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of these mechanisms inimmune cells can also lead to antonatory pro- 2 \/| eChan ismS Of trai ned in nate
Y

cesses and dise&$én this respect, trained immunity can also be induced b .
certain endogenous stimuli such as oxidized lipids, metabolites, or uric 46 1M U nlty

crystals. Subsequent activation of similar epigenetic and molecular meclﬁgnd te. twi . lecul hani derlving the inducti 2
isms as those that underlie the training of immune cells by micro-organisnfsCarc: WO major molecular mechanisms underlying the induction dfin-

can lead to inappropriate immmation that contributes to the pathophysi- nate immune memory have been described: rewiring of key metabolic

ology of many iremmatory and auto-immune diseases, among which aR#thways and long-term epigenetic changes. The exact pathways &nd &
gout, systemic lupus erythematosus, rheumatic and neurodegenerative gted genes differ per stimulus and there are differences between exggen-
eases, and atherosclerdgitn this review, we will describe the impact of 0US and endogenous stimuli that induce trained immunity. Other
trained immunity processes involved in the pathogenesis of atherosclerdBchanisms, such as post-translational (m6A) RNA or protein cae
and cardiovascular diseases (CVDs), in particular in the context of obedi§)s may also be involved in the induction of trained immunity, but further
metabolic syndrome, and diabetes. We will focus on these processes '§§earch is needed to assess the importance of these additional path-
the tissue/peripheral level, whereas the accompanying paper by Mitrol@yS:> Importantly, most knowledge about these mechanisms has been
et al describes the role of central trained immunity at the level of bone magbtained fronin vitreexperiments in which isolated primary human mono-
row progenitors in more detdif. cytes were exposed to a training stimulus [e.g. microbial stimuli such as
We will rst summarize the intracellular molecular mechanisms that afeandida albicaasd Bacille Calmett&uerin (BCG), or metabolic stimuli
essential for the development of trained immunity. Subsequently, we ®4ch as oxidized low-density lipoprotein (oxLDL) or uric acid crystals] for
port the role of inammation and innate immunity in obesity, diabetes?4 h, and restimulated 6 days later with a heterologous stimulus [e.g. lipo-
and atherosclerosis, anghlly, describe in detail which stimuli and intracelpolysaccharide (LPS)] to assess cytokine production capacity or intracellu:
lular pathways can drive trained immunity in the context of these disordetar metabolic or epigenetic chanéés.
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Innate immune memory in cardiometabolic disease 3

2.1 Immunometabolism as the guard of intracellular metabolic pathways, including glycolysis, OXPHOS, glutan
(innate) immune cell function nolysis, cholesterol synthesis, and fatty acid metatBii$rase pathways

) are important for the energy production that is necessary for innate im-
Over the last decade, technological advances have helped boost resegfgiie memory, but they also regulate biosynthesis, proliferation, and im
into metabolic processes that irence immune response and whiehs  pact on intracellular signalling pathways. For example, up-regulation
a resuk—highly increased our knowledge of innate immune cell functigfese pathways is essential for the induction of epigenetic changes via st
and how immune cells respond to external (danger) stimuli. Six majgfy of specic metabolites or by regulating epigenetic enzymes licensing
metabolic pathways are important for innate immune cell activation: g absequent increased response upon secondary stimt(@igare).
colysis, the tricarboxylic acid (TCA) cycle that fuels OXPHOS, the pentoseg|ycolysis is one of the two canonical pathways for ATP synthesis in im
phosphate pathway (PPP), fatty acid oxidation, fatty acid synthesis (Ffighe cells. During glycolysis, glucose is converted into pyruvateSwhic
and amino acid metabolishAll these pathways are key to activating im-tnen either enters the TCA cycle in the mitochondria for further processing
mune cells, producing energy, and biosynthetic building blocks, and §p@ converted to lactate. Although glycolysis is classically the primarygsoure
production of cytokines for a quick immunological response upon stimulgtenergy in anaerobic conditions, itis also highly up-regulated in activéted ir
tion_..Different stimuli induce different pathways, resulting in either Pro- Ghune celto offer a faster (butless efient) supply of energy and additia%al
anti-inammatory responses. The pathways are also connected, singRtanolic products. Up-regulation of glycolysis is also essential for th&indu
intermediate products of one pathway feed into the other. In additionjon of trained immunity via activation of the ARTOR-HIF1a pathway/=
the metabolites of several pathways are also necessary for roles outsigsr stimulation by various training stimuli, inclu@iggucar?, BCG?" %
metabolism, e.g. to regulate epigenetic enzymes. and endogenous stimuli such as 0xi°@hd catecholaminé%aerobi% glys

. . . . . . colysis is up-regulated evidenced by up-regulated glycolytic eni S,
_2'2 Metabolic rewiring in trained innate creased uptake of 13C-radiolabeled glutbsas well as incre?:é%
immune cells glycolytic activity measured with Seahorse techn&i6gy. &
Several of the metabolic pathways mentioned above are also critical tdn addition to rapid energy production, up-regulation of glycolysig alsc
regulate trained immunity in monocytes and macrophages. Uporsthe promotes the conversion of NAD+ to NADH, which is an important go-
encounter with a training stimulus, there is a profound rewiring of variougctor for many enzymes. Furthermore, glucose-6-phosphate can fgel th
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PPP for the production of nucleotides and NADPH. In addition, whereas ldmmune cell activation, repressive marks are rapidly removed, and activat
tate was long seen as by-product of glycolysis, lactate can directly bind to img-histone marks such as methylation of histone 3 lysine 4 (H3K4me3) anc
tones and modify the epigenetic landscape of macrophages stimulated \aitbtylation of H3K27 are added, making the DNA accessible for transcrip-
LPS, at least in mit&Inhibition of glycolysis, either directly by 2-deoxy glution factors. After the binding of transcription factors, chromatin loops are
cose or by 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3-PO), which ifermed, allowing for tighter regulation of gene transcription via topologic-
hibits the inducible PFK-2/FBPase isozyme 6-phosphofructo-2-kinasly/ associated domains (TADs). Finally, microRNAs regulate degradatio!
fructose-2,6-bhiphosphatase 3 (PFKFB3), abolishes the up-regulated cytakfitbe RNA after transcription, adding another layer of regulation.
production, the hallmark of trained immuriftyAnother line of evidence es- During the establishment of innate immune memory, several histone
tablishing the relevance of this pathway comes from the presence of singledi cations are important for enhanced activation upon restimulation.
nucleotide polymorphisms in key glycolytic genes in healthy human subjédter initial stimulation of the immune cell, the epigenetic landscape does
affecting the induction of trained immuretyvivg’>® not return to baseline (i.e. before stimulation), but it leavéspigenetic 5

