation

NSD1

136

FBXLII 136

K310

repression

SETD6 137

K314

degradation

Set7 138

K315

degradation

Set7 138

K49

activation

EZH2 139

K140

repression

Set7 140

K180

activation

EZH2 141

K685 (predicted)

LSD1 140

Set7 142

HIF1α, hypoxia-inducible factor 1-alpha; KDM, lysine demethylase; KMT, lysine methyltransferase; LSD1, lysinespecific histone demethylase 1.

Interestingly, many chromatin-modifying enzymes are themselves regulated by posttranslational modifications including lysine methylation and acetylation, suggesting a highly
ordered and dynamic network of components capable of writing and erasing modifications
at both the chromatin template as well as each other. For example, the enzymatic activity of
a specific HAT known as p300/CBP associated factor is post-translationally regulated by
methylation and acetylation at numerous lysine residues 132, 133. Individual epigenetic
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enzymes therefore possess the potential to indirectly control multiple chromatin
modifications. Mapping the inter-enzyme modification network of chromatin regulators has
considerable capacity to expand our understanding of gene regulation 129.

CONCLUSION AND FUTURE PERSPECTIVE
The defining premise of innate immune memory rests on the cell’s ability to retain and recall
information about previous exposures. This cellular memory is facilitated by major shifts in
metabolic and transcriptional pathways. It is becoming increasingly clear that such changes
are inextricably and bidirectionally linked through epigenetic mechanisms. These findings
add to the growing body of literature supporting a prominent role for the epigenome in
recording adaptive experiences. In particular, they shed light on the potential mechanisms
underlying primed and persistent transcriptional memory in innate immune training and
tolerance. Further, stable and heritable epigenetic changes have the capacity to explain the
long-term memory effects of trained immunity observed months after BCG vaccination 4.
Trained immunity is a fundamental property of the mammalian immune response, and is
increasingly investigated as an adjuvant to potentiate next-generation vaccines 143. In recent
years there has been a shift by some in the field to understand the broader therapeutic
possibilities. For example, inducers of trained immunity such as BCG and β-glucan represent
current 144, 145 and prospective approaches to the clinical management of various cancers.
The restoration of cytokine production in experimental endotoxemia by β-glucan at the level
of histone modification and transcriptional reactivation highlights the potential of epigenetic
therapy in the broader context of immune paralysis 45. On the other hand, innate immune
reprogramming may have adverse effects in various pathological contexts, particularly under
chronic inflammatory conditions in which trained immunity is induced by endogenous
ligands. The enhanced and maladaptive immune responsiveness foreshadows important
consequences as well as novel therapeutic opportunities for the development, progression,
and stability of atherosclerotic lesions 146. Further exploration may uncover new clinical strategies to treat vascular complications arising from the deleterious hyperactivity of innate
immune cells sustained by features of metabolic syndrome and the diabetic milieu 9. Indeed,
hyperglycemia can induce long-term epigenetic modulation of inflammatory gene expression
103, 147
.
Clinical exploitation will be enhanced by the rapidly accumulating knowledge of the
molecular mechanisms underlying the metabolic and epigenetic rewiring of adaptive innate
immune responses. Pharmacological modulation of metabolism has shown potential in other
pathophysiological situations. For example, inhibition of glycolysis limits pathological
neovascularization 148. The emerging picture of trained innate immunity outlines a process
driven by complex interactions between metabolic and epigenetic factors. Not surprisingly,
the immune-modulating effects of metabolic inhibitors are at least partly mediated by
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epigenetic changes. Such studies have already disclosed important clues to the identities of
the nuclear machinery responsible for maintaining chromatinized signatures of innate
immune memories 44, providing an early framework for the development of clinical strategies
that target epigenetic regulators. Several drugs that inhibit epigenetic enzymes are already
approved for clinical use in the fields of oncology and haematology 149. Small-molecular
histone mimic BET inhibitors (iBET) have shown promise for treatment of inflammation 150.
Although effective in blocking LPS-induced tolerance when co-administered in human
monocytes, iBET treatment was unable to reverse memories of previous LPS stimulation 45.
While offering arguably greater precision for the adjustment of discrete transcriptional
events, direct pharmacological manipulation of the epigenetic proponents of trained
immunity raises some important considerations. As described above for the pan-methyl
inhibitory properties of MTA, certain HDAC inhibitors exhibit broad substrate specificity. Even
compounds that target specific enzymes may have unintended effects, as the complex
interplay between epigenetic enzymes and traditional transcriptional machinery forecasts
the potential pleiotropic impact of epigenetic drugs across a broad spectrum of protein
substrates and gene regulatory processes 151, 152. The complexities of pharmacological
epigenetic modulation are further exacerbated by cell type–specific roles of the chromatinmodifying machinery. For example, macrophage and endothelial cell HDAC3 play opposing
roles the development of atherosclerosis in mice 153, 154. For these reasons, recent
technological and scientific advances such as single-cell transcriptomic and epigenomic
profiling will form the cornerstone of future research efforts.
Indeed, we are only beginning to scratch the surface of a remarkably intricate system of longterm gene regulation and transcriptional memory. In combination with DNA sequence
profiling, epigenomics could determine the functional significance of genetic variants to
innate immune function 145, including those occurring in regulatory and noncoding regions.
Epigenomic and transcriptomic profiling could also unravel the contributions of miRNA and
lncRNA to trained immunity, which remain largely unexplored but are of significant
regulatory potential 2. Furthermore, TF substrates of epigenetic enzymes can be inferred
from chromatin and gene expression profiles and protein substrate motifs 142. Successful
future therapeutic approaches to the manipulation of innate immune memory of infectious
and autoinflammatory diseases will emerge only from a comprehensive understanding of key
molecular events and epigenetic interactions.
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PART 1: THE EFFECTS OF ALDOSTERONE
ON INFLAMMATION

CHAPTER

3

THE MINERALOCORTICOID RECEPTOR AS A MODULATOR
OF INNATE IMMUNITY AND ATHEROSCLEROSIS
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THE MR AS A MODULATOR OF INNATE IMMUNITY AND ATHEROSCLEROSIS

ABSTRACT
The mineralocorticoid receptor (MR) is a member of the nuclear receptor steroid-binding
family. The classical MR ligand aldosterone controls electrolyte and fluid homeostasis after
binding in renal epithelial cells. However, more recent evidence suggests that activation of
extrarenal MRs by aldosterone negatively impacts cardiovascular health independent of its
effects on blood pressure: high levels of aldosterone associate with an increased
cardiovascular event rate, where MR antagonists exert beneficial effects on cardiovascular
mortality. The most important cause for cardiovascular events is atherosclerosis, that is
currently considered a low-grade inflammatory disorder of the arterial wall. In this inflammatory process, the innate immune system plays a deciding role, with the monocyte-derived
macrophage being the most abundant cell in the atherosclerotic plaque. Intriguingly, both
monocytes and macrophages express the MR, and a growing body of evidence shows that
these cells are skewed into a pro-inflammatory and pro-atherosclerotic phenotype via MR
stimulation. In this review, we detail the current perspective on the role of the monocyte and
macrophage MR in atherosclerosis development and provide a comprehensive framework
of the effects of MR activation of the innate immune system that might drive the proatherosclerotic outcome.

INTRODUCTION
The mineralocorticoid receptor (MR) is a member of the nuclear receptor steroid-binding
family. The classical MR ligand is aldosterone that after binding in renal epithelial cells
induces the expression of proteins important for water and sodium retention. Since this
results in a rise of blood pressure, the importance of the MR in cardiovascular diseases has
long been acknowledged 1, 2, with MR antagonists being primarily designed to target the
hypertensive effect of MR activation. However, more recent evidence suggests that
activation of the MR by aldosterone also exerts potentially deleterious cardiovascular effects
independent of its impact on blood pressure. Clinical data from patients with high circulating
aldosterone levels due to autonomous adrenal overproduction of aldosterone (primary
hyperaldosteronism) showed that chronic exposure to supranormal levels of aldosterone is
associated with an increase in cardiovascular events, including stroke and coronary artery
disease, independent of blood pressure 3. Moreover, intervention trials with MR antagonists
reported improved cardiovascular outcomes over and above the effects attributable to blood
pressure lowering 4, 5.
The most important cause for cardiovascular events is atherosclerosis, which is a chronic,
low-grade inflammatory disorder of the arterial wall in which the immune system plays a
central role. Innate immune cells, including monocytes and macrophages, are protagonists
in atherogenesis, and within atherosclerotic plaques, macrophages are the most abundant
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immune cells 6, 7. Following the activation of endothelial cells in a pro-atherosclerotic
environment, including disturbed shear, smoking, and hypertension, circulating monocytes
adhere to the activated endothelium and migrate into the intima. Here, they accelerate the
atherogenic process by differentiating into macrophages that engulf oxidated lipid particles
to form foam cells 8. In addition, they secrete cytokines and chemokines to fuel further
arterial wall inflammation 9. The pivotal role of the innate immune system in the pathogenesis of athosclerosis is illustrated by the fact that preventing influx of monocytes into the
vascular wall completely prevents atherosclerotic plaque formation 10 and prevents further
progression of established lesions 11. Moreover, monocytes and macrophages can influence
plaque vulnerability by the secretion of matrix metalloproteases, and contribute to growth
of the necrotic core of advanced lesions by foam cell apoptosis and necrosis 12.
The MR is present on various cell types implicated in atherosclerotic plaque development. In
vascular smooth muscle cells, the mineralocorticoid receptor was shown to regulate gene
transcription of several fibrotic and inflammatory genes 13. Endothelial cells were long
debated to express a functional MR, but robust evidence in the last decade show important
pro-atherogenic effects of aldosterone induced MR activation in vitro in human vascular
endothelial cells as well as in in vivo murine models, most importantly the MR-dependent
induction of the VCAM-1 and ICAM-1 in endothelial cells facilitating monocyte influx into the
vessel wall and atherosclerotic plaque development 14-16. Intriguinly, the MR is also present
on cells of the innate immune system 17, and appreciation for its potential to shape immune
cell function has evolved over the last decade. Current evidence suggests a role for the
monocyte and macrophage MR in all stages of atherosclerosis, from the initiation of the
atherosclerotic plaque to its maturation and rupture, and could therefore be a promising
novel target for anti-atherosclerotic therapy.
The aim of this review is to discuss the current knowledge on the role of the monocyte and
macrophage MR in atherosclerosis development and provide a comprehensive framework
of the effects of MR activation on cells of the innate immune system that might drive the
pro-atherosclerotic outcome. In more detail, we delineate cell-type specific mechanisms
through which the MR exerts these effects.

ALDOSTERONE AND THE MINERALOCORTICOID RECEPTOR INFLUENCE
CARDIOVASCULAR RISK AND ATHEROSCLEROTIC PLAQUE FORMATION
Two hallmark trials evaluating the effect of MR antagonists in heart failure patients showed
that treatment with MR antagonists substantially reduced morbidity and mortality in these
patients. Remarkably, the observed effect was found to be more extensive than would have
been expected from the modest decrease in blood pressure 4, 5, suggesting a blood pressureindependent action of the MR unfavourable for cardiovascular outcome. Additional evidence
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supporting this hypothesis came from studies in patients with primary aldosteronism (PA). A
recent meta-analysis convincingly showed that PA patients had a substantially increased
cardiovascular event rate compared to patients with similar blood pressure levels due to
essential hypertension 3. Moreover, in patients with established atherosclerosis but without
PA, higher plasma aldosterone levels were associated with an increased risk of myocardial
infarction, stroke and cardiovascular mortality 18. To our knowledge, data on the direct
relation between the MR activation state and atherosclerotic burden in humans is lacking.
However, surrogate markers for atherosclerosis were increased in PA patients, including an
increased carotid artery intima-media thickness (IMT) 19 and a higher aortic wall stiffness 20.
Adrenalectomy in patients with PA reversed these changes, though no effects were seen of
spironolactone treatment 21. Of note, both the increased IMT and the aortic wall stiffness
could also be related to fibrotic processes in the vasculature that are likewise promoted via
MR activation 22.
Animal models provide more information on the direct pro-atherosclerotic effect of MR
activation. In an apolipoprotein E (ApoE) knockout mice model where a low-sodium chow
diet was used to activate the renin–angiotensin–aldosterone system (RAAS) and
consequently increase aldosterone levels, a four-fold increase in aortic plaque accumulation
was observed compared to mice receiving a normal diet. This effect was RAAS and MR
dependent, since both the angiotensin-converting enzyme inhibitor (ACEi) perindopril 23 and
the direct MR antagonist eplerenone prevented lesion development 24. Along these lines, it
was also demonstrated that after aldosterone infusion and a high-fat diet, ApoE knockout
mice exhibited an increased atherosclerotic plaque area in the aortic root compared to
vehicle-infused mice 12. MR antagonist treatment of ApoE-deficient mice attenuated early
atherosclerotic lesion development 24-26, but did not reduce advanced plaque area 24. Finally,
myeloid specific knockout of the MR in low density lipoprotein (LDL)-receptor knockout mice
strongly suppressed the atherosclerotic lesion area induced by a high-fat diet, and likewise
reduced angiotensin II induced atherosclerosis in ApoE-deficient mice 27.
In conclusion, the adverse cardiovascular outcome associated with supranormal circulating
aldosterone levels and the beneficial effects of MR antagonists on cardiovascular events,
together with increased surrogate markers of atherosclerosis, suggest that MR activation
enhances atherosclerotic burden. This has been confirmed in mouse models of
atherosclerosis.

ALDOSTERONE AND THE MINERALOCORTICOID RECEPTOR INFLUENCE
SYSTEMIC INFLAMMATION
Systemic inflammation, measured by circulating high-sensitive CRP (hsCRP) levels, is
independently associated with atherosclerotic cardiovascular disease 28. Causality was
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recently established by the finding that lowering systemic inflammation with the antiinterleukin-1β antibody (canakinumab) lowered cardiovascular event incidence 29. Human
clinical data and experimental murine models of hyperaldosteronism suggest that low-grade
inflammation accompanies the continuous presence of supranormal levels of aldosterone
(table 1). A prospective cohort study showed a slight, but significantly higher baseline hsCRP
level in patients with PA compared to age-, sex- and blood pressure-matched controls.
Moreover, there was a significant decrease in hsCRP level in PA patients one year after
initiation of disease-specific therapy (MR antagonists or adrenalectomy) 30. Also in
hypertensive patients without PA, a correlation between circulating aldosterone levels and
subclinical inflammation was established, with a correlation of aldosterone to hsCRP, serum
amyloid A and white blood cell counts 31. However, not all data are consistent. Although
increased plasma levels of IL-6 were found in normotensive subjects with familial
hyperaldosteronism compared to controls, no differences in hsCRP were reported 32, and
some studies failed to show any pro-inflammatory profile in PA patients compared to blood
pressure-matched controls 33, 34. However, murine models of hypertension support the
hypothesis that MR activation results in a pro-inflammatory state. Activation of the RAAS
system, induced by severe sodium restriction, increased circulating IL-6 and monocyte
chemotactic protein-1 (MCP-1) levels in ApoE knockout mice 23. Aldosterone infusion in a
ApoE knockout mouse model increased serum levels of the chemokine RANTES (regulated
and normal T cell secreted), induced a strong trend toward increased MCP-1 levels and
splenic hypertrophy with an increased overall splenocyte abundance without differences in
specific cell populations 12.

THE MINERALOCORTICOID RECEPTOR MODULATES THE INFLAMMATORY
PHENOTYPE OF MONOCYTES AND MACROPHAGES
Upon activation by various stimuli, monocytes differentiate into macrophages with a diverse
spectrum of phenotypes, with different roles in the pathogenesis of atherosclerosis. For
practical reasons, macrophage phenotypes are often divided into ‘classically activated’
inflammatory M1-macrophages and ‘alternatively activated’ or ‘anti-inflammatory’ M2macrophages. However, the M1 and M2 phenotype are best seen as two extremes of an
extensive spectrum of macrophages with many different phenotypes dependent on the
specific stimulus and environment 9. In recent years, a series of studies suggested a role for
aldosterone and the MR in inducing a distinct pro-atherogenic and pro-inflammatory
macrophage phenotype in animal models and in vitro models (schematically represented in
Figure 1), with similarities to the M1 macrophage phenotype. Remarkably, reports that
address the effect of MR on human macrophage differentiation into distinct phenotypes are
scarce.
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FIGURE 1.

MR stimulation of monocytes and macrophages results in an ‘M1-like’, pro-atherogenic phenotype,
and contributes to all stages of atherosclerosis.
Phase I: Initial stimulation of monocytes by aldosterone enhances their migration into the vascular wall, where they
differentiate into macrophages with a pro-inflammatory phenotype. Moreover, monocyte adhesion to the
endothelium is enhanced through direct actions of MR activation on adhesion molecule expression of endothelial
cells. Aldosterone also enhances additional inflammatory cell recruitment by stimulating Mo/Mϕ chemokine
secretion, in particular MCP-1. Phase II: Aldosterone enhances local macrophage proliferation and inflammatory
cytokine and ROS production driving plaque maturation. Phase III: In the mature atherosclerotic plaque foam cell
formation contributes to further plaque accumulation, and in later stages foam cell apoptosis contributes to the
formation of an instable necrotic core. Data on the influence of MR signaling on cholesterol handling comes from
MRKO and MR antagonist models that suggest that the macrophage MR modulates cholesterol efflux pathways.
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Finally, in this stage aldosterone enhances the production of MMPs and reduces efferocytosis, contributing to an
instable plaque phenotype. Last, transcriptional data show that MR stimulation induces expression of M1 markers,
where reduced MR signaling (in grey) abrogates M1 marker expression and enhances M2 markers. FC, foam cell;
Mϕ, macrophage; MMPs, matrix metalloproteinases; Mo, monocyte; MRKO mineralocorticoid receptor knockout;
ROS, reactive oxygen species; + increase; - decrease;  increase;  decrease; (-) no effect.

In rats, intravenous aldosterone-infusion increased protein expression of the panmacrophage marker CD68 in the kidneys indicating enhanced renal macrophage infiltration
35
. This was accompanied by skewing of the macrophages towards the M1 phenotype since
several M1 markers (i.e. TNF-α, Arg2, Ifng and iNos) were enhanced, but M2 markers were
unchanged (i.e. IL-10). Spironolactone reduced expression of most of the M1 markers, but
did not influence M2 marker expression. Aldosterone was furthermore shown to increase
mRNA expression of the classical M1 markers Tnfa, Ccl5, Il12 and Mcp1 in mice peritoneal
macrophages, and to augment the expression of Tnfa after induction of a classical proinflammatory respons with the toll-like receptor (TLR) 4 agonist lipopolysaccharide (LPS) 36.
The latter observation was in line with the finding that ex vivo TLR4 stimulation of monocytes
obtained from PA patients resulted in an enhanced level of pro-inflammatory cytokines
compared to stimulation of monocytes obtained from patients with essential hypertension.
This pro-inflammatory status normalized after disease-specific treatment 37. Primary human
monocyte-derived macrophages furthermore increased both mRNA expression and protein
levels of the M1 marker iNOS upon aldosterone exposure. As expected, eplerenone
abolished this effect 38.
One of the pivotal cytokines in human inflammatory responses and in the development of
atherosclerosis is interleukin-1β (IL-1β), that for its activation depends on a multiprotein
complex called the inflammasome 39. Recently, aldosterone infusion was shown to increase
circulating IL-1 β in mice in a NLRP3 inflammasome dependent manner. Il1r knockout mice
were protected against aldosterone-induced vascular dysfunction, showing the importance
of macrophage-derived IL-1β production for endothelial dysfunction. Importantly, the activation of the NLRP3 inflammasome was also observed in circulating monocytes from
individuals with PA 40.
Data obtained in MR knockout (MRKO) mice and models using MR antagonists further
support the polarization towards an pro-inflammatory phenotype through the MR receptor.
The first murine model investigating macrophage specific MR knockout explored its influence
on the development of cardiac fibrosis upon deoxycorticosterone treatment. Macrophage
specific MRKO showed to be protected against cardiac remodeling as well as hypertension,
and even in untreated animals a reduction was observed in the cardiac expression of several
proinflammatory and profibrotic markers (i.e. Tgfb1) 41. In consecutive experimental mice
models of cardiac and vascular fibrosis, myeloid-specific MRKO resulted in suppression of
macrophage infiltration and M1 markers (i.e. Tnfa, Ccl5) in the myocardium. Typical M2
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markers (i.e. Fizz1, F13a1) were by some authors reported to increase 36 in these fibrosis
models, though according to others they did not change 42. Myeloid-specific MRKO was also
shown to reduce baseline expression of M1 markers in mice peritoneal macrophages,
paralleled by an increase in M2 markers. Furthermore, co-incubation of these MRKO
macrophages with IL-4, the typical inductor of alternatively activated macrophages, induced
a synergism with the MRKO for macrophages to display M2-markers. This suggested that
MRKO macrophages are primed to polarize towards a M2-like phenotype 36. Finally, next to
classical M1 and M2 markers, microarray data from myeloid MR knockout mice macrophages
showed that the MR regulates multiple genes linked to wound healing that could also be
important in the atherosclerotic process, including genes associated with extracellular matrix
adhesion and collagen organization, redox control and immunoregulation, and chemokines
36
.
Data on the effects of MR antagonists on monocyte/macrophage phenotype are in
agreement with the findings observed in MR knockout models. Peritoneal macrophages
obtained from ApoE knockout mice treated with eplerenone exhibited reduced mRNA
expression of several pro-inflammatory genes but increased expression of arginase 1,
indicating a macrophage polarization towards an M2 phenotype. These changes were more
extensive in peritoneal macrophages obtained from mice with early compared to late
atherosclerosis. 25. In line with this, incubation of monocyte-derived macrophages obtained
from healthy donors with MR antagonists increased the expression of the M2 markers ARG1
and the mannose receptor in unstimulated conditions 38 and decreased production of various
pro-inflammatory cytokines and chemokines in human PMNs (peripheral mononuclear cells)
after in vitro LPS stimulation 43, 44. Murine peritoneal macrophages showed an attenuation of
M1-marker expression upon incubation with eplerenone following aldosterone exposure,
and eplerenone also decreased the pro-inflammatory respons to TLR4 stimulation. This
reduction was observed in macrophages from WT mice, but not in macrophages derived
from MRKO mice, emphasizing MR dependancy 36. Last, in a J774A.1 murine macrophagelike cell line stimulated with LPS, MR antagonism again induced direct anti-inflammatory
effects 24, that together with the findings above suggests anti-inflammatory actions of MR
inhibition independent of the presence of aldosterone, suggesting that spironolactone might
act as an inverse agonist at the MR 1. In summary, these data suggest that loss of MR signaling
in macrophages orchestrates polarisation towards an M2-like phenotype, although the
mechanisms through which abrogation of LPS induced pro-inflammatory responses is
established need to be elucidated. An overview of the most important immunomodulatory
effects via the monocyte/macrophage MR is found in Table 1.
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TABLE 1. Effects of the MR on systemic inflammation and monocyte/macrophage phenotype
Species

Model

Human

In vivo

PA patients

Ex vivo

PA patients, Mo, LPS
stimulated
Mo derived Mφ,
aldosterone stimulated
Mo derived Mφ,
eplerenone stimulated
PMNs, eplerenone + LPS
stimulated
Sodium restriction, ApoE
KO

In vitro
In vitro
In vitro
Mouse

Combined

Immunological effects

Reference

Circulating hsCRP , IL-6 , leukocyte count
,
Mφ: inflammasome activation
IL-6 , TNF-α , IL-1β 

30, 31, 40

M1-marker iNOS , ROS production 

38

M2-markers  (ARG1, mannose receptor), M1marker iNOS (-). ROS production (-)
M1-markers and pro-inflammatory
cytokines/chemokines 
Circulating hsCRP  and IL-6 

38, 43, 44

37

23, 24

Mφ: foam cell formation 
Aldosterone infusion, ApoE
KO

Aldosterone infusion, WT
Aldosterone stimulated Mφ

pre-incubation with MR
antagonist
Myeloid specific MRKO,
Mφ
Myeloid MRKO, cardiac
fibrosis, heart
homogenates
Eplerenone treatment,
ApoE KO
Myeloid MRKO, Mφ

Rat

Combined

Aldosterone infusion,
kidney homogenates
simultaneous MRantagonist

Circulating MCP-1 
Mφ: NADPH activity , superoxide anion
production 
LDL oxidation 
Circulating IL-1β 
Mφ: inflammasome activation
mRNA: Tnfa , Ccl5 , Il12  , Mcp1  (M1markers)
LPS-induced Tnfa 

12, 45

40

36

attenuation of effect
M2-markers  (i.e. Fizz1), M1-markers  (i.e.
TNFa, Il1b). Augmentation of M2-profile when
costimulated with IL-4.
M2-markers  or (-), M1-markers  (i.e. TNFα).

36

M2-markers  (i.e. Arg1, Il10), M1-markers
(i.e. Il6, Tnfa) .
migratory capacity , proliferation ,
efferocytosis 
foam cell formation 

25

Cholesterol efflux receptors , cholesterol
uptake receptors (-) (i.e. CD36, SR-A)
M1-markers  (i.e. CD68, TNF-α, Arg2, Ifng ,
iNos), MMP-2 ;
IL-10 (-), mRNA Arg1 (-) (M2-markers)
attenuation of effect

36, 42

27, 36, 46

35

KO, knockout; Mϕ, macrophage; MMPs, matrix metalloproteinases; Mo, monocyte; MR mineralocorticoid
receptor; PMNs, peripheral mononuclear cells; ROS, reactive oxygen species;  increase;  decrease; (-) no
effect.
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STIMULATION OF THE MINERALOCORTICOID RECEPTOR INCREASES
ROS PRODUCTION
Oxidative stress that results from an excessive production of reactive oxygen species (ROS),
is an important modulator of atherosclerotic plaque development. ROS serve complex
signaling functions, enabling normal cellular function at low concentrations, and when in
physiological balance, antioxidant defense mechanisms compensate for their production.
However, if an imbalance occurs, a chain reaction of ROS production and the cumulation of
oxidative stress results in a pathological state 47, 48. Many different cell types can produce
ROS, among which are all cells of the innate immune system 49, 50. Ample evidence support
the hypothesis that ROS released from various sources play a role in the development of
atherosclerosis and its complications 51.
The most acknowledged pro-atherogenic effect is the induction of endothelial dysfunction.
Oxygen radicals not only contribute to a decreased vascular reactivity, but also to vascular
injury by promoting vascular cell growth, migration, inflammation and extracellular matrix
protein deposition 52. ROS furthermore influence monocyte and macrophage behaviour by
promoting expression of COX2, pro-inflammatory transcription factors (such as NFκB),
cytokines and chemokines 50. In addition, they play a role in the oxidation of LDL-cholesterol,
important in the formation of foam cells 53. Finally, ROS production increases expression of
metalloproteinases and thereby induces both fibrosis and an instable plaque phenotype 52.
Animal models and in vitro experiments support a role for aldosterone and the MR in
regulating oxidative stress in macrophages. Aldosterone infusion in ApoE knockout mice
increased the lipid peroxide content of peritoneal macrophages and superoxide anion
formation compared to vehicle-treatment 45. Moreover, this state of high oxidative stress
translated into an enhanced ability of macrophages to oxidize LDL 45. The increased oxidative
state in the mouse peritoneal macrophages correlated with NADPH activity, and a baseline
increase in NADPH oxidase activation in aldosterone-treated cells was observed. MR
antagonist administration next to aldosterone attenuated the pro-oxidative effects 45
Likewise, pre-incubation of human monocytes with eplerenone reduced aldosteroneinduced ROS production. Conflicting evidence exists on the effects of MR antagonists alone:
eplerenone did not reduce ROS production below the levels of verhicle- exposed cells 38, and
no alterations of the oxidative status of macrophages were found in myeloid MR knockout
mice 27. However, others reported that MR antagonists did reduce levels of lipid peroxides in
mouse peritoneal macrophages along reduced superoxide ion release and LDL oxidation 26.
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THE MINERALOCORTICOID RECEPTOR INFLUENCES MONOCYTE AND
MACROPHAGE MIGRATION, PROLIFERATION AND EFFEROCYTOSIS
The total number of plaque macrophages results from influx of circulating monocytes and
local proliferation of resident macrophages, and, on the the other hand, macrophage egress,
macrophage apoptosis and efferocytosis: the clearance of apoptotic macrophages by viable
phagocytic leukocytes 6. In the literature, activation of the MR is suggested to influence
macrophage contents of the atherosclerotic plaque, with aldosterone increasing 12, and
myeloid specific MRKO reducing the macrophage numbers in the atherosclerotic plaques 27.
Moreover, in other injured and inflamed tissues the activation state of the MR correlates to
monocyte and macrophage numbers. For example, intravenous aldosterone infusion
increased the macrophage content of rat kidneys, which was reduced by spironolactone
treatment 35. In line, macrophage infiltration of the heart in response to experimental NO
deficiency was suppressed in myeloid specific MRKO compared to wild-type mice 36, although
others surprisingly reported no differences in myocardial macrophage infiltration using a
similar MR knockout model 42. Macrophage infiltration in femoral arteries after wire-injury
was significantly less in MRKO than wild type mice 46. Since it is known that aldosterone
facilitates peripheral blood monocyte influx into the intimal layer of the vessel wall by
inducing the expression of adhesion molecules on vascular endothelial and smooth muscle
cells 22, in this last model the relative contribution of intrinsic monocyte and macrophage
characteristics versus extrinsic (i.e. endothelial) factors was investigated. Transwell
experiments displayed that the migratory ability of peritoneal macrophages from MRKO mice
was markedly inhibited both at baseline and when stimulated by either MCP-1 or
osteopontin. Moreover, although gene expression of Mcp1 and osteopontin was not
decreased in MR deficient macrophages, gene expression of chemokine (C–C motif) receptor
2 and 4 was significantly suppressed. Thus, intrinsic changes in the macrophage phenotype
contributed to the reduced migratory capacity of MR deficient monocytes. Exploration of the
proliferative potential of macrophages of MRKO mice revealed similar findings: both extrinsic
factors (reduced M-CSF in the vasculature) as well as intrinsic changes in the macrophage
itself (reduced expression of M-CSF receptor Csf1r) were hypothesized to add to the reduced
proliferation observed 46.
Contributing further to our understanding of the high macrophage contents of
atherosclerotic plaques in the presence of excessive aldosterone, are data from a myeloid
MRKO mice model studying how the MR alters cell apoptosis and the efferocytosis capacity
of macrophages. Following the observation that myeloid specific MRKO had a reduced
macrophage-to-total-plaque area ratio, MR deficiency was shown to significantly decrease
the number of apoptotic cells in atherosclerotic lesions, and in aortic plaques a higher
efferocytosis index (the ratio of macrophage-associated to free apoptotic cells) was found.
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In addition, macrophages from MRKO mice phagocytized more apoptotic cells than those
from wild-type mice. MR deficiency did not influence apoptosis of macrophages, further
confirming that the observed decrease of apoptotic cells was most likely due to changed
efferocytosis capacity 27.

ALDOSTERONE AND THE MINERALOCORTICOID RECEPTOR AFFECT
MACROPHAGE LIPID ACCUMULATION
In mature atherosclerotic plaques, an important contributor to the inflammatory milieu is
the macrophage-derived foam cell 8. The apoptosis of macrophage foam cells largely
determines formation of a characteristic feature of the advanced atherosclerotic lesion: the
necrotic core. In macrophage-derived foam cells, oxidized LDL (oxLDL) is mainly ingested
through the scavenger receptors CD36 and scavenger receptor class A (SR-A), and cholesterol
efflux is regulated through ATP-binding cassette transporters A1 (ABCA1), G1 (ABCG1) and
scavenger receptor BI (SR-BI). The balance between cholesterol uptake and efflux
determines the net accumulation of lipids in the macrophage. Several murine models provide
information on the influence of the MR on macrophage lipid uptake and foam cell formation.
Upregulating RAAS activity with a low sodium diet augmented cholesterol accumulation in
circulating and peritoneal mice macrophages. This effect was inhibited by eplerenone 24. In
myeloid MRKO mice receiving a high-fat diet, alteration of mRNA expression of cholesterol
transport pathways corresponded to decreased foam cell formation in vivo, qualified by Oil
Red O staining. In addition, in vitro foam cell formation was reduced as established through
staining and quantified with fluorescent activated cell sorting measurement of labeled oxLDL
uptake 27. In this model, gene expression of Pparg, Lxra, Rxra and Abcg1 was upregulated in
MRKO macrophages 27. Expression of genes involved in oxLDL uptake, such as Sra, Srbi, Cd36,
Cd68 and lectin-like oxLDL receptor (Lox) 1, was not significantly altered in the MRKO,
indicating that the MR mainly influences cholesterol efflux pathways. Similar findings were
reported in a myeloid-specific knockout model, where Cd36 expression was also unchanged
36
. However, others did report differences in cellular uptake of lipids by pharmacological MR
modulation, with decreased internalization of oxLDL but not native LDL in peritoneal
macrophages derived from eplerenone-treated compared to untreated mice 26.

THE MACROPHAGE MINERALOCORTICOID RECEPTOR DETERMINES
PLAQUE COMPOSITION AND STABILITY
Next to the formation of a necrotic core by the apoptosis of foam cells, several intrinsic
factors determine the stability of the atherosclerotic plaque, of which the most important
are plaque composition and local production of matrix metalloproteinases (MMPs) leading
to collagen degrading. Plaque rupture occurs when the fibrous cap overlying the
trombogenic lipid- and inflammatory cell-containing core of the atherosclerotic lesion

62

CHAPTER 3

breaches, an event most likely to happen in plaques with a thin fibrous cap with a low
collagen content and an extensive necrotic and macrophage-rich core 54. MMPs can
contribute to thinning of the fibrous cap by the degradation of most extracellular matrix
proteins; MMP-1, -2, -9 and -12 are the most prominent in the pathogenesis of
atherosclerosis and -thrombosis 55, 56.
There are preliminary experimental findings that suggest that the macrophage MR influences
plaque phenotype. Histological evaluation of aortic lesions in aldosterone-infused mice
revealed an increased lipid and inflammatory cell area of over two fold, with no changes in
collagen content 12. In line with this, myeloid MR deficiency resulted in a significant increase
of the ratio of plaque collagen coverage to total lesion area in atherosclerotic lesions in the
aortic sinus. Further, the macrophage content of the examined lesions was strongly reduced
with a comparable reduction in necrotic area, due to altered macrophage efferocytosis
capacity rather than reduced apoptosis 27. Degradation of the fibrous cap by aldosteroneinduced MMPs is an additional contributor to an instable plaque phenotype. A recent study
reported higher MMPs protein levels in purified kidneys from rats treated with aldosterone
35
. Of note, these data did not distinguish between MMP induction in macrophages and other
cell types. In a murine model of cardiac tissue remodeling, intact MR signalling in
macrophages was required to increase MMP-12 production above baseline levels 57. Kidney
homogenates from aldosterone-treated mice showed higher protein levels of MMP-2 35, and
clinical data in patients with PA showed an association between the aldosterone-to-renin
ratio and circulating MMP-2 levels in vivo 58. Unfortunately, no control group with normal
aldosterone values was included in this study. Conversely, after adrenalectomy MMP-2 levels
were reported not to decrease in PA patients 59. Since in several non-immune cells the MR
was suggested to influence metalloproteinase expression 46, 60, it is probable that comparable
effects of aldosterone on innate immune cells exist. Taken together, these findings suggest
that the macrophage MR can potentially determine the stability of atherosclerotic plaques.
A schematic summary of the influence of the monocyte/macrophage MR on the different
stages of atherosclerosis is provided in Figure 1.

THE FUNCTIONAL OUTCOME OF MINERALOCORTICOID RECEPTOR
ACTIVATION IS LIGAND SPECIFIC
The findings described in the paragraphs above argue for an important role for the MR in
modulating the inflammatory and atherogenic properties of monocytes and macrophages.
To understand the intracellular signal transduction routes that drive these effects, two
important questions remain. First, how does the MR offer substrate specificity for
aldosterone over cortisol, which is also a potent ligand for the MR? Second, which
intracellular pathways function downstream of the ligand-MR complex to exert these
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effects? Below, we aim to answer these questions, although data regarding intracellular
pathways activated upon MR stimulation in innate immune cells are sparse.
The MR is a cytosolic receptor, which after ligand binding shuttles into the nucleus to bind to
a DNA sequence known as hormone response element (HRE). Upon binding, the MR forms
homodimers, or combines with the glucocorticoid receptor (GR) to form heterodimers - thus
initiating different transcriptional pathways, although this latter steroid receptor interaction
has not yet been studied in innate immune cells 61, 62. Next to the cytosolic receptor, the
expression of a membrane-bound MR in monocytes has been hypothesized, since
mineralocorticoids were found to show increased membrane binding in human monocytes
63
. However, no specific aldosterone membrane-bound receptor has yet been identified, and
current theories suggest a role for so-called scaffolding proteins such as striatin and caveolin
that associate to the cytosolic MR receptor and the plasma membrane 64 .
Although aldosterone is historically seen as the main physiological MR ligand, the MR also
has a similar high affinity for the human glucocorticoids 65. In the physiological state, the
plasma concentration of cortisol is much higher than the aldosterone concentration.
Therefore, mechanisms must exist to exert specificity at the MR. The most important one
operates at the prereceptor level. Co-expression of the enzyme 11-β-hydroxysteroid
dehydrogenase 2 (11β-HSD2) in epithelial cells shields the MR against glucocorticoid excess,
by converting cortisol into cortisone that does not bind to the MR. In the vasculature, both
endothelial cells and vascular smooth muscle cells express 11β-HSD2 1. 11β-HSD2 is assumed
not to be expressed in circulating monocytes and resident macrophages, although its
presence was reported in human tissue macrophages from patients with acute respiratory
distress syndrome and rheumatoid artritis 66-68. When 11β-HSD2 is not expressed, cortisol
can still be converted to cortisone if the related 11β-HSD1 is expressed without co-expression
of hexose-6-phosphate dehydrogenase (H6DP), as was described in preautonomic neurons
in the paraventricular nucleus 69. The absence of H6DP shifts the function of 11β-HSD1 from
reductase to dehydrogenase, thereby resulting in cortisone formation.
Intriguinly, even in cells not expressing 11β-HSD2, the MR is more sensitive to aldosterone
than to cortisol, with the former committed to induce significantly stronger MR
transcriptional activation at lower concentrations 65. Several post-binding mechanisms
orchestrate this ligand-specific functional outcome of MR-ligand binding 70. The first is the
stability of the MR-ligand complex. The aldosterone–MR complex has a more stable
conformation for a longer period than cortisol, resulting in more effective recruitment of
transcriptional cofactors and a more effective MR target gene activation 71, 72. Second,
differences in cofactor recruitment upon MR-ligand binding are proposed to drive
differences in gene transcription by aldosterone and cortisol or corticosterone. The signaling
of nuclear receptors is refined by complex and nuanced interactions with coregulatory
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proteins that can repress or enhance gene transcriptional responses 70. Hundreds of
cofactors for the nuclear receptor family have been described, but only in recent years the
first ligand-specific cofactors determining MR-ligand transcriptional activation were
discovered. These studies not only emphasized that cortisol and aldosterone have the
potential to activate different transcriptional programs depending on the cofactors
recruited, but also underscored the importance of the cellular environment to enable specific
outcomes 70: For example, the cofactor SSRP1 repressed MR-mediated transactivation in
HEK293 cells, while augmenting MR activity in H9c2 cells 73. In summary, the pathways
through which ligand-specificity is obtained through the MR receptor are complex and
incompletely understood, and extend far beyond the co-expression of the chaperone 11βHSD2. For cells of the innate immune system it is yet to be investigated which of these
mechanisms are of importance and under which circumstances aldosterone or cortisol
functions as the primary MR ligand in vivo.

