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Abstract

Monocytes and macrophages provide defense against pathogens and danger signals. These cells
respond to stimulation in a fast and stimulus-specific manner by utilizing complex cascaded
activation by lineage-determining and signal-dependent transcription factors. The complexity of
the functional response is determined by interactions between triggered transcription factors, and
depends on the microenvironment and interdependent signaling cascades.

Dysregulation of macrophage phenotypes is a major driver in various diseases, such as
atherosclerosis, rheumatoid arthritis and type 11 diabetes. Furthermore, exposure of macrophage
precursor cells, monocytes, to certain stimuli can lead to a hypo-inflammatory tolerized phenotype
or a hyper-inflammatory trained phenotype in a macrophage.
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In atherosclerosis, macrophages and monocytes are exposed to inflammatory cytokines, oxidized
lipids, cholesterol crystals and other factors. All these stimuli induce not only a specific
transcriptional response, but also interact extensively, leading to a transcriptional and epigenetic
heterogeneity of atherosclerotic plaque macrophages.

Targeting the epigenetic landscape of plague macrophages can be a powerful tool to modulate pro-
atherogenic phenotypes to reduce the rate of plaque formation. In this review we discuss the
emerging role of transcription factors and epigenetic remodeling in the context of atherosclerosis
and inflammation, and provide a comprehensive overview of epigenetic enzymes and transcription
factors shaping macrophage activation.

Introduction

Monocytes are one of the first lines of defense of the body against pathogens or tissue
damage. Circulating monocytes comprise three subsets: classical CD14++CD16-
monocytes, non-classical CD14+CD16++ and intermediate CD14+CD16+ [1]. After being
recruited to danger zones by chemotaxis, monocytes differentiate into macrophages.
Together with specialized tissue-resident macrophages that maintain their pool without
active contribution of blood monocytes, monocyte-derived macrophages participate in
inflammatory process[2]. In response to specifically encountered pathogen- and damage-
associated molecular patterns (PAMPs and DAMPs) and host derived signaling molecules,
macrophages adopt a plethora of functional phenotypes [3]. The classical macrophage
polarization model describes two opposing phenotypic states: a “classical” pro-inflammatory
M1 macrophage that is induced by bacterial lipopolysaccharide (LPS) and/or interferon
gamma (IFN-y) and an “alternative” anti-inflammatory M2 macrophage that can be
triggered by for instance interleukin 4 (IL4). However, recent progress in functional
characterization reveals that macrophage phenotypes are not limited to the M1 and M2
extremes but rather represent a continuous spectrum of phenotypes associated with
differential cytokine production and functional characteristics [4,5]. This macrophage
functional plasticity is tightly regulated by transcriptional reprogramming, which is achieved
by modifications of chromatin accessibility and the epigenetic landscape.

In disease, chronic inflammation can lead to aberrant remodeling of macrophage responses
and cause a shift in their phenotypes, leading to e.g. an increase of pro-inflammatory
macrophages in diabetes or anti-inflammatory macrophages in cancer [6]. In atherosclerosis
macrophage dysregulation underlies disease pathogenesis [7]. Exposure of monocytes to i.a.
oxidized lipids, cholesterol crystals and inflammatory mediators leads to formation of
atypical macrophage activation states combining the characteristics of pro- and anti-
inflammatory phenotypes [8].

These changes are associated with transcriptional and epigenetic reprogramming, and are
modulated by transcription factors and epigenetic enzymes [9]. Understanding the
underlying regulatory mechanisms can help to develop new therapies, by e.g. blocking an
unwanted pathway or reprogramming macrophages to a more beneficial phenotype.
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In this review we summarize recent efforts in the understanding of transcription factors and
epigenetic mechanisms controlling macrophage activation in steady state and in disease with
a particular focus on atherosclerosis. We discuss the cooperative action of transcription
factors and epigenetic modifiers in the context of inflammation and atherosclerosis and
suggest potential ways to ‘re-educate’ macrophages in disease.