In addition to glycolysis, trained macrophages are characterized bydoat. For example, upoprglucan stimulation, increased levels of the &ti-
creased oxygen consumption, indicative of higher OXPHOS. Macrophageting histone modtation H3K4 monomethylation (H3K4me1l) are o@-
trained byB-glucan, BCG, oxLDL, and catecholamines show an augmentmtved on distal enhancers, H3K4me3 on active promotor sites,zand
basal and maximum oxygen consumption rate 6 days after initial expet3K27ac on both active enhancers and promotbiGo-incubation of 3
ure2”2931 pharmacological inhibition of OXPHOS, e.g. by the complex Monocytes with inhibitors of methylation and acetylation during traiing
inhibitor oligomycin, prevents trained immunity by ox?Bhdp-glucar* prevents the induction of trained immurify. In addition, decrease@®
but not by BCG.” Specically forp-glucan, it has been shown that this in- H3K9me2, which is a repressive mark normally closing the chromati for
creased OXPHOS is the consequence of epigenetic activation ofgmeci transcription, is also implicated in the regulation of trained immunity at
zymes, including succinate dehydrogenase B, by up-regulation of gt for BCG training:=° Due to the combination of thesepigenetic 3

methyltransferase Set7. scar§ gene transcription is rapidly enhanced upon secondary stimulgtion,
Trained immunity is also critically dependent on glutamine replenishméséving the cells more responsive. i
of the TCA cyclé.In monocytes stimulated wifRglucan or BCG, glutami-  Chromatin modications are regulated via histone-modulating enzymes,

nolysis is up-regulated, which subsequently leads to an accumulation ogfith as methyltransferases or demethylases. Three enzymes have bee
marate, succinate, and malate. Inhibition of the conversion of glutamidenti ed that are critical in the induction of trained immunity: the lysine
into glutamate can preventtrained immunity. Fumarate itself can induce traj@methylase KDM5, which is inhibited by the up-regulation of fumé&rate
ing in isolated human primary monocytes, whereas malate and succinateate TCA cyclé the lysine methyltransferase (KMT) Set7, which methy-
unable to promote training. Furthermore, fumarate inhibits KDMS, a histongtes H3K4me1 at the enhancer regions and is up-regulated in trained im-
3 lysine demethylase, promoting the persistence of histone trimethylationratinity byp-glucart* and lysine methyltransferase G9a/EHMT2, which
the promotor regions of pro-irammatory genes (see Section 2.3). methylates H3K9me2 leading to gene inaccessibility and is down-regﬁ;lata
Centrally located at the cross-roads of various metabolic pathways th@son trained immunity by BCG1In addition, other histone modiations
are important for inducing trained immunity is acetyl-CoA. First, in theould be important in the induction of trained immunity, such as histone
cytosol, acetyl-CoA feeds into the cholesterol synthesis pathway via thetylation or methylation/acetylation on other lysine residues. Moré: re-
conversion to mevalonafgGlucan-trained cells showed an up-regulatiorsearch is needed to further unravel epigenetic mechanisms of train€gl im-
of the cholesterol synthesis pathway and we have shown that trained ifwunity and their regulation for therapeutic potential. g
munity critically depends on the activation of this patilyibiting the Not only histone modications, but also DNA methylation has increasi@ly
conversion of mevalonate by HMG-CoA reductase inhibitors preventseen recognized to modulate trained immunityiniwitrostudies using—
trained immunity. Mevalonate itself can induce training via activationpeflucan toinduce training or LPS to induce tolerance, DNA methylatiorﬁ)at-
the Insulin-like Growth Factor 1 Receptor and subsequent mTOR activigrns did not change updiaglucan stimulation, but they did upon LPS toler-
tion. This leads to the enrichment of the activating histone matihn his-  ance, suggesting a larger role for DNA methylation in suppression ofjjene
tone 3, lysine 4 trimethylation (H3K4me3) on proaimmatory genes, expression rather than in incredSéiowever, in monocyte-derived macras
ultimately leading to enhanced prodmmatory cytokine production phages from BCG-vaccinated healthy human adults, alterations inSPNA
upon restimulatiod.The same pathway is also essential for reprogrammethylation were associated with enhanced anti-mycobacterial immignity
ming haematopoietic stem cells into a trained phendfype. ex vivg® And in addition, very recently, DNA methylation was descried
In addition, acetyl-CoA can be used for FABGlucan trained macro- as the underlying driver for long-tersil(year) non-spea: bene cial effects 2
phages show an up-regulation of the FAS pathway, but pharmacological inBilBCG vaccination in neonatéDNA methylation was established ap
ition of this pathway during the 24 h exposurégtglucan did not interfere  proximately 6 days after initial exposure to Bi@@itroand was precede
with trained immunit§.For training with the endogenous adrenal hormonepy H3K27ac, indicating a connection between DNA and histone a:aed%;
aldosterone, however, up-regulation of the FAS pathway via the mineralocgisns. Further research into the stimulus-sgeBDINA methylation change:
ticoid receptor is critical for the increased production of IL-6 and @&F-  and the interaction with histone modations is, therefore, warranted. S
On an even deeper molecular levehg non-codigtRNAs (IncRNAS)z

; ; ; ; ; and TADs are also important in trained immunity regulation. Their rofg in
_2'3 Epl_genetlc remodelllng in trained trained immunity is discussed in recent excellent litertlmeshort, %
Immunity some regions of the DNA have enriched chromosomal contacts thrgigh