THE MINERALOCORTICOID RECEPTOR CHANGES THE IMMUNE CELL
PHENOTYPE THROUGH SLOW AND RAPID SIGNALING PATHWAYS
The intracellular signaling cascades and transcriptional networks activated by MR activation
are manifold, intricately entwined and only partly unraveled. Classical effects of the MR are
mostly attributed to slow, ‘genomic’ effects, by transcription of MR target genes 62. However,
MR activation can also trigger very rapid responses suggesting additional ‘non-genomic’
routes 74. Recently, the signaling pathways activated by aldosterone binding to the MR in
various cell types have been extensively reviewed by Ong and Young and Ruhs et al. 62, 64. We
will therefore only briefly summarize the few pathways that have been studied in monocytes
and macrophages and that are relevant in immunomodulation.
In the classical situation, the aldosterone-MR complex shuttles into the nucleus to induce
transcription of MR target genes, a process that requires thirty minutes to hours to induce
effects. These genes include the NR3C2 (the MR gene itself), the EGFR and the SGK1
(serum/glucocorticoid regulated kinase 1). SGK1 is a regulator of cellular stress responses
and an important effector of aldosterone function, and the macrophage SGK1 in particular is
suggested to modulate inflammatory and atherosclerotix properties of these cells. Genetic
deletion of Sgk1 decreased monocyte/macrophage migration and atherosclerotic lesion size,
and attenuated macrophage MMP-9 production through alteration of NFκB activation 75.
Similarly, Sgk1 deficiency selectively reduced macrophage infiltration in mice hearts, though
differently from what might have been expected, in this model Sgk1 knockout was associated
with a decrease in M2 markers of the infiltrating macrophages 76. Aldosterone treatment
significantly upregulated Sgk1 expression in mice macrophages 35. Moreover, in a myeloid
MRKO mice model, SGK1 was shown to mediate the anti-inflammatory effects of MRKO via
via regulation of the NFκB pathway and AP-1 (activator protein 1), a transcription factor that
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regulates gene transcription in respons to various stimuli. MRKO significantly reduced SGK1
gene and protein expression and phosphorylation, AP-1 activation, and phosphorylation of
the most important inhibitor of NFκB, IκBα, resulting in reduced dissociation of IκBα from
NFκB. In this model, Raw264.7 cells that were MR deficient showed lower inflammatory
responses upon LPS stimulation, lower AP-1 signaling and lower NFκB signaling, but
overexpressed of SGK1 abrogated all these effects 46.
Next to the regulation of MR target genes, control of cellular metabolism is of utmost
importance in skewing the macrophage to pro- or anti-inflammatory properties. In recent
years it has become increasingly clear that engagement of distinct metabolic pathways not
only functions to meet cellular energy requirements, but also regulates specific macrophage
functional states. This is best illustrated by classically versus alternatively activated
macrophages that for their ATP production depend on either rapid energy expenditure via
aerobic glycolysis (M1 macrophage), or the slower though highly efficient mitochondrial
oxidative phosphorylation (M2 macrophage), as well as differ in amino acid and lipid
metabolism. Inhibition of these pathways interferes with the ability of the macrophage to
mount an M1- or M2-like respons 77. Of particular importance in the metabolism of M2
macrophages and necessary for maintaining the typical M2 phenotype after IL-4 induction,
is the activation of PPAR-γ via STAT6, regulating fatty acid storage and glucose metabolism.
In human umbilical vein endothelial cells aldosterone downregulated PPAR-γ activity 78 and
in cardiac macrophages knockout of the MR resulted in increased Pparg activation, in line
with the M2 skewing seen in protein expression and mRNA profiling upon MR deactivation,
as described in the previous paragraphs 57. Central in the cellular metabolism of M1
macrophages is an upregulation of glycolytic gene expression via the hypoxia-inducible factor
1 alpha (HIF1-α) transcription factor, but unfortunately no data exist on the glycolytic respons
upon MR activation in innate immune cells.
The importance of rapid (non-genomic) signaling of aldosterone, occurring within minutes
after exposure, has been acknowledged in several cell types, for example in tubular cells in
the kidney. Yet, they are only starting to be unraveled in cells of the the vascular system
(vascular smooth muscle cells and endothelial cells) 64. These non-genomic signaling
pathways are dependent on the classical MR, that through interaction with scaffolding
proteins such as caveolin-1 is able to associate with the plasma membrane and rapidly
conduct signals from the extracellular environment 64. Important in rapid signaling is the
interaction of the MR-ligand complex with receptor tyrosine kinases like EGFR and IGF1R,
both target genes of the MR, and G protein-coupled receptors (in particular the angiotensin
II receptor type 1 (AT1)). Transactivation of these receptors after MR-ligand binding induces
secondary signaling cascades such as the ERK-MAPK signaling cascade 64, that rapidly
transducer signals from cell surface into the nucleus. The ERK-MAPK cascade was shown to
be activated in fibroblasts by MR stimulation; in monocytes it regulated inflammatory
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responses characteristic for the M1 macrophage 79. Jun amino-terminal kinases (JNK)
appeared to be a particularly important member of the MAPK family in macrophage MR
signaling 57. Bone marrow-derived macrophages of wild-type mice upregulated JNK
phosphorolation in respons to the TLR4 agonist LPS, but this effect was completely
attenuated in MR-null macrophages. Paralleling this, MMP-12 and TNF-α production,
regulated by the JNK pathway, was abbrogated in myeloid specific MR knockout mice.
Analysis of the other MAPK pathways p38, ERK1/2, and the NFκB pathway inhibitor IκBα
revealed no significant differences in phosphorylation upon LPS stimulation in MR wild-type
versus MR-null bone marrow-derived macrophages 57. To our knowledge, further data on the
effects of MR activation on genomic and non-genomic signaling routes in innate immune
cells are lacking.

FUTURE PERSPECTIVES
In this review, we summarized the increasing body of evidence on the importance of the MR
in modulating innate immune cell function in the context of atherogenesis. Many questions
are still unanswered, and the lack of human data makes it difficult to translate these findings
to clinical practice. Patients with primary aldosteronism are the most extreme human
phenotype of aldosterone excess. Therefore, future research should focus on determining
the immunological and atherosclerotic profile of these patients before and after treatment.
Studying the immunological profile of these patients, and investigating the intracellular
pathways through which the MR shapes innate immune cell function could lead to novel
therapeutic targets for atherosclerosis in PA, but also in the general population. These
studies should also establish the duration of the inflammatory changes observed after MR
activation. This is of importance, since it was shown recently that innate immune cells exhibit
long-term memory functions potentially important in determining the course of
atherosclerosis 80. Via changes in the intracellular metabolism and epigenetic regulation at
the level of histone modifications 81, 82, monocytes and macrophages can recollect a previous
encounter with both microbial products and pro-atherogenic stimuli such as oxLDL and
lipoprotein(a) 83, 84, and show a prolonged augmented immunological response to
subsequent similar or unrelated immunological stimuli 85, 86. It would be of great interest to
investigate whether monocyte MR activation results in a trained immune phenotype. In
conclusion, studying the role of the MR receptor in inflammation and atherosclerosis is a
promising way to find targets in the ongoing battle against cardiovascular disease.
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ALDOSTERONE INDUCES TRAINED IMMUNITY: THE ROLE OF FATTY ACID SYNTHESIS

ABSTRACT
Aims: Supranormal levels of aldosterone are associated with an increased cardiovascular risk
in humans, and with accelerated atherosclerosis in animal models. Atherosclerosis is a lowgrade inflammatory disorder, with monocyte-derived macrophages as major drivers of
plaque formation. Monocytes can adopt a long-term pro-inflammatory phenotype after brief
stimulation with microbial pathogens or endogenous atherogenic lipoproteins via a process
termed trained immunity. In this study, we aimed to investigated whether aldosterone can
induce trained immunity in primary human monocytes in vitro and explored the underlying
mechanism.
Methods and Results: We exposed human monocytes to aldosterone for 24h, after which
they were rested to differentiate into monocyte-derived macrophages for 5 days, and
restimulated with Toll-like receptor 2 and 4 ligands on day 6. We demonstrated that
aldosterone augments pro-inflammatory cytokine production and reactive oxygen species
production in monocyte-derived macrophages after restimulation, via the mineralocorticoid
receptor. Fatty acid synthesis was identified as a crucial pathway necessary for this induction
of trained immunity and pharmacological inhibition of this pathway blunted aldosteroneinduced trained immunity. At the level of gene regulation, aldosterone promoted enrichment
of the transcriptionally-permissive H3K4me3 modification at promoters of genes central to
the fatty acid synthesis pathway.
Conclusion: Aldosterone induces trained immunity in vitro, which is dependent on
epigenetically mediated upregulation of fatty acid synthesis. These data provide mechanistic
insight into the contribution of aldosterone to inflammation, atherosclerosis and cardiovascular disease.

INTRODUCTION
The renin-angiotensin-aldosterone system (RAAS) is the most important regulator of blood
pressure and electrolyte homeostasis. Aldosterone exerts its influence through the
mineralocorticoid receptor (MR) and increases sodium uptake and secondary fluid retention
in kidney tubular cells 1. The presence of supranormal levels of circulating aldosterone
(hyperaldosteronism), is a common disorder in the cardiovascular and metabolic field. It can
be caused by autonomous adrenal overproduction of aldosterone (primary aldosteronism
(PA)), one of the most prevalent forms of secondary hypertension 2, or result from general
activation of the RAAS, as commonly seen in renal and cardiac failure and obesity 3-5.
Importantly, clinical data from patients with primary hyperaldosteronism revealed that
chronic exposure to supranormal levels of aldosterone is associated with an increase in
cardiovascular events independent of the presence of hypertension 6. Moreover,
intervention trials showed that MR antagonists improve cardiovascular outcomes over and
above the effects attributable to blood pressure lowering 7, 8. However, the mechanisms
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through which aldosterone impacts on cardiovascular health are poorly understood. An
important hypothesis states that aldosterone directly contributes to the development of
atherosclerosis, which has been shown in animal models 9, 10. We recently proposed that this
pro-atherogenic effect is, at least in part, mediated by direct activation of innate immune
cells by aldosterone 11. However, until now human data of the effects of aldosterone on the
innate immune system and atherogenesis are limited.
Although the importance of the (innate) immune system in all stages of atherosclerosis is
well established 12, 13, it remains difficult to explain the non-resolving nature of the
inflammatory process driving atherogenesis. Interestingly, human monocytes were recently
shown to build an immunological memory upon stimulation with microbial products by a
process termed trained immunity 14. After brief exposure to these stimuli, ‘trained’
monocytes and monocyte-derived macrophages exhibit a long-term pro-inflammatory and
pro-atherogenic phenotype with a heightened cytokine response to re-stimulation by
unrelated stimuli 14, such as Toll-like receptor (TLR) 2 and 4 agonists, which have been shown
to be important in the development of atherosclerosis15. Later, the concept of trained
immunity was extended to endogenous, sterile compounds that are classically associated
with atherogenesis, such as oxidized low-density lipoprotein (oxLDL) 16 and lipoprotein (a) 17
Recently, the existence of ‘trained immunity’ was confirmed in vivo in a murine model of
Western type diet-induced trained immunity 18, where a high fat diet induced persistent proinflammatory changes in bone-marrow derived myeloid cells. Since the monocyte-derived
macrophage is the most abundant and important innate immune cell in atherogenesis 12, 19,
20
, ‘trained immunity’ has been implicated in the low-grade and long-term inflammatory
changes seen in atherosclerosis 21, 22. Indeed, in patients with established atherosclerosis,
monocytes display a trained phenotype when stimulated ex vivo 23.
The phenotypical changes that occur in trained immunity are orchestrated via profound
changes in the intracellular metabolism, which are strongly associated with epigenetic
modifications 24. Different macrophage phenotypes are characterized by distinct metabolic
routes for energy generation 25, and similarly distinct inducers of training activate different,
though partly overlapping, immunometabolic routes 26. In addition to enhanced glycolysis 27,
induction of oxidative phosphorylation accompanies the development of a trained
macrophage 28. Moreover, induction of cholesterol and fatty acid synthesis pathways, as well
as the pentose phosphate pathway, are associated with the classically trained cell, although
not all of these pathways are indispensable in the process of training 29. Changes in histone
modifications are implicated in the facilitation of the transcription of metabolic genes. In
particular, enrichment of H3 histones trimethylated at lysine 4 (H3K4me3) at regulatory
promoters is associated with increased expression of genes involved in glycolytic
metabolism, both in vitro and in vivo 27, 28.
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Since aldosterone is a hormone with strongly fluctuating circulating levels 30, it is likely that
monocytes encounter peak exposure levels to this mineralocorticoid in the peripheral
circulation before migration into the vessel wall. In the current study we therefore
investigated whether transient exposure to high aldosterone concentrations induces a longterm pro-inflammatory phenotype in human monocyte-derived macrophages in vitro that
could contribute to persistent inflammation of the vessel wall characteristic of
atherosclerosis. We explored the changes in immunometabolism and epigenetic
modifications underlying these effects. Deciphering the role of aldosterone in shaping a
trained immunity phenotype of monocytes and/or macrophages and unraveling the
mechanism orchestrating such effects represents a step towards understanding of
aldosterone-associated cardiovascular disease.

METHODS
Isolation of PBMCs and monocytes
We obtained buffy coats from healthy donors after written consent (Sanquin Blood Bank,
Nijmegen, the Netherlands), and experiments were in accordance with the Declaration of
Helsinki. PBMCs were isolated using Ficoll-Paque PLUS (GE Healthcare Biosciences). After
Ficoll isolation the monocyte fraction of human PBMCs was increased with hyperosmotic
Percoll gradient isolation (Sigma).
Stimulation and training experiments
Monocytes were cultured in RPMI 1640 Dutch-modified culture medium (Invitrogen)
supplemented with 10 μg/mL gentamicin (Centraform), 10 mmol/L Glutamax (Invitrogen),
10 mmol/L pyruvate (Invitrogen), and 10% human pooled serum. Adherent monocytes were
stimulated with aldosterone or its vehicle control for 24h, followed by a resting period of 5
days and restimulated the cells with 10ng/ml LPS from E.Coli (Sigma-Aldrich) or 10ug/ml P3C
(EMC Microcollections) according to the established in vitro model of human monocyte
training 31. Cell numbers were obtained using a Coulter counter (Coulter Electronics), and
seeded in 96-well flat-bottom plates at 100.000 wells for cytokine, LDH and lactate assays;
at 2.5×106 cells per well in 6 well plates for RNA and ROS assays and 24h Seahorse
measurements, and 10×106 cells per dish in petri dishes for chromatin immunoprecipitation
and 6d Seahorse experiments. Aldosterone (Sigma, A9477) concentrations of 1nM-100nM
were tested in our experimental setup. Upon dose-response experiments in the training
model, 10nM was established as working concentration for the experiments. Aldosterone
was dissolved in ethanol (final concentration 0.001%). When the MR antagonist
spironolactone (R&D systems, 2968, working concentration 1uM, 0.001% ethanol) was used
in the first 24h of training, this was added to the cells one hour before addition of aldosterone
or vehicle. For inhibition of fatty acid synthesis cerulenin 0.1ug/ml (Sigma, C2389) was used
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in combination with P3C during restimulation on day six for 24h; cerulenin was added to the
medium 1h prior to P3C. We used pooled serum from a cohort of 19 patients with established
primary hyperaldosteronism from our outpatient clinic of internal medicine and 19 patients
with essential hypertension in whom primary hyperaldosteronism was ruled out. This pooled
serum, at a concentration of 10% in gentamycin, pyruvate and glutamate enriched RPMI, was
used as a training compound in the first 24h in a similar fashion as described above. All
experiments were performed in duplicates, in a minimum of n=6, except for RNA microarray
and assessment of H3K4me3, which was performed in n=3.
Cell viability
Cell viability was determined after 24h of incubation with vehicle, aldosterone and/or
spironolactone, and on day 7 after restimulation with the combination of cerulenin and P3C,
using a lactate dehydrogenase cytotoxicity assay (CytoTox 96 Non-Radioactive Cytotoxicity
Assay, Promega, MN, USA) (Figure S1). The assay was performed on fresh supernatants.
Moreover, on day 6 before restimulation, scraping and automatic cell counts were
performed (Coulter counter (Coulter Electronics)) (Figure S1).
Cytokine and chemokine measurement
Cytokine and chemokine production in supernatants after 24h or 7 days was determined
using commercial enzyme-linked immunosorbent assay kits for TNF-α and IL-6 (R&D Systems,
MN, USA), IL-10 (Sanquin, Amsterdam, The Netherlands) and MCP-1 (eBioscience, HalleZoersel, Belgium) following the instructions of the manufacturers. Lactate was measured
using a lactate fluorometric assay kit (BioVision, CA, USA).
ApoB measurements
On day 6 of the training protocol, the monocyte-derived macrophages were either continued
to rest in 10% serum for an additional 28 hours, or starved in RPMI for 4 hours and incubated
with oxLDL (50ug/ul) for 24h. After 24h of oxLDL stimulation or additional resting, cells were
lysed with Triton X 0.5% and intracellular ApoB was measured as described before 32.
Reactive oxygen species measurement
ROS assays were performed at 24h (adherent monocytes) and on day 6 before restimulation
(trained monocyte-derived macrophages) with a luminol-enhanced luminescence assay.
After detachment a total of 200.000 cells were added per well of a white 96-well assay plate
(Corning). Cells were stimulated with plasma-opsonized Zymosan A (Sigma Z4250) at a
concentration of 3 mg/ml. Luminol (working concentration 10 -4 M) was added, and
chemiluminescence was measured every 142 s for 1 h. All measurements were performed in
triplicates or quadruplicates, depending on the number of cells available.
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Lactate measurements
Lactate was measured from cell culture supernatants precipitated with perchloric acid at 24h
and 6d. Either 30 µl lactate standard or 200-fold diluted sample was added to a black, 96well, flat-bottomed plate, followed by 30 µl reaction mix, which consisted of 0.6 µl 10 U ml−1
horseradish peroxidase (Sigma-Aldrich), 0.6 µl 100 U ml−1 lactate oxidase (Sigma), 0.3 µl 10
mM Amplex Red reagent (Life Technologies) and 28.5 µl PBS. The assay was incubated for 20
min at room temperature, and the fluorescence of resorufin (excitation/emission maxima of
570/585 nm) was measured on a 96-well plate reader (Biotek).
Extracellular flux measurements
Real-time oxygen consumption (OCR) and extracellular acidification rates (ECAR) of
monocytes were analysed using an XF-96 Extracellular Flux Analyzer (Seahorse Bioscience).
After culturing as described above, cells were detached with Versene at 24h (adherent
monocytes) or 6d (monocyte-derived macrophages) and 100.000 cells per well were plated
to overnight-calibrated cartridges in assay medium (RPMI with 0.6 mmol/L glutamine,
5 mmol/L glucose and 1 mmol/L pyruvate [pH adjusted to 7.4]) and incubated for 1 hour in a
non-CO2-corrected incubator at 37°C. Oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were measured using a Cell Mito Stress Kit (for OCR) or a glycolysis
stress test (for ECAR) kit in an XFp Analyzer (Seahorse Bioscience), with final concentrations
of 1 μmol/L oligomycin, 1 μmol/L FCCP, and 0.5 μmol/L rotenone/antimycin A. All
measurements were performed quadruplicates or quintuplicates.
RNA isolation and qPCR and microarray processing
Cells were cultured as described above. On day 6 before and after 4h of P3C restimulation,
total mRNA was extracted using TRIzol (Life Technologies) according to the manufacturer’s
protocol. For RNA microarray, RNA was further purified with the Qiagen RNeasy mini kit
columns (Qiagen, Venlo, the Netherlands), using the aqueous phase in the TRIzol extraction
procedure as input sample and following the manufacturer’s instructions. For microarray,
RNA quality was determined using RNA 6000 nanochips on the Agilent 2100 bioanalyzer
(Agilent Technologies, Amstelveen, the Netherlands). An amount of 100 ng total RNA was
labelled using an Affymetrix WT plus reagent kit and hybridized to whole genome Genechip
Human Gene 2.1 ST arrays coding 25.088 genes and transcripts (Life Technologies, Bleiswijk,
the Netherlands). Sample labelling, hybridization to chips and image scanning was performed
according manufacturer's instructions. For qPCR (quantitative polymerase chain reaction),
iScript Reverse Transcriptase (Invitrogen) was used to synthesize cDNA. Microarray analysis
was performed using MADMAX pipeline for statistical analysis of microarray data 33. For
further analysis a custom annotation was used based on reorganized oligonucleotide probes,
which combines all individual probes for a gene 34. Using a robust multichip average (RMA)
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method including quantile normalisation expression values were calculated 35. P-values were
corrected for multiple testing by a false discovery rate method 36 and significant differences
in expression were assessed using paired Intensity-Based Moderated T-statistic (IBMT) 37.
Pathways analysis was performed by Gene Set Enrichment Analysis, KEGG pathway mapping
was performed with David 6.7 38, 39. qPCR was performed on an Applied Biosciences StepOne
PLUS qPCR machine using SYBR Green (Invitrogen), and the values expressed as log2 fold
increase in mRNA levels relative to those in non-trained cells. B2M was used as a
housekeeping gene. Primers are listed in table S3.
Chromatin immunoprecipitation
Trained monocytes (day 6) were cross-linked in methanol free 1% formaldehyde, followed by
sonication and immunoprecipitation of chromatin using antibodies specific for H3K4me3 (Diagenode, Seraing, Belgium). Immunoprecipitated DNA was processed further for qPCR analysis.
Primers used in the reaction are listed in table S4. Samples were analyzed following a comparative Ct method using the SYBR green method according to the manufacturer's instructions.
Statistical analysis
Experiments were analyzed using a Wilcoxon signed-rank test. A p-value <0.05 (*) was
considered statistically significant. Data are represent as mean±SEM unless stated otherwise.

RESULTS
Aldosterone induces trained immunity in human monocytes via the MR
Using a previously described model of trained immunity in vitro 31, we assessed the potential
of aldosterone to induce an innate immune memory (Figure 1A). In brief, adherent primary
human monocytes isolated from healthy volunteers were incubated with aldosterone or
vehicle for 24h, rested for 5 days, and restimulated on day 6 with ligands of Toll-like receptor
(TLR) 2 (Pam3Cys [P3C]) or TLR 4 (lipopolysaccharide [LPS]). Aldosterone did not induce
cytokine (interleukin [IL]-6, tumor necrosis factor [TNF]-α, or IL-10), chemokine (monocyte
chemoattractant protein [MCP]-1) or reactive oxygen species (ROS) production in the first
24-hour stimulation period (data not shown). However, aldosterone induced trained
immunity in exposed macrophages, as defined by augmented pro-inflammatory cytokine
response on day 6 to restimulation with P3C, with a maximal effect at 10nM of aldosterone
(Figure 1B). In addition, brief aldosterone exposure increased ROS production upon zymosan
re-stimulation on day 6 (Figure 1C). In a separate set of experiments, we confirmed that cells
trained with aldosterone produced more IL-6 and TNF-α in response to P3C, but not LPS, restimulation. However, following LPS re-stimulation, ant-inflammatory IL-10 production was
dampened in aldosterone-trained cells (Figure 1D).
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FIGURE 1. Transient exposure of monocytes to aldosterone induces trained immunity via the MR.
(A) Graphical outline of the in vitro methods. Monocytes were incubated for 24h with either aldosterone or vehicle,
or 10% serum from patients with primary aldosteronism (PA) or essential hypertension (EHT). After a 5 day rest
period monocyte-derived macrophages were restimulated with LPS (TLR 4 agonist) or P3C (TLR 2 agonist). (B) Doseresponse experiments was performed to determine the optimal dose for aldosterone training. On day 7, after a 24h
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restimulation with LPS or P3C, IL-6 and TNF-α production were determined in cell supernatants; β-glucan was used
as a positive control (mean±SEM, n=6). *p < 0.05, Wilcoxon signed-rank test. (C) ROS production upon zymosan
stimulation was measured on day 6 (mean±SEM, n=6). *p < 0.05, Wilcoxon signed-rank test. (D) In a second set of
donors the effects of aldosterone training (10nM) was validated, and after 24h restimulation IL-6, TNF-α, MCP-1 and
IL-10 were measured (mean±SEM, n=12 (MCP-1 n=6)). *p < 0.05, Wilcoxon signed-rank test. (E) On day 0, cells were
pre-incubated for one hour with the MR antagonist spironolactone before addition of aldosterone. On day 7, IL-6
and TNF-α production upon P3C restimulation were measured (mean±SEM, n=9). *p < 0.05, Wilcoxon signed-rank
test. (F) As proof of principle, cells were incubated with serum of PA patients or EHT patients for the first 24h. After
resting and differentiation, IL-6, TNF-α and IL-10 production upon restimulation were measured (mean±SEM, n=6,
(IL-6 and TNF-α, P3C restimulation, n=13). *p < 0.05, Wilcoxon signed-rank test. (G) On day 0, cells were preincubated for one hour with the MR antagonist spironolactone before addition of patient serum. On day 7, IL-6 and
TNF-α production upon P3C restimulation were measured (mean±SEM, n=7). *p < 0.05.

To assess if aldosterone training was established via the mineralocorticoid receptor, we preincubated cells on day 0 with spironolactone for one hour before addition of aldosterone.
This abolished the effects on IL-6, and partly reduced TNF-α production (Figure 1E). As a last
proof-of principle, we exposed monocytes from healthy subjects for 24 hours to pooled
serum obtained from patients with primary aldosteronism (PA), or patients with essential
hypertension, and measured IL-6, TNF-α and IL-10 production of these cells on day 6. Again,
a profound training effect was observed (Figure 1F). However, contrasting the in vitro model
of aldosterone training, TLR2 and TLR4 restimulation induced comparable effects, and was
associated with a heightened IL-10 production in addition to IL-6 and TNF-α. Again,
pharmacological inhibition with spironolactone largely dampened the increase in IL-6
production, but had no effects on TNF-α production (Figure 1G). This suggests that in
addition to aldosterone, other circulating factors in the serum of PA patients skew monocytes
towards a pro-inflammatory phenotype.
Aldosterone does not affect glycolysis or oxidative phosphorylation
To determine whether the differences in cytokine production capacity were dependent on
metabolic reprogramming as described previously for trained immunity 27, 28, we analyzed
the metabolism of aldosterone-trained cells for these metabolic routes using Seahorse XF
technology. No differences in extracellular acidification rate (reflecting glycolysis) or oxygen
consumption (reflecting oxidative phosphorylation) were observed in monocytes after 24h
of stimulation with aldosterone. Accordingly, no differences in lactate production were
observed after 24h (Figure 2A). Metabolic profiling on day 6 before restimulation again
showed no significant changes in glycolysis or oxidative phosphorylation. Likewise, no alterations in lactate production in aldosterone trained cells were observed on day 6 (Figure 2B).
Aldosterone training does not induce foam cell formation
Since training with oxidized LDL (oxLDL) was previously shown to augment foam cell
formation in vitro, we measured intracellular ApoB levels in our aldosterone-trained
macrophages after exposure to oXLDL. This did not differ from vehicle treated cells (figure
S2A). Moreover, we investigated the expression of the oxLDL-uptake transporter genes
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FIGURE 2. Aldosterone does not alter glycolysis or oxidative phosphorylation.
(A) After 24h of incubation with aldosterone, cells were harvested and extracellular acidification rate and oxygen
consumption rate were measured by Seahorse XF. Lactate was measured in 24h supernatant (mean±SEM), n=6). *p
< 0.05, Wilcoxon signed-rank test. (B) On day 6, prior to restimulation, trained cells were harvested and extracellular
acidification rate and oxygen consumption rate measurement was performed by the Seahorse XF. Lactate was
measured in 6d supernatant (mean±SEM), n=6). *p < 0.05.

(SR-A and CD36), and cholesterol efflux transporter genes (ABCA1 and ABCG1). In the
microarray performed on n=3 trained cells, we did not observe consistent or significant
changes in any of these genes. Using qPCR on a additional set of donors, we also did not see
any consistent pattern for the expression of these transporters on monocyte-derived
macrophages trained with aldosterone versus vehicle on day 6 (t=6d) of the training protocol
or 4 hours after restimulation with TLR 2 agonist P3C (t=6d+4h) (figure S2B).
Aldosterone training induces fatty acid synthesis
To further explore the metabolic changes through which aldosterone induces trained
immunity, we performed RNA microarray analysis of aldosterone-trained cells of 3 donors
both at 6 days (t=6d) and 4 hours after P3C re-stimulation (t=6d+4h (GSE121696)). No genes
or pathways were significantly upregulated in aldosterone to vehicle trained cells on a
genome-wide level. This is similar to β-glucan, mevalonate and fumarate-trained macro-
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phages, where no consistent transcriptome-wide differences were observed at the 6 day
time point 29, 40. 41. To increase the sensitivity for potentially relevant metabolic changes in
our dataset, we ranked genes based on raw p-value, and performed KEGG pathway mapping
of the top 500 most upregulated genes at both timepoints (see Table S1 and S2 for the top
100 upregulated genes at t=6d and t=6d+4h, respectively). Of the top 500 most upregulated
genes, 134 (t=6d) and 149 genes (t=6d+4h) could be mapped to KEGG pathways,
respectively. At t=6d, no consistent changes were seen in mRNA expression of KEGG genes
represented in the ‘metabolic between aldosterone and vehicle treated cells. However, at
t=6d+4h, 41 genes mapped to the ‘metabolic pathways’ KEGG pathway. The fatty acid
synthesis and elongation pathway was most enriched, whereas other upregulated genes
clustered in lipid and glycan metabolism (Figure 3A). Figure 3B provides an overview of these
41 genes, and highlights that aldosterone-induced upregulation of the expression of these
genes only become evident after re-stimulation with P3C.
In an independent set of donors, we validated the upregulation of all genes central to fatty
acid synthesis (ACACA, FASN), fatty acid elongation (ELOVL6) and for one of the genes
involved in formation of very long chain fatty acids (HACD4) at t=6d+4h (Figures 3C and 3D).
The microarray results could not be validated for HACD2. We also measured SCD expression
in this set of donors, which was enhanced. SCD catalyzes the rate-limiting step in the
formation of monounsaturated fatty acids (MUFA’s) (Figure 3C). In line with the microarray
results, no differences in the expression of these genes was observed on t=6d before
restimulation (Figure 3D). We hypothesized that the expression of G6PD would be
upregulated since it is central in the pentose phosphate pathway providing NADPH for fatty
acid synthesis. Indeed, this was confirmed by qRT-PCR (Figure 3D). Moreover, the ME1 gene,
also providing NADPH for fatty acid synthesis, was found in the top 500 most upregulated
genes in this timepoint (Figure 3B). Thus, we were prompted to investigate whether
enhanced induction of fatty acid synthesis is required for the phenotypic changes observed
in aldosterone-trained cells. Indeed, pre-incubating cells with the fatty acid synthesis
inhibitor cerulenin one hour before re-stimulation with P3C blunted the training effects of
aldosterone (Figure 3E).
Epigenetic changes in genes of the fatty acid synthesis pathway associate with aldosteroneinduced training
Epigenetic modifications such as histone lysine methylation support the induction of innate
immune memory 24. Importantly, enrichment of the transcriptionally permissive H3 histones
trimethylated at lysine 4 (H3K4me3) at promoters of genes encoding proinflammatory
cytokines is associated with heightened immune responses in cells trained with oxLDL 16.
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FIGURE 3. RNA microarray reveals enhanced fatty acid synthesis in aldosterone-trained monocyte-derived
macrophages.
(A) KEGG pathway mapping of the top 500 most upregulated genes at day 6 after P3C restimulation revealed
significantly enriched fatty acid synthesis (red). Moreover, mapping these top 500 most upregulated genes to the
KEGG pathway ‘metabolic pathways’, showed several hits clustered in lipid metabolism and glycan metabolism.
Pathways with at least two hits are highlighted pink. (B) KEGG pathway mapping of the top 500 most upregulated
genes at 4h after P3C restimulation revealed 149 genes that were assigned to a known KEGG pathway. Heatmap of
the 41 genes that mapped to KEGG pathway ‘metabolic pathways’. (C) Schematic representation of the meta bolic
pathway of fatty acid synthesis. (D) The relative expression of the key enzymes in the fatty acid synthesis pathway
(FASN, ACACA, ELOVL6, HACD2, HACD4) and the pentose phosphate pathway (G6PD) was validated with qRT-PCR
after P3C restimulation (relative expression, log2 fold (aldosterone-trained to vehicle), minimum of n=5). *p < 0.05,
Wilcoxon signed-rank test. (E) On day 6, cells were pre-incubated for one hour with the fatty acid synthesis inhibitor
cerulenin before addition of P3C. On day 7, IL-6 and TNF-α production were measured (mean±SEM), n=8). *p < 0.05,
Wilcoxon signed-rank test.

Therefore, we investigated if changes in the deposition of this chromatin modification could
be observed in aldosterone-trained cells. Indeed, H3K4me3 was consistently enriched at the
proximal promoters FASN, ACACA and ELOVL6. Moreover, it was increased on the promoters
of IL6 and TNF (Figure 4A). Figure 4B graphically depicts the position of the primers on the
promoter regions of the investigated genes.

DISCUSSION
Although the evidence for a detrimental effect of aldosterone on the development of
cardiovascular complications is unambiguous, the understanding of the underlying
mechanisms is limited. Pro-inflammatory effects on monocytes and macrophages, important
drivers of atherogenesis, were hypothesized to play a role, but were thus far only studied in
murine models 11. In this study, we investigated for the first time the long-term effects of
aldosterone on the phenotype of human monocyte-derived macrophages, and show that
aldosterone can induce a form of immunological memory, characterized by heightened
inflammatory responses. This appeared to be mediated by activation of the
mineralocorticoid receptor, subsequent activation of fatty acid synthesis, and epigenetic
reprogramming at the level of histone modifications. These findings provide an explanation
for the detrimental cardiovascular effects of aldosterone and provide novel targets for
rational pharmacotherapy.
The aldosterone-trained macrophage is different from cells trained by prototypical microbial inducers of trained immunity (i.e. β-glucan, BCG). Induction of IL-6 and TNF-α, the
classical read-outs in established models of trained immunity, is relatively subtle compared
to that of these microbial products, as might be expected from an endogenous hormone.
Moreover, whereas glycolysis was proven to be indispensable for the induction of the trained
phenotype in response to β-glucan and BCG 27, 28, in aldosterone training no significant
increase in the activity of glycolysis was observed. This surprising finding prompted us to
explore the broad spectrum of cellular metabolic pathways in the aldosterone-trained
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FIGURE

4.

Epigenetic

changes

regulate aldosterone-induced fatty acid
synthesis.
(A) On day 6, H3K4me3 was determined
at the promoter of FASN, ACACA,
ELOVL6, IL6, TNF using immuneprecipitated chromatin pre-pared from
aldosterone-trained cells (n=3). (B)
Graphical overview of the position of the
primers used to analyze histone
modifications at promoter regions of the
respective genes.

macrophage. Mapping RNA
microarray data both before
and after restimulation of
trained cells to KEGG pathways
indicated changes in lipid and
glycan metabolism after restimulation. Enrichment of the
fatty acid synthesis pathway
was the most prominent
finding, which could be
validated with qPCR. Moreover,
we show that inhibition of fatty
acid synthesis abolishes the
aldosterone-induced training.
While increased fatty acid synthesis was previously identified for β-glucan training 29,
inhibition of this pathway could not reverse the trained phenotype. However, in the study of
Arts et al., increased fatty acid synthesis was already observed prior to restimulation,
whereas in our model the induction of fatty acid synthesis by aldosterone only became
apparent after restimulation (a timepoint that was not investigated in the previous study).
This finding logically led to the choice to inhibit fatty acid synthesis during the phase of
restimulation, rather than in the first 24 hours of training, as previously described 28.
In mice bone marrow-derived macrophages (BMDMs), inhibition of FASN blunted the
inflammatory response to various TLR ligands, among which were LPS and P3C 42. FASN is a
multi-enzyme protein that catalyzes several steps in fatty acid synthesis, where
intermediates are passed from one domain to the next resulting in the production of
palmitate. Intriguingly, only one intermediate produced by the multidomain FASN was able
to restore the response to LPS in the presence of a FASN inhibitor: acetoacetyl-CoA. This
intermediate is also essential in cholesterol synthesis. Indeed, inhibition of FASN also reduced
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cholesterol levels in BMDMs, which was restored by addition of acetoacetyl-CoA, linking FAS
and cholesterol synthesis. The authors showed that FASN determines lipid raft integrity and
associated inflammatory signaling, most likely via regulation of cholesterol synthesis 42. This
is not the first time that FASN is implicated in determining lipid raft integrity, since
macrophage FASN deficiency in mice was already shown before to alter cell membrane order
and composition, with most changes in lipid rafts 43.
Next to the propagation of inflammatory signal transduction by FASN through regulation of
lipid raft configurations, other findings on the macrophage fatty acid pathway are of
particular importance to the field of atherosclerosis. Interestingly, the study of Wei et al. 43
showed that macrophage FASN deficiency importantly contributes to insulin sensitivity in
mice. In light of the current findings, this logically leads to the hypothesis that macrophage
fatty acid synthesis activation could promote insulin resistance associated with
hyperaldosteronism. In the same study, proteomics revealed that most affected proteins in
the lipid rafts functioned not only in inflammatory responses to pathogens, but also in
phagocytosis, a macrophage function pivotal in the atherosclerotic plaque. Moreover, it was
shown that FASN deficiency interfered with the assembly of signaling domains containing
RhoGTPases, affecting cell motility, and that cell adhesion and migration were indeed
decreased in FASN deficient macrophages 43. Cellular adhesion, migration and interaction, as
well as functions such as phagocytosis and endocytosis, are influenced by sphingolipid and
phospholipid composition as well as glycosylation of the cell membrane. In general, our
analyses revealed that the most upregulated metabolic genes were clustered to lipid and
glycan metabolism, with a substantial proportion mapping to the KEGG pathways of
(glycerol)phospholipid and sphingolipid biosynthesis and glycosylation. Finally, in
atherosclerotic mice models, both macrophage FASN and ELOVL6 deficiency decreased the
formation of atherosclerotic plaques 44, 45. These findings shed light on several potential
mechanisms though which aldosterone and the fatty acid synthesis pathway could further
induce a pro-inflammatory and pro-atherogenic macrophage profile.
As previously shown in vitro and in vivo, modifications in the epigenetic landscape support
the phenotypical changes that characterize trained monocytes. Most commonly, differences
in the enrichment of H3K4me3 at promoter sites of essential metabolic genes and induced
pro-inflammatory cytokines have been reported in various models of trained immunity 24. In
line with these findings, we were able to show a consistent enrichment of H3K4me3 in all
essential genes in fatty acid metabolism and the pro-inflammatory cytokines IL-6 and TNF-a
on day 6 prior to re-stimulation. Our results suggest that aldosterone modifies the epigenetic
landscape, with these modifications supporting enhanced gene transcription only after a
second stimulus. At the moment, it is unclear if other chromatin modifications associated
with transcriptional activation and trained immunity such as H3K4 monomethylation and
histone lysine acetylation 40 also play a role in trained immunity by aldosterone, and whether
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marks of closed chromatin (H3K9me, H3K27me) contribute to transcriptional regulation in
this model. Our findings encourage further epigenetic characterization of the chromatin that
regulates genes implicated in the aldosterone-trained macrophage phenotype.
Last, it is important to consider the importance of interaction between the innate and
adaptive immune system in inflammatory responses in vivo. Although trained immunity
describes an immunological memory in innate immune cells per se, very recently, Yao et al.
remarkably showed that trained immunity in alveolar macrophages is dependent on T cells
46
. Priming, but not maintenance, of memory in these macrophages was induced by IFN-γ
produced by T cells. While investigations of the role of the T-lymphocyte MR are limited, it
has been implicated to contribute to fibrosis in the kidney and the heart 47-49. Our in vitro
model of adherent monocytes is estimated to contain 5% lymphocytes 31. We therefore
believe it to be unlikely that lymphocyte actions can explain the current in vitro results,
although we cannot exclude MR-dependent lymphocyte activation playing a role in vivo in
the patient with hyperaldosteronism.
In conclusion, we show that aldosterone induces innate immune memory and a persistent
pro-inflammatory macrophage phenotype. Since causality between inflammation and
cardiovascular disease has recently been established 50, the impetus to find specific proinflammatory pathways in the cardiovascular field is high. Our findings might be a novel
mechanistic link between aldosterone and cardiovascular disease. Future studies are necessary to explore the profile of innate immune cells in vivo in patients with hyperaldosteronism.
Moreover, the combination of our findings with the irrefutable evidence of the increased
cardiovascular risk paralleling high aldosterone levels, and the murine in vivo models showing
accelerated atherosclerosis, urge future research to investigate the hypothesis that
atherosclerosis is accelerated in patients with hyperaldosteronism.
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CHAPTER 4

SUPPLEMENTARY MATERIAL

FIGURE S1. Related to methods section. Aldosterone does not induce cytotoxicity.
(A) Cell viability was determined after 24h of incubation with vehicle, aldosterone and/or spironolactone
(mean±SEM, n=3), and (C) on day 7 after restimulation with the combination of cerulenin and P3C (mean±SEM,
n=3). (B) On day 6 before restimulation scraping and manual and automatic cell counts were performed (mean±SEM,
n=6).