Transcriptional regulation

Transcriptional and phenotypic diversity is regulated on multiple interconnected levels
through i.a. transcription factor and co-factor binding, the epigenetic landscape, long-range
interactions, DNA methylation, RNA editing, and long non-coding RNAs. This multilayered
regulation ensures a robust execution of cellular phenotype and function, including
macrophage differentiation and activation. Below, we highlight the main mechanisms
involved in the transcriptional and epigenetic regulation of macrophage programs.

In the nucleus, DNA is wrapped around histone proteins. This physically hinders its
accessibility for transcription factor (TF) binding and the transcriptional machinery [10].
Chromatin accessibility can be modulated by epigenetic modification of histone tails. In
particular, the lysine residues of histones H3 and H4 can be chemically modified by e.g.
addition of methyl or acetyl groups. For example, activation of regulatory elements is often
associated with a gain in histone acetylation. This leads to a more open chromatin
configuration and a general increase of TF accessibility and also creates binding sites for
‘reader’ proteins such as Brd4 that recruit additional transcriptional complexes. Di- and tri-
methylation of H3K9 (H3K9me2/3), on the other hand, is associated with closed, compacted
chromatin and repression of gene transcription through recruitment of proteins such as
heterochromatin protein 1 (HP1). Chromatin modification profiling by means of ChIP-
sequencing can aid in identification of regulatory elements and transcriptional activity in a
genome-wide manner (Box 1). For example, tri-methylation of H3K4 (H3K4me3) is a
hallmark of gene promoters and mono-methylation of H3K4 (H3K4me1l) is generally
associated with distal regulatory elements (enhancers), while acetylation of H3K27
(H3K27ac) near transcription start sites and on enhancers and dimethylation of H3K79
(H3K79me2) or trimethylation of H3K36 across the gene body is associated with actively
transcribed genes (Figure 1; Box 2) [11].

Histone modifications are written and erased by histone modifying enzymes (HMEs) (Box
2) [12]. HMEs are targeted to specific histones by interactions with TFs and the
transcriptional machinery. TFs usually bind to specific DNA motifs that can be located at
gene promoters and distally at enhancers. Most TFs require chromatin accessibility to be
able to bind to the DNA, while a minority of TFs possess pioneering activity, i.e. are able to
bind to their partially exposed motifs within closed chromatin, recruit chromatin remodeling
complexes and modify the local chromatin structure leading to a more opened configuration
allowing other factors to bind [13].

The macrophage epigenetic- and chromatin accessibility landscape is established by
differential binding of so-called lineage-determining and signal-dependent transcription
factors (LDTFs and SDTFs) [9]. LDTFs serve as master regulators of the cell specific
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epigenetic landscape. During cell type specification they have pioneering activity, i.e. are
able to bind to closed chromatin, set-up a cell-specific regulatory landscape and drive cell-
specific transcription programs. For example, combinatorial binding of LDTFs PU1, CEBPB
and AP-1 defines macrophage identity, while binding and activity of PU1, E2A and Oct2 is
associated with B-cell development [14]. In the case of tissue macrophages, the regulatory
landscape can be further diversified by niche-specific LDTFs, such as Runx3 in intestinal
macrophages and Mef2c in mouse microglia [15,16](Figure 2). Afterwards, SDTFs such as
LPS-induced NF-xB or interferon-induced IRFs can activate a stimulus-specific regulatory
program by activating this poised regulatory landscape [9,17]. Besides utilizing the pre-
existing regulatory landscape, SDTFs are also able to expand the enhancer repertoire by
activating epigenetically unmarked elements termed ‘latent enhancers’ [18]. Upon stimulus
removal, these elements remain epigenetically marked and are thereby primed for rapid
response to a subsequent activation, acting as cellular memory [18] (Figure2).

Enhancers are able to exert their regulatory activity over a large linear distance. This can be
achieved via long-range looping of the chromatin to create an interaction between the
enhancer and its target promoter, bringing them close together in three-dimensional space.
As long-range interactions are associated with specifically primed regulatory elements,
human monocytes and macrophages can be readily distinguished based on their long-range
interaction landscape [19]. Differentiation of the monocytic cell line THP-1 into
macrophages leads to extensive changes in long-range interactions. The majority of
interactions are gained in macrophages and these loops are associated with binding of the
LDTF AP-1 [20]. Interestingly, while differentiation is associated with interaction landscape
remodeling [20], activation of differentiated cells occurs within the pre-established
landscape without significant interaction remodeling [21].