In addition to adaptations to intracellular metabolism, trained immunity iBe folding of the chromatin, leadito so-called TADs. LncRNAs c&h
also regulated via epigenetic rewiring. The molecular mechanisms of thiddulate the contact through the formation of chromosomal loogs,
rewiring are only partially understood, but there is evidence for severatinging functionally related genes into proximity, subsequently leading
layers of regulation, including histone meations and subsequent to gene transcriptiof® LncRNAs are now emerging as novel modulators
changes in the accessibility of chromatin, as well as transcription of larighe long-term epigenetic reprogramming of innate immune cells and
non-coding RNA¥ In addition, DNA methylation is increasingly recog-are called immune priming IncRNAs (IPLs). To date, the role of IPLs
nized for a role in the establishment of innate immune meffory. and IncRNAs is only described for trainingfbgiucan, but it might

In resting immune cells, pro-ammatory genes are repressed or very well be an important epigereethechanism also for other inducers
‘closed via repressive histone marks and DNA methylation. Followingf trained immunity.
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one decade in the histological composition of carotid plaques, whic
removed by endarterectonfy. g
In addition to this shift in traditional risk factors contributing to ASC%/D,
in ammation and immune activation have been id=htas importangs
atherogenic mechanisms.dmmation is one of the mechanisms linking

were
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3) various traditional risk factors to ASCVD, but it can also drive atheroscler-
osis development independent of these risk factors, e.g. in the congtg}xt 0
3.1 Systemic in ammation in atherosclerosis clonal haematopoiediband as a mechanism that increases cardiovascula

The past decade has witnessed a gradual change in the contribution of gFé(_in patientiwith chr?niclt iarp_matory_disz_aase such a;]s rheumatf)i(:)agth-
ci ¢ ‘traditional risk factors in driving atherosclerotic cardiovascular dig!tis or HIV. The causal role of ammation in ASCVD has recently bgen

ease (ASCVDY In many countries, the number of people who Smokeestablished by randomized controlled trials with anséifmmatory drugss

has decreased. In addition, due to statins, ezetimibe, and proprotein c%ﬁ-e ‘canakinumab anti-ammatory thrombosis outcomes ~study

vertase subtilisin-kexin type 9 (PCSK?9) inhibitors, circulating concent QANTOS) reported that_the anti-interleukig Ilnono_clo_nal an_tibody C%
tions of low-density lipoprotein (LDL)-cholesterol are drasticall)pak'numab lowered the risk for recurrent myocardial infarction, strok, or

reduced in patients at high cardiovascular risk, which lowers the contritirdiac death by 15% in patients with a previous myocardial infarctiof§ and
1igh-sensitivity C-reactive protein level of 2 mg or more per*fitvore 5

tion of LDL-cholesterol to ASCVD progression. In contrast, other risk fa . )
prog ecently, two randomized controlled trials showed that also the fion-

tors gained sigréance. Due to their strongly increasing prevalencer, : L chici itionall for the 1@
obesity, metabolic syndrome, and type 2 diabetes mellitus rapidly gain fieci ¢ anti-inammatory drug colchicine, traditionally used for the tigat-

portance as drivers of ASCVD. The metabolic syndromenédeaccord- ment of gout attacks, reduced the major adverse cardiovascular event rat
. . . . . 7

ing to the National Cholesterol Education Program ATP Il criteria as tHB Patients with coronary artery disedSe’

presence of at least three of the followinvg traits: abdominal obesity, in-

creased serum triglycerides, low HDL-c, increased blood pressure, agdz Innate immune cell activation in
hyperglycaemia) serves as an indicator of obesity-related metabolic dysré-

gulation and is strongly associated with ASG\VBIso, there is now atherosclerosis, obesity, and diabetes

strong evidence that triglyceride-rich lipoproteins, which are often inaAnate immune cells importantly contribute to the systemanimation
creased in patients with metabolic syndrome and diabetes, are causallyoteserved in the context of ASCVD. Monocyte-derived macrophages are
lated to ASCVD developmefttinterestingly, these and other changes inthe most abundant immune cells in atherosclerotic plaques and orches
risk factors are associated with time-dependent changes over the periodiate the initiation, progression, and destabilization of these plaques
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Strategies that prevent the accumulation of monocytes into plaqu@sedisposing to ASCVD, activation of the innate immune system?not
strongly limit atherosclerotic plaque formation in animal sttftidere only occurs in the micro-environment of the atherosclerotic plaque, ?.%‘)ut
recently, the contribution of circulating neutrophils to the atherosclerotialso in the circulation and bone marrow nichigret).

process has been recognized, which is discussed in detail in otherféviews The presence of obesity has a profound impact on our immune sy@m
There is a strong correlation between circulating numbers of monocytds, addition to changes in absolute cell numbers, phenotypes of imfune
neutrophils, and the neutrophil-to-lymphocyte ratio and the occurrence afells are also affected leading to a state of chronic low-greatarita- <
ASCVD>° After entering the intima, monocytes differentiate into macro-tion>® There is a signtant correlation between obesity and diabetés
phages that contribute to the formation of the atherosclerotic plaque bgnd circulating leucocyte numbers, particularly of the myeloid ||ngage
engulfment of moded lipoproteins (such as oxidized LDL particles) ancind weight loss decreases monocyte and neutrophil nufbene.circu- —
subsequent foam cell formation; in addition, macrophages produce chentaiing leucocyte number predicts the incidence of type 2 dlabetesmn a
kines and cytokines after stimulation by several damage-associated molpopulation-based cohott.In children with obesity, the number of cwcw

lar patterns that are present in the plaque micro-environment and afating monocytes is increased and obesity is associated with mc@ase(
sensed by macrophage pattern recognition receptors, including Toll-liR®14™ monocyte numbers and an activated phenotype of the CD]%
receptors (TLRS)' Importantly, in patients with established coronary ar-monocyte subsefS. This chronic pro-inammatory state is involved m>
tery disease, also the circulating monocytes, before entering the athedsiving various obesity-associated complications including the deg‘elop-
sclerotic plaques, are characterized by a pranmmatory phenotype, ment of insulin resistance and atherosclef8sis.