FIGURE S2. Related to results section. Aldosterone training does not induce foam cell formation.
(A) Intracellular ApoB was measured on day 7 in resting monocyte-derived macrophages in culture medium (10%
serum), and in cells exposed to oxLDL 50µg/ml for 24h (n=6), and expressed as fold of change and raw data. (B) On
day 6 before restimulation and 4 hours after restimulation with P3C, the relative gene expression of cholesterol
transporter genes in aldosterone- to vehicle-trained cells was determined with qPCR (t=6d, n=5; t=6d+4h, n=7).
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TABLE S1. Related to Figure 3. Top 100 upregulated genes, t=6d
Gene

92

1
2
3
4
5
6
7
8

KRTAP10-12
MIR933
NUTM2G
HBB
THEM4
CBY1
SLC35G4P
MIR139

Raw pvalue
0.001457
0.001766
0.002135
0.002227
0.002755
0.00344
0.003835
0.005542

9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44

ZNF493
TMEM14B
ZSCAN30
FUNDC1
EIF2B5
MIR3667
CSNK2A3
DNASE1
RAB11FIP3
C17orf80
DPH2
LOC339166
NACA2
TRAJ16
IGHJ2
CPVL
PTPN9
SNORA14B
FLJ10038
EPHA4
AFF3
PLCD3
SNORD3C
RHEB
TMED9
ADCK4
WNT9A
MIR663B
GPAT2
MIR98
LINC01215
ZNF470
SNORD12B
PHF5A
TMEM88B
SLC16A1

0.006016
0.006034
0.006213
0.00675
0.007616
0.008213
0.008276
0.008511
0.008731
0.009276
0.011395
0.013908
0.013958
0.014995
0.015347
0.01573
0.016168
0.016762
0.017227
0.018272
0.018373
0.018864
0.01952
0.01952
0.020048
0.020442
0.020672
0.021061
0.022649
0.022992
0.023059
0.023705
0.02423
0.024341
0.025214
0.025517

SLR aldo to
veh
0.718074
0.855561
0.770061
0.921374
0.584291
0.591987
0.944334
0.817477

Gene
51
52
53
54
55
56
57
58

0.655479
0.571727
0.590876
0.44603
0.364038
0.733727
0.520948
0.556076
0.694145
0.477774
0.453343
0.974945
0.556575
0.764734
1.215572
0.243026
0.286728
0.525849
0.734914
0.710182
0.772966
0.466503
0.325869
0.517924
0.318453
0.528038
0.84725
0.629837
0.357635
0.469075
0.483815
0.565712
0.409011
0.340318
0.617329
0.317023

59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

SNORD76
FAM83G
GPN3
TRAJ17
SNORA71D
ZNF559
ADORA2A
STAG3L5PPVRIG2P-PILRB
RNU4ATAC
KRTAP5-7
SNORD116-14
WDR43
MN1
DNAJC25
SREK1IP1
APIP
LINC01144
C7orf73
ALKBH6
SH3GL1P1
IGLV3-9
TRAJ23
ZXDA
RMND5A
TPT1-AS1
ATG16L1
ZNF17
FLI1
CFAP20
CCS
S100A16
JADE3
CCDC17
NAT9
C20orf196
ANO9
TRAV38-1
ST8SIA1
LOC100129697
MTRNR2L2
LOC101927841
OR2T3
SNORA28
HSPA1L

Raw pvalue
0.027213
0.027606
0.028685
0.028713
0.028739
0.030105
0.03017
0.030245

SLR aldo to
veh
0.263855
0.718176
0.356858
0.945992
0.281668
0.376116
0.627039
0.419568

0.031842
0.032506
0.03286
0.033348
0.03409
0.034271
0.035183
0.035758
0.035828
0.036454
0.036562
0.037673
0.038393
0.03854
0.039706
0.039835
0.039919
0.040024
0.040124
0.041912
0.041923
0.042192
0.0422
0.042219
0.042875
0.043214
0.043539
0.043897
0.044264
0.044413
0.044774
0.044826
0.045598
0.045934
0.046157
0.047317

0.260085
0.356149
0.326565
0.244859
0.521134
0.350998
0.350928
0.524712
0.460881
0.222896
0.394118
0.570969
0.521408
0.530117
0.600215
0.313945
0.578902
0.36577
0.409976
0.211999
0.240995
0.367311
0.448355
0.64294
0.539365
0.460949
0.384138
0.419329
0.476225
0.569757
0.391351
0.520922
0.740858
0.510273
0.336111
0.425156
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45
KIAA1731NL
0.025608
0.484808
46
RPL23AP82
0.025964
0.567662
47
PLEKHM1
0.026069
0.486504
48
PI3
0.026401
0.61881
49
SNHG15
0.026677
0.424598
50
IGHA2
0.026822
0.477603
aldo, aldosterone; SLR, signal log ratio; veh, vehicle

95
96
97
98
99
100

GBP1
HBA2
ZNF430
MIR2392
PER2
SARNP

0.047552
0.047833
0.048185
0.049098
0.049546
0.050232

0.306378
0.477951
0.449446
0.724724
0.381193
0.287085

Gene

Raw pvalue

SLR aldo to
veh

ATP5L
AP1AR
FES
IGKV1-12
CALU
FAM50B
UHRF1
TMEM55A
LINC00957
ARFIP1
MIR4746
ZNF660
CEP170P1
TNS3
RPUSD3
N4BP3
LOC100287290
RBKS
DDR2
MAGOH
FKSG29
TIMM17A
TMEM147-AS1
GAPT
MMP12
BTF3
PTPLB
NR4A2
MINOS1P1
CXCL6
SHB
MIR1247
VAV2
DCANP1
C1orf95
EVA1B
ST3GAL3

0.016451
0.016465
0.016946
0.017226
0.017344
0.017685
0.018432
0.018578
0.018579
0.019045
0.019096
0.019932
0.020319
0.020562
0.020895
0.021191
0.021657
0.022214
0.02264
0.022723
0.023001
0.023055
0.023709
0.02397
0.024204
0.024373
0.024482
0.024641
0.024977
0.025055
0.025284
0.025381
0.025688
0.025693
0.025702
0.026047
0.026057

0.477462
0.457928
0.654014
1.073619
0.228354
0.504629
0.832927
0.401714
0.699746
0.290194
0.623891
0.63691
0.577512
0.275667
0.27497
0.6866
0.557878
0.651304
0.656893
0.485569
0.481981
0.30268
0.477632
0.484943
1.230115
0.247922
0.323849
0.906342
0.614789
1.014901
0.39576
0.616419
0.401529
0.703704
0.621599
0.425514
0.408031

TABLE S2. Related to Figure 3. Top 100 most upregulated genes, t=6d+4h

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37

Gene

Raw pvalue

SLR aldo to
veh

PLEKHM1P
IL18BP
RRN3P3
MPEG1
GDF15
MT1H
PRKAR2B
SDS
SRPX
TAS2R4
RCBTB1
MTFR1L
FAM213B
FLJ10038
CASS4
CFP
TTC7B
TOMM40L
MAP3K12
HLA-DOA
MS4A14
AKTIP
ZBED3-AS1
TIFAB
CRYBB2P1
RRAGD
SULF2
PLA2G2D
RCOR1
SSBP4
KCNAB1
FAM221A
MIR25
TMEM154
IL1RAP
LOC100129083
ZNF445

7,29E-05
0.000488
0.000498
0.000743
0.000985
0.001107
0.001229
0.001389
0.001659
0.002588
0.002664
0.002752
0.002929
0.003182
0.003454
0.004121
0.004121
0.004769
0.004814
0.005266
0.005279
0.005609
0.006128
0.006593
0.006735
0.007947
0.008542
0.008669
0.009115
0.009415
0.009441
0.010269
0.010355
0.01097
0.011658
0.012011
0.012462

0.995423
0.572071
1.237087
0.371953
0.496114
1.41341
0.821064
0.768026
0.895423
1.067785
0.580253
0.384876
0.6886
0.981233
0.577354
1.25168
0.355233
0.651086
0.705634
0.390177
0.524806
0.467887
0.973425
0.749037
0.71522
0.260583
0.550941
1.998619
0.281362
0.501197
0.517352
0.639132
0.626058
0.379183
0.769951
0.683861
0.540178

51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
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38 PDE6G
0.012488
0.593837
39 SUCLA2
0.013288
0.302308
40 UBE2MP1
0.013693
0.309793
41 SLC19A2
0.01375
0.329866
42 LOC284023
0.013966
0.546384
43 CDC26
0.014577
0.556258
44 LOC101927252
0.014792
0.505062
45 NUTM2G
0.014962
0.558913
46 KLHL12
0.015086
0.335665
47 LRRC23
0.015099
0.639104
48 U2AF1L4
0.015236
0.451599
49 HERC2
0.016078
0.474592
50 CES1
0.01608
0.423551
aldo, aldosterone; SLR, signal log ratio; veh, vehicle

88
89
90
91
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95
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99
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C3orf35
SNAI3
MIR4710
FOXD2-AS1
PER3
RNF135
TRAJ43
COL6A1
TSHZ1
ZBTB7B
LOC646719
LOC101927060
KDM4B

0.026738
0.026969
0.027138
0.027218
0.027382
0.027917
0.028095
0.028208
0.028611
0.029033
0.029202
0.029978
0.030606

0.539258
0.425727
0.593196
0.544635
0.339716
0.417487
0.675255
0.440954
0.422331
0.446187
0.647922
0.824844
0.494065

TABLE S3. Related to methods section. RT-PCR and epigenetic primers.
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RT-PCR primers
Gene
ACACA
FASN
ELOVL6
SCD
HACD2
HACD4
G6PD

Forward(5’→3’)
TCGCTTTGGGGGAAATAAAGTG
AAGGACCTGTCTAGGTTTGATGC
GCACCCGAACTAGGAGATACA
TCTAGCTCCTATACCACCACCA
CAGGACAACAGAAGATGGAACA
TTGCCAATCCGTATCTCTCCT
CGAGGCCGTCACCAAGAAC

Reverse (5’→3’)
GTGTGACCATGACAACGAATCTA
TGGCTTCATAGGTGACTTCCA
CCCCGGCAACCATGTCTTT
TGTCGTCTTCCAAGTAGAGGG
GTCCGAGCATACCTGGCTAA
TGAGCTGCAAAAACCTTGGGA
GTAGTGGTCGATGCGGTAG

Epigenetic primers
ACACA primer 1
ACACA primer 2
FASN
ELOVL6 primer 1
ELOVL6 primer 2
IL6 primer 1
IL6 primer 2
TNFA primer 1
TNFA primer 2
TNFA primer 3
TNFA primer 4

CCTCTCATCATTGCGCCTCA
CCCACCCCGTAAGGATTTGA
GCGCCGACGCTATTTAAACC
TAAACCAGGACGCAGCAAGT
CGCGATTCATCGCTCCATTC
AGGGAGAGCCAGAACACAGA
TCGTGCATGACTTCAGCTTT
AGAGGACCAGCTAAGAGGGA
CAGGCAGGTTCTCTTCCTCT
GTGCTTGTTCCTCAGCCTCT
TGTCTGGCACACAGAAGACA

TGCTCCTGGAACGTCGAAAT
GGCGCTAGCTCCAAACTAAC
GACGCTCATTGGCCTGGG
CCACAGTCCTCCCGCATTAG
TTCGCCTGATACTGTTCCCG
GAGTTTCCTCTGACTCCATCG
GCGCTAAGAAGCAGAACCAC
AGCTTGTCAGGGGATGTGG
GCTTTCAGTGCTCATGGTGT
ATCACTCCAAAGTGCAGCAG
CCCTGAGGTGTCTGGTTTTC
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ARTERIAL WALL INFLAMMATION AND INCREASED HEMATOPOIETIC ACTIVITY IN PA

ABSTRACT
Context: Primary aldosteronism (PA) confers an increased risk of cardiovascular disease
(CVD), independent of blood pressure. Animal models showed that aldosterone accelerates
atherosclerosis through pro-inflammatory changes in innate immune cells; human data are
scarce.
Objective: To explore whether patients with PA have increased arterial wall inflammation,
systemic inflammation and reprogramming of monocytes.
Design: Cross-sectional cohort study. Vascular inflammation on 18F-FDG PET/CT, systemic
inflammation and monocyte phenotypes and transcriptome were compared between PA
patients and controls.
Setting: Radboudumc and Rijnstate hospital, the Netherlands.
Patients: 15 patients with PA and 15 age-, sex- and blood pressure-matched controls with
essential hypertension (EHT).
Main outcome measures and results: PA patients displayed a higher arterial 18F-FDG uptake
in the descending (p<0.01) and abdominal aorta (p<0.05), carotid and iliac arteries (both
p<0.01). In addition, bone marrow uptake was higher in PA patients (p<0.05). Although PA
patients had a higher monocyte-to-lymphocyte ratio (p<0.05), systemic inflammatory
markers, cytokine production capacity or transcriptome of circulating monocytes did not
differ. Monocyte-derived-macrophages from PA patients expressed more TNFA; monocytederived macrophages of healthy donors cultured in PA serum displayed increased IL-6 and
TNF-α production.
Conclusions: Since increased arterial wall inflammation associates with accelerated
atherogenesis and instable plaques, this might importantly contribute to the increased CVD
risk in PA patients. We did not observe inflammatory reprogramming of circulating
monocytes. However, subtle inflammatory changes are present in the peripheral blood cell
composition and monocyte transcriptome of PA patients, and in their monocyte-derivedmacrophages. Most likely, arterial inflammation in PA requires interaction between various
cell types.

INTRODUCTION
Primary aldosteronism (PA) is the most common cause of secondary hypertension, with an
estimated prevalence of 5% in the hypertensive population 1. In patients with PA,
autonomous adrenal overproduction of aldosterone increases renal sodium reabsorption,
which subsequently induces hypertension. Interestingly, patients with PA have a higher risk
for atherosclerotic cardiovascular events than patients with essential hypertension (EHT)
with similar blood pressure levels, suggesting that chronic exposure to high aldosterone
levels has additional direct detrimental effects on the cardiovascular system 2.
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Cardiovascular diseases (CVD) result from atherosclerosis, a chronic low-grade inflammatory
arterial wall disease that results from a complex interplay between the vascular endothelium,
smooth muscle cells, and the immune system 3. Monocyte-derived macrophages are the
most abundant immune cells in atherosclerotic plaques, driving plaque formation,
progression, and destabilization 4. Interestingly, cells from the innate and the adaptive
immune system express the mineralocorticoid receptor (MR) 5. We recently suggested that
the pro-atherogenic effects of aldosterone could find its origin in activation of innate immune
cells 6. Supporting this hypothesis, rodent models show that aldosterone accelerates the
development of atherosclerotic plaques 7. We showed that short-term exposure of human
monocytes to aldosterone in vitro induces a persistent immunological imprinting of
monocytes, resulting in a long-lasting pro-inflammatory phenotype of monocyte-derived
macrophages 8. This concept of innate immune reprogramming after transient exposure of
monocytes to pro-inflammatory stimuli is called trained immunity, and has been suggested
to play a role in the chronic inflammation driving atherogenesis 9-12. Trained immunity can
occur in circulating monocytes and their bone marrow progenitors 13. Therefore, the classical
in vivo read-outs of a trained phenotype consist of increased myelopoiesis and a higher ex
vivo cytokine production capacity which are believed to result from an increased and longlasting bone marrow mobilisation of pro-inflammatory monocytes 14.
Human data on vascular wall inflammation and immune cell function of patients with PA are
scarce 6. Ultrasound measurements were suggestive of preclinical atherosclerosis in PA
patients 15,16, but are unable to provide information on the inflammatory component of
atherogenesis. In recent years 2’-deoxy-2’-(18F)fluoro-D-glucose positron emission tomography with computed tomography ( 18F-FDG PET/CT) imaging has emerged as a tool to assess
arterial wall inflammation. 18F-FDG uptake in the arterial wall reflects local inflammation,
correlates with high-risk plaque features on CT and MRI, and correlates with macrophage
numbers in atherosclerotic plaques 17. Additionally, in patients with atherosclerosis, 18F-FDG
uptake in bone marrow was increased and corresponded with an increased progenitor
potential 18.
In the current study, we investigated whether patients with PA have enhanced vascular wall
inflammation and increased hematopoietic activity on PET/CT, and comprehensively
assessed the inflammatory profile and immune cell function of these patients to explore the
hypothesis that chronic inflammation contributes to the development of CVD and is
mediated by persistent activation of monocytes.
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METHODS
Participants
We included fifteen patients with PA and fifteen matched controls with essential
hypertension (EHT) (Table 1) from the Radboudumc, (Nijmegen, the Netherlands) and the
Rijnstate hospital (Arnhem, the Netherlands), between February 2017 and September 2018.
In EHT controls, secondary hypertension including PA was ruled out (baseline serum
aldosterone < 0.42 mmol/L and ARR value of < 0.09 nmol/mU or a negative salt loading test
(aldosterone < 0.14 nmol/l after saline infusion)). Aldosterone levels in plasma and renin
levels in serum were obtained following a standardized protocol with venipuncture
performed between 08.00-10.00 h in the morning after a minimum of 5 minutes of absolute
rest in supine position. Plasma renin and serum aldosterone concentrations were measured
by the department of laboratory medicine of the Radboudumc. Plasma renin concentrations
were measured by an immunoradiometric assay (RENIN III generation, CIS Bio International),
serum aldosterone concentrations were measured after extraction and paper chromatography with recovery correction 19. In all patients PA was confirmed according to current
guidelines with a salt loading test (circulating aldosterone concentrations >0.28 nmol/l after
intravenous infusion of 2 L saline in 4 hours). Exclusion criteria included clinically manifest
cardiovascular diseases (a history of transient ischemic attacks, cerebrovascular accidents,
myocardial infarction, pectoral angina and peripheral artery disease), diabetes mellitus,
smoking, and inflammatory or autoimmune diseases, or the use of immunosuppressive drugs
such as corticosteroids and nonsteroidal anti-inflammatory drugs. In all subjects, MR
antagonists were discontinued for a minimum of four weeks. Diuretics, ACE inhibitors and
beta blockers were discontinued for a minimum of ten days. Adequate blood pressure
control was obtained by the use of calcium antagonists or doxazosine for both PA patients
and EHT control patients. Statins were used by one PA patient and one EHT control and were
discontinued for one week prior to the study day. None of the subjects used antiplatelet
drugs or oral anticoagulants.
The study and radiation exposure was approved by the regional institutional review board
CMO Arnhem-Nijmegen (NL58835.091.16). For the additional in vitro experiments, we
isolated human peripheral blood mononuclear cells (PBMCs) from anonymous healthy
volunteers (Sanquin Bloodbank Nijmegen, the Netherlands). Each subject provided written
informed consent prior to participation in this study. The study was conducted according to
the principles of the International Conference on Harmonization–Good Clinical Practice
guidelines.
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Anthropometric measurements
Blood pressure and heart rate were measured in supine position in 4 repeated measures with
a 5 minute interval on both arms after at least 10 minutes of rest; the average of the last 3
measurements was used as endpoint. All measurements were performed between 08.00 and
10.30h in a fasted state by a single investigator.
Blood sampling and cell counts
Venous blood was drawn from the brachial vein after 24h of a low-carbohydrate diet and
overnight fasting, between 08.00 and 10.30 h. Serum and plasma was collected and stored
at −80°C until assayed. Levels of total cholesterol, HDL cholesterol, triglycerides (TAG) were
determined using an in-house analyzer (Cobas 8000; Roche Diagnostics, IN, USA), and LDL
cholesterol was calculated with the Friedewald formula. Cell counts were obtained in fresh
EDTA blood with a Sysmex automated hematology analyzer (XN-450; Sysmex Corporation,
Kobe, Japan).
PET/CT imaging
PET/CT scans were performed after a 24h low carbohydrate diet and overnight fasting prior
to infusion of 18F-FDG (2 MBq/kg) on a Siemens Biograph 40 mCT (Siemens Medical Solutions,
Knoxville Tennessee, USA). After 120 minutes, following the European Association of Nuclear
Medicine (EANM) guidelines 17, subjects underwent PET imaging and a low-dose noncontrast CT. Images were reconstructed according to EARL protocols; using a TrueX algorithm
with point spread function (PSF) and time-of-flight (TOF) measurements, using 3 iterations,
21 subsets, matrix size 200x200 (pixel spacing of 4.07 mm), Full Width Half Maximum
(FWHM) of 3 mm and using 2 minutes of PET data. Postprocessing was performed using a 3D
Gaussian filter kernel, 3.0 mm., using the Inveon Research Workspace 4.2 (Preclinical
Solutions, Siemens Medical Solutions USA, Knoxville Tennessee, USA). The SUVmean and
SUVmax were extracted using the PyRadiomics toolbox 20. 18F-FDG uptake was assessed in 8
regions of interest (ROIs) by a single investigator (CH): the carotid arteries, the wall of the
ascending descending and abdominal aorta, the iliac arteries, the bone marrow (L2-L3),
spleen and liver. For each ROI, we measured the mean and maximal standardized uptake
value (SUV). For the left and right carotid artery, vertebrae L2 and L3, and the left and right
iliac artery, the SUVs of both regions were averaged. The target-to-background-ratio (TBR)
for vascular ROIs was used as the primary outcome, following the recommendation from the
European Association of Nuclear Medicine (EANM) 17. The TBR was calculated from the ratio
of the arterial SUV and background activity in the low-thoracic aortic blood pool. To avoid
spill-over from atherosclerotic lesions that might overestimate background blood pool
activity, the background ROI was visually placed within the aortic lumen avoiding inclusion of
the arterial wall, in a non-diseased segment. For the hematopoietic ROIs, TBR was calculated
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as the ratio of the splenic or bone marrow SUV and the mean background activity in the liver.
Liver 18F-FDG uptake is expressed as SUVraw.
Flow cytometry
Monocyte subpopulations were identified with flow cytometry using the lysis-no-wash
strategy (BD Pharm Lyse lysing buffer, Becton Dickinson) on fresh EDTA blood. 100 µl of EDTA
blood was stained by monoclonal antibodies (CD16 FITC NKP15 Becton&Dickinson, CD14 PE
RMO52 Beckman Coulter, HLA-DR Immu357 PC5.5 Beckman Coulter, and CD45 PC7 J33
Beckman Coulter). Surface expression was assessed using FC500 and CytoFLEX flow
cytometer (Beckman Coulter) and analyzed with Kaluza software version 2.1 (Beckman
Coulter). The applied gating strategy was in short: monocytes were selected in the
SSC/CD45+ plot, gated to SSC/HLA-DR+ plot, identifying monocytes as CD45+ HLA-DR+ cells
with monocyte scatter properties. Exclusion of lymphocytes, and natural killer cells was
performed by excluding CD45+ HLA-DR+ CD14- CD16- cells. In the CD14/CD16 plot, the
percentages of gated monocyte subsets (classical (CD14++CD16−), intermediate
(CD14++CD16+), and non-classical monocytes (CD14+CD16++)) were used for analyses.
Identification of monocytes subsets follows current recommendations 21.
PBMC and monocyte isolation, processing and stimulation
We isolated PBMC from EDTA blood using Ficoll-Paque density gradient centrifugation (GE
Healthcare, 17-1440-03), after which we isolated CD14+ monocytes using magnetic activated
cell sorting (MACS, Miltenyi Biotec, 130-050-201). PBMCs were seeded in 96 well round
bottom plates at 500.000 cells/well in RPMI 1640 Dutch-modified culture medium (Life
Technologies, 22409031) supplemented with 10 mM glutamine (Life technologies,
35050087), 10 μg/mL gentamicin (Centraform), and 10 mM pyruvate (Life technologies,
11360088) for 24h or 7 days. PBMCs were stimulated for 24h with 10 ng/ml E. coli
lipopolysaccharide (LPS, Sigma-Aldrich) (TLR4 ligand) or 10 µg/ml Pam3Cys (P3C, EMC
microcollections, L2000) (TLR2 ligand) to induce monocyte-derived cytokine production
(tumor necrosis factor alpha (TNF-α), interleukin (IL)-1β, IL-6, IL-8, IL-1RA, IL-10), and for 7
days with 10 µg/ml phytohemagglutinin (PHA, Sigma, L9017) or 1x10 6/ml heat-killed Candida
albicans – both with 10% human serum - to induce lymphocyte-derived cytokine production
(IFN-γ, IL-17, IL-22).
For assessment of monocyte-derived macrophages obtained from patients and controls,
PBMCs obtained from every subject were seeded in flat bottom well plates, adhered and
washed with warm PBS for a total of 3 washes. The remaining adherent monocytes were
differentiated to macrophages in the presence of 10% of the serum obtained from the same
study subject. On day 6, the monocyte-derived macrophages were stored in TRIzol (Fisher
Scientific, 12034977) before, and after 4h of stimulation with oxLDL (oxidized LDL,
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Bioconnect, J65591), to mimic exposure of macrophages to modified lipoproteins in the
atherosclerotic plaque.
In the in vitro experiment with cells of healthy donors, PBMC isolation was performed, cells
were seeded in flat bottom plates, washed, and cultured to monocyte-derived macrophages
in 10% pooled serum obtained from PA patients or EHT controls (obtained from study NCT
01978132, executed in our hospital). On day 6, the monocyte-derived macrophages were
stimulated with LPS or P3C for 24h, after which supernatants were stored for analysis.
Measurement of inflammatory markers
Plasma e-selectin, matrix metalloproteinase (MMP) 2, vascular cell adhesion molecule
(VCAM)-1, high sensitivity C-Reactive Protein (hsCRP), interleukin (IL)-18 and IL-6 levels were
determined with enzyme-linked immunosorbent assays (ELISA). For e-selectin, MMP2,
VCAM-1, hsCRP, and IL-18, DuoSet ELISA (R&D Systems, Abingdon, United Kingdom) was
used. For measurement of circulating IL-6, high sensitivity Quantikine ELISA assays (R&D)
were used. Cytokine concentrations in PBMC/macrophage supernatants were measured by
commercial ELISA kits according to the manufacturer’s instructions: TNF-α, IL-6, IL-8, IL-10,
IL-1β, IL-1Ra, IL-17 and IL-22 (DuoSet ELISA, R&D), IFN-γ (Sanquin).
RNA isolation
CD14+ MACS-isolated monocytes stored at baseline were isolated from TRIzol using a
TRIzol/RNeasy hybrid protocol. In short, per 1 ml of TRIzol 200 ul of chloroform was added,
mixed, incubated at room temperature for 5 min and spun down for 15 min at 12000 g at
4°C. The upper aqueous phase was transferred to a RNA-se free eppendorf tube, and an
equal volume of 70% ethanol was added. After thorough mixing the sample was loaded unto
RNeasy mini columns (Qiagen), after which the manufacturers protocol was followed. After
the last manufacturer’s step, 15 ul of RNase free water was added to the columns, incubated
for 5 min, and spun down.
RNA sequencing and differential gene expression analysis
The concentration of RNA was determined on the Qubit; the quality using Nanodrop
technology. Library preparation was performed using the Quantseq 3‘ mRNA-Seq Library
Prep Kit-FWD from Lexogen (Cat#015.96, Lexogen) according to the manufacturer’s
protocol. RNA input for all samples was normalized to 150 ng. All samples were processed in
a single library preparation. After quality controls of each library was assessed using Qubit
and tape-station, libraries were pooled and diluted to 4nM. Thereafter, sequencing of the
libraries was performed on a NextSeq 500 instrument (Illumina) with a 1.4 pM final loading
concentration, all libraries were sequenced in one sequencing round.
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Low quality filtering and adapter trimming was performed using Trim Galore!, V0.4.4_dev 9
(Babraham Bioinformatics), a wrapper tool around the tools Cutadapt v1.18 and FastQC
v0.11.5 (Babraham Bioinformatics). Reads were mapped to a human reference
genome (GRCh38.95, Ensembl) with Star v2.6.0a 22 resulting in BAM . These BAM files were
counted (number of reads mapped to a feature, e.g. a gene) with HTSeq (HTSeq-count tool
v0.11.0 23) using a complementary .gtf file, containing annotation for GRCh38.95 (Ensemle).
MultiQC was used to combine results and quality checks of all the samples 24. Total reads
were between 14-17 million, of which percentage uniquely assigned reads were between 5261%, aligned reads between 79-83%. LogFold shrinkage was performed with apeglm for
easier comparison between groups 25. Differential gene expression analysis was carried out
with DESeq2 v1.22.0 in R 26, with internal statistical and normalization method (i.e.
adjustment of p-value for multiple testing with Benjamini–Hochberg). The average expression of the patient group versus control group was tested, with correction for sex. P-adjusted
values of <0.05 were considered significant.
Quantitative PCR
From patient specific monocyte-derived macrophages total mRNA for qPCR was extracted
using TRIzol (Life Technologies) according to the manufacturer’s protocol. iScript Reverse
Transcriptase (Invitrogen) was used to synthesize cDNA. qPCR was performed on an Applied
Biosciences StepOne PLUS qPCR machine using SYBR Green (Invitrogen), and the values
expressed as log2 fold increase in mRNA levels in cells from PA patients relative to those in
cells from EHT controls. B2M was used as a housekeeping gene.
Statistical analysis
We analyzed the data with SPSS 22.0. Demographic data are presented as mean with SD
when normally distributed or as median with minimum and maximum values for nonnormally distributed continuous variables, and as percentages for categorical data. Normality
of all data was explored with histograms and the Shapiro-Wilk test. Differences in baseline
characteristics were tested with an independent samples T-test or a Mann-Whitney U-test
for continuous parameters and with the Chi-square test in case of categorical data. For PET
data, we log-transformed the TBR prior to statistical analysis. Outliers (defined as Z-score <2 or >2 after log-transformation) were removed, which resulted in a maximal removal of 1
subject per ROI. Differences in log-transformed TBRs (or log-transformed SUV (liver))
between PA patients and EHT controls were tested using an ANCOVA model to account for
age (model 1) and additionally in a second ANCOVA model to account for age, systolic and
diastolic blood pressure (model 2). Group differences in inflammatory and ex vivo cytokines
were log-transformed prior to analysis with ANCOVA, age and sex were used as covariates.
All correlations were determined on non-transformed data using Spearman rank correlation,
and plotted with Loess curves. Relative gene expression values assessed with qPCR were
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transformed into Z-scores and tested with ANCOVA corrected for age. All tests were twotailed. P-values of <0.05 were considered statistically significant. For RNAseq data, a padjusted value <0.05 was considered significant.

RESULTS
Baseline characteristics
PA patients and EHT control patients were comparable in all baseline parameters (Table 1).
TABLE 1. Baseline characteristics
Clinical characteristics
Sex: male (%)
Age (years)
BMI (kg/m2)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Fasting glucose, capillary
Smoker; past (%)
Aldosterone (nmol/l)
Renin (nmol/l)
Total cholesterol (mmol/L)
HDL cholesterol (mmol/L)
LDL cholesterol (mmol/L)
Triglycerides (mmol/L)
Non-HDL cholesterol (mmol/L)

EHT controls (n=15)
7 (47)
47 (25-74)
25.6 (3.5)
146 (14)
83 (10)
5.2 (0. 6)
3 (20%)
0.31 (0.07-0.51)
20 (4-56)
5.33 (0.94)
1.38 (0.39)
3.41 (0.81)
1.24 (0.76-2.27)
3.97 (0.91)

PA patients (n=15)
7 (47)
50 (35-71)
25.8 (3.3)
155 (16)
90 (11)
5.2 (0.6)
2 (13%)
0.97 (0.55-1.55)
8 (<3-23)
5.11 (0.94)
1.34 (0.47)
3.04 (0.71)
1.58 (0.51-4.82)
3.78 (0.86)

p-value
p=1.00
p=0.55
p=0.82
p=0.14
p=0.08
p=0.60
p=0.62
p<10-7
p=0.08
p=0.53
p=0.81
p=0.20
p=0.68
p=0.56

Patients with primary aldosteronism show enhanced arterial wall inflammation and
hematopoietic activity
18

F-FDG uptake was assessed at multiple vascular and hematopoietic regions of interests
(ROIs) and in the liver, as illustrated in Figure 1A and Figure 2A, respectively. In PA patients,
the 18F-FDG uptake was higher in the carotid arteries, descending aorta, abdominal aorta, and
iliac arteries, but not in the ascending aorta (data are depicted in Figure 1B-F, and Table 2).
In line with this, aldosterone levels correlated with the mean and maximal TBRs of all vascular
ROIs, except for the ascending aorta (Figure 3). Also, 18F-FDG uptake in the bone marrow was
significantly higher in PA patients (Table 2, Figure 2B). Since blood pressure was marginally
higher in patients with PA (not reaching statistical significance), next to our intended model
of analysis correcting for age (model 1), we present p-values for an additional blood-pressure
corrected model 2 in Table 2.
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FIGURE 1. Patients with PA display enhanced vascular wall inflammation.
(A) Vascular inflammation was measured in 5 regions of interest: the carotid arteries, the wall of the ascending,
descending and abdominal aorta, and the iliac arteries. To calculate the target-to-background ratio (TBR), the blood
pool in the low thoracic artery was used as background. (B) In patients with PA, the carotid arteries have a
significantly higher maximal and mean TBR. (C) No differences in uptake were seen in the wall of the ascending
aorta. (D) In the wall of the descending aorta, mean and maximal TBR were significantly higher in patients with TBR,
the same holds true for the mean TBR of the wall of the abdominal aorta (E), as well as for the mean and maximal
TBR of the iliac arteries (F). TBR, target-to-background ration; * p<0.05; ** p<0.01.

TABLE 2. Differences between PA patients and EHT controls in 18F-FDG uptake in vascular and non-vascular ROI’s
ROI
Ascending aorta (mean TBR)
Ascending aorta (max TBR)
Descending aorta (mean TBR)
Descending aorta (max TBR)
Carotid arteries (mean TBR)
Carotid arteries (max TBR)
Abdominal aorta (mean TBR)
Abdominal aorta (max TBR)
Iliac artery (mean TBR)
Iliac artery (max TBR)
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EHT (mean (±SD))
1.26±0.21
1.96±0.46
1.24±0.19
1.82±0.29
1.11±0.15
1.46±0.22
1.10±0.16
1.69±0.33
1.00±0.19
1.33±0.19

PA (mean (±SD))
1.42±0.33
2.23±0.78
1.51±0.23
2.32±0.50
1.53±0.74
2.16±1.36
1.34±0.33
1.98±0.46
1.33±0.35
1.76±0.53

Model 1
p=0.108
p=0.266
p=0.004
p=0.003
p=0.006
p=0.007
p=0.033
p=0.108
p=0.003
p=0.001

Model 2
p=0.144
p=0.389
p=0.020
p=0.011
p=0.016
p=0.016
p=0.028
p=0.256
p=0.010
p=0.003
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Corpora (mean TBR)
1.19±0.22
1.31±0.11
p=0.014
p=0.010
Corpora (max TBR)
1.45±0.30
1.62±0.29
p=0.032
p=0.042
Spleen (mean TBR)
0.85±0.08
0.88±0.07
p=0.215
p=0.876
Spleen (max TBR)
1.01±0.11
1.04±0.10
p=0.351
p=0.939
Liver (mean SUV)
2.00±0.24
1.92±0.57
p=0.972
p=0.698
Liver (max SUV)
2.42±0.30
2.32±0.67
p=0.969
p=0.680
Model 1: ANCOVA model with covariate age
Model 2: ANCOVA model with covariates age, systolic blood pressure and diastolic blood pressure
EHT, essential hypertension; PA, primary aldosteronism; ROI, region of interest; SUV, standardized uptake value;
TBR, target-to-background ratio.

FIGURE 2. Patients with PA display
increased hematopoietic activity.
(A) 18-FDG uptake was measured in 3
non-vascular ROIs: in the bone
marrow (corpora L2 and L3) and
spleen to determine hematopoietic
activity, and in the liver. The 18F-FDG
uptake in liver tissue was used as
background. The TBR was higher in
the bone marrow (B), but similar in
the spleen (C). Also, liver SUV was
comparable between patients and
controls (D). TBR, target-to-background ratio. SUV, standardized uptake value. * p<0.05.

Splenic uptake and liver
uptake were similar between
PA patients and EHT control
patients
(Figure
2C-D).
Aldosterone levels did not
correlate with these parameters (data not shown).
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FIGURE 3. Aldosterone levels correlate with the extent of arterial wall inflammation.
Vascular inflammation was measured in 5 regions of interest: the carotid arteries, the wall of the ascending,
descending and abdominal aorta, and the iliac arteries. To calculate the TBR, the blood pool in the low thoracic
artery was used as background. Both in patients with PA as well as EHT controls, aldosterone levels are correlated
with the maximal TBR in all regions of interest except for the ascending aorta. TBR, target-to-background ration.

Aldosterone levels correlate with the immune cell composition of peripheral blood
There were no differences in peripheral blood cell populations between PA patients and EHT
patients (Figure 4A-B). However, the inflammatory monocyte-to-lymphocyte ratio (MLR) was
significantly higher in PA patients (0.32±0.11 versus 0.25±0.08) (Figure 4C), paralleling a
trend towards a positive correlation between aldosterone and this ratio (Figure 4D).
Aldosterone correlated with relative neutrophil counts (Figure 4E), and showed a negative
correlation with relative lymphocyte counts (Figure 4F). In line, it was correlated with the
inflammatory neutrophil-to-lymphocyte ratio (NLR) (Figure 4G). Monocyte subsets were
similar between PA patients and EHT controls (Figure 4H-I).
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FIGURE 4. Peripheral blood cell composition in patients with PA.
(A) Total cell counts in the peripheral blood did not differ between PA patients and EHT controls. (B) The MLR was
higher in PA patients. Likewise, aldosterone levels showed a positive correlation with this ratio. Aldosterone levels
correlated strongly with neutrophil percentages (C), showed a negative correlation with lymphocyte percentages
(D), and showed a positive correlation with the NLR (E). (F) Monocytes were further classified into subsets using flow
cytometry. (G) There were no differences in classical (CD14++/CD16-), intermediate (CD14++/CD16+) or nonclassical (CD14dim/CD16+) populations. MLR, monocyte-to-lymphocyte ratio; NLR, neutrophil-to lymphocyte ratio.
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Circulating markers of inflammation, endothelial dysfunction and plaque instability are
unchanged in primary aldosteronism
None of the tested circulating inflammatory markers, markers of endothelial dysfunction and
matrix metalloproteinases differed between PA patients and EHT control patients (Figure
5A). There were no significant differences between PA patients and EHT control patients in
ex vivo pro- or anti-inflammatory monocyte-derived cytokine production upon stimulation
(figure 5B/C). Also, lymphocyte-derived cytokine production was similar between both
groups (Figure 5D).