DNA methylation is a stable epigenetic mark often found at CpG islands at promoter and
enhancer elements. Promoter and enhancer methylation are generally associated with gene
repression that can occur through several mechanisms: repelling or recruitment of TFs,
nucleosome repositioning, and recruitment of repressive methyl-binding proteins (MBPs)
[22]. During differentiation DNA methylation changes ensure a robust silencing of unwanted
transcriptional programs, for example lymphoid differentiation is associated with
progressive silencing of myeloid lineage transcription factors and their binding sites,
ensuring the silencing of this opposing program[23]. Monocyte to macrophage
differentiation was also shown to associate with changes in DNA methylation [24-26].
Interestingly, subsequent activation of macrophages leads to very few methylation changes
[24,26].

Non-coding RNAs, i.e. transcripts that are generally not translated into protein, play a large
role in regulating gene expression on various levels, e.g. by enhancing or blocking
transcription or translation, altering the splicing of mRNA, or recruitment of HMEs such as
polycomb group complex members [27]. In macrophages, numerous micro RNAs have been
shown to influence differentiation and execution of activation programs [28]. Also long non-
coding RNAs (IncRNAS) play an important role in regulating macrophage activation. The
IncRNA LeXis, for instance, was shown to be an important modulator of the LXR pathway,
thus controlling sterol metabolism [29].
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Thus, the functional identity and plasticity of macrophages is dynamically controlled by
sequential binding of transcription factors, establishing and modifying the epigenetic
landscape by recruiting epigenetic enzymes to alter chromatin accessibility, histone
modifications, and DNA methylation.. During differentiation, LDTFs setup the ‘macrophage
program’ by priming key macrophage related genes, enhancers, and non-coding RNAs. This
part of the program is set up and not dynamic in a fully differentiated macrophage. Later, in
response to a specific environmental stimulus, SDTFs can bind to a subset of the primed
regulatory elements and latent enhancers to execute an activation state specific program,
creating a stimulus specific macrophage phenotype. This part of the landscape is dynamic
even in a fully differentiated macrophage. Exposure to different stimuli can further expand
the enhancer repertoire and prime them for subsequent stimulation. This flexible, yet tightly
coordinated regulation makes macrophage phenotype modification an interesting target for
intervention in inflammation-related conditions.

Macrophage rewiring in disease

Inflammation is associated with multiple diseases, including diabetes, cancer and
atherosclerosis [6]. Macrophages, as modulators of inflammation, play a major role in the
development of these inflammation-related conditions and their activation is often affected.
In disease, macrophages can shift towards a pro-inflammatory phenotype and lead to an
enhanced non-resolving inflammation, as can be seen in atherosclerosis, obesity and
diabetes, or to an anti-inflammatory phenotype leading to immune-suppression and a
decreased defense such as seen in multiple cancers [6].

Furthermore, during sepsis prolonged or repetitive exposure of monocytes to endotoxins
leads to hypo responsiveness of these cells, or “endotoxin tolerance”. In tolerized cells,
expression of an endotoxin-induced inflammatory gene program and pro-inflammatory
cytokine production is dampened by the first encounter with endotoxin. Moreover, anti-
inflammatory cytokines are overexpressed via induction of the TLR4/TRIF/STAT3 pathway,
leading to a weaker immune response after a second stimulation [30]. Endotoxin tolerance
can in this way result in increased patient mortality after secondary infections by preventing
proper mounting of an inflammatory response. Interestingly, in LPS-induced tolerance only
some genes are shut-down after repeated stimulation (“tolerized”), while other genes remain
active (“responsive™) [25,31]. This gene-specific regulation has been shown to be associated
with changes in the chromatin landscape and differential transcription factor binding
[25,31]. The non-responding “tolerized” genes fail to accumulate activating acetylation
marks on their promoters resulting in a lack of transcriptional activation upon re-exposure
[25,31]. This lack of activation was suggested to be caused by direct repression of pro-
inflammatory TFs such as IRF and STAT2 and subsequent failure to activate their direct
targets, or by repression via tolerance-inducing TFs such as HIF1a [25]. Interestingly, LPS-
induced immunological tolerance was shown to be prevented by exposure of monocytes to I-
BET, by blocking the initial LPS response, and reversed by B-glucan exposure (at ~60% of
tolerized genes), providing a potential future therapeutic approach to combat sepsis [25].