producing more inammatory chemokines and cytokines aéigrvivo One of the key drivers of this chronic low-gradeaimmation is the ex-
stimulatior?>>® The progenitors of these circulating monocytes in thepanding adipose tissue, which is accompanied by a profound change in ir
bone marrow [the haematopoietic stem and progenitor cells (HSPCshune cell numbers and phenotypes. For example, the number of adipose
have the same hyperresponsive phenotype in patients with coronary artdigsue macrophages is known to increase robustly, and this is paralleled by
disease and show myeloid skewfr@imilar ndings were obtained in pa- shift towards a more pro-immmatory phenotype. These so-called meta-
tients with increased ASCVD risk due to hypercholesterolaemia: their ciolically activated macrophages residing in obese adipose tissue are cha
culating monocytes produce more cytokines aftevivestimulation and  acterized by increased expression of lipid-related genes and various
the HSPCs show a hyperammatory phenotyp®. These ndings illus-  pro-in ammatory marker&' More downstream, these iammatory mar-

trate that in patients with ASCVD or with traditional risk factorskers drive various complications associated with obesity. For example,
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pro-in ammatory cytokines are known to interfere with the insulin signalwas no change in the transcriptomic enrichment of monocyte-associate
ling route ultimately leading to insulin resistance and type 2 di&betes. in ammatory and migratory pathways, indicating a memory of the previou:
The presence of obesity leads to changes in various metabolic pahnigh LDL-C°
meters including increased plasma glucose and insulin concentrationgVith regard to Lp(a), monocytes isolated from patients with elevated
changes in lipid concentrations, and alterations in adipokines secretgxda) levels are pro-immmatory, migrate faster through endothelial cell
from obese adipose tissue. In addition, obesity can be accompaniedidyers, and after radioactive labelling and auto-transfusion, demonstra
metabolic endotoxaemfd.Several lines of evidence have suggested than increased homing to the arterial wall compared with controls with
these metabolic alterations are leading to long-term changes in a wide vaw levels of Lp(&f’
iety of cell types including innate immune cells and their progéfiftors.  The signicance of trained immunity in ASCVD is also highlighted by its
Moreover, these immunomodulatory changes appear to persist even affgesence in patients with established ASCVD. Féteindications for &
the obesity-associated metabolic alterations have been normalized. Thasned immune phenotype in the context of atherosclerosis in hu§1ans
suggests the presence of long-term immunological effects of metabolic dgsvivpwere observed in 2016 in a small cross-sectional study in p8t|ent'
regulation that can be explained by trained immunity driving long-termith symptomatic coronary artery disease compared with healthymcon-
changes in innate immune cell functffi. Dysregulation of immune trols>*Monocytes from these patients showed up-regulated cytoklne;pro-
cell function ultimately leads to a chronicaimmatory state underlying duction capacity, accompanied by an increased expression of glgcolyl
the development of various complications associated with obesity. enzymes, as well as the typical enrichment of H3K4me3 on the prombtors
In the next paragraphs, we will discuss in detail how factors associatédytokine genes indicative of trained immunity. A more recent stu&ij in g
with ASCVD, and in particular, obesity- and diabetes-associated factaisjilar patient population cormed the circulating monocyte reprogram
can have long-lasting effects on leucocytes and bone marrow progenitorsg and also demonstrated in CD34+ HSPCs, isolated by a bone rgarrox
by trained immunity. aspiration, marked functional and transcriptomic reprogramming toglard<

the myeloid lineag¥. 5
c
©
4. Trained immunity in ASCVD 4.2 Diet-induced trained immunity S
; ; ; ; A few experimental studies have reported that spediets [e.g§

4'1 Traln.ed Immumty by (mOdI ed) Western-type diet (WD)] or spect diet-related metabolites can indiyge
lipoproteins trained immunity. In LDL-receptor knockout midei¢ -/}, a 4 weeks