FIGURE 5. Circulating inflammatory markers and ex vivo cytokine production in PA.
(A) No differences between PA patients (n=15) and EHT controls (n=15) were observed in circulating parameters of
inflammation (hsCRP, IL-6, IL-18, MCP-1), plaque instability (MMP2) and endothelial dysfunction (e-selectin, VCAM1, MCP-1). Ex vivo PBMCs cytokine production was comparable for pro-inflammatory (B) and anti-inflammatory (C)
monocyte-derived cytokines after 24h. (D) There were no differences in lymphocyte-derived cytokines after 7 days.
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The monocyte transcriptome of PA patients is not suggestive of trained immunity
We performed RNA sequencing on CD14+ isolated monocytes from four PA patients and four
age- and sex-matched EHT control patients. Using a cut-off of False Discovery Rate
(FDR)<0.05, 6 genes were differentially expressed: 5 genes were significantly upregulated
(BTG2, WHAMMP3, HES1, HLA-A, FFAR2), and 1 gene significantly downregulated (HLADRB5). This latter observation probably reflects allelic variation of HLA-DRB1/HLA-DRB5
between patients and controls. To increase the sensitivity to detect potentially relevant
transcriptomic changes despite our small sample size, we also explored additional signals
with an FDR<0.20 (Table 3), as has been described before 27. In line with the ex vivo
stimulation data, none of these genes classically associates with inflammation or trained
immunity (i.e. genes encoding classical pro-inflammatory cytokines and chemokines or
involved in glycolysis or cholesterol metabolism28). Instead, we identified upregulated genes
associated with the regulation of apoptosis (BTG2, IER3, PROK2), immune defenses (HLA-A,
FCAR), autophagy (TP53INP2), fatty acid metabolism (FFAR2), monocyte differentiation
(DUSP5), (alternative) monocyte subset activation and immunosuppression (HES1, JUNB,
KLF2), and monocyte migration (PLAUR (CD87)). Also, the transcriptionally regulator EGR1,
important in induction of inflammatory responses on various stimuli, such as growth factors,
cytokines and oxidative stress, was among these genes.
Macrophages from patients with primary hyperaldosteronism express more TNFA
Isolated monocytes obtained from each study subject were differentiated to macrophages
in medium enriched with 10% serum from that same subject for 6 days, to obtain ‘subjectspecific’ macrophages (Figure 6A). After 4 hours of oxLDL exposure, TNFA expression was
significantly higher in macrophages cultured from PA patients (relative expression 3.1±0.9
versus 2.5±1.1. p=0.01) (Figure 6B). IL6 expression followed the same trend (2.6±2.3 versus
TABLE 3. Transcriptome analysis reveals several genes expressed at FDR<0.20 (PA vs EHT)
Gene

Log2 Fold
Change

FDR

BTG2
WHAMMP3
HES1
HLA-DRB5
HLA-A
FFAR2
JUNB
IER3
PROK2
CSRNP1
DUSP5
KLF2

1.482318
3.838738
2.44943
-4.35786
0.594109
1.177988
0.942873
0.826127
1.327246
0.931404
1.386709
0.643016

0.000324
0.003154
0.008553
0.008553
0.011223
0.018185
0.097491
0.097491
0.097491
0.097491
0.097491
0.097491

SLC25A25
FCAR
PLAUR
CD83
HBA1
EGR1
G0S2
TP53INP2
TRIB1
OTUD1
QSER1
RN7SL600P
Z83843,1

1.148992
1.31556
0.647366
2.364899
3,827395
2,219332
2,736997
1,887004
0,823838
1,206445
-0,60009
1,080073
-1,48366

0.097491
0.097491
0.097491
0.121271
0,138236
0,162944
0,162944
0,162944
0,162944
0,162944
0,162944
0,176993
0,176993
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1.9±3.1, p=0.13). To validate that the serum of PA patients can reprogram monocyte-derived
macrophages, we performed an additional experiment. Adherent monocytes obtained from
healthy donors (n=6) were differentiated to macrophages in the pooled serum of PA patients
or EHT patients. On day 6, cells were stimulated P3C and LPS. Cells cultured in PA serum
showed an enhanced production of TNF-α on P3C stimulation and IL-6 on both P3C as well
as LPS stimulation (Figure 6C). We recently reported that activation of the fatty acid synthesis
pathway contributes to aldosterone-induced trained immunity8. We now tested whether the
expression of genes in the
fatty acid synthesis pathway
(ACACA, FASN, and ELOVL6)
in monocyte-derived macrophages was higher in PA
patients, but there was no
difference with EHT patients.
FIGURE 6.

Macrophages cultured
from PA patients are characterized
by a higher expression of TNFA
(A) Adherent monocytes from each
study subject were differentiated to
macrophages in medium enriched
with the serum of that same subject,
to culture ‘subject-specific’ macrophages. (B) Upon oxLDL stimulation,
macrophages cultured from PA
patients had a higher TNFA expression than macrophages obtained
from EHT controls. (C) Next, adherent monocytes from healthy donors were differentiated to macrophages in the pooled serum of PA patients ór
the pooled serum of EHT controls for 6 days. On day 6, the cells were stimulated with P3C or LPS, and IL-6 and TNFα production was measured. Both TNF-α production upon P3C stimulation, as well as IL-6 production upon P3C and
LPS stimulation were higher in cells cultured in the serum of PA patients. * p<0.05

DISCUSSION
In this study, we show that PA is associated with low-grade arterial wall inflammation on 18FFDG PET/CT. This is accompanied by an increased 18F-FDG uptake of the bone marrow
suggestive of enhanced hematopoietic activity. With these results, our study is the first to
reveal a role for inflammation in patients with PA. However, this was not associated with
inflammatory reprogramming of circulation monocytes.
Increased 18F-FDG uptake in the arterial wall reflects low grade inflammation of the arterial
wall, which predisposes to atherosclerosis, and which predicts future cardiovascular events
29
. In histological studies, 18F-FDG uptake correlates with macrophage density in both animal
and human atheromas 30. Our study shows that PA patients have an increased 18F-FDG uptake
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in various arterial regions compared to matched controls with essential hypertension, which
is in line with animal studies previously showing a pro-atherogenic effect of aldosterone 6, 7.
The linear correlation between aldosterone and vascular wall 18F-FDG uptake both in PA
patients and EHT controls further suggests a causal relationship between aldosterone and
arterial wall inflammation. The lack of differences in 18F-FDG uptake in the ascending aorta is
likely explained by the high blood flow in this segment of the aorta, which makes this region
less prone to the development of atherosclerosis 31.
Previous studies investigating atherosclerosis using 18F-FDG PET/CT in high-risk populations
observed a concomitant increased FDG uptake in hematopoietic organs. This reflects
increased myeloid progenitor cell activation and proliferation, and is associated with an
increased risk of future cardiovascular events 18, 32, 33. In line with these findings we also
observed an increased activity of the bone marrow in PA patients compared to hypertensive
controls. This coincided with changes in the peripheral blood cell composition, favoring
myeloid cells over lymphocytes as reflected in the monocyte-to-lymphocyte ratio. This ratio
predicts poor outcomes in atherosclerotic diseases 34-36.
Although atherosclerosis is often associated with high inflammatory markers, we did not
observe differences in circulating hsCRP and IL-6 – among other markers of inflammation and
endothelial dysfunction between PA patients and EHT controls. Although one large
population-based study showed a small, statistically significant difference in hsCRP between
PA patients and EHT controls (1.6 mg/l vs 1.5 mg/l), others describe findings similar to ours
37
. The absence of systemic inflammation highlights an important difference with previous
murine work, in which RAAS activation is generally reported to induce systemic inflammation
6
. Importantly, next to differences in immunology between mice and humans, most murine
models are hindered by blood pressure differences between intervention and control
animals resulting from the sequential induction of hypertension by RAAS activation. This
might in part explain the differences between murine and human studies 6.
We recently showed that in vitro exposure of monocytes to aldosterone causes
immunological imprinting, resulting in a pro-inflammatory macrophage phenotype after
monocyte-to-macrophage differentiation. This ‘trained immunity’ was dependent on the
increase of fatty acid synthesis in aldosterone-trained macrophages 8. Against our
expectations, circulating monocytes of PA patients did not show an inflammatory footprint
suggestive of in vivo training in terms of an enhanced cytokine production capacity 14. Also,
we did not observe increased activity of the fatty acid synthesis pathway in the transcriptome
of circulating monocytes, nor in macrophages cultured from PA patients. Since ex vivo
immune responses were previously shown to be dysregulated in EHT patients compared to
normotensive volunteers, and to normalize on normalization of blood pressure, it is possible
that compared to healthy individuals, circulating monocytes of PA patients are
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phenotypically different 38, 39. Only one study previously reported on ex vivo responsiveness
of leukocytes in PA. In this study, 4 patients with PA were compared with 10 sex-, age- and
blood pressure matched controls; a higher pro-inflammatory cytokine production was
observed in PA patients. Importantly, the difference in aldosterone levels between PA
patients in this cohort (1.3-2.0 nmol/l) and controls (on average 0.26 nmol/l) is much larger
than in our study, which might explain the contrasting findings. Moreover, information on
medication use in the essential hypertensive subgroup was lacking; various antihypertensives
as well as statins have immunomodulatory effects and could have affected the results. Last,
in recent years the co-secretion of glucocorticoids in PA has gained attention. In a recent
large cohort trial of over 200 patients with PA, the excretion of glucocorticoid metabolites
was shown to be comparable to patients with subclinical Cushing’s disease. Glucocorticoids
are known to exert various anti-inflammatory actions 40, among which are inhibition of TLRdownstream signaling, attenuation of chemokine cascades and leukocyte migration and
reprogramming of macrophages to an alternative, anti-inflammatory subtype. Given these
actions, subtle glucocorticoid excess that co-exists next to aldosterone excess in PA might
suppress inflammatory skewing of leukocytes by aldosterone itself. The lack of this
glucocorticoid excess in preclinical work could explain the discrepancy with both our previous
work 8 as well as other’s 6.
RNA sequencing confirmed that the transcriptome of PA patients and EHT control patients
does not show changes classically associated with trained immunity (i.e. upregulation of
genes encoding pro-inflammatory cytokines or regulating glycolysis, cholesterol or fatty acid
metabolism28). However, in the top upregulated genes in PA patients compared to EHT
controls, several genes associated with both induction as well as suppression of
inflammation, monocyte differentiation, trafficking and apoptosis were found. Interestingly,
several of these genes have previously been suggested to be associated with cardiovascular
pathology (FCAR 41, PLAUR 42, EGR1 43), whereas others have been implied to be atheroprotective (KLF2 44). Several genes were previously shown upregulated in circulating
leukocytes in patients with peripheral artery disease (FCAR, FFAR2, DUSP5, PLAUR) 45.
Importantly, because of our small sample size, we used an exploratory approach analyzing
genes with an FDR<0.20, and these findings need further validation.
It is important to realize that 18F-FDG-uptake in the arterial wall reflects an increase in the
net local glucose metabolism (to which all metabolically active cell types in the vasculature
contribute), rather than conferring monocyte specificity alone. Both increased glycolytic
capacity of one or more cell populations, or an increase in the total number of metabolically
active cells, could on theoretical grounds equally contribute to an in increased 18F-FDG signal.
Therefore, there are several mechanisms that could explain our finding of increased 18F-FDGuptake in the arterial wall of patients with PA, despite only modest changes in the circulating
leukocyte composition and monocyte phenotype. First, we observed a higher TNFA
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expression in macrophages cultured from PA patients exposed to oxLDL. With this model, we
aimed to mimic the inflammatory environment in the vascular wall, where macrophages are
the main inflammatory effector cells, and abundantly exposed to oxLDL particles. In addition,
macrophages obtained from healthy donors produced more pro-inflammatory cytokines
when cultured in the serum of PA patients compared to EHT control patients. These data
drive the hypothesis that monocyte-to-macrophage differentiation is necessary to unveil
pro-inflammatory changes in the presence of hyperaldosteronism.
Alternatively, macrophages in the atherosclerotic plaque not only derive from circulating
monocytes, but in part develop from proliferating tissue-resident macrophages. Fate
mapping studies revealed that these cells originate from the fetal liver before birth, or are
recruited from blood shortly after birth, after which they become independent of the
circulating pool of monocytes. Consequently, their phenotype differs from monocytederived macrophages 46. The effects of chronic exposure of (tissue-resident) macrophages to
high aldosterone levels would importantly contribute to our understanding of vascular
inflammation in PA. Second, next to macrophages, vascular smooth muscle cells (VSMCs)
form the most abundant cell type in the atherosclerotic plaque. Whereas VSMC proliferation
is classically seen beneficial for plaque stability, in recent years numerous lines of evidence
showed that VSMCs may undergo phenotypic switches in the atherosclerotic plaque, and
that VSMC-derived macrophage-like cells promote local inflammation. Moreover, they
importantly contribute to foam cell populations 47. Interestingly, VSCM have recently been
suggested to contribute to vascular wall 18F-FDG uptake 48, 49. Aldosterone was previously
reported to induce inflammation in VSMCs, although a recent ApoE knockout model did not
confirm a significant role for the smooth muscle cell MR in atherosclerosis 50. Third,
endothelial cell activation might importantly contribute to monocyte recruitment to the
vascular wall, and subsequently to macrophage accumulation in the developing plaque 51.
Previously, the mineralocorticoid receptor was already shown to induce endothelial cell
adhesion molecules expression, among other actions promoting inflammation 52.
In conclusion, our data suggest that aldosterone induces vascular wall inflammation in vivo
in PA patients. In addition, we observed enhanced hematopoietic activity, and inflammatory
changes in the leukocyte composition. However, we did not observe major differences in
circulating innate immune cell phenotype. Therefore, it is most likely that interaction
between various celltypes culminates in significant arterial inflammation in PA. Future
research should investigate the potential to reverse this local inflammation with MR
antagonists or curative adrenalectomy. For the clinician, our data emphasize the importance
of timely recognition of PA in the hypertensive population, and adequate treatment of all
CVD risk factors present in these patients.
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ABSTRACT
Context: Not all obese individuals develop cardiovascular disease (CVD). Hyperaldosteronism
is suggested to cause inflammation and metabolic dysregulation, and might contribute to
CVD development in obese individuals.
Objective: We aimed to investigate the association of aldosterone concentrations with
inflammation, metabolic disturbances, and atherosclerosis in overweight and obese
individuals. Additionally, we measured renin concentrations, to investigate if the observed
effects reflected general activation of the renin-angiotensin-aldosterone system (RAAS).
Design: Cross-sectional cohort study (300-OB study). Various inflammatory parameters, traits
of the metabolic syndrome, lipidome and metabolome parameters, fat distribution, and
carotid atherosclerosis were associated with plasma aldosterone and renin levels.
Setting: Radboudumc, the Netherlands.
Patients: 302 individuals with a BMI≥27kg/m2.
Main outcome measures and results: Aldosterone associated with various markers of
inflammation and metabolic dysregulation, which in part differed from the associations
observed for renin. While both associated with inflammatory cell numbers, only renin
associated with classical markers of systemic inflammation. Both associated with the
metabolic syndrome and hepatic steatosis. Of the traits that constitute the metabolic
syndrome, aldosterone, but not renin, associated with triglyceride concentrations. In line,
aldosterone associated with large VLDL particles; metabolomics studies further associated
aldosterone with urate concentrations and derivatives of the linoleic acid metabolism
pathway. Neither aldosterone nor renin associated with atherosclerotic plaque thickness.
Conclusions: Aldosterone is not an important driver of systemic inflammation in the obese,
while aldosterone concentrations and metabolic dysregulation are strongly intertwined in
these individuals. Although prospective studies are necessary to validate these results, the
independent effects of aldosterone on carotid atherosclerosis appear modest.

INTRODUCTION
Cardiovascular disease (CVD) is the number one cause of morbidity and mortality worldwide. One of its risk factors is obesity, a growing problem with epidemic proportions in both
Western as well as non-Western countries 1. Interestingly, not all obese individuals develop
metabolic or cardiovascular complications, with approximately 20-30% of the obese
population being ‘metabolically healthy’ 2. This illustrates the complexity of the pathophysiological mechanisms linking obesity to cardiovascular disease. Among other factors,
obesity-associated activation of the renin-angiotensin-aldosterone system (RAAS), in
particular hyperaldosteronism, might contribute to CVD in obese individuals.
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The development of obesity and hyperaldosteronism are closely connected. Hyperinsulinemia and high circulating levels of adipocytokines activate the sympathetic nervous
system, which in turn activates the RAAS. The pro-inflammatory adipocytokine leptin further
contributes to hyperaldosteronism by directly stimulating aldosterone production by the
adrenals 3. Last, the adipose tissue itself produces aldosterone 4. Aldosterone in its turn
promotes the maturation and dysfunctional differentiation of adipocytes via the
mineralocorticoid receptor, leading to local expansion of fat mass, enhanced production of
adipocytokines, and insulin resistance 5, resulting in a maladaptive vicious cycle.
In the general population, aldosterone concentrations are associated with type 2 diabetes,
statin-use and the metabolic syndrome 6, and predict future cardiovascular events 7. Preclinical models investigating the mechanisms through which aldosterone contributes to
cardiometabolic dysfunction show that aldosterone is causally linked to insulin resistance 8,
cardiac and vascular fibrosis 9, as well as inflammation and atherosclerosis 10. Importantly,
aldosterone is not the only RAAS component that exerts biological actions with
disadvantageous immunological and vasculometabolic consequences. Both renin as well as
angiotensin II have been reported to promote inflammation and insulin resistance 11.
Therefore, different components of the RAAS could have additive effects on CVD risk in
obesity, and the extent of RAAS activation might in part explain the variation in the individual
risk of obese individuals to develop the metabolic syndrome and CVD.
The 300-Obese (300-OB) cohort, one of the studies of the Human Functional Genomics
Project, comprises a group of over 300 individuals of Western-European ancestry with a BMI
over 27 kg/m2, aged between 55 and 80 years 12. The study was designed to discover novel
pathways contributing to cardiovascular disease in overweight and obese individuals. Using
the comprehensive dataset of the 300-OB study, we here provide a detailed assessment of
the association of circulating aldosterone and renin levels with inflammation, metabolic
dysregulation and atherosclerosis in the obese, in order to address the hypothesis that RAAS
activation –in particular aldosterone- contributes to metabolic dysregulation and
atherosclerosis development in these patients, and unravel the underlying mechanisms.

METHODS
Extended methods are available in the Supplementary material 13.
The 300-OB cohort
302 individuals aged 55 to 80 years were enrolled in the 300-OB study at the Radboud
University Medical Center, Nijmegen, the Netherlands between 2014 and 2016. Inclusion
criteria consisted of age>55years and a body mass index (BMI) >27 kg/m2. Exclusion criteria
consisted of a recent cardiovascular event (myocardial infarction, transient ischemic attack,
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or stroke <6 months), a history of bariatric surgery or bowel resection, inflammatory bowel
disease, renal dysfunction, increased bleeding tendency, use of oral or subcutaneous
anticoagulant therapy, use of thrombocyte aggregation inhibitors other than acetylsalicylic
acid and carbasalate calcium, or a contraindication for magnetic resonance imaging.
Participants who used lipid-lowering therapy temporarily discontinued this medication 4
weeks before the measurements. Each subject provided written informed consent prior to
participation in this study. The study was conducted according to the principles of the
International Conference on Harmonization–Good Clinical Practice guidelines.
Sample collection
Venous blood was drawn in the morning after an overnight fast.
Aldosterone and renin concentrations
Aldosterone and renin concentrations were measured in EDTA plasma and serum,
respectively, by radioimmunometric (RIA) procedures (Aldosterone RIA, IT1664, Demeditec
Diagnostics GmbH, Germany; renin, Renin III generation, Cisbio Bioassay, France).
Vascular measurements
We performed carotid ultrasound after an overnight fast or in the afternoon six hours after
a standardized breakfast, after abstention from caffein and smoking. The presence of carotid
plaque was defined as focal thickening of the wall of at least 1.5x the mean carotid intimamedial thickness (cIMT) or a cIMT >1.5mm 14.
Circulating mediators
Cytokines and circulating mediators were measured in EDTA plasma using ELISA following
manufacturer’s instructions (R&D Systems). Interleukin (IL)-6 and IL-18 were measured by
Simple Plex cartridges using the ELLA technology (Protein Simple, San Jose).
Lipidomics and metabolomics
Lipidomics were performed using a high-throughput Nuclear Magnetic Resonance (NMR)
metabolomics platform (Nightingale's Biomarker Analysis Platform) 15. General
Metabolomics (Cambridge, MA) performed flow-injection electrospray time-of-flight mass
spectrometry to identify metabolic features based on m/z. In total, 1339 m/z signals were
assigned to one or more metabolites.
Assessment of fat distribution and hepatic steatosis
Abdominal fat distribution and liver fat content were determined by magnetic resonance
imaging (MRI) and proton magnetic resonance spectroscopy (MRS), respectively.
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Statistics
Aldosterone and renin as well as outcome parameters were normalized using rank based
inverse normal transformation (INT). Aldosterone and renin levels were compared to sets of
measurements (e.g. metabolomics, circulating cytokine levels). All comparisons were
corrected for multiple testing within each set of measurements, an FDR<0.05 was considered
significant, findings with an FDR<0.1 are described. β-coefficients represent the correlation
of the normalized data. The covariates included in the analysis are described in the
Supplementary material. Data are plotted as scatterplots with Loess curves.

RESULTS
Baseline parameters
The study measurements and baseline characteristics of the study participants are described
in Figure 1A-1E. Aldosterone concentrations (median 50.0 pg/ml, IQR 31.0-78.9 pg/ml) were
comparable to previously reported values 6, 16. Renin concentrations showed a similar
distribution (median 39.2 pg/ml, IQR 17.3-76.3 pg/ml), and were significantly correlated to
aldosterone levels (r=0.20. p<1*10-3) (Figure 1C). Data on distribution of age, BMI and
prevalence of comorbidity are presented in Figure 1D and 1E. 45% of the population used
antihypertensive medication: calcium antagonists (10%), beta-blockers (22%), diuretic
antihypertensives (23%), or RAS inhibitors (29%) (mineralocorticoid receptor antagonists
(MRA) were used by 1% of the population). Of those, only patients using diuretics displayed
significantly higher aldosterone concentrations than those not using these drugs
(aldosterone 78±63 pg/ml vs 48±57 pg/ml). Therefore, we provide a separate analysis of the
association of aldosterone with the outcome parameters in study subjects without
antihypertensive drugs and specifically diuretic antihypertensives in Table S1 13.
Renin, but not aldosterone, associates with classical circulating markers of inflammation
Aldosterone did not significantly correlate with any of the circulating markers. However, it
showed a trend to correlate with VEGF-A concentrations (β=0.14, p=0.06). Renin significantly
associated with the classical inflammatory marker IL-6 (β=0.16), IL-18 binding protein (IL18BP) (β=0.17) and negatively correlated with adiponectin (β=-0.16). Neither aldosterone
nor renin associated with leptin or resistin levels. This is graphically depicted in Figure 2A.
Aldosterone and renin associate with leukocyte counts
Both aldosterone and renin associated with total leukocyte (β=0.18 and β=0.17,
respectively), and lymphocyte counts (β=0.18 and β=0.14, respectively). Renin also
significantly associated with neutrophil and monocyte counts (β=0.13 and β=0.15);
aldosterone showed a strong trend to correlate with these cell types (β=0.13 and β=0.11,
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Figure 1. A graphical overview of the 300-Obese cohort.
(A) We measured circulating aldosterone and renin in 302 individuals with a BMI≥27. (B) All individuals were extensively profiled. (C) Histogram showing aldosterone and renin levels . (D) Graphical re-presentation of baseline
characteristics of the cohort. (E) Bar chart showing the most prevalent comorbidities in the cohort.

respectively). Renin also associated with thrombocyte counts (β=0.19) (Figure 2B).
Neither aldosterone nor renin associate with ex vivo cytokine or lactate production
Whole blood and peripheral blood mononuclear cells (PBMCs) from all individuals were
stimulated ex vivo with various stimuli (Figure 2C). Neither aldosterone nor renin were
associated with cytokine production. In line, lactate production upon ex vivo stimulation, an
indicator of glycolytic activity of immune cells, did not associate with aldosterone or renin
concentrations (data not shown)
Both aldosterone and renin associate with markers of metabolic dysregulation
Both aldosterone and renin strongly associated with the presence of the metabolic
syndrome, and patients with the metabolic syndrome displayed higher aldosterone and renin
concentrations. In line with this, aldosterone and renin associated with metabolic syndrome
scores based on the NCEP criteria (Figure 3A). Interestingly, the association with the
metabolic syndrome was established through different traits for aldosterone and renin.
Aldosterone associated with triglyceride levels (β=0.16), whereas renin most strongly
associated with glucose levels (β=0.24) (Figure 3B). Renin, but not aldosterone, associated
with the HOMA-IR (β=0.15), indicating insulin resistance (figure 3b). Extensive lipidomic
analysis provided information on lipid particle size and composition (Figure 3C). Because of
the strong correlations between lipid particles, they were grouped into associated clusters
(clusters include particles with an r>0.75). Using selected representative particles per cluster,
we found that aldosterone was associated with large and extra-large VLDL particles (β=0.17),
whereas renin was not associated with lipid clusters (Figure 3D). Last, aldosterone showed a
significant association with urate concentrations (β=0.24) (figure 3E); the association of renin
with this metabolite was less strong (β=0.19).

Next page: FIGURE 2. Associations of aldosterone and renin with markers of inflammation.
(A) Aldosterone and renin associated with different circulating markers of inflammation. (B) The association of
aldosterone and renin with inflammatory cell subtypes largely overlapped. (C) Whole blood and PBMCs were
isolated from all individuals and stimulated ex vivo with various stimuli, but no association of ex vivo cytokine
production and aldosterone concentrations (or renin) was observed. PBMC, peripheral blood mononuclear cell.
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FIGURE 3. Associations of aldosterone and renin with the metabolic syndrome and metabolic derangements.
(A) Aldosterone was associated with the presence of the metabolic syndrome, in line, patients with the metabolic
syndrome had higher circulating aldosterone levels (B). Similar associations were observed for renin. Both
aldosterone and renin associated with the number of positive NCEP criteria for the metabolic syndrome. (B)
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Aldosterone associated with triglyceride levels, whereas renin associated with glucose levels. In line, renin
associated with the HOMA-IR. (C) Lipidomics was performed, and lipid particles clustered. (D) Aldosterone was
associated with the cluster of large to extra large VLDL particles. (E) Last, we observed a striking association of
aldosterone with uric acid. HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; NCEP, National
Cholesterol Education Program, VLDL, Very Low-Density Lipoprotein.

Both aldosterone and renin associate with liver fat on MRS
Aldosterone, and to a greater extent renin, associated with the amount of liver fat on MRS.
Renin concentrations also associated with the total amount of visceral adipose tissue on MRI
(Figure 4).
FIGURE 4.

Associations of aldosterone and
renin with abdominal fat distribution and liver fat.
Both aldosterone, and more strongly renin,
associated with the amount of liver fat on MRS.
Renin also associated with the amount of visceral
adipose tissue on MRI. MRI, magnetic resonance
imaging; MRS, magnetic resonance spectroscopy.

Metabolome profiling shows a strong
association of aldosterone with various
fatty acids in the linoleic acid metabolism pathway.
Metabolome assessment revealed that
out of 1394 plasma metabolites, 165
were positively associated with
aldosterone after multiple test
correction, but none with renin. A list of
these 165 metabolites is presented in
Table S2 13. As expected, various
steroids and steroid precursors were positively associated with aldosterone levels, among
which were androstenedione, androsterone glucuronide and pregnenolone. Furthermore,
we identified several fatty acids of medium to very long chain length and both saturated as
well as unsaturated nature, as well as phospholipids and eicosanoids. Subsequently, we
performed a pathway enrichment analysis of the 165 metabolites among the metabolites
that aldosterone associated to. Although no pathways were significantly enriched, there was
a trend towards enrichment of alpha-linolenic and linoleic acid metabolism pathway (raw pvalue=0.001, FDR 0.118), Figure 5A. Metabolites contributing to enrichment of this pathway
are depicted in Figure 5B, and mainly clustered in the linoleic acid, rather than the alphalinolenic acid metabolism pathway (Figure 5C).
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FIGURE 5.

Metabolomics reveal that aldosterone levels associate with various metabolites in the linoleic acid
metabolism pathway.
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(A) Metabolite set enrichment analysis of all metabolites showing a significant, positive association with aldosterone,
revealed linoleic acid metabolism as one of the most enriched pathways.
(B) Correlation of aldosterone with various intermediates of the linoleic acid metabolism, i.e. arachidonic acid and
its derivatives (C). (D) Graphical representation of the linoleic acid pathway showing scatterplots of correlation of
aldosterone with its derivatives.

Renin and aldosterone do not associate with carotid atherosclerosis
Neither aldosterone nor renin associated with pulse wave velocity (PWV) or the cIMT.
Aldosterone and renin concentrations did not predict the presence of an atherosclerotic
plaque. In patients with atherosclerotic plaques, neither aldosterone nor renin associated
with plaque thickness (data not shown).

DISCUSSION
This study provides a comprehensive assessment of the association of aldosterone
concentration with inflammation, metabolic dysregulation, and atherosclerosis in a wellcharacterized cohort of more than 300 overweight and obese individuals. Based on previous
preclinical research 10, we hypothesized that aldosterone induces systemic inflammation and
activation of circulating immune cells and thereby contributes to the development of
vasculometabolic dysregulation. Although renin was associated with inflammatory
parameters such as IL-6, and both aldosterone and renin were associated with leukocyte
numbers, aldosterone itself did not show any association with systemic inflammatory
markers, nor with cytokine production capacity of circulating immune cells. Therefore, we
conclude that in obese individuals, aldosterone is not an important driver of systemic
inflammation and immune system activation. We did however reveal specific associations of
aldosterone, and not renin, with VLDL particles, linoleic acid metabolism and urate, which
provide novel clues for the pathogenic effects of aldosterone in obesity.
Obesity is characterized by low-grade inflammation with a multifaceted pathophysiology 17.
Landmark trials have provided irrefutable evidence that inflammation is causally related to
atherosclerotic CVD 18, underscoring the importance of the identification of common
pathways driving inflammation in those at high CVD risk. In the present study, aldosterone
was strongly associated with white blood cell counts (WBC), but not with circulating markers
of inflammation. In addition, we did not find any association between circulating aldosterone
with the inflammatory phenotype of circulating PBMCs in terms of ex vivo cytokine
production. Although preclinical studies suggest pro-inflammatory effects of aldosterone 10,
and we previously showed long-term activation of monocyte-derived macrophages after
aldosterone exposure 19, the results of the current study are in line with our recent findings
in a cohort of patients with primary aldosteronism, in whom we found no significant
difference in circulating IL-6 and hsCRP levels or ex vivo cytokine production compared to
hypertensive controls 20. Moreover, no association of aldosterone with hsCRP was found in
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a large population-based study 16. Surprisingly, we could not confirm the previously reported
association of aldosterone with the pro-inflammatory adipocytokine leptin 3, which is
probably explained by the fact that in our cohort of obese individuals the variation in BMI
and therefore leptin levels was small.
Renin however, was significantly associated with the pro-inflammatory cytokine IL-6, and
showed a negative association with the anti-inflammatory adipocytokine adiponectin. IL-6
concentrations prospectively predict the occurrence of CVD 21, and Mendelian randomization studies have proposed a causal role for IL-6 in atherothrombosis 22. A recently
published substudy of the CANTOS trial supports the hypothesis that lowering IL-6
concentrations reduces cardiovascular events 23. The association between RAAS activation
and decreased adiponectin concentrations was previously described in animal models and
small human intervention trials 24, 25, and is probably exerted through angiotensin II 26. Of
interest, we observed a trending association between aldosterone concentrations and VEGFA, a pivotal regulator of angiogenesis 27. Although its role in CVD is inconclusive, VEGF-A has
been suggested to increase monocyte chemotaxis and atherosclerotic plaque
neovascularization 28. Recently, VEGF-A was shown to directly induce aldosterone synthase
activity in adrenal cells 29. Alternatively, aldosterone could impact on VEGF-A production,
since aldosterone induced VEGF-A expression in neutrophils 30, and the expression of VEGF
family members in vascular smooth muscle cells 31. Last, in vitro data support an inhibitory
effect of aldosterone and mineralocorticoid activity on angiogenesis, via downregulation of
the VEGF receptor 2 32. Whether this is able to induce a positive feedback loop increasing
circulating VEGF-A has not yet been studied.
Next, we investigated the association of aldosterone with metabolic derangements. We
confirmed its association with the metabolic syndrome 6. Surprisingly, aldosterone and renin
associate with the metabolic syndrome via different traits. Aldosterone associated with
triglyceride levels, in line with previous reports 6. A lipidomics approach pinpointed that large
and extra-large VLDL particles most significantly contributed to the observed association with
triglycerides. VLDL, a triglyceride-rich remnant particle, has been convincingly linked to CVD.
In a large Mendelian randomization trial, elevated non-fasting remnant cholesterol was
associated with inflammation and ischemic heart disease 33. Moreover, VLDL-associated
apolipoproteins were the strongest predictors of cardiovascular events in a prospective
population-based study 34. Interestingly, an increasing amount of in vitro data suggest that
VLDL can activate aldosterone production in the adrenals 35, suggesting that hyperaldosteronism results from, rather than causes, hypertriglyceridemia. This fits with our
observation that renin is not associated with VLDL, excluding an effect of general RAAS
system activation on VLDL concentrations. Supporting this hypothesis is the clinical
observation that statin use lowers aldosterone production independent of changes in renin
or potassium 36. Renin concentrations, on the other hand, associated most strongly with
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glucose levels and insulin resistance, confirming previous reports 37. The observation that
renin, but not aldosterone, negatively associates with adiponectin – a potent insulin
sensitizer 38, might explain part of this association. The association with insulin resistance
could also explain the observation that renin showed a stronger association with hepatic
steatosis, since accumulating evidence links hepatic steatosis to both RAAS activation and
insulin resistance 39.
Two other findings in this study are of particular interest for CVD. First, we observed an
association of aldosterone with urate levels, a metabolite that is linked to inflammation and
cardiovascular morbidity and mortality 40. Although data from mechanistic and populationbased studies are conflicting 41, 42, our observations suggest that in an obese population,
aldosterone levels associate with urate levels independently of classical CVD risk factors.
Second, a metabolomics approach revealed that aldosterone associated with fatty acids in
the linoleic acid metabolism pathway. Linoleic acid, an omega-6 essential fatty acid, is the
most abundant polyunsaturated fatty acid in humans. In CVD, its role appears mainly
protective 43. Interestingly, oxidative derivatives of linoleic acid were previously shown to
stimulate aldosterone production in vitro, and to associate with aldosterone levels in a small
cohort of healthy adults 44. Since linoleic acid is an essential amino acid, these findings also
raise the question if its dietary intake could directly impact on aldosterone levels. Linoleic
acid has several important downstream derivatives. One of the most well-known is
arachidonic acid, with which aldosterone showed a clear association 45. Although the direct
inflammatory activity of arachidonic acid seems limited, it is the precursor of inflammatory
eicosanoids. Among these is leukotriene B4, which we identified to be associated with
aldosterone. Leukotriene B4, a potent chemoattractant mainly recruiting neutrophils, is
associated with various inflammatory processes and mechanistic studies established its role
in atherosclerosis 46, 47.
Last, we assessed the interaction of aldosterone and renin with carotid artery
atherosclerosis. In animal models, RAAS activation, in particular high angiotensin II 48 and
aldosterone levels 10, has been associated with accelerated atherogenesis. In patients with
essential hypertension, it was recently shown that aldosterone levels correlate to markers of
preclinical atherosclerosis 42. In line, we found that patients with primary aldosteronism
display enhanced arterial wall inflammation compared to hypertensive controls, suggestive
of active atherosclerotic disease20. In the current study, neither aldosterone nor renin
associated with markers of atherosclerosis in obese individuals. However, it is important to
realize that our cohort significantly differs from the models and studies mentioned. Most
importantly, the prevalence of risk factors for atherosclerosis, for example insulin resistance
and dyslipidemia, is significantly higher in obese individuals, which is likely to reduce the
relative impact of renin and aldosterone on atherosclerosis development. Moreover, the
design of our model and the age of our subjects does not enable us to prospectively
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investigate the relation between RAAS activation and atherosclerosis development.
Importantly, most subjects in the 300-OB cohort had no clinical symptoms of atherosclerotic
cardiovascular disease. Since symptomatic atherosclerosis is more strongly associated with
inflammation than asymptomatic atherosclerosis, and inflammation is particularly important
in destabilization of atherosclerotic plaques 49, 50, it is possible that RAAS activation induces
maturation and inflammatory changes in atherosclerotic plaques, rather than the
development of asymptomatic atherosclerosis per se.
Our study exemplifies the complex interaction of aldosterone, the RAAS and obesity. Our
findings result in four important hypotheses. Firstly, since the studied associations differ
between aldosterone and renin, our findings underscore the hypothesis that aldosterone in
obese individuals is regulated by factors that are in part renin-independent. Secondly, it has
recently been hypothesized that aldosterone synthesis by the adrenals can be induced by
inflammatory (i.e. VEGF-A), and metabolic compounds (i.e. VLDL), which increases the
complexity of studying the independent effects of aldosterone on CVD in individuals with
inflammatory and vasculometabolic derangements (such as obese individuals). However,
numerous preclinical studies, with limited impact of confounding factors, described
immunologic and metabolic effects of aldosterone. Therefore, we thirdly hypothesize that
some of the established associations are bidirectional, with aldosterone and common
inflammometabolic indices intertwined in a vicious cycle. Fourthly, based on our findings we
hypothesize that different RAAS components could have different, additive effects on
vasculometabolic health. Further elucidation of these mechanisms could contribute to the
development of individualized pharmacological strategies for obese patients with increased
cardiovascular risk.
Several limitations of our study require consideration. Almost half of our studied subjects
used antihypertensive medication which impact on the RAAS. However, since MRA were
used in only 1% of our cohort, the height of circulating aldosterone levels reflects bioactivity
at the MR. Furthermore, the cross-sectional nature of our measurements does not enable us
to determine the directionality of the observed effects. Mendelian randomization
approaches would help to unravel if RAAS hormones are causally related to the outcome
parameters measured, while prospective studies would be the gold standard. Also, levels of
RAAS hormones are dependent on diurnal rhythms, circulating volume and exercise 51.
Although all renin and aldosterone levels were determined on biomaterial obtained in the
morning after an overnight fast, variation due to these factors cannot be excluded. Last, we
did not measure angiotensin II levels in our cohort. Angiotensin II is a potent effector of renal
and extrarenal RAAS effects, and therefore some of the associations – especially those of
renin - might be exerted via angiotensin II.
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In conclusion, our study revealed that aldosterone associates with inflammatory cell counts
and metabolic dysregulation in obese individuals, in part independently of renin. The
increasing scale of the worldwide obesity-problem warrants understanding of all the
mechanisms that impact on CVD risk in the obese. Importantly, since medication blocking
the specific targets of aldosterone and other RAAS hormones are readily available, the
potential therapeutic consequences of our findings are discernible. Although future studies
are needed to investigate the directionality of the effects, our data reveal several novel
pathways that could link aldosterone and RAAS activation to development of CVD in the
obese.
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CHAPTER 6