Contrary to sepsis, which is associated with a tolerized, anti-inflammatory macrophage
phenotype, autoimmune diseases such as rheumatoid arthritis and systemic lupus
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erythematosus are linked to a hyper inflammatory macrophage profile [32]. This can in part
be explained by the immunological training phenomenon. In training, the primary stimulus
will prime specific regulatory elements and open latent enhancers. On the second stimulus,
this pre-setup regulatory landscape allows faster and increased transcriptional activation of
the stimulus specific gene program, leading to an enhanced inflammatory response. This
long-lasting reprogramming is associated with epigenetic and metabolic reprogramming
[33,34]. Training can be achieved by exposure of monocytes to e.g. ox-LDL, Candida
albicans p-glucan, or tuberculosis vaccine bacillus Calmette-Guerin (BCG) [33,35,36].

The induction of these two opposing programs is regulated via engagement of different
pattern recognition receptors (PRRs). For example, engagement of NOD1, NOD2 and
dectin-1 receptors leads to formation of trained response, while engagement of TLR
receptors with high-dose PRR’s leads to immunological tolerance [37]. On the chromatin
level, immunological training and tolerance have been shown to induce long-lasting
epigenetic remodeling of different sets of regulatory elements [25,33]. This remodeling was
associated with changes in activating histone marks such as H3K27 acetylation and H3K4
tri-methylation [25,33]. Some prominent differences included differential regulation of lipid
metabolism and lysosome genes, which are up-regulated by training inducer b-glucan and
repressed by tolerance-mediator LPS. This regulation was associated with b-glucan specific
induction of EGR2 and MITF transcription factors. The EGR2 and MITF motifs were also
strongly enriched in b-glucan specific regulatory elements associated with lipid metabolism
genes, strongly suggesting their involvement[25]. Furthermore, transcription factor motif
analysis in trained macrophage enhancer elements identified several TFs potentially involved
in regulating this innate immune memory, including ATF1, ATF7, and CREB3 [33]. /n vivo
mouse studies revealed the role of ATF7 in the establishment of trained immunity via
association with H3K9 dimethylase G9a, resulting in the repression of a subset of genes
involved in the LPS- and B-glucan immune memory programs. Upon stimulation, ATF7 was
released from the chromatin, resulting in long-lasting gene activation and providing
protection against future re-infection [38].

Innate immune memory priming can not only occur at the monocyte level, but already at the
level of myeloid precursor cells in the bone marrow [39]. For instance, hypercholesterolemia
and western diet were shown to trigger myeloid progenitor reprogramming, resulting in a
trained phenotype and enhanced macrophage responses [40,41]. Priming of bone marrow
skews differentiation towards the monocytic lineage and is associated with up-regulation of
several transcription regulators including the AP-1 family (FOS/JUN). This reprogramming
was shown to be associated with chromatin remodeling as detected by ATAC-seq [40]. AP-1
TFs participate in the establishment of a lineage-specific enhancer landscape by interacting
with LDTFs, and the recruitment of BAF chromatin remodeling complexes to these
enhancers. Simultaneous disruption of three AP-1 TFs (FOS, FOSB, JUNB) was sufficient
to decrease nucleosomal remodeling at enhancers as detected by ATAC-seq [42].

Epigenetics of atherosclerosis

Atherosclerosis is a chronic inflammatory disease of the arteries where cholesterol, lipids
and cellular debris accumulation in the vessel wall over time can lead to plaque formation,
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rupture, and thrombosis; this in turn can lead to myocardial infarction or ischemic stroke and
is therefore one of the leading causes of death in the western world [43,44]. Major cellular
drivers behind atherosclerotic plaque formation are activated macrophages and foam cells
[71(Figure 3).