LDLs are abundantly present in atherosclerotic plaques. Brief exposuré/b induces hypercholesterolaemia, systemerimmation, and activati@n
isolated primary human monocytes to low concentrations of oxLDL, andf the innate immune systefhFour subsequent weeks of chow diet fol-
to a lesser extent also to acetylated LDL (acLDL), induces a trained itowing the WD completely normalizes the systemi@mmmation, bu%i
mune phenotyp&® These oxLDL-trained macrophages are characterizelbaves the myeloid cells in a persistent hyperresponsive phenotypg upc
by enhanced production of pro-mmmatory cytokines such as IL-6, restimulation with TLR ligands. As an explanation for the long-lasting pres
MCP-1, and TNle; and increased expression of matrix metalloprotei-ence of these hyperresponsive monocytes in the circulation, theirsbone
nases, after restimulation with TLR2 and TLR4 ligands. Furthermore, thesarow progenitor cells, particularly granulocyte-monocyte proge%tors
trained macrophages are more amenable to foam cell formation via ugsMPs), were shown to be reprogrammed on a transcriptional and eggen‘
regulation of CD36, and scavenger receptor A, and a down-regulation etic level. Mechanistically, the NLRP&rimmasome and subsequent pro-
the cholesterol efux transporters ABCA1 and ABCG1. Similar to duction of IL-§ are essential in inducing this memory phenofyfe.
B-glucan and BCG-induced-training, oxLDL-induced trained immunityAkhough in this particular study, atherosclerosis was not assesse& as
critically dependent on the up-regulation of glycolysis and OXPHOS andtcome, previous studies have shown that transplantation of bonesmar.
the enrichment of the activating histone medtion H3K4me3 in the row from WD-fed LdIr-/imice into chow-fed recipients increases athéro-
pro-in ammatory cytokine gene regidig=®® sclerotic lesion size independent of serum cholesterol [égisilarlys
Lipoprotein(a) is a lipoprotein consisting of an LDL-like lipoproteiteijkenst al”* showed that hypercholesterolaemia can induce pri%ing
coupled to an apolipoprotein(a) moiety that carries oxidized phospholef HSPCs ihdIr-/mice, skewing them into the myeloid lineage, whlc}‘Eper-
pids. Elevated Lp(a) levels are independently associated with ASC3ifs when transferred to normocholesterolaemic mice. Ultimately, gans
such as coronary artery dise83en the same experimental design asplantation of hypercholesterolemia-primed HSPCs leads to aggravétion
used for oxLDL, 24 h exposure to Lp(a) dose-dependently induced trainatherosclerosis in normocholesterolaetnitr-/mice via up-regulated i&-
immunity in isolated human monocytes, characterized by enhanced prammation, indicative of a pro-ammatory HSPC memory. g
duction of TNFe. and IL-6 after restimulation with LPS, which is mediated High-fat diets can increase gut permeability with translocation of 1838 e
by the oxidized phospholipids carried by the Lf{a). the systemic circulation, which is called metabolic endotoxaeAmmE{Hw
Thein vitro ndings on the training capacity of oxLDL and Lp(a) have sumice, intermittent administration of a very low amount of LPS, mimigking
cessfully been translated to patients with elevated circulating concenttlais metabolic endotoxaemia exacerbated atherosclerotic lesions and ir
tions of LDL-c and Lp(a). Isolated monocytes from patients witkduced trained immunif.Upon short-term stimulation, monocytes polgr-
treatment-naive familial hypercholesterolaemia with severely elevaigedd into a sustained pro-eimmatory state, as shown by increased LygeC,
LDL-c concentrations showed a pro-dmmatory phenotype compared CCRS5, and MCP-1 expression, ultimately leading to aggravated ather(
with matched normocholesterolaemic control subjects, with increasestlerosis several weeks after the initial stimulus. To demonstrate thescaus
cytokine production capacity, transcriptomic changes in metabolic patiele of monocyte reprogramming, the authors performed adoptive tpans-
ways, and the enrichment of the histone marker H3K4me3. Despite tter of ex vivd_PS-reprogrammed monocytes once weekly for 1 manth,
fact thatin vitrooxLDL-induced trained immunity can be prevented by stawhich also increased plaque $fze.
tins, a 3-month course of lipid-lowering therapy with statins did not re- A recent study in healthy Tanzanians idedtother diet-derived circu-
verse this trained immune phenotype in patients with familidhting metabolites that can modulate trained immunity. The study com-
hypercholesterolaemfaln a more recent study, bone marrow aspiration pared urban with rural-living individuals in 232 healthy Tanzanians. Urbz
was performed in patients with familial hypercholesterolaemia before thiging was associated with an increased prmimatory cytokine produc-
start of cholesterol-lowering therapy and 3 months after the start of theion capacity of isolated peripheral blood mononuclear cells (PBMCs).
therapy. Bone marrow HSPCs from patients with familial hypercholeste®everal food-derived metabolites were identithat accounted for these
olaemia showed increased gene expression in pathways involved in H8R€rences by directly modulating the cytokine production capacity of cir-
migration and myelomonocytic skewing. Three months of cholesteratulating monocytes. Interestingly, serum from the urban-living individua
lowering treatment reverted the myelomonocytic skewing, but therénduced trained immunity when added to healthy donor mono®ptes
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vivo This was prevented by apigenin, which is a dietary-dedvede, = S100a8, produced by activated neutrophils, prevented the increase in cir-
with higher circulating concentrations in rural-living individuals since icidating monocytes and reduced TIH-induced atheroscl&tosis.
found in high concentrations in the traditional rural Tanzanian diet like inInterestingly, TIH did not lead to increased levels of HbAlc that is used
stable cereal millet and sorghum. Apigenin also tended to prevetat monitor long-term plasma glucose levels. This suggests that additiona
oXLDL-induced trained immunity in isolated human monoaytégo readouts beyond HbAlc are needed to monitor plasma glucose levels