SUPPLEMENTARY MATERIAL
Baseline characteristics and sample collection
All subjects filled out questionnaires about lifestyle, previous diagnosis of hypertension and
diabetes and medication use. Waist circumference was measured at the level of the
umbilicus to the nearest 0.1cm. Hip circumference was measured at the level of the
trochanter major. Systolic and diastolic blood pressure were measured after 30 minutes of
supine rest. Hypertension was defined as a systolic blood pressure (SBP) level ≥140 mmHg
and/or diastolic blood pressure (DBP) ≥ 90 mmHg, or was considered present when the
participant was currently being treated for hypertension. Diabetes mellitus type 2 (DM 2)
was defined as a fasting glucose level > 7.0 mmol/L, or if the participant was currently being
treated for diabetes mellitus. The metabolic syndrome was defined following the criteria of
the National Cholesterol Education Program (NCEP). We used the sum of metabolic
syndrome factors (MetS) in our analysis, since the presence of the metabolic syndrome
greatly enhances the risk for the development of atherosclerosis (15).
Blood samples were obtained in the morning following an overnight fast, plasma and serum
were frozen at -80⁰C until further analysis. Blood glucose, triglycerides (TG), total cholesterol,
high density lipoprotein cholesterol (HDL-C) and Apolipoprotein B (ApoB) were measured
using standard laboratory procedures.
Vascular measurements
Vascular measurements were performed after an overnight fast or in the afternoon six hours
after a standardized breakfast. Participants abstained from caffeinated products and
smoking for twelve hours before the visit. All measurements were performed in a quiet,
temperature-controlled room with the patients in supine position. After a resting period of
at least 30 minutes, baseline resting diameter, distensibility and wall thickness of the carotid
artery were assessed by a well-trained sonographer. A 7.5-MHz transducer of a Mylab Class
C ultrasound device (Esaote Biomedica, Genoa, Italy) connected to a computer with a data
acquisition board (Art.lab). Ultrasound parameters were set to optimize longitudinal B-mode
images of the lumen/arterial wall interface. The cIMT and diameter measurements were
performed in the proximal 1cm straight portion of the carotid artery in three different angles
(90°, 120° and 180°) for 6 seconds. The measurements were recorded during the diastolic
phase. Measurement of the cIMT was performed using an automatic boundery dectection
system based on RF processing-based measurement (Art.lab, Esaote Europe BV, Maastricht,
Netherlands) 1. Analysis of the cIMT and diameter was performed by an independent blinded
researcher. The primary outcome variable was defined as the mean cIMT of the 3 different
angles (18). Subsequently the presence of plaque and the thickness of plaques in the
common carotid, internal carotid, or external carotid artery or at the carotid bulbus were
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measured. The plaque presence was defined as focal thickening of the wall of at least 1.5x
the mean cIMT or a cIMT >1.5mm, according to the Mannheim intima-media thickness
consensus 2.
Ex vivo stimulation
Whole blood stimulation was performed using 100ul of heparin blood and 400ul of stimuli in
flat-bottom 48-well plates (Greiner). Peripheral blood mononuclear cells (PBMCs) were
isolated using Ficoll-Paque density gradient. Cells were resuspended in medium (RPMI 1640)
supplemented with gentamicin 10 mg/mL, glutamine 10 mM and pyruvate 10 mM. PBMC
stimulations were performed in round-bottom 96-wells plates (Greiner) with 5×105 cells/well
for either 24 hours or 7 days in the presence of 10% human pool serum at 37°C and 5% CO2.
Supernatants were collected and stored in −20°C until used for ELISA. TNF-α, IL-1β, IL-6, IL1Ra, IL-17 and IL-22 were measured using kits from R&D systems, the IFN-γ and IL-10 kits
were obtained from Sanquin.
Circulating mediators
Cytokines and circulating mediators were measured in human EDTA plasma using Enzyme
Linked Immunosorbent Assay (ELISA). Adiponectin, leptin, resistin, AAT, hsCRP, and IL-18BP
were measured using Set kits from R&D Systems following manufacturer’s instructions. IL-6
and IL-18 were measured by Simple Plex cartridges using the ELLA (Protein Simple, San Jose).
Lipidomics
We used a high-throughput Nuclear Magnetic Resonance (NMR) metabolomics platform
(Nightingale's Biomarker Analysis Platform) 3 for the quantification of 231 lipid and
metabolite measures. The NMR metabolomics platform has previously been used in various
epidemiological studies 4, 5. In this study we focused on the lipoproteins with total lipid
concentrations of 14 lipoprotein subclasses, lipoprotein particles sizes, apolipoproteins and
cholesterol. Groups of lipoprotein particle characteristics were made based on a correlation
between variables of r>0.75.
Metabolomics
Blood was collected in EDTA tubes and plasma was extracted. Plasma samples were frozen
and stored at -80°C before extraction. Prior to extraction plasma samples were rested to
thaw on ice for 30-60 minutes. 20 µL of serum/plasma was aliquoted into a labeled 2 mL
microtube, next, 180 µL of aq. 80% LCMS-grade methanol was added. The samples were
thoroughly mixed on a vortex mixer for 15 seconds to precipitate protein and afterwards
placed to incubate for 1 hour at 4°C. Samples were centrifuged (room temperature) at >
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14,000g for 15 minutes to pellet the precipitate. 100 µL of the supernatant was transferred
to a fresh microtube tube. Samples were stored at -80°C prior to shipping.
Flow injection electrospray time-of-flight mass spectrometry was performed by General
Metabolomics (1 Broadway, Cambridge MA 02142) to identify metabolic features based on
m/z. Details of the procedure can be found in Fuhrer et al.94. The total number of m/z signals
that could be assigned to one or more metabolites was 1339 for the 300-OB cohort.
Assessement of fat distribution and hepatic steatosis
Abdominal fat distribution and liver fat content were determined by magnetic resonance
imaging (MRI) and proton magnetic resonance spectroscopy (MRS), respectively. Both MR
examinations were performed on a 3.0 T Magnetom Skyra or Trio (Siemens, Erlangen,
Germany). Subjects were scanned in a supine position with their arms positioned parallel to
the lateral sides of the body. At the L4-L5 level, sixteen axial T1-weighted MRI slices of 0.5
cm were acquired for each subject, with breathing commands to avoid motion-induced
artifacts.
To determine liver fat content, a voxel of 27 cm3 was positioned in the right lobe of the liver,
avoiding the biliary tree and large blood vessels. A STEAM6 localization sequence without
water suppression was used for data acquisition. To minimize relaxation effects on signal
intensity, long repetition time (TR = 3s) and short echo time (TE = 20 ms) were used. Six scans
were averaged during for 15 seconds.
VAT, SAT, sSAT and dSAT analysis
After data acquisition, data were analyzed with HIPPO FAT (version 1.3, V. Positano) 7
software developed in the IDL 6.0 environment.Due to the T1-weighting, fatty tissues are
represented with signal intensity in these images.
VAT, SAT, dSAT and sSAT volumes were measured on 8 separate slices, with an interslice
distance of 5 mm, around the L4-L5 intervertebrate level. HIPPO FAT enables the automatic
separation of SAT from VAT by generating three contour lines at each image provided by an
active fuzzy clustering algorithm 8: (1) one line along the outer margin of the SAT, (2) one line
along the inner margin of the SAT and (3) one line around the smallest possible region in the
visceral region that included all VAT. A histogram of signal intensities in the VAT region was
provided, in which a Gaussian curve automatically fitted the high-intensity peak, which
identified the visceral fat.
After automatic segmentation, the analyst checked and, when needed, manually adjusted
both the contour lines and the shape of Gaussian curve by eyeballing. The MRI scan allows
visualization of the scarpa fascia as a fine black line. To divide sSAT from dSAT, a line was
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drawn manually over the scarpa fascia. Adipose tissue pixels between this line and the outer
margin of the SAT were defined as sSAT. dSAT was defined by the total subcuteaneous
adipose tissue pixels minus the superficial subcutaneous adipose tissue pixels (dSAT = SAT –
sSAT). Interclass correlation coefficients for inter-observer comparisons were 0.799 for VAT,
0.999 for SAT, 0.998 for dSAT and 0.999 for sSAT based on N=11.
Quantification of hepatic fat content
Using the jMRUI software v3.0 package and the AMARES algorithm9 the MR spectra were
post processed to determine water (4.7 ppm) and methylene (1.3 ppm) resonance areas.
Intrahepatic triglyceride content was expressed as the fraction of the methylene signal in the
combined signal of methylene and water.Based on the European guidelines 10 we considered
NAFLD to be present when the ratio methylene to methylene and water was higher than
5.6%.
Statistics
Regression analysis
Prior to analysis, aldosterone and renin levels were normalized using the rank based inverse
normal transformation (INT). Circulating markers, blood cell composition, cytokine
production capacity, lipidomics, metabolomics, fat distribution and liver fat were
transformed using the same technique. The following R code was used (R programming
language):
transformed = rank(original)
transformed = qnorm(transformed /(length(transformed)+0.5)),
where “transformed” indicated the transformed data and the original data is coded as
“original”.
To evaluate associations between aldosterone or renin and various other measurements, a
rank-based regression technique was applied using the “Rfit” package (Kloke and McKean,
The R Journal Vol. 4/2, December 2012) in the “R” programming language. Rfit is a regression
method that is more robust to outliers in response space than the standard linear models.
Aldosterone or renin levels were compared to sets of measurements (e.g. metabolomics,
circulating cytokine levels) or individual measurements (e.g. insulin levels). P-values were
calculated by testing the null hypothesis that β = 0. All comparisons were corrected for
multiple testing within each set of measurements using the Benjamini Hochberg False
Discovery Rate (FDR) procedure (Benjamini, Yoav; Hochberg, Yosef (1995). Journal of the
Royal Statistical Society, Series B. 57 (1): 289–300. MR 1325392). The covariates included in
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the analysis were age, sex, BMI, smoking, systolic and diastolic blood pressure (SBP and DBP)
and season (correction of seasonality is described in Ter Horst et al 11).
The resulting formula looks like:
parameter1 ~ intercept + β1*age + β2*sex + β3* smoking + β4*SBP + β5*DBP + β6*season
+ β7*parameter2.
Here, parameter1 and parameter2 are the two parameters we want to associate.
When analyzing for associations with uric acid and white blood cell counts we added
creatinine and the use of diuretic drugs as covariates to the analysis, as a surrogate marker
for low circulating volume.
To evaluate the strength of the significant associations, the correlations coefficients of renin
and aldosterone with the different parameters of interest were calculated using the “cor”
function of the “stats” package in R. The data were corrected for the different covariates
listed above using a linear regression model. The linear assumptions of this model are
different from the rank based model mentioned above, however the correlation coefficients
should still give a good impression of the strength of the associations. Standardized
Regression Coefficients (beta) were calculated based on objects of class ‘lm’ using the
‘lm.beta’ function part of the ‘QuantPsyc’ package in the R programming language. The
covariates previously described to be corrected for in the regression were included.
Metabolite set enrichment analysis
Using metaboanalyst.ca v4.0 12 we performed an enrichment analysis of the metabolites
showing a significant (FDR<0.05), positive association with aldosterone levels.
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TABLE S1. Associations of aldosterone (and renin) with inflammatory and metabolic parameters in individuals not
using antihypertensive medication.
Parameter

No antihypertensives (55% of cohort)
FDR (aldo)1

FDR (renin)1

No diuretic antihypertensives
(80% of cohort)
FDR (aldo)1
FDR (renin)1

Circulating markers of
inflammation
VEGF
ns
ns
ns (p=0.20)
ns
IL-6
ns
ns
ns (p=0.20)
ns (p=0.09)
Adiponectin
ns
ns
ns
ns (p=-0.13)
AAT
ns
ns
ns
ns
IL-18
ns
ns
ns
ns
IL-18BP
ns
ns
ns
ns (p=0.09)
CRP
ns
ns
ns
ns
Resistin
ns
ns
ns
ns
Leptin
ns
ns
ns
ns
Cell subtypes
leukocytes
p<0.01
p<0.05
p<0.01
p<0.05
lymfocytes
p<0.05
p<0.05
p<0.05
ns (p=0.06)
neutrofils
ns
ns (p=0.07)
p<0.05
ns (p=0.05)
monocytes
ns
ns
ns
ns (p=0.06)
trombocytes
ns
ns (p=0.14)
ns
ns (p=0.06)
Metabolic syndrome
components
triglycerides
ns (p=0.05)
ns
p<0.05
ns
glucose
ns
ns
p<0.05
p<0.05
waist (cm)
ns
ns
ns
ns
HDL cholesterol
ns
ns
ns
ns
systolic blood
ns
ns
ns
ns
pressure
Lipodomics
Large and XL VLDL
ns (p=0.12)
ns
ns (p=0.11)
ns
particles
Urate
ns (p=0.19)
ns
p<0.05
ns (p=0.14)
Fat distribution
Liver fat
ns
ns
ns (p=0.09)
p<0.05
VAT
ns (p=0.12)
ns (p=0.08)
ns
p<0.05
SAT
ns
ns (p=0.08)
ns
ns
1FDR < 0.05 is considered significant, FDR ≤ 0.20 is described as ‘ns’ with p-value, FDR > 0.20 is noted ‘ns’ without
p-value.
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TABLE S2. Association of aldosterone with various metabolites. After Benjamini FDR correction for multiple
testing, aldosterone positively correlated with 165 metabolites.
Metabolite

FDR

X834_10.11.DIHYDRO.20.TRI_385.223141

0.002587

X676_DOCOSATRIENOIC.ACID_333.279039

1,87E-06

X406_C15.1_239.201134

0.002615

X845_.3S.5R.6S.7E.9X..7.M_389.217866

4,39E-05

X1099_EUCAGLOBULIN_497.166984

0.002615

X470_CYCLOHEXANEUNDECANOI_267.232787

4,39E-05

X520_16B.HYDROXYESTRONE_285.150551

0.002615

X401_3.METHYLCYCLOPENTADE_237.222054

6,11E-05

X930_ARMILLANE_419.208186

0.002615

X749_C24.5_357.27974

9,11E-05

X514_RETINAL_283.206345

0.002645

X772_3B.ALLOTETRAHYDROCOR_365.233253

9,21E-05

X881_PISUMIONOSIDE_403.196573

0.002906

X532_ESTRIOL_287.164659

9,21E-05

X761_TETRAHYDROCORTISONE_363.216685

0.002906

X734_PROPOFOL.GLUCURONIDE_353.160592

9,89E-05

X967_CYCLOARTOCARPIN_433.164617

0.002906

X751_NORENDOXIFEN_358.181114

0.000105

X665_C22.5_329.24838

0.002906

X753_C24.4_359.295167

0.000119

X507_PHENTOLAMINE_280.145601

0.002906

X609_.R..2.HYDROXYSTERCUL_309.242757

0.000148

X941_PRAVASTATIN_423.238156

0.002906

X672_C22.4_331.263905

0.000168

X1259_KUWANON.J_677.240759

0.002906

X448_HYPOGEIC.ACID_253.217675

0.000179

X1141_AUSTALIDE.G_517.242444

0.002946

X1244_GLYCEROL.1..9Z.OCTAD_645.450669

0.000202

X553_C19.2_293.248228

0.002957

X670_CARNOSIC.ACID_331.190751

0.000209

X691_PLASTOQUINONE.3_339.232969

0.003332

X378_C14.0_227.20125

0.000216

X1084_KETOTIFEN.N.GLUCURON_484.145403

0.0037

X744_C24.6_355.264024

0.000216

X475_HEPTADECANOIC.ACID_269.248146

0.00423

X581_2.HYDROXYESTRADIOL.3_301.179366

0.000265

X1033_13.HYDROXY.5..O.METH_461.18217

0.004276

X864_3..HYDROXY.T2.TRIOL_397.186691

0.000287

X840_5A.6A.EPOXY.7E.MEGAS_387.20251

0.004276

X944_LYSOPE.0.0.14.0._424.247398

0.000296

X699_5.6..PENTYL.1.4.DIOX_343.212544

0.004449

X951_TARAXACOLIDE.1.O.B.D_427.197037

0.000349

X603_EICOSADIENOIC.ACID_307.264004

0.004533

X663_PICROCROCIN_329.160714

0.000462

X806_PTEROSIDE.B_379.178413

0.004623

X587_ARACHIDONIC.ACID_303.232849

0.000477

X929_AMINOPHYLLINE_419.190865

0.004693

X735_PROSTAGLANDIN.F2A_353.233159

0.00049

X608_DESOGESTREL_309.220669

0.004753

X595_8.11.14.EICOSATRIENO_305.248262

0.00049

X410_C15.0_241.217176

0.004794

X562_NONADECA.10.Z..ENOIC_295.264072

0.00065

X724_DIPIVEFRIN_350.197541

0.004935

X320_SEDOHEPTULOSE..1.3.7_209.067473

0.000658

X573_.R..3.HYDROXY.OCTADE_299.258974

0.004941

X625_13.HDOHE_313.25304

0.000707

X1214_ERIODICTYOL.7..6.GAL_601.120278

0.004943

X1123_DIDE.O.METHYL.4.O.AL_508.166513

0.00072

X1080_MELLEOLIDE.D_481.162589

0.005279

X634_L.CITRONELLOL.GLUCOS_317.196812

0.000878

X669_UNSHUOSIDE.A_331.176266

0.005488

X945_PALIPERIDONE_425.2004

0.000898

X522_HEXADECANEDIOIC.ACID_285.207034

0.006277

X369_C14.1_225.185602

0.000917

X730_METHYSERGIDE_352.203779

0.006763

X509_MILTIRONE_281.155681

0.001001

X723_PIRENZEPINE_350.160327

0.006763

X521_ANDROSTENEDIONE_285.186208

0.001268

X1163_RESVERATROL.4...6.GA_541.135006

0.007113

X792_6.EPI.7.ISOCUCURBIC._373.186837

0.001268

X679_LEUKOTRIENE.B4_335.222301

0.007325

X969_POLYSORBATE.60_433.280878

0.001377

X568_C19.0_297.278921

0.007698

X504_12S.HHT_279.196541

0.001377

X630_C21.5_315.230953

0.007729

X742_GAMMA.CROCETIN_355.191595

0.0016

X998_GLUCORHEIN_445.078409

0.008006

X441_C16.2_251.201338

0.001851

X826_20.TRIHYDROXY.LEUKOT_383.207552

0.008122

X1326_PI.16.0.16.1.9Z.._807.501941

0.002189

X756_C24.3_361.310792

0.008122

X693_13.HYDROXY.9.METHOXY_341.233209

0.002328

X1166_ESTRIOL.3.SULFATE.16_543.153378

0.008553

X793_11BETA.20.DIHYDROXY._373.202333

0.002337

X771_20.CARBOXY.LEUKOTRIE_365.197182

0.008893

X523_VITAMIN.A_285.222446

0.002337

X1129_O.6.DEOXY.A.L.GALACT_510.183575

0.008893

X816_TOFISOPAM_381.180527

0.002561

X912_BETA.D.XYLOPYRANOSYL_413.129765

0.00924
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X770_.2R.6X..7.METHYL.3.M_365.181688

0.009361

X869_HEMIARIENSIN_399.144852

0.029713

X895_ACIDISSIMINOL.EPOXID_408.218027

0.009361

X859_1.HEXANOL.ARABINOSYL_395.191322

0.030295

X707_AMP_346.055773

0.0094

X741_XANTHOXYLOL_355.120233

0.030955

X877_ACETYL.TRIBUTYL.CITR_401.218813

0.009738

X788_NEODIOSPYRIN_373.07392

0.030955

X1081_7.METHYL.1.4.5.NAPHT_483.15143

0.009738

X176_10.UNDECENAL_167.143917

0.031641

X314_ETHYL.BETA.D.GLUCOPY_207.086994

0.009803

X799_RESOLVIN.D2_375.217104

0.031641

X85_DEOXYRIBOSE_133.050605

0.009953

X968_1.1..ETHYLIDENEBISTR_433.188126

0.032405

X1108_LIMONEXIC.ACID_501.175786

0.00999

X1015_ENTEROCIN.900_450.24159

0.032836

X461_.....Z..2..5.TETRADE_263.23791

0.010069

X1018_8.BUTANOYLNEOSOLANIO_451.197995

0.033171

X1034_MANGOSTENONE.B_461.197012

0.010234

X685_LISURIDE_337.203174

0.033171

X282_C12.1_197.154167

0.010806

X586_3A.16B.DIHYDROXYANDR_303.198069

0.033172

X791_....WIKSTROMOL_373.129971

0.010916

X973_E.3174_435.134048

0.035177

X674_2.6.DIMETHYL.7.OCTEN_333.191873

0.01156

X602_OBTUSILACTONE.A_307.227411

0.035591

X1089_GLIMEPIRIDE_489.216394

0.011903

X1291_PC.15.0.18.4.6Z.9Z.1_738.508

0.037546

X949_ADP_426.021894

0.011903

X591_SYNDESINE_304.152334

0.037754

X867_PIPAZETHATE_398.15361

0.012532

X506_N..1.DEOXY.1.FRUCTOS_280.102811

0.040345

X928_KANZONOL.F_419.185383

0.013384

X1102_TAUROURSODEOXYCHOLIC_498.288985

0.041402

X333_GLYCYL.HISTIDINE_211.08369

0.013415

X505_C18.2_279.233414 (LINOLEIC ACID)

0.043274

X508_5.7.DIMETHOXYISOFLAV_281.08259

0.013581

X1044_DOLICHYL.B.D.GLUCOSY_465.226528

0.044345

X946_CINNZEYLANINE_425.217945

0.013929

X833_CORCHOIONOL.C.9.GLUC_385.186653

0.045711

X671_9.10.13.TRIHYDROXYST_331.248955

0.013962

X433_C16.3_249.185841

0.0462

X927_KUWANON.A_419.149139

0.013962

X486_3.HYDROXYTETRADECANE_273.169985

0.046356

X817_MISOPROSTOL_381.264409

0.015178

X673_1.5.DIBUTYL.METHYL.H_333.155429

0.046912

X1150_16.17.DIHYDRO.16A.17_527.213262

0.015533

X807_.6..GINGERDIOL.3.5.D_379.212944

0.047408

X1005_ACUMINOSIDE_447.221834

0.015577

X808_BISNORCHOLIC.ACID_379.250323

0.047408

X922_SIMVASTATIN_417.264717

0.015769

X541_GLYCEROL.1..5.HYDROX_289.201368

0.048199

X659_POLYOXYETHYLENE.40.M_327.290188

0.016927

0.048416

X1075_11.OXO.ANDROSTERONE._479.227988

0.017419

X1012_SOFALCONE_449.196978

0.019298

X1045_ANDROSTERONE.GLUCURO_465.2487
21
X1050_DUKUNOLIDE.D_467.170444

X1085_EGONOL.GLUCOSIDE_487.161916

0.019564

X1186_APIUMOSIDE_569.164211

0.021414

X1223_CHOLESTANE.3.7.12.25_611.378678

0.022429

X720_8.ISO.15.KETO.PGE2_349.202571

0.022429

X1025_ATROVIRINONE_455.169676

0.023684

X705_METHYL..10..SHOGAOL_345.243847

0.023949

X790_GENIPOSIDIC.ACID_373.113821

0.024705

X855_VESNARINONE_394.177271

0.024774

X920_CUDRAFLAVONE.A_417.135896

0.025718

X526_.R.S..NORLAUDANOSOLI_286.11081

0.026107

X1218_PRODELPHINIDIN.A1_607.109878

0.026474

X876_CORTISONE.ACETATE_401.197138

0.027099

X643_1.ACETOXY.2.HYDROXY._323.222702

0.027724

X863_METHYL.3.4.DIHYDROXY_397.150484

0.027785

X610_C20.1_309.279734

0.02807

X743_5.7.MEGASTIGMADIEN.9_355.21242

0.02807

X644_C21.1_323.295321

0.028623

X911_5..3..4..5..TRIHYDRO_413.110295

0.028623

X524_AVOCADENE_285.242691

0.029042

0.049692
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CATECHOLAMINES INDUCE TRAINED IMMUNITY

ABSTRACT
Rationale: Exposure to high catecholamine levels is associated with inflammatory changes of
myeloid cells and atherosclerosis, but the underlying mechanisms are only partly
understood.
Objective: To investigate whether the pro-inflammatory effects of noradrenaline and
adrenaline can in part be explained by the induction of an immunological memory in innate
immune cells, termed ‘trained immunity’.
Methods and Results: In vitro, we exposed human primary monocytes to (nor)adrenaline for
24 hours, after which cells were rested and differentiated to macrophages over 5 days. After
restimulation with LPS on day 6, (nor)adrenaline-exposed cells showed increased TNF-α
production. This coincided with an increase in glycolysis and oxidative phosphorylation
measured with Seahorse technology on day 6 before restimulation. Inhibition of the βadrenoreceptor-cAMP signaling pathway prevented the induction of training. In vivo, we
studied the functional, transcriptional, and epigenetic impact of peak-wise exposure to high
catecholamine levels on monocytes isolated from pheochromocytoma/paraganglioma
(PHEO) patients. In PHEO patients (n=10), the peripheral blood cell composition showed a
myeloid bias and an increase of the inflammatory CD14++CD16+ intermediate monocyte
subset compared to controls with essential hypertension (n=14). Ex vivo production of proinflammatory cytokines was higher in PHEO patients. These inflammatory changes persisted
for 4 weeks after surgical removal of PHEO. Transcriptome analysis of circulating monocytes
at baseline showed various differentially expressed genes in inflammatory pathways in PHEO
patients; epigenetic profiling of the promoters of these genes suggests enrichment of the
transcriptionally-permissive chromatin mark H3K4me3, indicative of in vivo training.
Conclusion : Catecholamines induce long-lasting pro-inflammatory changes in monocytes in
vitro and in vivo, indicating trained immunity. Our data contribute to the understanding of
pathways driving inflammatory changes in conditions characterized by high catecholamine
levels, and propose that trained immunity underlies the increased cardiovascular event rate
in PHEO patients.

INTRODUCTION
Atherosclerosis is a chronic inflammatory disease of the arterial wall 1. Cells of the innate
immune system such as monocytes and macrophages are pivotal in atherosclerotic plaque
formation, and are the most abundant inflammatory cells in atheromas. Moreover, innateimmune cell driven inflammation contributes to the destabilization of atherosclerotic
plaques that incite acute cardiovascular events 2. The publication of the CANTOS trial recently
provided irrefutable evidence that low-grade inflammation should be considered as an

146

CHAPTER 7

important cardiovascular risk factor, next to more classical risk factors as diabetes mellitus
and hypertension 3. Therefore, the impetus to find common exogenous and endogenous
drivers of low-grade inflammation is high.
Among these endogenous drivers are the catecholamines. Having the evolutionary function
to drive the fight or flight response in case of apparent danger, catecholamine levels rise in
the context of stress, pain, and anxiety 4. Circulating catecholamine levels are often elevated
in situations that increase the risk for cardiovascular events, such as chronic (psychological)
stress 5. In addition, cardiovascular events such as myocardial infarction themselves result in
sympathetic nervous system activation and increase (nor)adrenaline levels 6. In recent years,
extensive research from the group of Nahrendorf has elegantly demonstrated that enhanced
sympathetic nervous system activity promotes pro-inflammatory leukocytosis in models of
chronic psychological stress, stroke and myocardial infarction 7-9. The underlying mechanism
in all models is similar: the stressor increases bone marrow levels of the catecholamine
noradrenaline, which in turn reduces the expression of hematopoietic stem cell (HSC)
retaining factors in bone marrow stromal cells. This subsequently results in hematopoietic
stem cell mobilization, leading to enhanced hematopoiesis with a myeloid bias. The
inflammatory monocytosis in the peripheral circulation contributes to plaque inflammation
and accelerates atherosclerosis 7-9.
Less is known about the direct and long-term effects of catecholamines on myeloid cells.
Importantly, innate immune cells express alpha and beta-adrenergic receptors, and
catecholamines – with most research focusing on adrenaline and noradrenaline – have been
reported to directly modulate innate immune cell functions in vitro and in vivo 10, 11. However,
the data on direct effects of catecholamines on innate immune cells are inconsistent.
Whereas some report the effects of (nor)adrenaline to be largely immunosuppressive 11,
others report findings that suggest pro-inflammatory effects. For example, previous studies
showed that β-adrenoreceptor signaling importantly impacts on the motility, polarity and
proliferation of HSC’s 12, as well as on pro-inflammatory cytokine production of myeloid cells
13
. Moreover, in the series of studies by Nahrendorf et al., stroma-cell mediated release of
HSCs does not fully explain the increased myeloid cell proliferation and pro-inflammatory
myeloid bias; direct effects of catecholamines on myeloid progenitors could provide a
plausible explanation for this important observation 14.
How can we account for the inconsistency in the reported effects of catecholamines on
innate immune cells? One explanation is that the timing of exposure impacts on the
inflammatory outcome. Recently, the concept of ‘trained immunity’ has been used to
describe immunological memory of innate immune cells – dismissing the longstanding
dogma that only adaptive immune cells remember potentially harmful stimuli from the past.
After transient encounters with pathogen or damage associated molecular patterns (PAMPs

147

CATECHOLAMINES INDUCE TRAINED IMMUNITY

and DAMPs, respectively), monocytes and macrophages can mount a heightened proinflammatory response upon subsequent encounters with similar or unrelated stimuli 15.
Importantly, for most training stimuli, the initial exposure of the innate immune cell to the
stimulus does not induce a pro-inflammatory response. Instead, epigenetic modifications
and metabolic changes confer the capacity of cells to mount a heightened response upon
secondary stimulation 16. In vivo, trained immunity at myeloid progenitor level results in a
long-lasting generation of myeloid cells with a pro-inflammatory phenotype 15. In this study,
we hypothesize that adrenaline and noradrenaline are able to induce trained immunity, as
shown for other pro-atherogenic stimuli 17-19. To test our hypothesis, we investigated the in
vitro potential of adrenaline and noradrenaline to induce functional and metabolic rewiring
in primary human monocytes/macrophages. Next, we translated and extended these
findings to a cohort of patients with pheochromocytoma/paraganglioma, in whom we
studied the functional, transcriptional and epigenetic impact of peak-wise exposure to high
catecholamine levels on circulating monocytes. Pheochromocytomas/paragangliomas are
rare neuro-endocrine tumors originating from chromaffin cells of the adrenal medulla or
extra-adrenal paraganglia 20. Since they secrete high amounts of catecholamines in a paroxysmal fashion, they are an appropriate in vivo model to study trained immunity.

METHODS
All experiments were in accordance with the Declaration of Helsinki. All in vitro experiments
were performed in a minimum of n=6, except for concentration measurements, which were
performed in n=2. Extended methods are available in the Supplementary materials.
In vitro methods
Whole blood experiments
We obtained whole blood from healthy donors in lithium heparin tubes, and stimulated with
(nor)adrenaline 1-1000 nmol/l (nM), alone or in combination with LPS 10 ng/ml..
Isolation of PBMCs and monocytes
We obtained buffy coats from healthy donors after written consent (Sanquin Blood Bank,
Nijmegen, the Netherlands). PBMCs were isolated using Ficoll-Paque PLUS (GE Healthcare
Biosciences). Subsequently, we enriched the monocyte fraction of human PBMCs with
hyperosmotic Percoll gradient isolation (Sigma).
Stimulation and training experiments
In co-stimulation experiments, adherent monocytes were stimulated with (nor)adrenaline or
their vehicle control for 24h, alone or in combination with LPS 10ng/ml. In the training
experiments, adherent monocytes were stimulated with (nor)adrenaline or their vehicle
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control for 24h, followed by a resting period of 5 days and restimulated with 10ng/ml E. coli
lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, USA, 10ng/ml). This was performed in
accordance with the established in vitro model of human monocyte training21.
(Nor)adrenaline concentrations of 1nM-1000nM were tested in dose-response experiments
in the training model; 10nM provided most stable training responses and was chosen as
working concentration for the experiments. In inhibitor experiments, the β- adrenoreceptor
blockers propranolol (100 µmol/l), atenolol (1 µmol/l) and ICI-118,551 (1 µmol/l) and
adenylate cyclase inhibitor 2′,3′-Dideoxyadenosine (0,1 µmol/l) (all Sigma, Sigma-Aldrich, St.
Louis, USA), were added to the training model in the first 24h of training one hour before
addition of (nor)adrenaline or vehicle. All experiments were performed in duplicates
Cytokine concentration measurements
Cytokine production was determined in supernatants with the commercial enzyme-linked
immunosorbent assay kits for IL-6 and TNF-α (R&D Systems, MN, USA), in accordance with
the instructions of the manufacturer.
Extracellular Flux measurements
The real-time oxygen consumption (OCR) and extracellular acidification rates (ECAR) of
monocytes were measured on an XF-96 Extracellular Flux Analyzer (Seahorse Bioscience),
using a Cell Mito Stress Kit. All measurements were performed quadruplicates or
quintuplicates.
Pheochromocytoma cohort – methods
Local approval was granted by the institutional ethics review board (CMO nr. 2017-3861),
and all experiments were in accordance with the Declaration of Helsinki. All subjects provided
written informed consent.
Subjects and timing of study visits
In all patients with pheochromocytoma/paraganglioma (PHEO) (n=10) the diagnosis was
confirmed according to current guidelines. Control subjects with essential hypertension
(EHT) (n=14) were obtained from a parallel study (registered under number
NL58835.091.16). Exclusion criteria consisted of active smoking, a history of clinicallymanifest cardiovascular disease, diabetes mellitus or active malignancy, and autoinflammatory or auto-immune diseases. In EHT control patients venous blood was obtained
once, for PHEO patients venous blood was obtained both before (referred to as ‘baseline’)
and 4 weeks after surgical removal of PHEO (n=7).
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Anthropometric measurements
Blood pressure and heart rate were measured in supine position in 3 repeated measures with
a 5-minute interval on both arms after at least 10 minutes of rest. All baseline measurements
were performed between 08.00h and 12.00h in a fasted state by a single investigator.
Flow cytometry
100µl of EDTA blood was stained by monoclonal antibodies (CD16 FITC NKP15
Becton&Dickinson, CD14 PE RMO52 Beckman Coulter, HLA-DR Immu357 PC5.5 Beckman
Coulter, and CD45 PC7 J33 Beckman Coulter). Surface expression was assessed by CytoFLEX
flow cytometer (Beckman Coulter) and analyzed with Kaluza software version 2.1 (Beckman
Coulter). The applied gating strategy (Figure 4H) was in short; monocytes were selected in
the SSC/CD45+ plot, gated to SSC/HLA-DR+ plot, identifying monocytes as CD45+ HLA-DR+
cells with monocyte scatter properties. Exclusion of lymphocytes, and natural killer cells was
performed by excluding CD45+ HLA-DR+ CD14- CD16- cells. In the CD14/CD16 plot, the
percentages of gated monocyte subsets (classical (CD14++CD16−), intermediate
(CD14++CD16+), and non-classical monocytes (CD14+CD16++)) were used for analyses.
PBMC and monocyte isolation, processing and stimulation
Ficoll-isolated PBMCs were stimulated with LPS and P3Cys for 24 hours, and PHA and Candida
albicans for 7 days, to induce monocyte or lymphocyte-derived cytokines, respectively. We
isolated CD14pos monocytes for RNAseq and ChIP using magnetic activated cell sorting
(MACS, Miltenyi Biotec, 130-050-201). For RNAseq, a minimum of 1x106 CD14pos MACSisolated monocytes were stored in TRIzol at baseline. For ChIP, a minimum of 3x106 CD14pos
MACS-isolated monocytes were stored.
Measurement of inflammatory markers
Cytokine concentrations in PBMC supernatants and plasma hsCRP were measured by
commercial ELISA kits according to the manufacturer’s instructions.
RNA isolation
CD14+ MACS-isolated monocytes stored at baseline were isolated from TRIzol using a
TRIzol/RNeasy hybrid protocol.
RNA sequencing and differential gene expression analysis
The concentration of RNA was determined on the Qubit; the quality using Nanodrop
technology. Library preparation was performed using the Quantseq 3‘ mRNA-Seq Library
Prep Kit-FWD from Lexogen (Cat#015.96, Lexogen) according to the manufacturer’s
protocol. RNA input for all samples was normalized, all libraries were sequenced in a single
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run. Reads were mapped to a human reference genome (GRCh38.95, Ensembl) with Star
v2.6.0a 22. MultiQC was used to combine results and quality checks of all the samples 23.
Differential gene expression analysis was carried out with DESeq2 v1.22.0 in R 24, with
internal statistical and normalization method (i.e. adjustment of p-value for multiple testing
with Benjamini–Hochberg). The average expression of the patient group versus control group
were tested, corrected for sex.
Chromatin immunoprecipitation
Baseline MACS-isolated CD14+ monocytes were cross-linked in methanol free 1%
formaldehyde, followed by sonication and immunoprecipitation of chromatin using
antibodies specific for H3K4me3 (Diagenode, Seraing, Belgium). Immunoprecipitated DNA
was processed further for qPCR analysis. Primers used in the reaction are listed in
Supplementary table S1. Samples were analyzed following a comparative Ct method using
the SYBR green method according to the manufacturer's instructions.
Statistical analysis
We analyzed the data with SPSS 22.0. In vitro experiments were analyzed using a Wilcoxon
signed-rank test. Differences in baseline characteristics between PHEO patients and EHT
controls were tested with an independent samples T-test or a Mann-Whitney U-test for
continuous parameters and with the Fisher’s exact test for categorical data. Group
differences in outcome parameters were tested with a Mann-Whitney U test. Changes of
these measurements within one patient before and after surgery where tested using a
Wilcoxon signed-rank test. For ChIP data, the area under the curve (AUC) was calculated for
each patient and control per promoter region, and compared between groups with a MannWhitney U test. P-values of <0.05 were considered statistically significant. For RNAseq data,
a p-adjusted value <0.05 with log2 fold change of >1.5 (or <-1.5) was considered significant.

RESULTS
In vitro results
The acute effects of adrenaline and noradrenaline are immunosuppressive
The in vitro experiments are graphically depicted in Figure 1A. Since catecholamines are very
short-lived in vivo, we first investigated the half-life of (nor)adrenaline (10nM) in monocyte
culture in vitro. At t=0h (nor)adrenaline concentrations were approximately 10nM (8,5-10,1
nM). Concentrations at t=24h were 44-67% of concentrations measured at t=0h, confirming
exposure to relevant (nor)adrenaline levels during the first 24 hours of our experiments.
Next, to confirm the acute immunosuppressive effects of (nor)adrenaline reported by
previous studies, we performed whole blood and monocyte stimulations with noradrenaline
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and adrenaline alone, and in the presence of LPS. (Nor)adrenaline alone did not induce
cytokine production. When in costimulation, (nor)adrenaline reduced LPS-induced IL-6 and
TNF-α production dose-dependently in whole blood (Figure 1B), and monocytes (Figure 1C).

FIGURE 1. Acute stimulation of monocytes with (nor)adrenaline is immunosuppressive, whereas on the long term
(nor)adrenaline induces trained immunity.
(A) Graphical outline of the in vitro methods. Whole blood or monocytes were incubated for 24h with either
(nor)adrenaline or vehicle, in combination with LPS (TLR4 agonist) in costimulation experiments, after which
cytokine production was measured. In training experiments, monocytes were incubated for 24h with (nor)adrenaline of vehicle, and after a 5-day rest period monocyte-derived macrophages were restimulated with LPS. (B)
(Nor)adrenaline decreased LPS-induced TNF-α and IL-6 in a dose-dependent manner in whole blood (n=6), (C) and
reduced LPS-induced TNF-α production in monocytes (n=7). (D) In the training model, (nor)adrenaline induced IL-6
and TNF-α production on day 7 after LPS restimulation (n=11). Median±IQR. *p < 0.05, A, adrenaline; NA,
noradrenaline.

Both adrenaline and noradrenaline induce trained immunity in vitro
When adherent monocytes were transiently exposed to (nor)adrenaline, differentiated to
macrophages and restimulated with LPS, TNF-α production, and with a lesser effect size, IL6 production, was increased. The concentration of catecholamines with the largest effect
size was 10nM (n=9, Figure 1D), which is in the (patho)physiological range reported in
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patients with pheochromocytoma and during acute myocardial infarction 25, 26. Therefore,
subsequent experiments were performed with this dose of (nor)adrenaline.
Catecholamine-training is associated with increased glycolysis and oxidative phosphorylation
After 24h of direct stimulation with (nor)adrenaline and on day 6 in (nor)adrenaline trained
cells before restimulation, the ECAR, reflective of glycolysis, and the OCR, as a measure of
oxidative phosphorylation, were measured with Seahorse technology. After 24 hours of
exposure to 10nM of (nor)adrenaline alone, monocytes displayed a lower basal oxidative
phosphorylation, and a reduced maximal oxidative phosphorylation (Figure 2A). Glycolysis,
after maximal glycolytic stimulation was likewise reduced in noradrenaline-treated
monocytes (trend in adrenaline-treated monocytes). These data are in line with the
inhibitory effect of (nor)adrenaline when used in costimulation with LPS. However, on day 6,
before restimulation, the noradrenaline- and adrenaline-trained cells showed increased
glycolytic capacity and oxidative phosphorylation (Figure 2B).

FIGURE 2. (Nor)adrenaline training is associated with induction of glycolysis or oxidative phosphorylation.
(A) After 24h of incubation with (nor)adrenaline, the extracellular acidification rate and oxygen consumption rate as
measured by Seahorse technology were reduced (n=12). However, (B) on day 6, prior to restimulation,
(nor)adrenaline-trained cells showed an increase in extracellular acidification rate and oxygen consumption rate
(n=12). *p < 0.05, ** p< 0.01. A, adrenaline; NA, noradrenaline.
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Trained immunity by (nor)adrenaline is established via the beta-adrenergic receptor
Previously, the importance of the beta-adrenergic receptor-cAMP-PKA pathway (Figure 3A)
has been described for beta-glucan-induced trained immunity 27. We used the non-specific
β-adrenoceptor blocker propranolol, co-administered with catecholamines during the first
24 hours, to show that training was established via the β-adrenergic receptor (Figure 3B).
Next, we blocked the beta-1 adrenergic receptor (Figure 3C) and the beta-2 adrenergic
receptor (Figure 3D): both reduced trained immunity, although not to the extent of
combined β-adrenergic receptor blocking, which completely prevented the increases in
cytokine production. In follow-up experiments we used 2',5'-dideoxyadenosine (ddA), an
adenylate cyclase inhibitor, to block cAMP production downstream of the β-adrenergic
receptor. This completely abolished trained immunity (Figure 3D). None of the inhibitors
induced cytotoxicity (Figure S1A).
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FIGURE 3. (Nor)adrenaline training is established via the β-adrenoreceptor-cAMP signaling pathway.
(A) Graphical representation of the β-adrenoreceptor-cAMP signaling pathway. We used propranolol, a nonspecific
β-adrenoreceptor, as well as the β1-adrenoreceptor blocker atenolol and the β2-adrenoreceptor ICI 118,551 to
block the β-adrenoreceptor. ddA was used as adenylate cyclase inhibitor (minimum n=6). β-adrenoreceptor blocking
with propranolol (B), as well as atenolol (C) and ICI 118,551 (D) were able to abolish induction of training, as was
ddA (E). Median±IQR. *p < 0.05.