In the atherosclerotic plaque microenvironment, macrophages are exposed to a wide variety
of stimuli that impact on their activation state, e.g. oxidized lipids, cytokines and signaling
molecules, hypoxia, and necrotic cells [5]. Transcription factors play a major role in setting
up the epigenetic landscape of macrophages in atherosclerosis. Here, LDTFs such as
CEBPB and PUL1 instruct macrophage differentiation. SDTFs such as NF-xB, IRF, and
STAT trigger macrophage activation following cytokine stimulation, while nuclear receptors
such as PPAR and LXR activate lipid-associated transcriptional programs (Figure 3). A
variety of triggers in atherosclerosis and an interplay between TF-induced transcriptional
programs leads to functional heterogeneity of macrophages, as evidenced by recent single-
cell RNA-seq and mass cytometry (CYTOF) analysis of atherosclerotic lesions in mouse
[8,45]. Moreover, the balance of different types of macrophages in the plaque is spatially
organized [46] and is considered a major factor determining stability of lesions and clinical
consequences [7].

Transcription factors involved in cytokine signaling

Plague macrophages can gain hyper-inflammatory tissue destroying characteristics [3].
These pro-inflammatory activation states can be induced by cytokines produced by
macrophages, such as granulocyte-macrophage colony—stimulating factor (GM-CSF), or T-
helper 1 (Th1) cells, such as interferon gamma (IFN-y), or by bacterial products such as
lipopolysaccharide (LPS) [47]. In this state, macrophages produce high levels of TNF, IL-6,
IL- 1b, IL-12, IL-23, and CCL2, i.a., and propagate Thl and Th17 responses [48]. On the
opposite side of the spectrum, plaque macrophages can obtain anti-inflammatory pro-fibrotic
characteristics involved in wound healing and tissue repair by Th2 and Treg cytokines like
IL-4, 1L10, IL-13, and M-CSF[49]. In this state, macrophages show an increased expression
of scavenger and mannose receptors, IL-1 receptor agonist (IL-1RA), IL-10, Fizz1, Ym1,
and arginase-1 and will further enhance the Th2 response [50]. Cytokine signaling leading to
pro- or anti-inflammatory macrophage activation states is mainly relayed via the NF-xB and
JAK/STAT pathways. The pro-inflammatory landscape is regulated by SDTF families such
as NF-xB and IRFs, while the anti-inflammatory landscape is set up by transcription factors
as STAT6 and HIF-2a [51]. Moreover, LPS induced inflammatory macrophages fine-tune
sustained NF-xB binding by co-binding of the pro-inflammatory TF IKAROS in a dose
dependent manner [52].

Nuclear factor kappa B (NF-xB) is a family of SDTFs that mediate inflammatory responses.
Under basal conditions NF-xB is located in the cytoplasm in an inactive form, but upon
stimulation it translocates to the nucleus, and regulates its targets via binding to NF-xB
response elements on the DNA [53]. The NF- kB signaling in macrophages has been
recently reviewed by Dorrington and Fraser [54]. NF-xB binding to the DNA is dependent
on the chromatin environment, and the majority of its binding occurs at pre-accessible
chromatin, set-up by LDTFs PU1 and CEBP [14,55]. Upon binding, NF-xB recruits histone
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acetyltransferase P300, leading to histone acetylation and formation of active chromatin,
permissive for transcription [55].

SDTFs belonging to the IRF family also play an important role in setting up macrophage
activation programs. While some IRFs, e.g. IRF1, IRF5 and IRF8, are involved in pro-
inflammatory activation of macrophages, other IRFs, e.g. IRF3 and IRF4, regulate anti-
inflammatory macrophage activation [56]. The majority of Interferon regulatory factors
(IRFs) occupy pre-accessible chromatin set-up by e.g. PU1 or indirectly via NF-xB, thus
acting as a standard SDTF [57,58]. On the other hand, the inducible binding of Irf8 appears
to be independent of a pre-set-up chromatin landscape and suggests a pioneering activity of
this factor and an ability to function as an LDTF [57]. Indeed, genome-wide mapping of Irf8
binding sites showed a big overlap with stimulus-induced latent enhancers, thus further
suggesting the ability of this TF to bind and mark previously inaccessible loci [57].