and variability. The current widespread use of continuous glucose monitor-
ing devices has opened up new lines of research to understand the impac
4.3 Trained immunity induction by _ofglucose va_riabi_lity onimmune cell function and the development of CVD
) in humans with diabetes.
hyperglycaemla Besides the effects of glucose on myeloid progenitor cells, high glgcose
One of the key metabolic complications associated with obesity-inducedncentrations have also been shown to promote trained immunity irﬁhu-
insulin resistance is elevated plasma glucose levels. High plasma glucasenature monocytes. Exposure of isolated primary human monogytes
concentrations are a risk factor for the development of various complicée 25 mM of glucose for 24 h followed by 5 days of culturing in normogly-
tions including atherosclero&sBoth acute and long-term effects of glu- caemic conditions led to increased production of TiNffter stimulation =
cose on innate immune cells have been ideditihat appear to persist with LPS. These effects involved hyperglycaemia-mediated eplggenetl
after lowering plasma glucose levels. Epidemiological studies have inidh#inges through regulation of the mixed lineage leukaemia®targily.
coined the termhyperglycaemic memorip describe the observation Epigenetic changes induced by high glucose levels may also be céhvey
that a period of high blood glucose levels (hyperglycaemia) is somehoyvadditional pathways including the histone methyltransferases SBIYDH
memorized in individuals with diabete&ven after lowering blood glu- and SET7/¥ g8
cose levels, this metabolic memory towards a previous hyperglycaemic epWhile training and epigenetic effects may lead to long-term chan@s in
sode translates into an increased risk for the development of ASCVDnate immune cells, direct effects of high levels of glucose on |mmune cell
More recent studies have shed light on potential underlying moleculare also well known. Exposure of macrophages to high glucose concgntra
pathways involving changes in innate immune cells as well as non-imntiams is known to drive more pro-immmatory responses illustrated
cells with immune function (such as endothelial cells) that may partly erhanced release of various prosimmatory cytokiné&° This may in 3
plain these observations. part be explained by an increase in the glycolytic rate of the cells afté} ex-
Endothelial cells are one of thrst sensors of harmful endogenous stim- posure to hyperglycaemic conditions leading to the pramimatory re-
uli such as high glucose concentrations in the blood. They were also #monse of macrophag¥s®
rst cells in which mechanisms of hyperglycaemic memory were discovit is important to emphasize that additional more indirect pathways may
ered. Already in 2008, El-Ogtieal showed that endothelial cells are highlyexist to explain the harmful effects of hyperglycaemia and glucose vatriabil
sensitive to glucoseictuations, resulting in an enhancedinmatory re-  ity. High glucose levels are known to modulate proteins throu% a
sponse due to epigenetic changes such as increased H3K4melnon-enzymatic reaction leading to advanced glycation end-pro#ucts
pro-in ammatory genes. When the endothelial cells were subsequen{§GEsy* These irreversible modiations impact on the functional progs
exposed to normoglycaemic conditions, the epigenetic changes and erties of proteins. In addition, a specieceptor exists that binds thesg
hanced inammatory response remain&Since then, many additional AGEs. This receptor for AGEs is also expressed on immune cells incg_}lding
studies have unravelled pathways, epigenetic enzymes, and additionalmazrophages and its activation promotes pradimmatory responses. 5:
lecular mechanisms of endothelial cell meffory. Altogether, short- or long-term elevated glucose concentrations may
More recent studies focused on the effects of hyperglycaemia on mylgave both direct and persistent effects on our innate immune syﬁem
loid progenitor cells in the bone marrow. In streptozotocin-induced diathat remain even after lowering plasma glucose levels. @
betic mice, increased numbers of circulating neutrophils and Ly6-C(hi)Other diabetes-related factors may also promote changes in |mrnune
monocytes were observed resulting from activation of myelopoiesis @ell function. The development of insulin resistance initially leads to rggher
the bone marrow?? Follow-up studies showed that hyperglycaemia inplasma insulin levels to overcome the resistance state. Although insglin i
duces differences in macrophages originating from these progenitor ceitst needed for glucose uptake of immune cells, the insulin S|gnaII|r§ as
This became apparent by comparing bone marrow-derived macrophagesle is present in monocytes and macrophages and can impact theiefunc
isolated from normoglycaemic vs. streptozotocin-induced hyperglycaertianal output. Insulin treatment of immune cells activates the PI3K§\kt/
mice. Afterex vivdlifferentiation of these bone marrow cells in normogly-mTOR pathway in monocytes and leads to changes in the metaboli§in of
caemic medium, macrophages originating from hyperglycaemic bone ntiae-cells. This is paralleled by functional changes including increasefl cyt
row were characterized by increased proaimmatory gene expression kine production and enhanced migration capacity of the mondéyt8s.
and proatherogenic characterisfitghis was partly explained by changesinsulin may also act together with other metabolites to increase ﬁmamc
in metabolic signatures of the cells illustrated by an increase in the glycolytatory trait of monocytes. Indeed, a combination of high levels of in&ulin
rate of the cells that is known to drive ammatory traits of macro- and saturated fatty acids activates human monocytes to pro8uce
phage§® and also licenses the development of trained immunitypro-in ammatory cytokines. In  addition, insulin  enhances
Moreover, transplantation of bone marrow from diabetic mice intoLPS-stimulated transcription of TNFinterleukin-6, and IL3In macro- ©
normoglycaemitdle/- recipient mice that were subsequently fed a WD phage$?®® In contrast, potential anti-iammatory effects of insulif