Translational results
Baseline characteristics
We compared 10 PHEO patients to 14 EHT controls. Since gender and age are known to
strongly impact on immune responses 28, we also made a selection of 10 age- and sexmatched EHT controls from the control group and provide a separate analysis comparing the
10 PHEO patients to these 10 matched EHT controls in the Online Supplement. Baseline
characteristics of the PHEO patients and EHT controls are provided in Table 1.
TABLE 1. Baseline characteristics
Clinical characteristics
Sex: male (%)
Age (years)
BMI (kg/m2)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Plasma normetanephrine
(pmol/l, normal range 115-587)
Plasma metanephrine (pmol/l, normal range 0450)
Plasma 3-methoxytyramine
(pmol/l, normal range 0-100)
Antihypertensive medication
α1-blocker (doxazosine)
β-blocker
Calcium antagonist
ACE inhibitor
Other cardiovascular medication
Acetylsalicylic acid
Statin

EHT controls (n=14)
6/14 (47)
45,4 (25-74)
25,6 (3,6)
145 (13)
83 (10)
na

PHEO patients (n=10)
7/10 (70)
48,3 (21-81)
25,2 (3,9)
143 (23)
80 (9)
1696-76731

p-value
ns
ns
ns
ns
ns
na

na

167-11732

na

na

50-1505

na

3/14
0/14
12/14
0/14

8/10
1/10
1/10
1/10

p<0.01
ns
p<0.01
ns

0/14
0/14

2/10
1/10

ns
ns

PHEO patients display an altered blood cell composition with a pro-inflammatory leukocytosis
At baseline, PHEO patients had higher white blood cell counts (Figure 4A) with higher
absolute and relative neutrophil counts than controls (Figure 4B). Relative lymphocyte

155

CATECHOLAMINES INDUCE TRAINED IMMUNITY

FIGURE 4. PHEO
patients display increased
leukocytosis with a
myeloid bias.
(A)
Total white blood
cell counts were higher in
PHEO patients than in EHT
controls. Absolute (B) and
relative neutrophil counts
were higher in patients.
Absolute
lymphocyte
counts did not differ (C),
but relative lymphocyte
counts were lower in
patients. (D) Monocyte
counts did not differ. (E)
The NLR and the MLR was
higher in PHEO patients.
(F) Monocytes were
further classified into
subsets
using
flow
cytometry. The intermediate (CD14++/ CD16+)
monocyte subset was
enriched in PHEO patients. MLR, monocyte-tolymphocyte ratio; NLR,
neutrophil-to lymphocyte
ratio. *p < 0.05, ** p<
0.01.
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counts were decreased (Figure 4C), whereas monocyte counts were not different (Figure
4D). The pro-inflammatory neutrophil-to-lymphocyte ratio and monocyte-to-lymphocyte
ratio were higher in patients than controls (Figure 4E). The graphical comparison between
patients and the 10 matched controls is provided in Figure S2. Flow cytometry revealed a
shift of monocyte subtypes, with an increase in pro-atherogenic CD14++CD16+
(intermediate) monocytes in patients (Figure 4F).
PHEO patients exhibit systemic inflammation and a pro-inflammatory ex vivo response of
PBMCs
The marker of systemic inflammation hsCRP was higher in PHEO patients compared to the
10 matched EHT controls (Figure 5A), but not compared to all controls. At baseline, PHEO
patients had comparable LPS and P3C-stimulated IL-1β and IL-6 responses compared to the
controls (Figure 5B and 5C). However, PHEO patients showed a trend towards higher ex vivo
TNF-α production upon LPS stimulation (Figure 5D). Whereas stimulated IL-8 production was
comparable between patients and controls (Figure 5E), spontaneous IL-8 production in
unstimulated conditions was significantly higher in PHEO patients than EHT controls, and
detectable in 7 out of 10 PHEO patients but none of the controls (Figure 5F). While the
production of the anti-inflammatory cytokine Il-1RA was similar between patients and
controls, the production of the anti-inflammatory cytokine IL-10 after LPS stimulation was
lower in patients than controls (Figure 5G and 5H, respectively). We also measured
lymphocyte-derived cytokine production after 7 days of stimulation with Candida albicans
and PHA (Figure 5I), however we observed no significant differences between patients and
controls. The comparison to the 10 matched controls is provided in Figure S3 for all cytokines.
Blood cell composition partly normalizes 4 weeks after surgery, while intermediate monocytes
and TNF-α production remain high
4 weeks after surgical removal of the pheochromocytoma, we repeated measurements in 7
out of 10 PHEO patients. White blood cell counts remained significantly higher in PHEO
patients than controls (Figure 6A). We observed partial normalization of the peripheral blood
cell composition: neutrophil numbers decreased -although still tending to be higher than in
controls (Figure 6B and 6C), and lymphocytes numbers increased (Figure 6D and 6E).
Consequently, the NLR also decreased (data not shown). Absolute, but not relative,
monocyte numbers were higher in patients than controls (Figure 6F, relative monocyte
number not shown), while the MLR tended to remain high (Figure 6G). Also, we observed
persistent higher percentage of pro-inflammatory intermediate monocytes after surgery
(Figure 6H).
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FIGURE 5. Circulating hsCRP and monocyte-derived IL-8 and TNF-α are increased in PHEO patients.
(A) PHEO have higher levels of hsCRP than age-and sex matched EHT controls. After ex vivo PBMC stimulation,
production of Il-1β (B) and IL-6 (C) was not different between patients and controls, but LPS-induced TNF-α showed
a clear trend to be higher in patients (D). Stimulated IL-8 production was similar in patients and controls (E),
however, patients showed spontaneous IL-8 production strikingly more often than controls (F). Anti-inflammatory
IL-1RA was similar (G) in patients and controls, while IL-10 (I) production was lower in patients than controls.
Lymphocyte-derived cytokines were not significantly different between patients and controls (I). * p<0.05.

Ex vivo cytokine production did not change significantly within the subjects before and after
surgery. Spontaneous IL-8 production at baseline was observed in 4 out of 7 PHEO patients
that were followed after surgical removal of the pheochromocytoma; 4 weeks after surgery
spontaneous IL-8 production was still present in 2 out of 7 patients (data not shown). The
production of TNF-α remained high, and it was now significantly higher in PHEO patients than
in EHT controls (Figure 6I).
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FIGURE 6. After surgical removal of PHEO, the peripheral blood cell composition of PHEO patients only partly
normalizes, and TNF-α production remains high.
(A) White blood cell counts in PHEO patients remained high after surgery. (B) Absolute neutrophil counts did not
change, (C) but relative neutrophil counts decreased after surgery and were now comparable to controls. Also, both
absolute (D) and relative (E) lymphocyte counts normalized after surgery (C). Absolute monocyte counts were higher
after surgery compared to controls. Within all monocytes, the percentage of intermediate monocytes remained
higher in PHEO patients after surgery than in controls. * p<0.05, ** p<0.01.

RNA sequencing reveals enrichment of several pro-inflammatory pathways in circulating
monocytes of pheochromocytoma patients
To further explore the inflammatory changes in PHEO monocytes, we performed RNA
sequencing on unstimulated isolated monocytes from 6 PHEO patients and 6 age- and sexmatched EHT controls (Figure 7A). Figure 7B shows a PCA plot of the transcriptomic data.
There is a distinct separation of patients and controls, which is particularly clear when taking
into account the clustering based on sex. When a non-sex corrected differential gene
expression analysis was performed using a conventional cut-off of FDR<0.05, fold
change>1.5, 3 genes were significantly upregulated in PHEO patients: HLA-DQA2, CXCL2, and
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CIRBP-AS1.The most upregulated gene, HLA-DQA2, a member of the HLA class II alpha chain
family, has until now only been reported to be present in Langerhans cells and Blymphoblastoid cell lines, and is therefore of uncertain relevance in monocytes 29, 30, as is
CIRB-AS1. Sex-corrected analysis revealed a significant upregulation of 18 genes (FDR <0.05,
log2FC>1.5). No genes were significantly downregulated. The Volcano plot displaying the sexcorrected differentially expressed genes is depicted in Figure 7C, the most important genes
for inflammation are annotated. To enhance sensitivity for discovery of novel pathways
contributing to inflammation in PHEO patients, we studied all 32 genes with a FDR<0.25 and
fold change >1.5 (Figure 7D). Using the publicly available annotation tool The Database for
Annotation, Visualization and Integrated Discovery (DAVID) v6.8 31, 32, we mapped these 32
genes to KEGG pathways. Nine pathways were significantly enriched (FDR<0.05). All are
related to inflammation; the set of genes contributing to the enrichment of these pathways
consists of CCL3L3, CXCL3, CXCL2, CXCL8, IL1B, CCL3, CCL4, CXCL10, OSM and PTGS2. A list of
genes with an adjusted p-value < 0.25 and log2FC > 1.5 is supplied in table S2.
A qualitative approach suggests H3K4me3 enrichment of the promoter regions of key
inflammatory genes in PHEO
We performed ChIP-PCR analysis on the MACS isolated CD14+ monocytes of 8 PHEO patients
and 9 EHT controls. Chromatin was immunoprecipitated with antibodies against H3K4me3,
a marker of transcriptionally-permissive chromatin (Figure 7A). The promoter regions of
TNFA, IL1B, CXCL3 and CXCL2 were studied in detail (Figure 7E and 7F, respectively). The
relative low number of samples did not allow us to reach statistical significance . However,
we can appreciate that the extent of H3K4me3 is generally increased in PHEO patients
compared to controls in the promoter region of TNFA (p=0.08) and IL1B (p=0.06). The same
holds true for the promoter regions of CXCL2 (p=0.07), CXCL3 (p=0.06) and IL8 (p=0.11)
(Figure 7G).

DISCUSSION
The results of this study further support the hypothesis that catecholamines can contribute
to chronic inflammation by inducing a persistent ‘training’ of monocytes and macrophages.
We show that monocytes transiently exposed to adrenaline and noradrenaline mount a
persistent hyperresponsive phenotype via the β-adrenoreceptor. This results in metabolic
changes and a heightened pro-inflammatory response upon differentiation and restimulation, which is characteristic of trained immunity. These effects are in sharp contrast
with the acute effects of catecholamines on monocytes, which we confirm to be largely
immunosuppressive. Using this model, we provide an important novel mechanism through
which (systemic) exposure to high catecholamine levels can induce pro-inflammatory
changes of the innate immune system.
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FIGURE 7.
RNAseq reveals upregulation of various genes in
inflammatory pathways in
circulating monocytes of
PHEO patients, accompanied by epigenetic changes.
(A) At baseline, CD14+
MACS isolated monocytes
were processed for RNAseq
and ChIP. (B) A PCA plot
shows clear separation of
the transcriptome of PHEO
patients (n=6) versus EHT
controls (n=6, age- and sexmatched), and also reveals
sex-based clustering. (C)
Volcano
plot
showing
differentially
expressed
genes in patients versus
controls. (D) A pathway
enrichment analysis reveals
enrichment of various
inflammatory pathways
in PHEO patients. A
qualitative, detailed ChIP
approach in 8 patients and 9
controls is suggestive of
H3K4me3 enrichment at
the promoter region of
TNFA (E), IL1B (F), CXCL2
(G), CXCL3 (H), and IL8 (I).
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Also, our findings partly explain the discrepancies that were until now reported on the effects
of catecholamines on the innate immune system. In a cohort of patients with
pheochromocytoma, a rare form of secondary hypertension characterized by paroxysmal
catecholamine spells, we confirm pro-inflammatory changes of the ex vivo monocyte
response. These coincide with inflammatory changes of the monocyte transcriptome
associated with transcriptionally-permissive epigenetic modification at the proximal
promoters of key inflammatory genes, suggestive of in vivo trained immunity. This
mechanism might contribute to the increased cardiovascular risk of patients with
pheochromocytoma 33.
The importance of the cAMP-PKA signaling downstream of the β-adrenoreceptor in the
induction of an inflammatory functional program in monocytes/macrophages was already
described in one of the first landmark studies on trained immunity 27. In that study, trained
immunity induced by β-glucan, a cell wall component of Candida albicans, was associated
with an epigenetic program that involved de novo enrichment of H3K27Ac at distal elements
including transcription factor motifs controlled by cAMP. Differential expression of various
cAMP signalling pathway genes between trained and immunotolerized genes, further fuelled
the hypothesis that the cAMP signalling pathway contributes to the induction of a trained
monocyte/macrophage-phenotype. Indeed, in vitro training with β-glucan was attenuated
by both adenylate cyclase inhibitor ddA, the specific protein kinase A inhibitor H-89, as well
as propranolol. Moreover, propranolol abolished the protection of in vivo training with
Candida albicans in a rodent model of candidiasis 27. We confirm the importance of the βadrenoreceptor-cAMP signalling pathway in our model of catecholamine-induced training.
As in β-glucan trained cells, catecholamine-training is associated with changes in cellular
metabolism. Rather than the classical Warburg effect described for β-glucan training 34, we
found (nor)adrenaline-monocyte derived macrophages to induce both glycolysis as well as
oxidative phosphorylation, an immunometabolic signature previously described in BCGtrained cells 35. It is increasingly recognized that intracellular metabolic pathways not only
follow the energy demands monocytes/macrophages but importantly shape the functional
state of these innate immune cells in response to environmental cues. Increased glycolysis,
in particular, has been shown to be a hallmark of pro-inflammatory and pro-atherosclerotic
monocytes/macrophages 36. Importantly, we show that this metabolic induction in
catecholamine-trained cells only becomes apparent after monocyte-to-macrophage
differentiation; after direct exposure of (nor)adrenaline monocytes showed dampened
glycolytic responses and cellular flux, in line with the anti-inflammatory effects of
catecholamines observed at this timepoint. This is in accordance with the current
understanding of trained immunity, where the initial training stimulus is believed to induce
the ability to mount a heightened pro-inflammatory response that is revealed after
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secondary stimulation, rather than inducing acute inflammation at the time of primary
stimulation.
We analyzed a cohort of PHEO patients to translate our findings to the in vivo situation, and
compared these patients to essential hypertensive controls, with the objective to study blood
pressure-independent effects of catecholamines on the (innate) immune system. In PHEO
patients, morbidity and mortality is high, and related to metastatic disease on one hand, but
on the other hand to comorbid conditions accompanying chronic exposure to high
catecholamine levels 37. In particular, cardiovascular diseases (CVD) are frequently reported
in patients with pheochromocytoma, and retrospectively the incidence of CVD in the years
before diagnosis was reported to be 14-fold higher in these patients than in controls with
essential hypertension with a blood pressure that was at least as high as in the PHEO patients
33
. The mechanism underlying these increased cardiovascular events risks are unclear, and
the inflammatory state in pheochromocytoma was, until now, only studied to a limited
extent. In line with our in vitro findings, there was a trend for higher ex vivo monocytederived TNF-α production in PHEO patients than in essential hypertensive controls at
baseline, and this difference was even more pronounced after adrenalectomy. Moreover, IL10 production was lower in patients. Last, at baseline, spontaneous production of IL-8 in
patients was significantly increased compared to controls. Both circulating TNF-α and IL-8
were previously shown to be higher in PHEO patients before compared to after
adrenalectomy 38. Moreover, both cytokines have been shown to be highly expressed in
murine and human atheromas and have been implicated to promote atherosclerosis 39, 40.
The transcriptome profile of unstimulated, circulating monocytes showed upregulation of
various genes, all involved in inflammation. Based on the monocyte ex vivo responses and
the transcriptome data, we subsequently studied the levels of the transcriptionally
permissive H3K4me3 chromatin modification at the promoter of 5 genes: TNFA, IL1B, CXCL8,
CXCL2 and CXCL3. While various modifications have the potential to change the epigenetic
landscape in reprogramming of monocytes/macrophages, enrichment of H3K4me3 at
promoters of genes encoding pro-inflammatory cytokines has most commonly been
reported in models of trained immunity 16. Although our limited cohort size did not enable
us to reach statistical significance, the data clearly illustrate H3K4me3 enrichment in most
PHEO patients at the promoter sites of these respective genes. Our results suggest that
intermittent catecholamine exposure modifies the epigenetic landscape, with these
modifications supporting enhanced transcription of key inflammatory genes.
The changes at the epigenomic and transcriptomic level of various IL-8 family members
(CXCL2, CXCL3, CXCL8), important monocyte and neutrophil-chemoattractants 39, 41,
coincided with a striking neutrophilia in PHEO patients. In general, PHEO patients were
characterized by higher white blood cell counts with a myeloid bias and lymphocyte

163

CATECHOLAMINES INDUCE TRAINED IMMUNITY

depletion, suggesting an important induction of, and shifts in, hematopoiesis. Although
absolute monocyte numbers in PHEO patients were not increased, monocyte subset analysis
shows a shift towards pro-inflammatory, TNF-α producing CD14++CD16+ monocytes (the socalled ‘intermediate’ monocytes). This monocyte subset was previously shown to be an
independent risk factor for CVD 42. Again, this suggests an altered differentiation of myeloid
progenitors, which is in accordance with the induction of a trained immunity phenotype.
Various lines of evidence showed that trained immunity occurs at the level of hematopoietic
progenitors, resulting in a long-lasting outflow of pro-inflammatory monocytes 43, 44. In our
study, this is supported by the observation that intermediate monocyte numbers, as well as
ex vivo TNF-α production, remained high 4 weeks after surgical removal of PHEO. However,
other mechanisms cannot be discounted. As mentioned in the introduction, extensive
research has recently shown that enhanced sympathetic nerve activity in the bone marrow
increased local noradrenaline tones and impacted on bone marrow stromal cells7-9, which
importantly regulate the retention of HSCs. In these models, noradrenaline induces an
enhanced release of HSCs and a myeloid bias, with both neutrophilia and inflammatory
monocytosis. We cannot exclude that these mechanisms also play a role in PHEO patients.
Rather, our in vitro and in vivo data provide a complementing mechanism that contributes to
the inflammatory profile of myeloid cells in models of catecholamine excess.
There are some limitations to our study. First, the number of included pheochromocytoma
patients is small, due to the rarity of this disease. Second, PHEO patients and EHT controls
used different antihypertensive medication at baseline, with the former using more αblocking agents, and the latter predominantly using calcium antagonists. Since the
stimulation of the α-adrenoreceptor has been shown to be pro-inflammatory 11, this is not
likely to explain the differences observed between patients and controls. Rather, it is possible
that the extent of pro-inflammatory changes in PHEO patients is underestimated due to the
concurrent use of α-adrenoreceptor blocking agents. The effect of calcium blockers on the
innate immune function is currently unknown, and the limited number of studies reporting
on these effects inconclusive 45, 46. Third, we cannot exclude that the pheochromocytoma/
paraganglioma induces changes in the host inflammatory response independent of its
endocrine actions. However, systemic and local inflammatory changes are generally
associated with malignant neoplasms, and pheochromocytomas/paragangliomas are benign
in the majority of cases (80-90%). None of patients was reported to have metastatic disease.
Last, it is possible that surgical intervention itself, rather than removal of the catecholamineproducing tumor, accounts for some of the changes observed in PHEO patients after
adrenalectomy. Future studies are needed to investigate the duration of the proinflammatory changes in PHEO after curative treatment.
Although trained immunity is increasingly being acknowledged as an important link between
pro-atherogenic triggers and longlasting inflammation 47, questions remain about both its
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mechanistic background and its cardiovascular consequences. In general, future studies will
need to explore the mechanisms underlying the significant interindividual variation in the
strength of training responses upon a specific stimulus. This variation, which we observed
both in vitro as well as in vivo for catecholamine-induced training, was previously shown to
be dependent on Il1B polymorphisms in an human in vivo training model using the Bacillus
Calmette–Guérin (BCG) vaccine 48. We speculate that functional differences in the betaadrenoreceptor gene could also contribute to the variation in training responses upon
catecholamines. Moreover, the longlasting reprogramming that characterizes trained
immunity has been shown to occur at the level of the bone marrow 17, 44. Therefore, research
should expand on the potential of catecholamines to induce trained immunity in myeloid
progenitor cells, both in pheochromocytoma as well as in other models of catecholamine
excess.
In conclusion, we show that catecholamines induce trained immunity in monocytes via the
β-adrenoreceptor in vitro, and that paroxysmal catecholamine excess present in pheochromocytoma patients is associated with a myeloid bias and a trained immunity monocyte
profile in vivo. Our findings importantly contribute to a better understanding of the increased
cardiovascular risk of patients with pheochromocytoma. Moreover, we suggest that trained
immunity contributes to the pro-inflammatory effects associated with activation of the
sympathetic nerve system and catecholamine excess in general.
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SUPPLEMENTARY MATERIAL
Stimulation and training experiments (in vitro experiments)
In 48-well plates, 100µl whole blood was stimulated with (nor)adrenaline 1-1000 nmol/l
(nM), alone or in combination with LPS 10 ng/ml, in a total volume of 500 µl. Monocytes
were cultured in RPMI 1640 Dutch-modified culture medium (Invitrogen) supplemented with
10 μg/mL gentamicin (Centrafarm), 10 mmol/L Glutamax (Invitrogen), 10 mmol/L pyruvate
(Invitrogen), and 10% human pooled serum in training experiments.
Cells were counted using a Coulter counter (Coulter Electronics), and cells we seeded in 96well flat-bottom plates at 100.000 cells per well for cytokine and LDH assays; at 2,5×10 6 cells
per well in 6-well plates for 24h Seahorse measurements, and 10×10 6 cells per dish in Petri
dishes for 6 day Seahorse experiments.
(Nor)adrenaline concentrations of 1nM-1000nM were tested in dose-response experiments
in the training model; 10nM provided most stable training responses and was chosen as
working concentration for the experiments. In inhibitor experiments, the β- adrenoreceptor
blockers propranolol (100 µmol/l), atenolol (1 µmol/l) and ICI-155,881 (1 µmol/l) and
adenylate cyclase inhibitor 2′,3′-Dideoxyadenosine (0,1 µmol/l) (all Sigma, Sigma-Aldrich, St.
Louis, USA), were added to the training model in the first 24h of training one hour before
addition of (nor)adrenaline or vehicle.
Cytotoxicity (in vitro experiments)
Cell viability was determined after 24h of incubation with vehicle, noradrenalin and adrenalin
(and inhibitors), using a lactate dehydrogenase cytotoxicity assay (CytoTox 96 NonRadioactive Cytotoxicity Assay, Promega, MN, USA) (Supplementary Figure S1A), and after
24h hours and on day 6 before restimulation using Versene detachment and counting
(Supplementary Figure S1B), respectively. The LDH assay was performed on fresh
supernatants.
Measurement of catecholamine concentrations (in vitro experiments)
Catecholamines were measured by HPLC and fluorescence detection after derivatization as
described with modifications (Willemsen et al 1995). In short, catecholamines in supernatant
were stabilized by adding EGTA (24 mM) and glutathione (20 mM). 500 pg internal standard
isoproterenol was added to standards (adrenalin 250 pg; noradrenalin 250 pg) and samples
(100 µL) and reconstituted to a volume of 1 mL in 0.01 M HCl. 0.5 mL of a NH4Cl (2.0 M)
buffer (pH 8.6) containing diphenylborate-ethanolamine (8.9 mM) and EDTA (13.4 mM), and
2.5 mL heptane, containing tetraoctylammonium bromide (4.6 mM) and 1-octanol (10 ml/L)
was added. After mixing (3 min) and centrifugation the aqueous layer was frozen (ethanol-
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dry ice bath) and the organic phase was transferred to a new tube. To the organic phase 1
mL of 1-octanol and 125 µL 0.08 M acetic acid were added. After mixing (3 min) and
centrifugation the aqueous layer was frozen and the organic phase was aspirated off. The
aqueous phase was transferred to a new tube and the extraction procedure was repeated
once more. T, thereafter 1 mL of NH4Cl (2 M) containing EDTA (13.4 mM) but no
diphenylborate-ethanolamine complex was added to the organic phase, mixed (3 min) and
centrifuged after which the organic phase was transferred to a new tube. Then 1 mL of 1octanol and 37.5 µL of 0.08 M acetic acid were added to the organic phase, the tube was
shaken (3 min) and centrifuged, the organic phase was aspirated off and the aqueous phase
was transferred to a new tube. To convert the catecholamine to their diphenyl-quinoxaline
derivatives, we added 50 µL acetonitrile, 12.5 µL of bicine solution (1.75 M; pH 7.05;
containing 1% w/v EDTA), and 25 µL of 1,2-diphenylethylenediamine solution (0.1 M in 0.1
M HCl), started the reaction by adding 5 µL potassium ferricyanide (20 mM), and incubated
the mixture for 60 min at 37 °C. The 2,3 diphenyl-quinoxaline-derivate was isocratically
separated by HPLC (Alliance 2695, Waters) with a Nova-Pak C18 column (Waters) and a
mobile phase consisting of Acetonitrile: Methanol; Sodium Acetate (40:7:53); pH 7.5, and
detected by fluorescence at 350 nm excitation and 480 nm emission (Multi ʎ Fluorescence
detector 2475, Waters) and calculated using Empower software (Waters). Total CV was 5.6%
at 0.133 nmol/L and 3.4% at 1.54 nmol/L for adrenalin and noradrenalin respectively.
Extracellular flux measurements (in vitro experiments)
After culturing as described, cells were washed once with warm PBS and detached with
Versene at 24h (adherent monocytes) or 6d (monocyte-derived macrophages).
Subsequently, 100.000 cells per well were plated to overnight-calibrated cartridges in assay
medium (RPMI with 0.6 mmol/L glutamine, 5 mmol/L glucose and 1 mmol/L pyruvate [pH
adjusted to 7.4]) and incubated for 1 hour in a non-CO2-corrected incubator at 37°C. OCR
and ECAR were measured using a Cell Mito Stress Kit (for OCR) in an XFp Analyzer (Seahorse
Bioscience), with final concentrations of 1 μmol/L oligomycin, 1 μmol/L FCCP, and 0.5 μmol/L
rotenone/antimycin A.
Study subjects and study visits
Between November 2017 and April 2019 we screened 13 patients with PHEO; 2 were
ineligible because of diabetes mellitus, 1 because of an active malignancy. Finally, we
included 8 patients with PHEO (7 patients with adrenal pheochromocytoma and 1 patient
with extra-renal pheochromocytoma or paraganglioma). Control patients with EHT were
obtained from our parallel study (registered under number NL58835.091.16) and included
between February 2017 and September 2018. Of 15 EHT control patients with essential
hypertension, one was excluded study because of a suspected malignancy after PET-CT
scanning. In all EHT controls, secondary hypertension was ruled out. In all EHT controls, MR
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antagonists were discontinued for a minimum of four weeks. Diuretics, ACE inhibitors and
beta blockers were discontinued for a minimum of ten days. PHEO patients continued using
their medication. All experiments were performed with the same batches of reagents and
stimuli for EHT control patients and PHEO patients.
PHEO patients visited our outpatient clinic again approximately 4 weeks after surgery and
study measurements were repeated. In one patient no second visit was obtained because of
the development of post-surgical complications (intra-abdominal abcesses, among others).
Cell isolation and ex vivo stimulation
We isolated PBMC from EDTA blood using Ficoll-Paque density gradient centrifugation (GE
Healthcare, 17-1440-03), after which we isolated CD14+ monocytes using magnetic activated
cell sorting (MACS, Miltenyi Biotec, 130-050-201). PBMCs were stimulated for 24h or 7 days,
to induce monocyte- or lymphocyte-derived cytokines, respectively. In the 24h stimulation
experiments, E. coli lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, USA, 10ng/ml),
Pam3Cys (EMC microcollections, Tübingen, Germany; 10ug/ml) were used. For 7 day
stimulation experiments, Phytohemagglutinin (PHA) (Sigma-Aldrich, 10ug/ml) and heat-killed
Candida albicans (C. albicans, ATCC MYA-3573 (UC 820), 1*106 conidia/ml) were used in 10%
human serum. For RNAseq, a minimum of 1*106 CD14+ MACS-isolated monocytes were
stored in TRIzol at baseline. For ChIP, a minimum of 3*106 CD14pos MACS-isolated monocytes
were stored.
PBMCs were seeded in 96-well round bottom plates at 500.000 cells/well in RPMI 1640
Dutch-modified culture medium (Life Technologies/Invitrogen, Breda, The Netherlands)
supplemented with 10 mM glutamine (Invitrogen), 10 μg/mL gentamicin (Centrafarm), and
10 mM pyruvate (Invitrogen) Supernatants were stored at −80°C until cytokine assessment.
All stimulation experiments were performed in duplicates, supernatants were pooled for
analyses.
Cytokine measurement
We used the following commercial ELISA kits to measure cytokine concentrations: tumor
necrosis factor alpha (TNF-α), interleukin (IL) -6, IL-8, IL-10, IL-1 beta (IL-1β), IL-1 receptor
antagonist (IL-1Ra), IL-17 and IL-22 (all obtained DuoSet ELISA, R&D), interferon gamma (IFNγ) (Sanquin). hsCRP was measured with Duoset Elisa, R&D.
RNA isolation
We used a TRIzol/RNeasy hybrid protocol to extract RNA from TRIzol. In short, per 1 ml of
TRIzol 200 µl of chloroform was added, mixed, incubated at room temperature for 5 min and
spun down for 15 min at 12000 g at 4°C. The upper aqueous phase was transferred to a RNA-
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se free Eppendorf tube, and an equal volume of 70% ethanol was added. After thorough
mixing the sample was loaded unto RNeasy mini columns (Qiagen), after which the
manufacturers protocol was followed. After the last manufacturer’s step, 15 µl of RNase free
water was added to the columns, incubated for 5 min, and spun down.
RNA sequencing en differential gene expression analysis
RNA input for all samples was normalized to 150 ng. All samples were processed in a single
library preparation. After quality controls of each library was assessed using Qubit and
tapestation, libraries were pooled and diluted to 4nM. Thereafter, sequencing of the libraries
was performed on a NextSeq 500 instrument (Illumina) with a 1.4 pM final loading
concentration, all libraries were sequenced in one sequencing round. Low quality filtering
and adapter trimming was performed using Trim Galore!, V0.4.4_dev 9 (Babraham
Bioinformatics), a wrapper tool around the tools Cutadapt v1.18 and FastQC v0.11.5
(Babraham Bioinformatics). Reads were mapped to a human reference genome (GRCh38.95,
Ensembl) with Star v2.6.0a 1 resulting in BAM. BAM files were counted (number of reads
mapped to a feature, e.g. a gene) with HTSeq (HTSeq-count tool v0.11.0 2) using a
complementary .gtf file, containing annotation for GRCh38.95 (Ensemle). MultiQC was used
to combine results and quality checks of all the samples 3. Total reads were between 14-17
million, of which percentage uniquely assigned reads were between 52-61%, aligned reads
between 79-83%. LogFold shrinkage was performed with apeglm for easier comparison
between groups 4.
SUPPLEMENTARY TABLE S1. ChIP primers

TNFA primer 1
TNFA primer 2
TNFA primer 3
TNFA primer 4
IL1B primer 1
IL1B primer 2
IL1B primer 3
CXCL2 primer 1
CXCL2 primer 2
CXCL2 primer 3
CXCL3 primer 1
CXCL3 primer 2
IL8 primer 1

Forward primer
AGAGGACCAGCTAAGAGGGA
GTGCTTGTTCCTCAGCCTCT
TGTCTGGCACACAGAAGACA
AGCCAGCTGTTCCTCCTTTA
AATCCCAGAGCAGCCTGTTG
TGAGTGACTTCCCCATGACG
CTGGCGAGCTCAGGTACTTC
GGGTCTGACTGTCTTGCGTA
GAGTTCGGAAGGAAGGCGAT
GAGAACGGCGAACCCCTTTT
CAAGATCGGCGAACCCTTTT
ATCCGGAGTCCCGAAGGA
TGGCAGCCTTCCTGATTTCT

Reverse primer
AGCTTGTCAGGGGATGTGG
ATCACTCCAAAGTGCAGCAG
CCCTGAGGTGTCTGGTTTTC
TTAGAGAGAGGTCCCTGGGG
AACAGCGAGGGAGAAACTGG
TCTGCTCCAGCTCTCCTAGC
ACACATGAACGTAGCCGTCA
GGTAAGGATGTAGCGCGGTC
CGGGAGTTACGCAAGACAGT
CCACAGTTGGCGGGAGTTAC
GATCTGGAGCTCCGGGAATTT
CCCCTCACAGGCTGTATCTTC
ACATAGGAAAACGCTGTAGGTCA
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SUPPLEMENTARY TABLE S2. Genes with log2 fold change > 1,5 and a sex-corrected FDR < 0,25
gene name
HLA-DQA2
AL158211,3
CXCL3
CCL3
AC007032,1
DDIT4
RF00003
CXCL10
CLYBL
HES1
CCL3L1
RF00019
RNVU1-19
SDR42E2
NR4A3
RNU1-122P

log2 F change
8,935533
7,937594
4,259437
3,62022
2,188917
2,164053
2,354223
1,692117
1,704505
3,63916
3,790756
3,077326
1,8432
1,634475
3,921649
3,601781

p-adjusted
0,00018
0,000188
0,001145
0,010297
0,010297
0,010297
0,011049
0,011258
0,015613
0,023071
0,02456
0,024646
0,024646
0,036721
0,048816
0,048816

RGCC
AL161421,1
CXCL8
HCAR3
DUSP2
AC073352,2
CCL4
ATF3
AL133355,1
OSM
EGR1
SHISA4
CXCL2
NR4A2
PTGS2
IL1B

2,443602
1,569725
3,768946
3,743866
2,932929
2,112312
2,598993
2,34046
2,168503
2,047197
2,252349
1,792543
2,315582
1,79846
1,510375
1,901096

0,049704
0,049704
0,062245
0,063606
0,074325
0,104182
0,143113
0,149537
0,149537
0,152469
0,154123
0,158636
0,181716
0,187562
0,194565
0,210288

FIGURE S1. In vitro, neither
(nor)adrenalin, nor blocking of the
β-adrenoreceptor or cAMP
generation induced cytotoxicity.
(A) Monocytes were stimulated for
24h with (nor)adrenalin or its
vehicle, alone or in combination
with inhibitors of the β-adrenoreceptor-cAMP pathway, after
which a lactate dehydrogenase
(LDH) assay was performed. (B)
After 24h of stimulation with
vehicle or (nor)adrenalin, cells were
detached with Versene and manual
cell counts were performed. This
was repeated on day 6 in the
training protocol before restimulation (C). No differences in
cell counts were observed.
Median±IQR. A, adrenalin; NA,
noradrenalin; veh, vehicle.
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FIGURE S2.

Comparison of the peripheral blood cell composition of PHEO patients and age- and sex-matched
controls. Displayed are the white blood cell counts, absolute and relative neutrophil counts, absolute and relative
lymphocyte counts, the monocyte to lymphocyte ratio, absolute and relative monocyte counts and monocyte-tolymphocyte ratio. * p<0,05, ** p<0,01.
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Figure S3. Comparison of ex vivo cytokine production of PHEO patients and age- and sex-matched controls. Ex
vivo cytokine production of pro-inflammatory monocyte-derived cytokines (A-D), anti-inflammatory monocytederived cytokines (E-F), and lymphocyte-derived cytokines (G-I).

1.

2.
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SUMMARY
Atherosclerotic cardiovascular disease (CVD) is the number one cause of death and morbidity
worldwide 1. In the Netherlands alone, 1.55 million people suffer from CVD 2. Importantly,
the majority of events is not prevented by current therapeutic regimens, despite a growing
number of pharmacological agents targeting classical cardiovascular risk factors, such as
hyperlipidemia and hypertension 1. In the last decade, research has changed our vision on
the pathophysiology of atherosclerosis. Rather than being a simple cholesterol-driven
disease, atherosclerosis was discovered to be a chronic low-grade inflammatory condition 3.
Anti-inflammatory drugs therefore hold the promise to be of inestimable value in the global
CVD epidemic, and the first landmark trials investigating systemic anti-inflammatory
treatment with IL-1β targeted therapy and colchicine showed a significant reduction in
morbidity and mortality in those at high cardiovascular risk 4, 5. However, low-dose
methotrexate was unable to reduce atherosclerotic cardiovascular events in a similar
population 6, illustrating that the mechanisms linking chronic inflammation to atherogenesis
and adverse outcomes are only partly understood. Unraveling these is essential in the
development of new drug therapies.
Paradigm-shifting research has not only changed our ideas about the pathophysiology of
atherosclerosis, but also about the protagonist inflammatory cells in atherogenesis:
monocytes and macrophages. Traditionally, the cells of the innate immune system have been
viewed as primitive and generic, lacking the ability to differentiate between pathogens or to
strengthen upon repetitive encounters. However, a growing body of evidence argues that
previous encounters with various exogenous and endogenous ligands functionally reprogram
monocytes and macrophages, which augments the subsequent immune response to similar
or unrelated immunological stimuli. This concept of innate immune memory has been
termed ‘trained immunity’7. Among the inductors of trained immunity are various molecules
that are present in the atherosclerotic plaque, or were previously known to confer a risk of
atherosclerosis development, such as oxidized LDL and lipoprotein(a) 8, 9.
The conceptual innovations described above form the groundwork for this thesis, in which
we aimed to discover new endogenous drivers of persistent innate immune reprogramming
that could contribute to chronic inflammation in CVD. Driven by the clinical observation that
patients with excessive production of the adrenal hormones aldosterone, adrenaline and
noradrenaline have a strongly increased risk of cardiovascular diseases 10, 11, we specifically
sought to delineate the effects of aldosterone and the catecholamines on the innate immune
system and atherosclerosis.
In chapter 2, we provided a state-of-the-art overview of the concept of trained immunity. We
particularly focused on the intracellular mechanisms needed for the initiation and
maintenance of functional reprogramming: shifts in cellular metabolism and epigenetic
176

CHAPTER 8

rewiring. We conclude that trained immunity is a fundamental property of the mammalian
immune response, and that the epigenome has a prominent role in recording adaptive
experiences and in reprogramming the cell for novel encounters. Modulation of trained
immunity might provide important novel therapeutic strategies, although lack of specificity
of pharmacological interventions into the epigenetic landscape are a major challenge.
The rest of this thesis can be divided in two parts. The first part is centered around the patient
with hyperaldosteronism, and explores the effect of aldosterone on inflammation in different
in vitro and in vivo models. The second part explores the immunomodulatory effects of
catecholamines.
In part 1, chapter 3, we reviewed the current literature on the effect of the mineralocorticoid
receptor on innate immune cells and atherosclerotic plaque formation. The available data
suggest that pro-inflammatory changes exerted via the monocyte and macrophage MR have
a role in all stages of atherosclerosis, from the initiation of atherosclerotic plaque formation
to its maturation and rupture, and that this receptor could therefore be a promising novel
target for anti-atherosclerotic therapy. However, the majority of the studies used murine
models, and clinical data on the exact intracellular mechanisms through which these
inflammatory and pro-atherogenic changes are brought about are sparse. Human data on
the effects of mineralocorticoid excess on atherosclerosis are confined to observational
studies showing an increased cardiovascular risk in those with hyperaldosteronism,
paralleling improved cardiovascular outcomes over and above the effects attributable to
blood pressure lowering in intervention trials with mineralocorticoid receptor antagonists.
We logically conclude that there is an important lack of human data investigating the in vitro
and in vivo effects of aldosterone on innate immune cell function and atherosclerosis.
Therefore, we performed a series of in vitro studies to explore the capacity of aldosterone to
induce an immunological memory in chapter 4. Although aldosterone did not exert direct
effects on human monocytes, it induced a trained phenotype in monocyte-derived
macrophages via the MR. Since immunometabolic shifts characterize the reprogrammed cell,
we explored the metabolic changes that are brought about by aldosterone. Intriguingly, in
contrast to other inducers of trained immunity, glycolysis and oxidative phosphorylation
appeared unaltered. However, an RNA microarray approach revealed upregulation of fatty
acid synthesis. Moreover, we showed that if fatty acid synthesis was inhibited on day 6,
aldosterone-induced training was blunted. Last, we associated these metabolic changes with
enrichment of the transcriptionally-permissive histone modification H3K4me3 on the
promoters of genes central in the fatty acid synthesis pathway as well as the promotors of
IL6 and TNFA.
In chapter 5, we aimed to translate the immunological effects of aldosterone to the in vivo
situation of patients with supranormal aldosterone levels, and investigated whether
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hyperaldosteronism predisposes to vascular inflammation, as suggested by the preclinical
work summarized in chapter 2. In a cohort of patients with primary aldosteronism (PA) and
blood pressure-, age- and sex-matched controls with essential hypertension (EHT), we
showed that PA patients displayed a higher arterial wall 18F-FDG uptake on PET/CT in the
descending and abdominal aorta, and carotid and iliac arteries. Moreover, we showed that
bone marrow 18F-FDG uptake in PA was higher, which coincided with a higher circulating
monocyte-to-lymphocyte ratio. However, to our surprise, we did not observe increased
systemic inflammatory markers, heightened ex vivo responsiveness or a classical inflammatory transcriptome of circulating monocytes suggestive of trained immunity. Since
increased arterial wall inflammation associates with accelerated atherogenesis and instable
plaques, we conclude that this finding might importantly contribute to the understanding of
the increased CVD risk in PA patients. We also conclude that in PA, classical trained immunity
of monocytes is not observed, although subtle inflammatory changes are present in the
peripheral blood cell composition and monocyte transcriptome of PA patients. Possibly,
monocyte-to-macrophage differentiation is necessary to induce inflammatory changes in
hyperaldosteronism, a hypothesis that is strengthened by our finding that monocytederived-macrophages from PA patients expressed more TNFA. Furthermore, monocytederived macrophages of healthy donors cultured in PA serum showed increased IL-6 and
TNF-α production. Alternatively, tissue resident macrophages, endothelial cells or vascular
smooth muscle cells could contribute to local inflammation in the arterial wall in PA.
In chapter 6, the last chapter of part 1, we took a new perspective on aldosterone and its
impact on CVD. Here, we not only studied immunological changes associated with circulating
aldosterone concentrations, but broadened our investigation to also include CVD promoting
vasculometabolic disruptions that could be modulated by aldosterone. We studied over 300
subjects with obesity, in whom hyperaldosteronism is prevalent, and associated aldosterone
levels with various inflammatory parameters, traits of the metabolic syndrome, lipidome and
metabolome parameters, fat distribution, and carotid atherosclerosis. Additionally, we
measured renin concentrations, to investigate whether the observed effects reflect general
activation of the renin-angiotensin-aldosterone system (RAAS), or are mediated by
aldosterone alone. We showed that aldosterone associated with some markers of
inflammation and various indicators of metabolic dysregulation, which in part differed from
the associations observed for renin. While both renin and aldosterone were associated with
circulating leukocyte numbers, aldosterone was not associated with systemic inflammatory
markers, nor with ex vivo cytokine production of leukocytes. Both aldosterone and renin
associated with the metabolic syndrome and hepatic steatosis. Of the traits that constitute
the metabolic syndrome, aldosterone, but not renin, associated with triglyceride
concentrations. In line, aldosterone associated with large VLDL particles; metabolomics
studies further associated aldosterone with urate concentrations and derivatives of the

178

CHAPTER 8

linoleic acid metabolism pathway. Neither aldosterone nor renin associated with carotid
atherosclerosis. We conclude that aldosterone is not an important driver of systemic
inflammation in the obese, while aldosterone concentrations and metabolic dysregulation
are strongly intertwined in these individuals. Moreover, although prospective studies are
necessary to validate these results, the independent effects of aldosterone on carotid
atherosclerosis appear to be modest.
Last, in part 2 of this thesis, chapter 7, we focused on the immunomodulatory capacity of the
catecholamines adrenaline and noradrenaline. Since exposure to high catecholamine levels
is associated with inflammatory changes of myeloid cells and atherosclerosis, we aimed to
investigate the potential of (nor)adrenaline to induce ‘trained immunity’ in vitro and in vivo.
Using the well-established in vitro training model, we showed that (nor)adrenaline-trained
monocyte-derived macrophages display increased TNF-α production. This coincided with an
increase in glycolysis and oxidative phosphorylation, classical immunometabolic changes
observed in training. Inhibition of the β-adrenoreceptor-cAMP signaling pathway prevented
the induction of training. We subsequently translated these findings by studying the
inflammatory profile of patients with pheochromocytoma (or paraganglioma), who are
repetitively exposed to a spell-like catecholamine release. In these patients, we observed a
myeloid bias of the peripheral blood cell composition and an increase of the inflammatory
CD14+CD16++ intermediate monocyte subset compared to control patients with EHT.
Heightened ex vivo production of pro-inflammatory cytokines further confirmed a trained
phenotype in vivo. Importantly, these inflammatory changes persisted for 4 weeks after
surgical removal of pheochromocytoma. Transcriptome analysis of circulating monocytes at
baseline showed various differentially expressed genes in inflammatory pathways in
pheochromocytoma patients; epigenetic profiling of the promoters of these genes suggested
enrichment of the transcriptionally-permissive chromatin mark H3K4me3. We conclude that
catecholamines induce long-lasting pro-inflammatory changes in monocytes in vitro and in
vivo, indicating trained immunity. These data propose that trained immunity contributes to
the increased cardiovascular event rate in pheochromocytoma patients.