IL4-induced alternative macrophage activation is mainly associated with STAT6. This TF
regulates the activation of anti-inflammatory program genes, including PPAR-y [59]. Apart
from inducing a subset of its target genes, STAT®6 is also involved in gene repression through
recruitment of HDAC complexes and a decrease in enhancer accessibility. Interestingly, in
contrast with gene-activating STAT6 binding sites, STAT6 binding sites associated with a
repressive function lack the canonical STAT6 motif suggesting that STAT6 uses either
indirect binding or binding to non-canonical motifs to exert its repressive function [60].

Transcription factors involved in lipid signaling and foam cell formation

In an atherosclerotic plaque environment, macrophages can be primed by (oxidized) lipid
particles, inducing a ‘foamy’ activation state. Uptake of lipid particles turns macrophages
into overloaded foam cells [61] which display an anti-inflammatory phenotype but also
acquire a unique transcriptional profile via activation of the LXR-RXR and PPAR-y TF
pathways, leading to upregulation of lipid handling proteins such as the ATP-binding
cassette (ABC) lipid transporter family [62,63].

Foam cells and other (lipid) activated macrophages occupy both pro- and anti-inflammatory
niches in the plague microenvironment [64]. On the one hand, lipid loading induces anti-
inflammatory TFs such as LXR and PPAR-y while on the other hand, lipids can also be
recognized by toll-like receptors (TLR), leading to activation of a pro-inflammatory
response via the NOD-, LRR- and pyrin domain-containing 3 (NLRP3) pathway [65].

An additional layer of complexity is introduced by a crosstalk between lipid-induced and
inflammation-induced TFs in inflammatory signaling. LXR and PPAR-y can inhibit parts of
the TLR-induced inflammatory program [66]. Activation of the LXR and PPAR-y pathways
inhibits the NF-xB pathway by binding of LXR to co-repressors like nuclear receptor
corepressor (N-CoR) and silencing mediator for retinoid and thyroid hormone receptors
(SMRT), and to NF-xB target genes by co-binding NF-xB itself [67,68]. Furthermore, IL4-
induced STAT6 was shown to induce PPAR-y, facilitate its transcriptional program [59] and
expose de novo binding sites for PPAR:RXR heterodimers [69], thus suggesting a complex
interaction between TFs during alternative macrophage activation. Interestingly, repeated
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IL4 stimulation resulted in an activation of additional genes by the PPAR:RXR heterodimer
in a ligand-insensitive manner [70].

Several additional macrophage TFs were demonstrated to play an important role in foam cell
formation and maintenance, thus suggesting a potential role in atherosclerosis development.
For example, loss of transcription factor ATF3 induces foam cell formation and aggravates
atherosclerosis in vivo [71]. ATF3 was identified as a regulator of lipid droplet formation in
macrophages by repressing the transcription of the Ch25h gene, encoding cholesterol 25-
hydroxylase, and thereby repressing 25-hydroxycholesterol formation. Loss of ATF3
resulted in derepression of Ch25h and an increased formation of 25-hydroxycholesterol,
which is an LXR ligand, leading to induction of a cellular lipid phenotype and foam cell
formation [71]. In agreement with the athero-protective role, ATF3 is induced by HDL and
anti-inflammatory HDL action is dependent on ATF3 dependent pro-inflammatory cytokine
suppression [72]. Intriguingly, another recent study demonstrated the involvement of TF
KLF4 in regulation of the Ch25h gene. Here, KLF4-dependent activation of Ch25h led to
LXR activation, repression of the inflammasome and a shift from pro- to anti-inflammatory
activation, thus having an atheroprotective effect [73].

The transcription factor MafB is expressed specifically in the myeloid lineage and is
associated with macrophage differentiation. In early atherosclerotic lesions MafB inhibits
foam cell apoptosis, thereby promoting plaque development [74]. In advanced plaques MafB
depletion causes larger necrotic cores and lower collagen content, potentially destabilizing
the plaque [75]. Thus, MafB worsens the lesion in the early stages of plaque development
yet stabilizes the plaque in the advance stages of the lesion.