aggravated atherosclerosis development, with also an increased progmve also been reported. Insulin negatively regulatés-&tfivatiorl® a 3

tion of plaque macrophage nuclei staining positive for H3K4me3. FurtHezy transcription factor activating proammatory gene expression. l%
analysis revealed involvement of the Runt-related transcription factortie presence of high concentrations of glucose, insulin treatment of macro-
(Runx1) in translating hyperglycaemia into persistent proatherogemibages reduces LPS-activated gene expression of groaiatory cyto- 63
changes of the bone marrdit. kines and lowers NO synthe8isAlso, insulin may impact on immune

In addition to chronic hyperglycaemia during diabetes, observatiogeall function through metabolic effects since it has been suggested to regu:
studies have shown that variations in plasma glucose levels also have hate-macrophage lipid metaboli€lthough these immunomodulating
ful effect$+8® Glucose variability including short-term increases in plasnedfects of insulin might also modulate trained immunity, detailed mechan-
glucose levels is prevalent in individuals with impaired glucose metabolitin studies are currently lacking and warrafited.
and has been shown to increase the risk for ASCVD. Mimicking this so-
callectransient intermitted hyperglycaéhtid) in Apoe/- mice by weekly
intraperitoneal injections of glucose accelerated atherogenesis. This flad¢ Obesity and trained immunity
largely driven by an increase in myelopoiesis in the bone marrow, resultingaddition to the existence of a metabolic memory towards individual
inincreased circulating monocytes and neutrophils. Deletion of S100a9 ametabolic cues associated with obesity, including glucose, it also seem
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that a period of obesity itself is memorized and leads to persistent changesdiovascular morbidity and mortality in these patients are higher thar
in immune cell phenotype and function. in patients with essential hypertension with comparable blood pressure le
Although losing body weight is effective to reduce obesity-associateels*>*** we hypothesized that these adrenal hormones themselves
metabolic complications, body weight loss is often followed by weight reeuld impact on innate immune cell function and induce trained immunity
gain:®® Approximately 80% of individuals who achieve a weight loss of Brief exposure of isolated human primary monocytes for 24 h to rele-
>10% will regain their body weight within 1 yE8rComplete or even  vant concentrations of aldosteroirevitroindeed induced a trained im-
partial weight regain leads to worsening of metabolic complications comune macrophage phenotype. This effect was abolished when cells wel
pared with the previous period of obesit.*%* co-incubated with spironolactone, a mineralocorticoid receptor bigéker.
Recent mechanistic studies may have shed some light on potenSalprisingly, aldosterone-trained macrophages showed different intracell
underlying mechanisms to explain this phenomenon. On the level of th metabolic changes compared with oxLDL- or microbe-induced trgined
adipose tissue, weight loss has been shown to reduce the chrame in immunity. Instead of up-regulated glycolysis and OXPHOS, whlcéwert
matory state of the adipose tisstf@However, weight loss does not com- not observed, aldosterone exposure induced an up-regulation 08 FAS
pletely normalize the imammatory state since several immune markeravhich was due to the enrichment of H3K4me3 on the promoters of essen-
remain elevated after weight 1388'°7 This so-calletbbesogenic mem- tial enzymes in FASASNMindELOVLEAIthough isolated monocytes from
ory' is characterized by an increase in pramnmatory macrophages patients with PHA did not show higher cytokine production capacnygafter
that fail to normalize in number and phenotype after weight loss. Thesa vivastimulation, monocyte-derived macrophages of these patlerﬂ's did
persistent changes despite subsequent weight loss appear to set the s&tyBv enhanced oxLDL-induced TMxpressiort™* ?
for a worsened response upon weight regain. Recent work has shown thatin a similar experimental modeliofvitrotraining, the catecholamings
subsequent weight regain worsens th@mmatory response in adipose adrenaline and noradrenaline induced trained immunity in isolated séuma
tissue compared with a previous obesity petf¥drhis obesity-induced primary monocyte®’ Interestingly, although concomitant admlnlstr@on
imprinting of adipose tissue immune cells promoted activation of antigesf- these catecholamines with LPS attenuated cytokine productlon in é
presenting cells and enhanced lipid handling in macrophages in anistast term, this cytokine production was enhanced when the cellscwere
undergoing body weightuctuation. It is important to note that body restimulated with LPS 6 days following catecholamine exposure: Thi
weight uctuations also impacted on adaptive immune cell function includkas accompanied by an up-regulation of glycolysis and OXPHGS an
ing T cell exhaustion. On a systemic level, these changes lead to worseniag mediated via activation of ffteandp2-adrenergic-cAMP pathwaQs
of metabolic complications compared with obese animals not undergoiagd the enrichment of H3K4me3 on the promotor regions of cytol@ﬁes
body weight uctuations. Effects of body weight cycling even appear to gimnd chemokines.
beyond the adipose tissue itself. For example, persistent changes in the miin patients with pheochromocytoma, a rare neuroendocrine turnour
crobiome induced by body weight cycling have been shown to drive wdhat releases bursts of catecholamines into the circulation, isolated fona
sening of metabolic complicatidfi3. cytes showed trained immunity, characterized by increased cytokir;% pro
It also seems likely that changes in bone marrow cells induced by batlyction capacity, and enrichment of H3K4me3 at the promoter sités of
weight cycling may contribute to enhanced activation of innate immumpeo-in ammatory genes. This trained immune phenotype sustained evel
cells and worsening of metabolic complications. As discussed earlief, ihonth after the surgical removal of the tumour, indicating a me%hory
has already been shown that communication between the adipose tisiféhe previous high catecholamine le¥2ls.
and bone marrow exists driving enhanced myelopoiesis during 6besity. In summary, monocytes from patients with these particular acgenal
How these pathways are affected by body weight cycling is currently wauses of hypertension have a trained immunity phenotype coniparec
known; however, one might speculate that weight cycling would lead twith blood pressure-matched subjects, and this is most likely due 1 the
persistent or even more robust increase in myelopoiesis worsening tlikrect effects of the adrenal hormones. However, we have never s@dlec
pro-in ammatory state associated with obesity. More studies are needégined immunity in the context of primary hypertension compared awth
to decipher the existence of a metabolic memory towards other metaborormotensive control subjects.
lites or proteins associated with obesity. Recent work also showed that psychosocial stress can accelerﬁe atl
erosclerosis via the up- regulatlonécj)rf%stress hormones and subsequent re
. . . . . programming of innate immune cetisBarrettet al studied monocyte@
4.5 Trained lmmumty and uric acid from stressed mice (and humans) and found acharacterlammatoryo
Serum uric acid is the end-product of purine metabolisms in humans, agghscriptomic signature and hyperresponsiveness upon TLR ligand’stim
high uric acid concentrations predispose to gout. Epidemiological studigon, indicative of a trained immune phenotype. Transcriptomic arid epi
have shown strong associations between hyperuricaemia and obesity, Qi,fhomic analyses showed that the mTOR pathway was involved aBd th:
betes, hypertension, and ASCVD. Importaintlyitroexposure of isolated  the chromatin accessibility was altered. Finally, myocardial |n’fé?dnmf8
primary human monocytes to soluble uric acid for 24 h enhances the cytéroke' !’ itself, both major stress-inducing events, lead to long-term répro-
kine response to immediate Subsequent exposure to LPS, which is Caﬂﬁgmmmg of HSPCs in the bone marrow via Sympathet|c nervous %/Ster
immune priming, and is also dependent on histone meth;}iéﬁ@hjs signalling, ultimately aggravating atherosclerosis. However, it has npt be
is distinguished from trained immunity by the shorter persistence of thavestigated whether this is due to the typical metabolic and epigenegic me
prlmlng effect: when the uric acid- prlmed cells were stimulated with L%ﬁarﬂsms of trained |mmun|ty The role of mye|0|d progen|t0r C@S in
24 h after removal of the uric acid, the .groduction was no longer in-  trained innate immunity will be further discussed in the parallel rewew

creased, although for IL-6 a higher production was still observed even af§gr\mitrouliset al in this special issti. o
5 days of rest between the uric acid removal and LPS restimdfdtion. N
Isolated PBMCs from patients with gout showed enhagxcei/@roduc- N
tion of IL-13, which was associated with serum uric acid I&¥f&ls. ) ..

5. Future perspectives and clinical
4.6 Trained immunity by adrenal hormones: implications
catecholamines and aldosterone With intervention studies reporting a reduction in the cardiovascular event

Another major risk factor for CVD is hypertension. Two hypertensive syrrate in high-risk populations (typically after myocardial infarction) by anti-
dromes that are associated with a particularly increased CVD risk are gni-ammatory drugs, the causal role ofammation in ASCVD has been
mary hyperaldosteronism (PHA) and pheochromocytoma. PHA anaell-established. The recé®021 ESC Guidelines on cardiovascular dis-
pheochromocytoma are caused by excessive (adrenal) overproductiease prevention in clinical practiceluded the recommendation to con-

of aldosterone and catecholamines, respectively. Given the fact tlsider the treatment with colchicine to lower cardiovascular risk in