DISCUSSION AND FUTURE PERSPECTIVES
In the last decade, conceptual and technological innovations, as well as a growing body of
clinical and experimental evidence, have importantly increased our understanding of
atherosclerotic cardiovascular disease as a chronic inflammatory disorder 3. Leukocytes, in
particular those of myeloid origin, drive atherogenesis in all stages, and preventing monocyte
influx into the arterial wall prevents the formation of atherosclerotic plaques 12.
Communication with local non-immune cells (i.e. endothelial cells and vascular smooth
muscle cells) is necessary to initiate and maintain a local pro-inflammatory environment that
promotes expansion and destabilization of atherosclerotic lesions, while in the steady state
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the dynamic interaction between these various cell types is pivotal to maintain a healthy
local environment 13. The growing body of evidence that supports remarkable plasticity of
the cells of the vessel wall - in particular the myeloid cell 12- fuels the realization that
atherosclerotic cardiovascular diseases are vastly complex, and that many gaps of knowledge
remain in our understanding of their multifaceted pathophysiology. The innovative concept
of trained immunity, the discovery that myeloid cells exhibit a memory function after an
initial encounter 7, confers important information on the potential mechanisms that underly
myeloid cell plasticity and determine its functional outcome. Trained immunity can therefore
be added to a list of various mechanisms (i.e. monocyte-to-macrophage differentiation,
priming and polarization) of the myeloid cell to adapt to the local environment and engage
in different functionalities, and has been shown to play a role in preclinical, as well as clinical
models of atherosclerosis 14, 15.
In this thesis, we hypothesized that the adrenal hormones aldosterone and (nor)adrenaline
can shape myeloid cell phenotypes specifically, and systemic inflammation in general.
Through induction of a pro-inflammatory state, these endogenous hormones could
contribute to atherogenesis. This hypothesis was grounded on the clinical observation that
patients with conditions characterized by overproduction of aldosterone and the
catecholamines have an increased cardiovascular event rate, and the finding that myeloid
cells express receptors for these particular hormones. Considering the findings of the
presented studies, we conclude that the catecholamines adrenaline and noradrenaline
induce systemic inflammation as well as trained immunity in vitro and in vivo. For
aldosterone, reprogramming of the monocyte-derived macrophage was observed in vitro,
while the effects of hyperaldosteronism on myeloid cells in vivo appear to be more subtle
and cannot be labeled as classical trained immunity.
Part 1: The effects of aldosterone on inflammation
Hyperaldosteronism is a prevalent disease. In patients with hypertension, primary aldosteronism is suspected to underly 5-10% of cases 16 and secondary hyperaldosteronism is
common in prevalent conditions such as heart failure and renal failure. Hyperaldosteronism
is associated with adverse cardiovascular outcomes 10, 17, 18. In light of the diverse range of
clinical conditions that are characterized by hyperaldosteronism, it is unsurprising that
research into the cardiovascular effects of chronic exposure to high aldosterone levels is
complicated by the heterogeneity of the studied population. Perhaps because of this
complexity, there were no previous studies that reported on a multifaceted ‘inflammatory
fingerprint’ of patients with hyperaldosteronism, while preclinical work suggested significant
pro-inflammatory and pro-atherosclerotic effects of mineralocorticoid receptor agonists.
Although indispensable to unravel potential mechanisms underlying aldosterone-associated
inflammation and cardiovascular disease, the clinical relevance of these preclinical (mainly
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murine) models are hindered by three reasons, which we discussed in depth in chapter 3.
First, to mimic mineralocorticoid excess, often supraphysiological levels of aldosterone are
used that are not encountered in humans. Second, many of the conclusions on the effects of
mineralocorticoid excess generated from these studies are extrapolated from MR knock-out
models. It is to be debated whether the magnitude of the biological effect of the complete
absence of mineralocorticoid signaling would compare to – relatively subtle - effects of MR
overstimulation. Third, many of these models are confounded by the effects of
mineralocorticoids on blood pressure, which in itself impacts on cardiovascular health. In this
thesis, we aimed to overcome these limitations. Therefore, we studied the effects of
aldosterone levels in the high-physiological range on human primary monocytes in vitro, and
aimed to validate these results in carefully selected patients with primary
hyperaldosteronism that were compared to hypertensive controls similar in age, gender and
BMI.
Our findings in chapter 4, showing aldosterone-induced pro-inflammatory reprogramming of
monocyte-derived macrophages in vitro, strengthened our hypothesis that myeloid celldriven inflammation contributes to the increased cardiovascular risk associated with
aldosterone excess. Although the phenotypical changes in aldosterone-trained macrophages
are suggestive of trained immunity, these macrophages differed from cells trained by
prototypical microbial inducers of trained immunity (i.e. β-glucan, BCG) 19, 20. Induction of
pro-inflammatory cytokines after secondary stimulation was subtle compared to that of
these microbial products, as might be expected from an endogenous hormone. Moreover,
whereas glycolysis was proven to be indispensable for the induction of the trained phenotype
in response to β-glucan, BCG, and oxLDL 19-21, in aldosterone-induced training no significant
increase of glycolysis was observed. Instead, we identified fatty acid synthesis to underly
aldosterone-induced trained immunity. While increased fatty acid synthesis is present in βglucan training, inhibition of this pathway could not reverse the trained phenotype 22.
However, considering the plethora of intertwined metabolic routes that myeloid cells can
deploy for energy production as well as phenotype shaping 23, it is not surprising that
different training stimuli depend on different metabolic programs. Fatty acid synthesis has
been shown to determine lipid raft integrity and associated inflammatory signaling in
macrophages, most likely via regulation of cholesterol synthesis 24, 25. Unfortunately, studying
the effect of aldosterone on cell membrane composition, and in particularly on the integrity
of lipid rafts, was not feasible during the time course of our in vitro work. Therefore, whether
aldosterone impacts on lipid raft integrity in monocyte-derived macrophages is yet to be
determined.
In chapter 5, we aimed to translate our findings of chapter 4 to the in vivo situation of the
patient with primary aldosteronism (PA). To our surprise, we were unable to confirm a
classical trained immunity phenotype in PA patients in vivo, which would consist of marked
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myelopoiesis and an inflammatory phenotype of circulating monocytes, typically reflected in
heightened responsiveness upon ex vivo stimulation. Although a subtle shift to myelopoiesis
over lymphopoiesis was observed in PA patients compared to control patients with EHT, we
observed no ex vivo hyperreactivity of monocytes. Also, RNA sequencing of circulating monocytes did not show the transcriptomic fingerprint that typifies metabolic or inflammatory
reprogramming in trained immunity (i.e. upregulation of genes encoding classical proinflammatory cytokines and chemokines or involved in glycolysis or cholesterol metabolism).
We belief our study to have various strengths. In particular we strictly excluded those with
comorbidities that could importantly confound our results, such as concurring inflammatory
conditions, immunomodulating drugs, diabetes mellitus and previous cardiovascular events.
Age, sex, BMI, smoking habits and medication use was comparable between the patient and
control group, as was blood pressure. Moreover, we investigated multiple parameters
indicative of inflammatory activation, rather than a single measure. However, there are also
limitations of our study that need to be considered. Most importantly, our sample size was
small. Since our study was of an exploratory nature, we did not perform a power calculation
prior to initiation of our study. Rather, we designed our study based on previous results from
our group and others, where sample sizes comparable to ours were able to detect relevant
differences in the production of monocyte-derived cytokines in ex vivo stimulations in
cohorts of patients with dyslipidemia, atherosclerotic disease or arterial inflammation 15, 26.
Since our study showed almost identically distributed levels of systemic inflammatory
markers and ex vivo cytokine production capacity between patients and controls, it is unlikely
that clinically relevant differences in monocyte responsiveness exist between patients with
primary aldosteronism and essential hypertension. However, our RNA sequencing data
would probably have yielded more differentially expressed genes when our sample size
would have been increased. Because of our small sample size we now used an exploratory
approach analyzing genes with an FDR<0.20 in the analysis of our RNA sequencing results,
and these findings need further validation.
The discrepancy between our in vitro and in vivo results could have several explanations.
Firstly, it is important to realize that in our in vitro model we observed that aldosterone
induced functional changes in monocyte-derived macrophages, rather than monocytes. In
our cohort study, we observed a higher TNFA expression in macrophages cultured from PA
patients ex vivo, and macrophages obtained from healthy donors produced more proinflammatory cytokines when cultured in the serum of PA patients compared to controls.
These data drive the hypothesis that monocyte-to-macrophage differentiation is necessary
to unveil pro-inflammatory changes in the presence of hyperaldosteronism. Secondly, in
vitro, we studied the effect of aldosterone on monocytes alone, whereas in vivo leukocyte
subsets are in constant interaction with each other. In particular, regulatory T-cells might
counteract inflammatory effects of aldosterone on monocytes, although a limited number of
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previous murine studies have reported inflammatory, rather than counter-inflammatory
actions of aldosterone on lymphocytes 27. Thirdly, concurring hypercortisolism might
dampen inflammation in PA patients. Subclinical hypercortisolism is increasingly
acknowledged to occur in those with PA 28. Glucocorticoids are known to exert various antiinflammatory actions 29. They attenuate signaling pathways downstream of many danger
sensors and inhibit the expression of many key pro-inflammatory cytokines that shape the
normal inflammatory response, such as IL-1β. Moreover, they directly attenuate leukocyte
to endothelial adhesion and leukocyte migration and polarize macrophages to a subtype of
alternatively activated macrophages. Given these actions, subtle glucocorticoid excess that
co-exists next to hyperaldosteronism in PA might suppress inflammatory actions of
aldosterone itself. This could importantly explain the discrepancy between our clinical study
(chapter 5) and our in vitro work (chapter 4) or previous preclinical models that showed
aldosterone excess to have direct pro-inflammatory effects on monocytes/macrophages but
that did not include concurrent hypercortisolism (chapter 2).
Although we were unable to confirm aldosterone-induced trained immunity in vivo, our
study endorsed our hypothesis that patients with primary aldosteronism have an increased
18
F-FDG uptake of the arterial wall, suggestive of local inflammation. 18F-FDG uptake in the
arterial wall correlates with high-risk plaque features on CT and MRI and correlates with
macrophage numbers in atherosclerotic plaques 30, although it cannot provide the spatial
resolution of high resolution CT-scanning or MRI, and is therefore of limited use in detecting
and structurally characterizing plaques. In a recent prospective study, a combination of 18FFDG PET and MRI was used to assess arterial inflammation and plaque presence in a large
asymptomatic cohort of middle-aged individuals with known subclinical atherosclerosis 31.
Inherent to the inclusion criteria used, plaques were detected in 90% of the cohort, while
arterial inflammation was present in half of all participants, both increasing in quantity with
increasing numbers of cardiovascular risk factors. Only 11% of plaques showed coincident
18
F-FDG uptake; consequently, most segments that showed arterial inflammation did not
contain mature atherosclerotic plaques. However, plaque burden was significantly higher in
individuals with arterial inflammation than in those without, and the amount of arterial 18FFDG uptake correlated to the plaque burden. Combined with the numerous preclinical
studies that support a role of arterial inflammation in the early stages of atherosclerosis 3,
these findings importantly suggest that arterial inflammation precedes, or is at the early
stage of, atherosclerosis. Although prospective follow-up of patients with arterial
inflammation is necessary to confirm this hypothesis, our findings in chapter 5 likewise
importantly suggest that an increase in local arterial wall inflammation contributes to the
higher cardiovascular risk in PA patients through promotion of atherogenesis. Unfortunately,
the low-dose CT scan performed in our study does not enable us to reflect on the presence
of atherosclerotic plaques. It would be particularly interesting to investigate plaque burden
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and concomitant 18F-FDG uptake in our cohort, since cardiovascular events result from
destabilization and subsequent rupture of matured plaques, rather than pre-atherosclerotic
stages of arterial inflammation. While the study mentioned above does not support a role
for inflammation in the mature atherosclerotic plaque per se, preclinical studies have
suggested a role for inflammatory infiltration in the destabilization of the plaques. In line, the
11% of plaques that showed inflammatory activation in the cohort study mentioned, were
larger than plaques without inflammation, characterized by positive remodeling, and often
contained a lipid-rich core on MRI, plaque features that are known to predict a plaque at high
risk for rupture 32.
How can we explain the observation that increased arterial uptake is observed in PA patients,
without apparent pro-inflammatory changes in the circulating monocyte phenotype? As
already described in previous paragraphs, it is possible that monocyte-to-macrophage
differentiation is necessary to unveil pro-inflammatory changes in the presence of
hyperaldosteronism. Furthermore, it is important to realize that 18F-FDG -uptake in the
arterial wall reflects an increase in the net local glucose uptake, rather than conferring
myeloid cell specificity alone. On theoretical grounds all metabolically active cells in the
vascular wall could contribute to the 18F-FDG signal, although the largest body of evidence
suggests macrophages to be the most important contributor 33. Alternatively, vascular
smooth muscle cells have been recently suggested to contribute to vascular wall 18F-FDG
uptake 34. Endothelial cells could promote migration of monocytes to the vessel wall and
subsequent accumulation of monocytes in the intima by the expression of endothelial cell
adhesion proteins 35. Exciting novel PET radiotracers are being developed to better visualize
monocyte/macrophages recruitment into (cardiovascular) organs, and target the
macrophage CCR2 receptor 36, or depend on the phagocytic capacity of macrophages
(radiolabeled Feraheme (FH) 37, 18F-Macroflor 38). These innovations could importantly add
to our knowledge of the cell-specific contribution to arterial inflammation in CVD-prone
individuals, for example patients with PA.
Adding further layers of complexity to the role of myeloid cells in the pathobiology of
atherogenesis, macrophages in the arterial wall can be divided in distinct classes, which
originate from different sources. Insight into the effects of chronic exposure of these
different classes of macrophages to high aldosterone levels would importantly contribute to
our understanding of vascular inflammation in PA. It is believed that monocyte-derived
macrophages populate atherosclerotic lesions in the early stage of atherogenesis 13, while in
a more mature phase of atherosclerotic disease local proliferation of these cells predominates 39. Moreover, the arterial wall also contains resident macrophages. Fate mapping
studies have revealed that these cells originate from the fetal liver before birth, or are
recruited from blood shortly after birth, after which they become independent of the
circulating pool of monocytes 40. Consequently, their phenotype differs from monocyte-
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derived macrophages, but how they contribute to plaque macrophage burden and
atherosclerosis is unknown. The diversity of plaque leukocytes was recently illustrated in an
innovative preclinical study that applied single-cell RNA sequencing as an unbiased profiling
strategy to classify aortic macrophage heterogeneity in a murine LDLR-/- model of
atherosclerosis 41. Within sorted leukocytes, unsupervised clustering singled out 13 distinct
cell clusters, among which were three different clusters of macrophages. Together, these
macrophages accounted for one third of the CD45+ cells in the early atherosclerotic plaques,
while CD8+ T-cells accounted for another 20% and monocytes, monocyte-derived dendritic
cells/dendritic cells, NK cells, granulocytes, and B-cells, among others, formed the remaining
leukocyte population. The macrophage subsets were classified to be ‘inflammatory
macrophages’, based on high expression in various genes previously assigned a proatherogenic role (i.e. pro-inflammatory chemokines (Cxcl2, Ccl3), and Il1b) or ‘resident-like’
macrophages based on expression of genes previously associated with resident
macrophages. The third cluster of macrophages showed similarities with osteoclasts. In more
advanced atherosclerotic lesions, the relative contribution of macrophages to all CD45+ cells
increased to almost 50%, which was mainly driven by an increase in inflammatory and
resident-like macrophages. Interestingly, ‘inflammatory macrophages’, also highly expressed
anti-inflammatory and anti-atherosclerotic genes (such as NFκB inhibitors), while residentlike macrophages that generally had an anti-inflammatory transcription signature also
expressed genes that were previously attributed pro-atherogenic roles.
This study elegantly illustrates three concepts that have to be taken into account when
interpreting our data in chapter 5. First, it illustrates that next to monocyte-derived
macrophages, various leukocyte classes accumulate in the atherosclerotic plaque. Second, it
shows that characterization of macrophages subsets based on a limited panel of classical proinflammatory and anti-inflammatory markers is oversimplifying biology, and that unbiased
clustering approaches provide a novel tool to unravel the heterogeneity of myeloid cell
populations that contribute to atherogenesis. Third, it provides evidence that macrophages
cannot be classified as exclusively pro- or anti-atherosclerotic, since in pro-inflammatory
macrophage anti-inflammatory pathways seem likewise activated and vice versa.
Next to the improvement of multiparametric imaging of atherosclerosis, and the expansion
of knowledge on the heterogeneity of myeloid cells in the vascular wall, we believe that in
future years unraveling the role of the myeloid progenitor cell in atherogenesis will be the
third pillar of interest in the atherosclerosis research field. Circulating monocytes derive from
hematopoietic progenitors in the bone marrow, and since monocytes have a lifespan of only
a few days, persistent pro-atherosclerotic monocytosis in the peripheral blood must result
from an accelerated hematopoiesis favoring pro-atherosclerotic myeloid cells 7, 42. In recent
years, PET studies have shown that patients with atherosclerosis show concurrent increases
in the activity of the bone marrow 43, as was confirmed in our study in patients with PA.
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Epigenetic and metabolic reprogramming of myeloid progenitor cells were shown to underlie
long-lasting pro-inflammatory changes in circulating monocytes, both in infectious disease
and CVD models 42. For example, ground breaking work showed that a Western type diet in
mice induced a pro-inflammatory memory in myeloid progenitors 14. Therefore, future
research should decipher the actions of mineralocorticoid (and/or glucocorticoid) excess on
myeloid progenitor cells, and address the question if subtle forms of epigenetic, metabolic
and functional reprogramming are induced at the progenitor level.
For the clinician, our PET/CT findings highlight the importance of early recognition of PA, and
timely treatment of all other CVD risk factors. PA is still underdiagnosed, mainly because of
the persistent misconception that it is rare disease. Although PA accounts for a median of 6%
of newly diagnosed hypertensive cases 16, still only around 1-2% of hypertensive patients are
screened for this disease by primary care physicians 44. The lack or delay in the diagnosis of
secondary hypertension in general was appreciated by The Lancet Commission on
hypertension as a major factor contributing to the unacceptably low rate of blood pressure
control 45. Subclassification of PA allows around two thirds of patients to be surgically treated,
which, when instigated early, can result in resolution of hypertension 46. In those with
bilateral disease, timely diagnosis enables the prompt initiation of mineralocorticoid
receptor antagonist therapy, which if adequately dosed likewise reducing secondary
complications of hypertension and hyperaldosteronism 47.
It would be of great interest to know whether the differences in the degree of arterial wall
inflammation between hypertensive individuals with PA and EHT resolves after initiation of
mineralocorticoid receptor antagonist treatment or adrenalectomy, and how rapid these
changes occur. Statin therapy has previously been shown to reduce arterial wall TBR (targetto-background ratio) as soon as four weeks after initiation of therapy in those at risk of, or
with established, atherosclerosis. 48. Since cardiometabolic outcomes and mortality in adequately treated PA patients appear not to excess those with essential hypertension, we
suspect arterial wall inflammation to be reversible. Of course, a prospective study design
investigating the correlation of (resolution of) arterial wall inflammation with cardiovascular
events in the PA patients would be the gold standard to prove the relevance for the clinical
setting.
Since hyperaldosteronism is not limited to the patient with PA, we also studied the impact of
aldosterone levels on inflammation and vasculometabolic health in obesity - a condition
frequently accompanied by secondary hyperaldosteronism - in the last chapter of part 1 of
this thesis. The biological consequences of obesity are complex. Some of the obese are
metabolically healthy, while in most obesity confers an increased risk of various
inflammatory, metabolic and vascular derangements, and secondary to that, cardiovascular
disease 49, 50. In chapter 6, we hypothesized that variation in aldosterone levels could add to
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this interindividual CVD risk variation in the obese, by inducing inflammation and
vasculometabolic dysregulation. Importantly, the development of obesity and
hyperaldosteronism are connected in a vicious circle. Hyperinsulinemia and elevated levels
of adipocytokines activate the sympathetic nervous system, which in turn activates the RAAS
51
. Leptin, one of the pro-inflammatory adipocytokines, further contributes to
hyperaldosteronism by directly stimulating aldosterone production by the adrenals 52.
Moreover, the adipose tissue itself produces aldosterone 53. Aldosterone in its turn promotes
the maturation and dysfunctional differentiation of adipocytes via the MR, leading to local
expansion of fat mass, enhanced production of adipocytokines, and insulin resistance 54. We
therefore expected aldosterone levels in obese individuals to be regulated by more than the
renin-angiotensin axis alone. For that reason, we additionally investigated the strength of the
association of renin with the inflammatory and vasculometabolic parameters. As expected,
aldosterone and renin levels showed a significant, but only modest correlation. Although
renin was associated with circulating inflammatory markers such as IL-6, and both
aldosterone and renin were associated with leukocyte numbers, aldosterone itself did not
show any association with systemic inflammatory markers, nor with cytokine production
capacity of circulating immune cells. This is in line with our findings in chapter 5. Therefore,
we concluded that in obese individuals, aldosterone is not an important driver of systemic
inflammation and immune system activation. However, we established novel associations of
aldosterone, and not renin, with VLDL particles, linoleic acid metabolism and urate, which
generates new hypotheses on the role of aldosterone in vasculometabolic health in obesity.
Most population-based studies that previously investigated the association of aldosterone
with inflammatory and cardiometabolic indices only studied a single outcome parameter.
Due to the multiparametric profiling of the study subjects in the 300-OB cohort (a cohort of
over 300 overweight and obese individuals) we were able to provide an extensive overview
of the intertwinement of aldosterone with various indices that confer cardiovascular risk.
One might consider the use of antihypertensive medication in our cohort a study limitation.
Indeed, we found the use of diuretic antihypertensives to be associated with higher
aldosterone levels, which is unsurprising since lower circulating volumes activate the reninangiotensin-aldosterone axis. However, since MRA were used by only 1% of our cohort, the
height of circulating aldosterone levels still reflects bioactivity at the MR. The choice to also
include individuals using cardiovascular drugs (mainly antihypertensives, statins,
antidiabetics) makes our study to reflect ‘real-world’ associations.
Nonetheless, there are limitations to our study. Most importantly, one should realize that
due to our cross-sectional study design, we cannot prove that aldosterone is causally linked
to the associated indices. Therefore, our study must be seen as hypothesis generating, and
four important assumptions result from our findings. First, our data underscore the
hypothesis that aldosterone in obese individuals is regulated by factors that are in part renin-
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independent. Secondly, since preclinical studies suggest that aldosterone synthesis by the
adrenals can be induced by inflammatory and metabolic compounds, we suspect that
hyperaldosteronism results from, rather than causes, some of the associated inflammatory
and metabolic derangements. Especially for hypertriglyceridemia, preclinical evidence
suggests induction of aldosterone synthesis by direct stimulatory effects of VLDL particles on
the adrenals 55.. This underscores the complexity of studying the independent effects of
aldosterone on CVD in individuals with inflammatory and vasculometabolic derangements
(such as obese individuals). However, since numerous preclinical studies described
immunologic and metabolic effects of aldosterone, we thirdly hypothesize that part of the
established associations are bidirectional, with aldosterone and common inflammometabolic
indices intertwined in a vicious cycle. Fourthly, since we observed differing associations for
aldosterone and renin, we hypothesize that different RAAS components could have additive
effects on vasculometabolic health. Importantly, the associations of renin were most likely
established via the more biologically active angiotensin II.
How should future research in the field of aldosterone and obesity address these
hypotheses? We believe that preclinical models could importantly aid in providing
mechanistic inside into the regulation of aldosterone levels in obesity. In vitro work with
adrenal cells could further delineate which circulating factors are capable of inducing
aldosterone synthesis in the zona glomerulosa. Murine models might be of use to establish
if dietary intake of the essential acid linoleic acid, with which aldosterone levels associated
in our cohort, impact on aldosterone levels (or vice versa). Directionality of the observed
associations could also be delineated with Mendelian randomization approaches. Mendelian
randomization uses genetic variation to determine whether an association between a risk
factor and an outcome is causal 56. Since genetic variants are randomly assorted during
meiosis, individuals are naturally ‘assigned’ at birth to inherit a genetic variant that causally
affects a risk factor. Because these genetic variants are typically unassociated with
confounders, differences in the outcome variable of interest between those who carry the
variant and those who do not can be attributed to the difference in the risk factor. Mendelian
randomization approaches have proven to be of inestimable value in providing supportive
evidence for a causal effect of LDL cholesterol and triglyceride levels on coronary heart
disease 57 while being among the first to have cast doubt on a causal role of HDL cholesterol
in CVD 58, 59. Although until now only a few polymorphisms have been described to determine
aldosterone levels, we belief this number will likely increase due to increasing availability of
GWAS approaches. Alternatively, to study the directionality of the association with
triglycerides and urate, cohorts of patients with hypertriglyceridemia and hyperuricemia
could be tested for (the development of) hyperaldosteronism.
Although we did not observe an association of aldosterone or renin with (preclinical)
atherosclerosis, we feel that more research is needed to provide a definite insight in the role
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of aldosterone in atherogenesis in the obese. Preclinical work, as well as our own work in
chapter 5, strongly suggests a role of the RAAS in general, and aldosterone specifically, in
atherosclerosis. However, it is important to realize that the 300-OB cohort significantly
differs from the studied subjects in previous research. Most importantly, the prevalence of
risk factors for atherosclerosis, for example insulin resistance and dyslipidemia, is
significantly higher in obese individuals, which might reduce the relative impact of
aldosterone on atherosclerosis development. Moreover, the design of our study and the age
of our subjects did not enable us to prospectively investigate the relation between RAAS
activation and atherosclerosis development. As stressed in earlier paragraphs, arterial wall
inflammation might precede atherosclerotic plaque development 31, and cannot be detected
by carotid ultrasound. Alternatively, destabilization of atherosclerotic plaques is associated
with inflammation 3, 32, 60. Since most subjects in this cohort had no clinical symptoms of
atherosclerotic cardiovascular disease, we cannot speculate on the association of
aldosterone on cardiovascular events in the obese. A hypothetical scenario of a (costly and
time-consuming) study that could answer this question in detail combines a prospective
follow-up from young adulthood proceeding into late middle age with regular measurements
of RAAS hormones and inflammometabolic fingerprinting (metabolomics including lipid
levels and urate, hsCRP, IL-1β) and multiparametric imaging using 18F-FDG PET/MRI.
Unsurprisingly, correction for potential confounders, of which we identify
hypertriglyceridemia to be one of the most important ones, should be taken into account
when studying the association of aldosterone and CVD. Although the pathogenesis of CVD in
obesity is particularly complex, we feel that the scale of the worldwide obesity-problem
necessitates understanding of all the mechanisms that determine CVD risk in the obese.
Importantly, since medication blocking the specific targets of aldosterone and other RAAS
hormones are readily available, the potential therapeutic consequences of our findings are
discernible.
Part 2: Catecholamine excess and its impact on myeloid cell phenotype
Last in this thesis, we presented a comprehensive translational study that suggests induction
of trained immunity by catecholamines in vitro and in vivo. In vitro, we showed that
monocytes transiently exposed to adrenaline and noradrenaline mounted a persistent
hyperresponsive phenotype via the β-adrenoreceptor-cAMP signalling pathway. This
paralleled induction of glycolysis as well as oxidative phosphorylation, an immunometabolic
signature previously described in BCG-trained cells 19. Contrasting the mild in vivo effects of
aldosterone on myeloid cell function in patients with primary aldosteronism,
pheochromocytoma (or paraganglioma) patients that are subjected to longstanding periodic
catecholamine excess showed classical changes in leukocyte composition and monocyte
phenotype characteristic of trained immunity. We observed leukocytosis with a myeloid bias,
a shift in monocyte subtypes with relative preponderance of intermediate, pro-atherogenic
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CD14++CD16+ monocytes, and a pro-inflammatory ex vivo responsiveness of circulating
monocytes. Comparison of the monocyte transcriptome of pheochromocytoma patients to
that of controls with essential hypertension, showed upregulation of various genes, all
involved in inflammation. Last, an explorative approach suggested H3K4me3 enrichment on
the promoters of several of these pro-inflammatory genes. Our findings importantly
contribute to the understanding of the increased cardiovascular risk of patients with
pheochromocytoma 11. Moreover, they suggest that trained immunity could contribute to
the pro-inflammatory effects associated with activation of the sympathetic nerve system and
catecholamine excess in general. Although an important limitation of our study is the small
number of included pheochromocytoma patients, the analogy between the in vitro and in
vivo data suggest robustness of our findings.
The findings in chapter 7 add to the growing body of evidence indicating disruptive effects of
catecholamines on cardiovascular health. Until now, studies have focused on the impact of
stressor-induced rises in bone marrow catecholamine levels. In chronic psychological stress,
but also in situations of acute stress incited by stroke and myocardial infarction, enhanced
sympathetic nervous system activity result in increased bone marrow levels of the
catecholamine noradrenaline 62-64. Noradrenaline, in turn, reduces the expression of
hematopoietic stem cell (HSC) retaining factors in bone marrow stromal cells. This
subsequently results in hematopoietic stem cell mobilization, leading to enhanced
hematopoiesis with a myeloid bias. The inflammatory monocytosis in the peripheral
circulation contributes to plaque inflammation and accelerates atherosclerosis 62-64. We now
show that induction of trained immunity by circulating catecholamine levels could further
contribute to this pro-inflammatory monocytosis. Future research should address the
question if catecholamine-induced reprogramming already occurs at the levels of myeloid
progenitor cells, as would be expected. Moreover, it would be of great interest to study the
presence of arterial wall inflammation and atherosclerotic plaque phenotype in pheochromocytoma patients, as well as other models of catecholamine excess such as chronical
stress, in order to provide further inside into the clinical relevance of the observed findings.
Last, we observed neutrophilia in our pheochromocytoma patients. Studying the impact of
catecholamines (or aldosterone) on the neutrophil in atherosclerosis was outside the scope
of this thesis, but provides a relevant novel topic of research given the growing interest of
this particular myeloid cell in atherosclerotic plaque development 65.
It is interesting to speculate on the therapeutic potential of targeting trained immunity.
Several drugs that inhibit epigenetic enzymes have already been approved for clinical use in
the fields of oncology and hematology 66. Small-molecular histone mimic BET inhibitors (iBET)
have shown promise for treatment of inflammation 67. Nonetheless, direct pharmacological
manipulation of the epigenetic proponents of trained immunity raises some important
considerations, mainly due to the broad substrate specificity of many epigenetic modulators,
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and the fact that epigenetic regulation is indispensable for a plentitude of physiological
functions (described in chapter 2). Therefore, even compounds that target specific enzymes
may have unintended effects, since the interplay between epigenetic enzymes and the
transcriptional machinery is complex and only partly understood.
Similar to mineralocorticoid receptor antagonists described in previous paragraphs, systemic
drugs targeting β-adrenergic receptors are readily available, which in light of the current
findings provides interesting opportunities to reduce inflammation in states of
catecholamine excess. Importantly however, systemic drug therapy often assimilates with
off-target activity that results in side effects, while providing relatively low delivery efficiency.
In the future, we expect nanotechnology to provide important therapeutic advances in
specifically targeting myeloid cells in atherosclerotic disease 68, which provides a unique
opportunity to modify the inflammatory component of atherosclerosis. Next to targeted
delivery of drugs to distinct cell populations, the ability to label nanoparticles in order to
follow their migration to and accumulation in tissues of interest, is an important additional
advantage in the research field. Although the use of nanotechnology in the field of
atherosclerotic cardiovascular diseases is still scarce, over twenty nanotechnological approaches for the delivery of therapeutic modalities have been FDA approved in various areas
of medicine68, mainly in the field of oncology (i.e., Doxil (a liposomal formulation of
doxorubicin, and Abraxane (protein-bound paclitaxel), and infectious diseases (AmBisome,
amphotericine B). In the cardiovascular field, research into the application of
nanotechnology includes trials investigating small interfering RNA (siRNA) effectuated PCSK9
targeting 69. Studies into nanotechnological modulation of myeloid cells in atherosclerosis
has primarily aimed to target monocyte recruitment, with promising results 68. Theoretically,
the differentiation of myeloid progenitors in the bone marrow and their egress into the
peripheral circulation, monocyte outflow from the splenic reservoir, the monocyte–
endothelial cell interaction, as well as local polarization and differentiation of
monocytes/macrophages in the atherosclerotic plaque, are all promising therapeutic targets.
Alternatively, nanoparticles could be used to deliver immunomodulating drugs (such as βreceptor inhibitors or MRAs) to plaque macrophages, as has already been explored in a HDL
nanoparticle model for the delivery of simvastatin 70. Importantly, when designing myeloidcell targeting nanoparticles, the most important challenge is to ensure development of
technologies with such precision as not to impact on the general host defense.
In conclusion, in this thesis we have shown that the adrenal hormones aldosterone,
adrenaline and noradrenaline can shape the phenotype of myeloid cells, and when present
in excess, are likely to promote atherogenesis. With this line of research, we aimed to fill one
of the many gaps of knowledge that remain in the understanding of the multifaceted
pathology of cardiovascular disease.
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Hart- en vaatziekten (HVZ) worden meestal veroorzaakt door atherosclerose
(slagaderverkalking), en zijn wereldwijd de belangrijkste oorzaak van ziekte, alsmede
doodsoorzaak nummer één 1. Alleen al in Nederland zijn er 1,55 miljoen mensen die lijden
aan een vorm van HVZ, zoals een hartinfarct of een beroerte 2. Bij de meeste patiënten wordt
atherosclerose bespoedigd door de aanwezigheid van één of meer meerdere risicofactoren
voor deze aandoening, zoals roken, een hoge bloeddruk (hypertensie), een verhoogd
cholesterolgehalte (hypercholesterolemie) of suikerziekte. Hoewel het scala aan
medicamenten waarmee de risicofactoren voor HVZ behandeld kunnen worden snel
uitbreidt, is de meerderheid van de hart- en vaatziekten nog niet te voorkomen 1. In het
afgelopen decennium heeft wetenschappelijk onderzoek vergaande inzichten gebracht in de
ontstaanswijze van atherosclerose. Waar men atherosclerose voorheen beschouwde als een
aandoening die ontstaat door een opstapeling van cholesterol in de vaatwand, is het recent
duidelijk geworden dat het ziekteproces complexer is en beter gezien kan worden als de
resultante van chronische, laaggradige ontsteking van de vaatwand 3. Logischerwijs wordt
gehoopt nieuwe medicamenten in de strijd tegen HVZ te vinden in de groep van de antiinflammatoire (ontstekingsremmende) geneesmiddelen. Recentelijk verschenen de eerste
grote studies met dergelijke middelen; deze toonden een veelbelovende daling van HVZgeassocieerde ziekte en sterfte in een geselecteerde populatie met een hoog risico op HVZ.
Hoewel deze HVZ-risicoverlaging werd vastgesteld voor een remmer van de proinflammatoire (ontstekingsbevorderende) signaalstof IL-1β en het anti-jichtmiddel colchicine
4, 5
, wist methotrexaat, een ander ontstekingsremmend medicijn, teleurstellend genoeg geen
risico-reducerend effect te bereiken 6. Dit illustreert dat we de mechanismen die chronische
ontstekingsprocessen oorzakelijk verbinden met het ontstaan van atherosclerose nog
onvoldoende begrijpen. Het exploreren van deze mechanismen is essentieel voor de
ontwikkeling van nieuwe geneesmiddelen tegen HVZ.
Grensverleggend onderzoek veranderde niet alleen de wetenschappelijke visie op de
ontstaanswijze van atherosclerose, maar veroorzaakte ook een paradigmaverschuiving in het
inzicht in de werking van de monocyt en macrofaag: de belangrijkste ontstekingscellen in het
atherosclerotisch ziekteproces. Monocyten, één van de soorten witte bloedcellen aanwezig
in onze bloedbaan, verplaatsen zich naar de vaatwand wanneer hier endotheelschade is
opgetreden, bijvoorbeeld door roken of hypertensie. Vervolgens migreren zij naar de diepere
lagen van de vaatwand en ontwikkelen zich daar tot macrofaag. Zowel monocyten als
macrofagen scheiden signaalstoffen af (cytokinen en chemokinen) die de ontsteking in de
vaatwand kunnen versterken. Zij nemen tevens cholesteroldeeltjes op en vormen
zogenaamde schuimcellen. De productie van matrix metalloproteïnasen (MMP’s; eiwitafbrekende enzymen) en het afsterven van schuimcellen draagt in belangrijke mate bij aan
instabiliteit en scheuren van de atherosclerotische plaque. Wanneer dit laatste gebeurt,
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ontstaat ter plaatse een stolsel dat het bloedvat kan afsluiten en kan resulteren in infarcering
van het achterliggende orgaan, bijvoorbeeld het hart of de hersenen.
Traditioneel werden monocyten en macrofagen, als onderdeel van het aangeboren
immuunsysteem (afweersysteem), gezien als primitief: nuttig voor het vormen van een
algemene eerste afweerreactie op een binnendringend pathogeen (ziekteverwekker), maar
niet geschikt voor het initiëren van specifieke, langdurige reacties tegen deze pathogenen.
Anders dan cellen van het verworven immuunsysteem, werden zij verondersteld geen
geheugenfunctie voor ziekteverwekkers te hebben, en dus geen sterkere afweerreactie te
kunnen initiëren bij een hernieuwde invasie door een dergelijk pathogeen. Een groeiende
hoeveelheid bewijsmateriaal suggereert het tegendeel, en stelt dat voorgaande
ontmoetingen van monocyten en macrofagen met exogene (van buiten het lichaam
komende) en endogene (van nature in het lichaam voorkomende) schadelijke signalen het
gedrag van deze cellen langdurig ‘reprogrammeert’. Dit concept, dat een geheugenfunctie
van het aangeboren immuunsysteem beschrijft, staat inmiddels bekend als ‘trained
immunity’ (getrainde immuniteit) 7. Na een initiële blootstelling van een monocyt of
macrofaag aan een potentieel schadelijke stof die trained immunity kan induceren, zorgt
deze reprogrammering voor een sterkere afweerreactie van de cel bij een nieuwe
ontmoeting met deze specifieke stof, maar ook met andere niet-verwante stoffen. Trained
immunity kan geïnduceerd worden door onderdelen van micro-organismen (zoals bacteriën)
7
, maar ook door verschillende moleculen die aanwezig zijn in de atherosclerotische plaque,
of die bijdragen aan de ontwikkeling van atherosclerose (zoals geoxideerd LDL-cholesterol
en lipoproteine(a)) 8, 9. Hoewel een langdurige pro-inflammatoire reactie van monocyten op
schadelijke stoffen evolutionair gunstig is voor de overleving van de menselijke soort ten
tijden van infecties, is het waarschijnlijk nadelig voor HVZ: een pro-inflammatoire monocyt
versnelt in de regel het ontstaan van atherosclerose 3.
De twee hierboven beschreven wetenschappelijke inzichten vormen het raamwerk van dit
proefschrift. Wij richtten ons op het identificeren van endogene stoffen die trained immunity
kunnen induceren en zo kunnen bijdragen aan de chronische ontsteking die HVZ typeert. De
opvallende klinische observatie dat patiënten met een overmatige productie van de
bijnierhormonen aldosteron, adrenaline of noradrenaline (de laatste twee behorend tot de
groep van de catecholamines) een sterk verhoogd risico op HVZ hebben 10, 11, legde het
verdere fundament voor de uitgevoerde studies. Waar aldosteron in fysiologische
omstandigheden de bloeddruk en de zoutsamenstelling van het bloed reguleert, en de
catecholamines belangrijk zijn in de reactie op fysieke en emotionele stress, bevatten
afweercellen óók receptoren voor deze hormonen, wat hen potentieel onderhevig maakt
aan hun invloed. In een serie onderzoeken beantwoorden wij de vraag óf en hóe aldosteron
en de catecholamines de immuunreactie beïnvloeden, met de hypothese dat deze hormonen
pro-inflammatoire en derhalve pro-atherogene (atherosclerose-bevorderende) effecten
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hebben op de monocyt en macrofaag. Specifiek onderzochten wij of deze effecten ook
geschaard kunnen worden onder de noemer trained immunity en dus langdurig de functie
van de monocyt of macrofaag beïnvloeden.
Hoofdstuk 2 bevat een overzichtsartikel dat het concept van trained immunity uiteen zet. De
focus ligt op een beschrijving van de mechanismen die in de cel plaatsvinden om
reprogrammering van de monocyt mogelijk te maken: een veranderde celstofwisseling en
epigenetische modificaties. Het epigenoom is de verzameling van chemische veranderingen
die het lichaam aanbrengt aan het DNA en de histonen (eiwitten waar ons DNA omheen
gewikkeld is) om de mate van afschrijving van het DNA, de vorming van RNA en de
uiteindelijke productie van eiwitten te beïnvloeden. Dit gebeurt zonder de volgorde van het
DNA zelf te veranderen. We concluderen dat trained immunity een fundamenteel onderdeel
is van de immuunrespons, en dat het epigenoom een prominente rol speelt in het registreren
van veranderingen in de nabijheid van de monocyt en macrofaag en het daaropvolgend
aanpassen van de reactiviteit en functie van deze cellen. Het moduleren van trained
immunity is in potentie een veelbelovende therapie voor veel ontstekingsziekten, echter het
ontbreken van specificiteit van de medicamenteuze interventies in het epigenetische
landschap vormen vooralsnog een levensgrote uitdaging.
De rest van dit proefschrift kan men onderscheiden in twee delen. In deel één staat de
patiënt met hyperaldosteronisme centraal. We exploreren de effecten van aldosteron op
ontsteking in een in vitro model (in glas; in het laboratorium) en twee in vivo modellen (in
leven; in patiënten). Het tweede deel van het proefschrift onderzoekt het effect van
catecholamines op de immuunreactie, zowel in vitro als in vivo.
Hoofdstuk 3, deel 1, bevat wederom een overzichtsartikel. Hier vatten wij de literatuur samen
over het effect van stimulatie of remming van de mineralocorticoïdreceptor (MR; de receptor
voor aldosteron) op de functie van monocyten en macrofagen en het ontstaan van
atherosclerose. De beschikbare data suggereren dat de pro-inflammatoire effecten die
teweeg worden gebracht door stimulatie van de MR van deze cellen een rol spelen in alle
stadia van atherosclerose. Deze stadia omvatten het ontstaan, de daaropvolgende groei en
uiteindelijk het destabiliseren van de atherosclerotische plaque, waarbij dit laatste meestal
oorzakelijk is in het ontstaan van HVZ. Op basis van deze data stellen wij dat het remmen van
de MR van monocyten en macrofagen een interessant aangrijpingspunt kan zijn voor nieuwe
geneesmiddelen tegen HVZ. Hierbij moet echter een belangrijke kanttekening worden
geplaatst. Het merendeel van de gepubliceerde studies betreft namelijk onderzoek in
muizen. Data over de effecten van hyperaldosteronisme op atherosclerose in mensen zijn
schaars, en beperkt tot observationele studies die laten zien dat patiënten met
hyperaldosteronisme een verhoogd risico op HVZ hebben, waarbij MR-blokkerende
geneesmiddelen juist het HVZ risico verlagen. Deze studies geven echter geen antwoord op
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de vraag welke mechanismen ten grondslag liggen aan deze observaties. Wij concluderen
derhalve dat er een belangrijk tekort is aan humane data die de in vitro en in vivo effecten
van aldosteron op het aangeboren afweersysteem en atherosclerose onderzoeken.
In hoofdstuk 4 onderzochten wij daarom in een serie van in vitro experimenten óf, en in welke
mate, aldosteron de functie van de monocyt en macrofaag kan moduleren. Zoals hierboven
beschreven, ontwikkelt de monocyt zich in de vaatwand tot macrofaag, iets wat in het
laboratorium kan worden nagebootst in het trained immunity model (Figuur 1). Hoewel
aldosteron als trainingsstimulus geen direct effect op monocyten had op dag 1, was het wel
in staat om via de MR trained immunity te induceren in macrofagen die gecultiveerd werden
uit monocyten (gemeten op dag 7). Aangezien veranderingen in de celstofwisseling de
‘getrainde’ macrofaag karakteriseren, onderzochten wij tevens de effecten die aldosteron
uitoefent op dit immunometabolisme. Opvallend genoeg werden deze effecten niet
gekenmerkt door een verandering in de glycolyse of electronentransportketen van de
aldosteron-getrainde macrofaag, zoals dat eerder bij trained-immunity-inducerende stoffen
werd gerapporteerd. Door middel van een analyse van het RNA van de getrainde cellen
ontdekten wij dat in plaats daarvan de vetzuursynthese was versterkt. Verder toonden wij
aan dat als deze vetzuursynthese werd geremd, ook de training door aldosteron werd
geremd. Als laatste stelden wij vast dat deze metabole verandering geassocieerd was met
specifieke modificaties van het epigenoom die eerder ook beschreven werden in andere
modellen van trained immunity.