Foam cells are not always macrophage derived

While the classic paradigm of atherosclerotic lesion formation emphasizes foam cell
formation from monocyte derived macrophages, a sizable fraction of foam cells is in fact
derived from intimal smooth muscle cells (SMCs). As reviewed by Dubland et al. [76],
SMCs can under influence of platelet derived growth factor  (PDGF-R), lose their
contractile phenotype and turn into a more synthetic phenotype, which produces
extracellular matrix, and has a restorative, wound healing function that repairs and stabilizes
the artery wall [77-79], or in the case of atheroslcerotic lesions, thickens and stabilizes the
fibrous cap. As the lesion progresses however, synthetic SMCs are among the first cell types
to retain lipoproteins [80]. Further exposure to intra plaque signals such as TGF-R, oxidized
lipids, and cytokines can drive the synthetic SMCs to transdifferentiate into foam cells [81-
83]. Interestingly, cholesterol itself was shown to induce transdifferentiation of mouse SMCs
and an increase in expression of foam cell markers CD68, Mac-2 and ABCA1[84]. Some
reports suggest that as high as 50% of all foam cells in human lesions are of SMC origin
[85]. However, this quantification relies on co-staining with SMC- and foam cell specific
markers, which does not consider the full phenotype and direction of transdifferentiation and
may lead to an overestimation of transdifferentiating cells. However, mouse-based lineage
tracing experiments can aid characterization of these in vivo transitions and underlying
epigenetic mechanisms. For example, in this way the Kruppel Like Factor 4 (KLF4) TF
program was identified as a driver of SMC transdifferentiation[86]. The myeloid LDTF Spl
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(PU1) was shown to bind to the KLF4 promoter in response to PDGF-R signaling [87]. Like
STAT6, KLF4 induces an anti-inflammatory macrophage state via induction of MCP-1
induced protein (encoded by the ZC3H12A gene), which represses NF-xB function and
activates the C/EBPb and PPAR-y programs [88]. Although SMC derived foam cells gain
macrophage markers such as CD68 and Lgals3, and accumulate cholesterol and lipoproteins,
they do not gain phagocytic or efferocytic capabilities, and do therefore not turn into bona
fide macrophages [89]. However, simultaneous loss of SMC markers makes it difficult to
separate these SMC derived foam cells from their monocyte derived counterparts [90,91]. In
monocyte derived macrophages, activation of the KLF4 program leads to an
atheroprotective, anti-inflammatory phenotype [92,93]. Epigenetically, expression of KLF4
is regulated by methylation of its promoter by DNMTL. In inflammatory macrophages
KLF4 is hypermethylated, leading to suppression of its TF program [94]. While in
macrophages KLF4 has an atheroprotective role, KLF4 in SMCs appears to be pro-
atherogenic and its loss leads to a decrease in lesion size and an increase in plaque stability.
Indeed, in cultured SMCs cholesterol-induced expression of KLF4 led to KLF4-dependent
activation of pro-inflammatory cytokines, thus promoting a pro-inflammatory, atherogenic
plaque environment [86].

Epigenetic enzymes impacting on plaque macrophages

Transcription factors can modulate macrophage activation via epigenetic remodeling of the
chromatin landscape and vice versa. The induction of pro-inflammatory macrophage
phenotypes after for instance NF-xB activation is primed by IFN dependent deposition of
H3K4me3 at promoters of NF-xB target genes such as 1L-6 and TNF [95]. The induction of
an anti-inflammatory macrophage phenotype, on the contrary, can be dampened by
expression of HDAC3, a histone deacetylase that deactivates key factors needed for IL-4
dependent anti-inflammatory activation [96]. Indeed, macrophage specific KO of Hdac3 in
mouse promotes plaque stability and steers the cells into a more wound-healing, fibrotic,
anti-inflammatory phenotype [97]. /17 vivo activity of HDACS relies on co-association with
nuclear receptor co-repressor complexes N-CoR and SMRT [98]. Thus, similarly to HDAC3,
myeloid N-CoR knock-out also leads to an anti-inflammatory macrophage phenotype [99].
Deletion of HDACO attenuates atherosclerosis and, similarly to HDACS3, leads to an
inhibition of the inflammatory profile in macrophages and an induction of lipid-handling
genes and anti-inflammatory activation via upregulation of ABCA1, ABCG1, and PPAR-y
[100].