10 H. Bahraet al

secondary prevention of CVD, particularly if other risk factors are insufbody. Therefore, to provide specity and limit adverse events, it is im-
ciently controlled or if recurrent CVD events occur under optimal therapyportant to specically target the myeloid cells that contribute to CVD.
(Class Ilb, Level A evident®)Preclinical evidence summarized in this refFor this purpose, nanoparticles have been developed, for example,
view suggests that immmation is particularly contributing to ASCVD in ApoA-I-based, HDL-like nanoparticles, that spatty deliver the chemical
the context of obesity, metabolic syndrome, and type 2 diabetes. In paempounds they are loaded with, to myeloid éflsin vitro
ticular, there is accumulating evidence for innate immune cell reprograRfDL-nanobiologics loaded with the mTOR inhibitor rapamycin down-
ming in patients with these conditions. Obesity itself, probably viagulate trained immunity induction in human isolated monocytes. In a
in ammatory mediators from its adipose tissue macrophages, and factamsuse transplantation model, trained immunity induction occurs in
associated with obesity, such as diet ({¥Drban vs. rural diéf), hyper-  graft-in ltration macrophages, and targeting this with rapamycin-loaded
glycaemi&’ hyperuricaemi&* dyslipoproteinaemf&,and low-grade en-  HDL-nanobiologics sigoantly improves graft survival, illustrating the gb-
dotoxaemid? can induce long-lasting hyperresponsiveness of the innaential of such therapie$® 3
immune system, by reprogramming of their bone marrow progenitors, Another way to interfere with trained immunity while avoiding ovEr-
which facilitates atherosclerosis. Trained immunity, through metabaolithelming immunosuppression would be to spdly target those cellsz
and epigenetic reprogramming, appears to be one of the mechanisthat show the most vigorous trained immunity phenotype. An |mportant
that contribute to this long-lasting immune cell activation. Only recentlggecent discovery is that not all monocytes respond similarly to a tramlng
Edgaret al provided solid proof that trained immunity (in this particularstimulus, but instead three subgroups could be id=ht{i) macrophageg
study induced by hyperglycaemia) can indeed accelerate atheroscleraitis enhanced expression of genes encoding chemokines®and
development in a mouse mod&lAlthough monocytes from patients pro-in ammatory cytokines; (i) macrophages with enhanced expreﬁsmn
with coronary artery disease or with risk factors for ASCVD have markersf chemokines only; and (iii) non-trained cells, with an approximate gqual
of trained immunity, the causal role of trained immunity for atherosclerosifistribution*® This nding suggests that spexilly interfering with
and ASCVD (both for endogenous atherosclerotic stimuli and for trainetlained immunity in a subgroup of monocytes (comparable to spdyi o
immunity induced by infections) has yet to be proved. removing senescent immune cells with senolytics) is a future possm%lty

In the future, these novel insights into the role of the innate immune sys-There are some exciting and pressing open questions about tralnegi im-
tem might have several clinical implications. First, markers of trained imunity in the context of obesity and its metabolic and cardiovascular om-
munity, e.g. epigenetic markers in circulating monocytes, might pications. First, it is important to unravel in more detail how tralﬁed
associated with cardiovascular risk in certain patient populations, whiatmunity contributes to CVD in the setting of obesity and diabetes %nd
would allow improved risk stratiation. A hint that certain histone mod- to identify which subset of monocytes is trained, and how these cellé can
i cations might be associated with the development of diabetic complidae identied. Secondly, we should explore the interrelatedness between
tions has been reported in a subgroup of patients who participated in theained immunity and other recently ideetl mechanisms that contributé
Epidemiology of Diabetes Interventions and Complications (EDI®@) innate immune cell activation, such as clonal haematopoiesis, andi&nmu
study''® Monocytes from patients with type 2 diabetes with a history ofosenescence. Furthermore, there is recent evidence in mice that trgined
high HbAlc levels who had developed microvascular complicatioinsmunity, at least induced by micro-organisms, is transmitted acros§ gen:
showed a greater number of promoter regions with enrichment in the acerations->’ This might lead to an exciting new hypothesis to explalnghe
tive histone mark H3K9Ac compared with patients with a history of lowink between maternal obesity and cardiovascular health in then‘loff-
HbA1c and without any microvascular complications. spring:?® Finally, to fully exploit the therapeutic possibilities relatecgto

A second future implication is that the knowledge that trained immunityrained immunity, it is important to also investigate trained immunity déyel-
contributes to the cardiometabolic and cardiovascular complications opmentin other cell types than monocytes. There is accumulating evid&nce
obesity might improve personalized pharmacological prevention and tretitat trained immunity can occur in NK-cells, innate lymphoid cells, anc%]eu-
ment strategies. On the one hand, this can improve the prediction of treatrophils'?® In addition, innate memory characteristics are observed i meepl—
ment ef cacy of known anti-immmatory drugs, and on the other hand, thelial cells and endothelial cells, and it would be of great interest to fugher
trained immunity offers novel pharmacological targets. A hint of hoexplore this in the setting of obesity, diabetes, and CVD.
trained immunity can be used to predict thecaty of immunomodulatory
drugs can be derived fronpast hoanalysis of the CANTOS trial. It was .
suggested that patients with clonal haematopoiesis due to TET2 driver njmerapeutlcs.
tations, which is associated in experimental models with enhanased in
masome activation and |-roduction, may respond better to treatment Funding
with canakinumab than patients without clonal haematoptiésise N.P.R. was supported by an CVON grant (CVON2018-27) from $he
could imagine that also the presence of trained innate immune cells mighttch Heart Foundation and a grant of the ERA-CVD Jiﬁnt
be associated with a stronger bedial effect of immunomodulator drugs, Transnational Call 2018, which is supported by the Dutch Heart
such as colchicine. Importantly, fLid also an important mediator of Foundation in the Hague (JTC2018, project MEMORY; 2018T093)3 S.B
trained immunityin vitraconcomitant administration of IL-1 receptor an- is supported by the Dutch Heart Foundation in the Hague (Dekker gsant
tagonists prevents oxLDL-induced trained immunity amdvivo 2018-T028). M.G.N. is further supported by a European Research Cgancil
WD-induced trained immunity can be prevented by inhibition of th§dERC) Consolidator grant (3310372), an ERC Advanced GrantFP/
NLRP3 inammasomé? 2007-2013/ERC grant 2012-322698), and a Spinoza Prize (NWGE SPI

In addition to predicting the potential effects of existing drugs, the met82-266). R.S. was supported by a VIDI-grant from ZonMw and a semozr fel-
bolic and epigenetic mechanisms driving trained immunity provide nol®ship of the Dutch Diabetes Foundation.
pharmacological targets. Spectompounds that inhibit the inducible
glycolytic enzyme PFKFB3 can lower glycolytic rate without completfyeferences
blocking egCO|y§'§1 and this prevents trained immunity vitrg™® 1. lwasaki A, Medzhitov R. Control of adaptive immunity by the innate immune Blatem.
Inhibitors of glutaminolysis have been developed in the cagldeand IMMUNoR01516:343-353.
these drugs might also prevent trained immunity. In addition to metabolic. vivier E, Malissen B. Innate and adaptive immunityctjescind signaling hierarchies re-
modulators, trained immunity could also be suppressed by counteracting visitedNat Immund20056:17-21.
specic epigenetic changes with compounds such as histone methylatloﬁ Netea MG, Quintin J, van der Meer JW. Trained immunity: a memory for innate host de-
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