FIGUUR 1. Het in vitro trainingsschema.
In hoofdstuk 5 voerden wij een translationele studie uit om deze immunologische effecten
van aldosteron te vertalen naar de in vivo situatie van de patiënt met een verhoogd
circulerend aldosteron. We onderzochten of dit hyperaldosteronisme predisponeert tot
ontsteking van de vaatwand, zoals gesuggereerd wordt door de muismodellen die we in
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hoofdstuk 2 beschreven. In deze studie vergeleken wij patiënten met primair
hyperaldosteronisme (PA: hypertensie door een overmatige productie van aldosteron door
een goedaardige, eenzijdige bijniertumor of een beiderzijdse vergroting van de bijnieren), en
een groep controlepatiënten met essentiële hypertensie (EHT: een hoge bloeddruk zonder
duidelijke verklaring). Deze groepen patiënten waren vergelijkbaar qua geslacht, leeftijd,
body mass index en de hoogte van de bloeddruk. We toonden aan dat patiënten met PA een
verhoogde opname van de tracer 18F-FDG (een radioactief gelabeld suikermolecuul) in de
wand van de slagaders hadden op PET/CT scan: een teken van vaatwandontsteking. Verder
was ook de activiteit van het beenmerg bij PA patiënten verhoogd, waarbij in de bloedbaan
de monocyten/lymfocyten verhouding verhoogd was. Dit wijst op een veranderde aanmaak
van afweercellen in het beenmerg. Wij vonden echter geen verhoging van cytokines of
chemokines die passen bij inflammatie, geen verhoogde reactiviteit van de monocyten van
deze patiënten bij stimulatie buiten het lichaam, en geen grote veranderingen in het RNA
van de monocyten van deze patiënten zoals deze normaliter gezien worden bij trained
immunity.
Aangezien inflammatie van de slagaderwand geassocieerd is met de ontwikkeling van
atherosclerose, concluderen wij dat de vaatwandinflammatie die wij zien bij patiënten met
PA kan bijdragen aan hun verhoogde risico op HVZ. Desalniettemin moeten wij ook
concluderen dat deze inflammatie niet wordt verklaard door een klassiek beeld van trained
immunity, hoewel er subtiele inflammatoire veranderingen zijn in de samenstelling van de
afweercellen in het bloed van patiënten met PA en het RNA van de monocyt in deze
patiënten. Het is mogelijk dat de ontwikkeling van monocyt naar macrofaag, zoals dat
gebeurt in de atherosclerotische plaque, noodzakelijk is om de pro-inflammatoire werking
van aldosteron op deze cellen te effectueren. Deze hypothese wordt versterkt doordat wij
ontdekten dat het gen TNFA, coderend voor de cytokine TNF-α, verhoogd tot expressie komt
in de (uit monocyten gecultiveerde) macrofagen van PA patiënten. Ook was er een versterkte
productie van TNF-α, en de eveneens pro-inflammatoire cytokine IL-6, in monocyten die wij
lieten cultiveren tot macrofaag in het serum van patiënten met PA. Aangezien zich in de
vaatwand niet alleen monocyten en macrofagen, maar ook endotheelcellen en gladde
spiercellen bevinden, kan een alternatieve verklaring voor de aanwezigheid van
vaatwandinflammatie in PA zijn dat deze niet-immunologische celtypen de lokale ontsteking
in stand houden.
In hoofdstuk 6, het laatste hoofdstuk van deel 1, bestudeerden wij niet alleen de effecten
van aldosteron op het afweersysteem, maar ook de effecten op de algehele stofwisseling
(het metabolisme) en op de dikte en elasticiteit van de vaatwand. Dit zijn allemaal factoren
die eveneens bijdragen aan het ontstaan van HVZ. We bestudeerden meer dan 300
individuen met overgewicht of obesitas, een aandoening die vaak gepaard gaat met
hyperaldosteronisme, en onderzochten de associaties van aldosteron met verschillende
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ontstekingsparameters, het metabool syndroom (een combinatie van drie of meer van de
volgende aandoeningen: een hoge bloeddruk, een verhoogd glucose, verhoogde vetzuren in
het bloed of een verlaagd HDL-cholesterol en overgewicht), het lipidoom (een gedetailleerde
analyse van de vetsamenstelling van het bloed) en het metaboloom (een gedetailleerde
analyse van de in het bloed aanwezige endogene chemische verbindingen zoals suikers,
vetdeeltjes en eiwitten of hun afbraakproducten), de vetverdeling en aanwezigheid van
atherosclerose in de halsslagader. Aanvullend maten wij renine, een hormoon dat de
productie van aldosteron beïnvloedt via het renine-angiotensine-aldosteron systeem (RAAS),
om vast te stellen of de gemeten associaties specifiek door aldosteron werden veroorzaakt,
of mogelijkerwijs door hormonen hogerop in de RAAS cascade werden geïnitieerd. We lieten
zien dat de hoogte van de concentratie van het aldosteron in de bloedbaan associeerde met
enkele indicatoren van ontsteking, maar bovenal met indicatoren van metabole ontregeling.
Deze associaties overlapten slechts deels met de associaties die renine met deze
uitkomstmaten had. Terwijl zowel aldosteron als renine associeerde met de hoeveelheid van
de witte bloedcellen in de bloedbaan, vonden wij geen associatie van aldosteron met
signaalstoffen die klassieke indicatoren zijn van inflammatie, en ook niet met de mate van de
afweerreactie van immuuncellen zoals wij die buiten het lichaam testten. Zowel aldosteron
als renine associeerden met de aanwezigheid van het metabool syndroom en leververvetting. Van de aandoeningen die samen het metabool syndroom vormen, hing een hoger
aldosteron samen met de aanwezigheid van verhoogde vetzuren, maar renine met de
aanwezigheid van een verhoogd glucose. Zoals verwacht, liet de analyse van het lipidoom
zien dat aldosteron wel, maar renine níet associeert met de hoeveelheid grote VLDL deeltjes
(very low-density lipoproteins: vetbolletjes met daarin veel vetzuren) in de bloedbaan. De
studie van het metaboloom toonde verder een sterke associatie van aldosteron met
urinezuur aan, en ook met tussenproducten van het metabolisme van linolzuur (een
essentieel vetzuur). Noch aldosteron, noch renine, toonde een relatie met de dikte of
elasticiteit van de vaatwand of de aanwezigheid van slagaderverkalking. We concluderen dat
aldosteron geen belangrijke drijvende kracht is van gegeneraliseerde ontsteking in obesitas,
maar dat de hoogte van het aldosteron wel duidelijk verweven is met metabole ontregeling
in deze groep individuen. Hoewel prospectieve studies deze bevinding moeten valideren, lijkt
het effect van aldosteron op slagaderverkalking in obesitas verwaarloosbaar.
Als laatste richtten wij ons in deel 2 van dit proefschrift (hoofdstuk 7) op de immuunmodulerende effecten van de catecholamines adrenaline en noradrenaline. Aangezien
blootstelling aan hoge catecholaminespiegels geassocieerd is met inflammatoire veranderingen van cellen van het aangeboren afweersysteem én atherosclerose, richtten wij
ons nu op de vraag of (nor)adrenaline in deze cellen ook trained immunity kan induceren.
Door (nor)adrenaline getrainde macrofagen, gecultiveerd uit monocyten, produceerden
grotere hoeveelheden IL-6 en TNF-α dan niet door deze hormonen getrainde cellen. Daarbij
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verhoogden deze cellen hun glycolyse en was ook de electronentransportketen verhoogd
actief; immunometabole veranderingen die kenmerkend zijn voor trained immunity.
Remming van de β-adrenoreceptor (de receptor voor (nor)adrenaline) en de door deze
receptor aangestuurde signaalweg in de cel, kon de training van de cel voorkomen.
Vervolgens onderzochten wij een groep patiënten met een feochromocytoom of
paraganglioom, een aandoening die gekenmerkt wordt door een sterk verhoogde
catecholamineproductie. Bij deze patiënten bleken de aantallen aangeboren immuuncellen
in de bloedbaan verhoogd, en de monocyten waren relatief vaak van het ‘intermediaire’
subtype: het subtype dat geassocieerd is met atherosclerose. Tevens observeerden wij een
verhoogde productie van pro-inflammatoire signaalstoffen door de monocyten buiten het
lichaam, allemaal typische kenmerken van trained immunity. Een interessant bevinding was
dat deze pro-inflammatoire bevindingen ook nog vier weken na het chirurgische verwijderen
van het feochromocytoom/paraganglioom aanwezig waren, wat aangeeft dat er sprake is
van een langdurige verandering van de monocyten. Een analyse van het RNA van de
monocyten van feochromocytoom patiënten toonde dat meerdere genen die coderen voor
pro-inflammatoire signaalstoffen verhoogd tot expressie kwamen ten opzichte van de
expressie in monocyten van een controlegroep van patiënten met EHT. Ook zagen wij in het
epigenoom van de monocyten van de patiënten met feochromocytoom/paraganglioom
veranderingen die passen bij trained immunity. Samenvattend suggereren deze data dat
catecholamines via trained immunity bijdragen aan de inflammatoire reprogrammering van
de monocyten van patiënten met deze aandoening. Hiermee is trained immunity één van de
mogelijke verklaringen voor het verhoogd HVZ risico bij patiënten met een
feochromocytoom.
Als wij de studies die samen dit proefschrift vormen overzien, concluderen wij dat de
catecholamines gegeneraliseerde ontsteking en trained immunity veroorzaken, zowel in
vitro, als ook in vivo. Aldosteron is wel in staat de monocyt/macrofaag in vitro te
reprogrammeren, maar in vivo lijken de effecten van hyperaldosteronisme gering en kunnen
niet geclassificeerd worden als klassieke trained immunity. Hiermee beantwoordt dit
proefschrift één van vele resterende vragen over de multifactoriële ontstaanswijze van HVZ.
REFERENCES
1.

2.
3.

4.

202

Joseph P, Leong D, McKee M, Anand SS, Schwalm JD,
Teo K, Mente A, Yusuf S. Reducing the Global Burden
of Cardiovascular Disease, Part 1: The Epidemiology
and Risk Factors. Circ Res 2017;121:677-694.
Hartstichting. Cijfers hart- en vaatziekten. 2019:
Cijfers hart- en vaatziekten
Swirski FK, Nahrendorf M. Leukocyte behavior in
atherosclerosis, myocardial infarction, and heart
failure. Science 2013;339:161-166.
Ridker PM, Everett BM, Thuren T, MacFadyen JG,
Chang WH, Ballantyne C, et al. Antiinflammatory

5.

6.

Therapy with Canakinumab for Atherosclerotic
Disease. N Engl J Med 2017;377:1119-1131.
Tardif JC, Kouz S, Waters DD, Bertrand OF, Diaz R,
Maggioni AP, et al. Efficacy and Safety of Low-Dose
Colchicine after Myocardial Infarction. N Engl J Med
2019;381:2497-2505.
Ridker PM, Everett BM, Pradhan A, MacFadyen JG,
Solomon DH, Zaharris E, et al. Low-Dose
Methotrexate for the Prevention of Atherosclerotic
Events. N Engl J Med 2019;380:752-762.

CHAPTER 9

7.

8.

9.

Netea MG, Joosten LA, Latz E, Mills KH, Natoli G,
Stunnenberg HG, O'Neill LA, Xavier RJ. Trained
immunity: A program of innate immune memory in
health and disease. Science 2016;352:aaf1098.
Bekkering S, Quintin J, Joosten LA, van der Meer JW,
Netea MG, Riksen NP. Oxidized low-density
lipoprotein induces long-term proinflammatory
cytokine production and foam cell formation via
epigenetic
reprogramming
of
monocytes.
Arteriosclerosis, thrombosis, and vascular biology
2014;34:1731-1738.
van der Valk FM, Bekkering S, Kroon J, Yeang C, Van
den Bossche J, van Buul JD, et al. Oxidized
Phospholipids on Lipoprotein(a) Elicit Arterial Wall
Inflammation and an Inflammatory Monocyte
Response in Humans. Circulation 2016;134:611-624.

10. Monticone S, D'Ascenzo F, Moretti C, Williams TA,
Veglio F, Gaita F, Mulatero P. Cardiovascular events
and target organ damage in primary aldosteronism
compared with essential hypertension: a
systematic review and meta-analysis. Lancet
Diabetes Endocrinol 2018;6:41-50.
11. Stolk RF, Bakx C, Mulder J, Timmers HJ, Lenders JW.
Is the excess cardiovascular morbidity in
pheochromocytoma related to blood pressure or
to catecholamines? J Clin Endocrinol Metab
2013;98:1100-1106.

203

SUMMARY, DISCUSSION AND GENERAL PERSPECTIVE

CHAPTER

10
APPENDICES

DANKWOORD
PHD PORTFOLIO
RESEARCH DATA MANAGEMENT
LIST OF PUBLICATIONS
CURRICULUM VITAE

APPENDICES

DANKWOORD
Veel mensen hebben dit proefschrift mede mogelijk gemaakt, allen op hun eigen manier,
bewust of onbewust. Naast mijn fijne collega’s, vrienden en familie, denk ik hierbij ook aan
de inspirerende spreker die nieuwe energie gaf, de medewerker van de printshop die na
kantoortijd mijn order wilde verwerken, de buurtjes in het Bemmelse die altijd een praatje
maken. De mensen die ik op reis ontmoette en hun levensverhaal deelden, en promoveren
zo in perspectief stelden. Lieve mensen, ik kan in woord geen recht doen aan ieder van jullie,
maar weet dat ik jullie allen hartelijk dank. Een paar mensen noem ik in het bijzonder.
Allereerst mijn proefpersonen. Bedankt voor jullie bereidheid om mee te doen aan mijn
studies, jullie interesse in onderzoek in het algemeen, jullie openheid om ervaringen met
ziekte en ziekenhuizen met mij te delen, of foto’s van kinderen, kleinkinderen, verbouwingen
en nog meer. Ik wens jullie alle gezondheid!
Prof. dr. Riksen, beste Niels, ik was lichtelijk geïntimideerd toen ik kwam solliciteren voor
deze promotieplek, en meteen drie profs – hoewel allen aardig - voor me had zitten: Leo,
Mihai en jij. Het feit dat één van mijn eerste e-mails aan jou, in mijn nachtdienst verstuurd
om twee uur ’s nachts, per ommegaande werd beantwoord was weinig geruststellend. Toch
kwam ik er snel achter dat mijn zorgen ongegrond waren. Vol ingetogen enthousiasme en
vriendelijkheid benader je jouw promovendi en gaf je me al snel het gevoel dat je mijn werk
vertrouwde en mijn mening waardeerde. Van pingpongen over zinsneden in onze papers blijf
ik genieten. Dat je jouw ontelbare taken kunt combineren met het bouwen van een huis en
fietsen door de Bemmelse waard (verbaast en) inspireert me. Jouw uitspraak ‘alles komt in
golven’ kan op een tegeltje en neem ik in mijn leven mee. Heel veel dank voor jouw fijne
begeleiding en vertrouwen!
Prof. dr. Netea, beste Mihai, wat is het toch fijn dat, als mijn data mij volledig contradictorisch
overkwamen, regelmatig jouw verlossende woorden kwamen: ‘Maar dit is geweldig!’. Jij
weet zelfs uit de warrigste berg experimenten (of de meest onverstaanbare praatjes op
congressen) een heldere boodschap te destilleren. Je bent een inspirator voor veel, hebt een
takenlijst van nog meer, maar blijft desondanks vriendelijk en geïnteresseerd in het werk van
ieder van ons. Heel veel dank!
Prof. dr. Joosten, beste Leo, wat heb ik bewondering voor jouw encyclopedische kennis en
jouw humor. Met pretogen beschouw jij de wereld en de wetenschap. Heel veel dank voor
alle suggesties voor (nog meer) labwerk en de gezellige gesprekken in binnen- en buitenland.
Dr. Leentjens, beste Jenneke, a big thanks: zonder jouw aanbeveling was ik waarschijnlijk
nooit aangenomen voor deze plek! Ik geniet van je kordate enthousiasme en je passie voor
antistolling. Ik wens je een prachtige carrière.
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Dr. Deinum, beste Jaap, ik keek eens een e-mailwisseling tussen ons terug. Wat strekkingen
over en weer: ‘stel A en R staan in vaste verhouding 1:1 en R is causaal geassocieerd met X…’
‘Klopt het dat A:R:ARR ook 1:1:1-x zowel als 1+x kan zijn?’. Hoewel misschien wat cryptisch,
was het ook heerlijk om weer eens in formules te communiceren. Verder ben je altijd prettig
kritisch op taal, en secuur in het becommentariëren van mijn rebuttals. Veel dank voor het
fijne overleg!
Beste (oud-)collega’s van de experimentele interne geneeskunde, analisten, genetica guru’s
en Buitenhoek bewoners. Bedankt voor al jullie hulp in het lab, jullie inspirerende passie voor
het werk en interesse in de wereld in het algemeen, jullie eco-bewustzijn, de gezellige
gesprekken op tempo 180%, jullie inspirerende energie om naast het promoveren ontelbare
uren te sporten, bloggen, dansen en reizen, de lachsalvo’s, de taart (en nog meer taart), het
samenwerken tijdens terror Tuesdays, jullie kritische blik, de congressen en bijbehorende
dansavonden. Het feit dat onze groep zo gemengd is, zowel qua nationaliteiten als
achtergronden, is onze kracht. Ik ben af en toe nog steeds verbaasd dat ik zomaar de kans
kreeg drie jaar van mijn leven bij jullie te horen! A big thanks to all of you!
Charlotte B, je bent een top mens! Bedankt voor je schaterlach en spontaniteit. Inge G,
verantwoordelijke mede OCD-er, we hebben al vaak gememoreerd dat we op elkaar lijken!
Je bent een voorbeelddokter voor mij, en buiten dat gewoon een fijn mens. Simone M, nog
zo’n leukerd. Bedankt voor alle gezelligheid en fijne gesprekken; ik hoop dat we straks in de
kliniek ook weer collega’s worden en dan tijd hebben voor koffie! Dear Intan, I’m so proud of
you, being here at the other end of the world, taking care of research and your kid. Thanks
for all your love and kindness! Thalijn, vaak hebben we onszelf als ‘domme dokters’
uitgelachen. Onze acromegalie projecten zijn niet in mijn boekje gekomen, maar ik deed ze
desalniettemin met plezier! Jouw methode secties blijven het kookboek voor de mijne. Ik kijk
ernaar uit ook in de kliniek weer met je samen te werken. Rob H, bedankt voor jouw oog voor
esthetiek en statistiek, en onze levendige discussies op de dom in Milaan (die ik erg
waardeerde, ook al vroegen twee mensen me later of we ruzie hadden). Dear Elisa, from the
first day I met you I felt like I’d known you for ages! Your spontaneous laugh (which is rather
chronic) and interest in everything make you difficult to dislike. Thanks for all your
enthusiasm. I’d love to visit you in Lisbon! Jelmer, partner-in-crime in 300-BCG tijden,
bedankt voor alle gezellige gesprekken en jouw eindeloze bereidheid te helpen in het lab als
dat nodig was. Laszlo, you are an abstract thinker, I’m a rather practical one. That appeared
to work very well together! Thanks for all the efficiency in our projects, and the great
conversations we had during endless Seahorse days, ranging from psychology to the one I
most vividly remember about primordial soup. When I see you in the lab or speaking at
conferences I feel that is where you are meant to be. I remember you noticed something
similar when I was talking to a patient and her family that we recruited for an n=1 trial. I wish
you a wonderful future. Sam, I could write half a page. About your trust in me from day one,
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your patience with me in the lab (even although you say you have none), and our
conversations about culture and human behavior. You’ve been a tutor and a friend. Thank
you for everything!
Lieve Marlies en Julia, wat ben ik blij dat jullie mijn paranimfen zijn! Als ‘labladies van Niels’
hebben we samen het PhD traject doorlopen (oké, Julia moet nog even). Inmiddels zijn we
na drie jaar incubatie in het laboratorium een caffeïneverslaving en een paar peesblessures
aan de pipetteerduim verder, maar ook van labfoetussen naar semiprofessionele amateurs
gedifferentieerd. Ik genoot van jullie tomeloze energie en enthousiasme (niet per se
werkgerelateerd), onze gedeelde liefde voor mooi aardewerk, en het feit dat we altijd
makkelijk bij elkaar konden binnenstormen voor advies. Ik wens jullie een prachtige
toekomst, en hoop op nog heel veel gezamenlijke etentjes!
Beste collega’s van de vasculaire, ook al ben ik nog niet officieel bij jullie begonnen, toch
geven jullie me al het gevoel dat ik er echt bij hoor (en dat jullie reikhalzend uitkijken naar
mijn komst, hoewel dat mogelijk ook door roosterkrapte wordt veroorzaakt). Meerdere van
jullie waren ook cruciaal in dit onderzoek. Ingeborg en Anke, heel veel dank voor het
selecteren van patiënten voor mijn studie! Angeline (niet helemaal van de vasculaire, maar
vooruit), ook jij was continu alert of er opnames werden gepland met patiënten die pasten
in mijn onderzoek, bedankt! Daniëlle, jouw praktische tips over het opzetten van onderzoek
maakte de start van mijn promotie een stuk makkelijker, en jij was het eerste vertrouwde
gezicht binnen het Radboud. Veel dank voor jouw secure benadering van onderzoek, en
bovenal voor de gezellige gesprekken!
Beste collega’s van de nucleaire, Erik en Esther, bedankt voor jullie tomeloze enthousiasme
over en hulp bij de PET-studies (en het omzetten van Excel bestanden).
Beste (oud-)collega’s van het CWZ (bazen, ex-bazen en niet-bazen). Bijna zeven jaar geleden
startte ik als piepjonge dokter bij jullie in opleiding tot internist, en na mijn promotie keerde
ik weer even terug naar wat toch altijd een klein beetje voelt als ‘thuis’. Bedankt voor al jullie
vertrouwen, enthousiasme en interesse, en -meest recentelijk- de gezelligheid op de poli!
Lieve vrienden en vriendinnen, wat ben ik blij dat ik jullie om me heen heb! Lieve Eva D (&
Reinder), al tweederde van mijn leven ken ik jou! Ik ben dankbaar dat jij nog steeds mijn
vriendin bent, en dat we, ook al zien we elkaar niet meer zo vaak als vroeger, nog steeds
urenlang kunnen kletsen en de tijd vergeten. Ladies Yasmine (& Jeroen) en Tamar (&
Willem), we too go way back. We delen een voorliefde voor ironie en taal (het liefst
gecombineerd) en metal. Bedankt dat jullie me altijd aan het lachen maken. Lieve Elisabeth,
je hoort een beetje hier en een beetje in de muzikale alinea hieronder. De koffies in het
Radboud waren altijd genietmomenten; bedankt voor al jouw lieve en wijze woorden! Ik ben
trots op alles wat je zelf deze afgelopen vier jaar hebt bereikt! Eva vd P, Marijke, Amilie,
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Marleen D & Thom, Marleen v H, Machteld & Gerard, Elena & Hugo, Lieve & Mark, Nikki &
Frank, Ivo & Lieke, Ninke & Kevin, vanaf het begin van de studie (en sommigen nog langer)
zijn jullie mijn lieve maatjes. Ik geniet ervan hoe ieder van jullie zijn eigen weg heeft
gevonden, huizen koopt (of nieuwe violen), en hoe langzaam ook de nieuwe generatie zich
aandient. Bedankt dat we nog steeds samenkomen en genieten van de kleine dingen!
Lieve (oud-)Jokolo vrienden en vriendinnen. Elke gek zijn gebrek, is eigenlijk het eerste wat
me te binnen schiet als ik aan jullie (ons) denk. Ik ben trots op ieder van jullie, en blij van zo’n
heerlijk talentvol, creatief, enthousiast en tikje excentriek koor deel uit te mogen maken.
Bedankt voor alle veelstemmige gezelligheid! Ik hoop dat Jokorona maar snel voorbij mag
zijn; samen zingen is echt leuker. In deze alinea hoor jij ook nog, Paul. Ik mis onze fijne
gesprekken over het leven en zingeving, en het vormgeven van de vieringen. Hopelijk kunnen
we dat snel hervatten!
Lieve schoonfamilie, wat vliegt de tijd: inmiddels ken ik jullie ook alweer meer dan een derde
van mijn leven. Schoonbroertjes, bedankt dat ik voor het eerst in mijn leven een grote zus
ben! Lieve schoonouders, heel veel dank dat jullie altijd zo oprecht geïnteresseerd zijn in mij
en mijn proefschrift. Stolkjes, ik ben heel blij met jullie!
Lieve pap en mam, Rob en Dinka. Wat ben ik ongelofelijk dankbaar dat jullie er zijn, door dik
en dun, voor mij en iedereen. Jullie zijn twee (over)enthousiaste mensen, en ons samenzijn
is altijd gevuld met levendige gesprekken, vooral over de natuur en geschiedenis. Ik
bewonder hoe jullie altijd vol eigenheid en verwondering in het leven staan. Bovenal zijn jullie
ook gewoon heel lief. Jullie hulp aan ieder die dat nodig had, maakte dat ik van kleins af werd
meegesleept naar ziekenhuizen en zorginstellingen, en die fascineerden mij. Zonder die
ervaringen was ik vast niet mijn huidige pad ingeslagen! Dat jullie hier nog zijn, is voor jullie
allebei niet geheel vanzelfsprekend. Des te meer ben ik dankbaar dat jullie deze dag met mij
kunnen vieren. Ik houd van jullie!
Lieve Roel, wat ben ik gelukkig met jou. Alweer 12,5 jaar mijn liefde en mijn beste vriend. Eén
jaar na jou begon ik met promoveren. Ik ben dankbaar dat we deze periode buiten onze
comfortzone samen konden doorlopen, en elkaar herkenden in de ups en downs (wat
hebben we af en toe onze patiënten gemist!). Dat we ook nog onderzoek naar hetzelfde
hormoon gingen doen (en het tegenovergestelde probeerden te bewijzen) vond de
omgeving hilarisch en wij ook best wel. Hoewel ik nooit een echte sporter zal worden (sorry!)
en jij nooit toonvast zal leren zingen (het is je vergeven), zijn wij een match in hard werken
en even hard ontspannen. De reizen die wij in het kader van dat laatste maakten brachten
ons al naar zoveel prachtige plekken op deze wereld, ongelofelijk! Ik koester al die
herinneringen en kijk vol nieuwsgierigheid naar onze toekomst. Ik houd van jou!
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PHD PORTFOLIO
Name PhD student:
Department:
Graduate school:

Charlotte D.C.C. van der Heijden
Internal Medicine
Radboud Institute for
Molecular Life Sciences

PhD period:
Promotor(s):

TRAINING ACTIVITIES
a)

b)

c)

d)
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Courses & Workshops
Introduction day Radboudumc
Endnote Workshop
PhD course ‘In the Lead’
BROK course
Workshop: Monitoren van Laag Risico Studies
Course Advanced Conversation
Course Scientific Writing
Workshop InDesign
Course: Atherosclerosis (Hartstichting)
Masterclass Molecular cardiology and vascular biology
Scientific Integrity Course
Workshop: Insight in what you want and can
Workshop: LinkedIn
Workshop: CV and Motivational Letter
Online Certified Course: Illustrator (Soofos)
Seminars & Lectures
Vascular Damage Research Theme symposium
Renal Adrenal Centre (RAC) annual meeting
Vascular Damage Research Theme Symposium *
Renal Adrenal Centre (RAC) annual meeting *
The young Cardiovascular patient: nature vs nurture
(Inter)national Symposia & Congresses
Radboud Summer Frontiers Systems Biology of Innate Immunity
Innate Immune Memory, Cambridge
Nederlandse Internistendagen 2017 *
Internal Medicine Science Day *
PhD Retreat 2018 #
European Atherosclerosis Society (EAS) congress, Lisbon *
New Frontiers in Innate Immunity and Inflammation, Cluj-Napoca ##
PhD Retreat 2019 *
International Aldosterone Conference, New Orleans *
Endo2019, New Orleans *
Other
Weekly: Cytokine Meeting (2 presentations/year)
Monthly: Vasculometabolic Meeting (1-2 presentation/year)
Two-weekly: Vascular Damage Meeting (1 presentation)
Two-weekly: Renal Adrenal Centre Meeting

1-5-2016 until 1-6-2019
Prof. dr. N.P. Riksen
Prof. dr. M.G. Netea

Year(s)

ECTS

2016
2016
2016
2016
2016
2017
2017
2017
2017
2018
2019
2019
2019
2019
2019

0,5
0,1
0,5
1,5
0,1
1,5
3
0,1
1,75
0,2
0,5
0,1
0,1
0,1
0,3

2016
2017
2019
2019
2019

0,1
0,1
0,15
0,15
0,1

2016
2017
2017
2017
2018
2018
2018
2019
2019
2019

0,75
0,75
0,75
0,5
0,75
1,25
1,25
0,75
1
1,5

2016-2019
2016-2019
2019
2017-2019

6
2
0,1
2

CHAPTER 10

TEACHING ACTIVITIES
e)

f)

Lecturing
Doing basal research as an MD (CWZ) (AIOS internal medicine)
Translational medicine, from patient to petri dish (Bachelor students)
Working in basal science: help, a doctor in the lab! (Honours students)
Other
- Committee member ACRODIN (Committee for Quality Assurance of the
Regional Educational Program for Residents of Internal Medicine)
- Supervisor bachelor student (2 months)

TOTAL

Year(s)

ECTS

2017
2019
2019

0,1
0,1
0,1

2016-2019

1,5

2017

0,2
32,3

* indicates an oral presentation, # a poster presentation
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RESEARCH DATA MANAGEMENT
The data obtained in this thesis are archived according to the Findable, Accessible,
Interoperable and Reusable (FAIR) principles 1. Raw and processed in vitro data were stored
digitally on a local server of the department of internal medicine, which is backed up daily on
the Radboudumc server. All human studies were conducted according to the principles of
the declaration of Helsinki and were approved by the Medical Ethics Committee of the
Radboudumc. All participants gave written informed consent before participation. Case
Report Forms were stored in Castor 2. Data generated in this thesis are part of published
articles and files are available upon request. The microarray data in Chapter 4 are publicly
available at the gene expression omnibus (GEO) data repository. The transcriptome data in
Chapter 5 and 7 will be accessible after final publication.
1.
2.
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CURRICULUM VITAE
Charlotte van der Heijden werd op 14 mei 1990 geboren in Zoetermeer. Ze verhuisde in 2001
naar de regio Nijmegen, waar ze in 2007 haar gymnasium diploma behaalde aan het
Kandinsky College in Nijmegen (summa cum laude). Van 2007 tot 2013 studeerde zij
Geneeskunde aan de Radboud Universiteit Nijmegen. Hoewel zij tijdens haar bachelor dacht
dat zij neuroloog zou worden en binnen de neurologie onderzoek deed, ontstond gedurende
haar coschappen interesse in de interne geneeskunde. Tijdens haar afsluitende coschappen
werd zij aangenomen voor de opleiding tot internist in de regio Nijmegen. Nadat zij eind 2013
haar geneeskunde diploma behaalde (cum laude), werkte zij van 2014 tot medio 2016 als
internist in opleiding in het Canisius Wilhelmina Ziekenhuis in Nijmegen. Na ruim twee jaar
in de kliniek te hebben gewerkt wilde zij graag een nieuwe uitdaging, en kwam in aanraking
met de onderzoekslijnen van professor Riksen en professor Netea. Het onderzoek op het
grensvlak van de immunologie en vasculaire geneeskunde intrigeerde haar en zij startte haar
promotietraject bij de afdeling interne geneeskunde van het Radboudumc onder begeleiding
van bovengenoemde professoren. Het onderzoek besloeg zowel laboratoriumwerk als
patiëntenstudies. Het resultaat van de inspanningen is beschreven in dit proefschrift,
alsmede in publicaties die niet in dit proefschrift zijn opgenomen.
Na drie jaar promotieonderzoek heeft Charlotte medio 2019 haar opleiding tot internist
hervat, eerst opnieuw in het Canisius Wilhelmina Ziekenhuis, en sinds februari 2020 in het
Radboudumc. Zij zal vanaf januari 2021 starten met een dubbele enkelvoudige differentiatie
en opgeleid worden tot internist-klinisch farmacoloog en internist-vasculair geneeskundige.
Daarnaast zal zij een profiel opleiding en onderwijs gaan volgen.
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