Alternative macrophage activation is also regulated by H3K27me3 via the Jmjd3-1rf4 axis
[101]. The repressive histone mark H3K27me3 is deposited by the polycomb repressive
complex (PRC) 2 methylase Ezh2 and can be removed by H3K27me3 demethylases KDM6a
and KDM6h. KDM6b was shown to be dispensable for establishment of the pro-
inflammatory macrophage phenotype in mice, but it was required for a proper anti-
inflammatory response via the removal of H3K27me3 from the IRF4 promoter [101].
Indeed, KDM6B expression was shown control a fibrotic, wound healing phenotype in
peritoneal macrophages from LDLR KO mice on a high fat diet [102]. Surprisingly,
macrophage-specific deletion of Kdm6b resulted in advanced atherosclerosis with an
increased collagen content and lesion necrotic core [103]. KDM6B itself was shown to be
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upregulated by STATS6, induced by IL-4 sighaling. KDM6B dependent IRF4 transcription
eventually, among other effects, leads to expression of CCL17, an anti-inflammatory
macrophage cytokine [104]. Interestingly, KDM6B also modulates IRF4 expression and
subsequent CCL17 production after simulation with G-MCSF [105], which normally acts
via STAT5 and IRF5 mediated induction of an inflammatory phenotype [106,107].

A recent study by Zhang and colleagues demonstrated that Ezh2 is also involved in
modulation of the macrophage phenotype. Ezh2 was shown to impact on H3K27me3
deposition on the promoter of cytokine signaling repressor SOCS3. Depletion of Ezh2 in
mouse macrophages led to upregulation of SOCS3, resulting in a decreased activation of
Myd88-dependent NF-xB activation and a diminished pro-inflammatory gene expression
[108]. Consequently, mice with myeloid Ezh2 deficiency displayed attenuated macrophage
activation and reduced development of colitis and experimental autoimmune
encephalomyelitis [108], making Ezh2 an attractive target for other inflammatory diseases
like atherosclerosis as well.

Somatic mutations in epigenetic enzymes contribute to CVD—Clonal
hematopoiesis of indeterminate potential (CHIP) has recently emerged as one of the
strongest independent predictors of cardiovascular disease. In CHIP, somatic mutations in
hematopoietic precursors lead to clonal expansion of mutation carrying cells in the
peripheral blood. Interestingly, these mutations are often found in genes encoding epigenetic
enzymes, e.g. DNMT3a and TET2 [109], a DNA methyltransferase and demethylase
respectively. Indeed, /n vivo studies confirm that TET2 loss aggravates atherosclerosis at
least in part through altering the macrophage inflammatory response [109]. While in steady
state conditions TET2-deficient macrophages resembled their wild type counterparts, their
response to LPS/IFN-y stimulation was associated with an exacerbated upregulation of pro-
inflammatory cytokines, including IL1b and IL6 [110]. Unexpectedly, TET2 mediated
repression of 111b appeared to be independent of its demethylase activity. Overexpression of
a catalytically inactive TET2 mutant still led to a 90% reduction of I11b. A similar level of
111b repression was observed with wild-type TET2, suggesting a methylation-independent
mechanism [110]. However, further research is needed to elucidate the mechanism behind
TET2-mediated regulation. Interestingly, a recent report identified SIRT1 as an upstream
regulator of TET2 and a potential therapeutic target for TET2 mediated myelodysplastic
syndrome (MDS). Here, SIRT1 activates TET?2 via direct deacetylation, and restores its
activity in Tet2 deficient MDS [111]. In line with a potential role of clonal hematopoiesis in
cardiovascular disease, SIRT1 is suggested to play a protective role in atherosclerosis [112],
which warrants future research of this enzyme in a cardiovascular setting. CRISPR-mediated
deletion of DNMT3A led to an increase in inflammatory response upon LPS stimulation
with a particular increase in 116, Ccl5, Cxcll and Cxcl2 [113] in the J774 mouse macrophage
line. However in mouse peritoneal macrophages, DNMT3A deletion was associated with
down-regulation of IFN-a and IFN-B, but pro-inflammatory cytokines TNF and 1L6 were
unaffected [114], potentially due to the differences in experimental models.
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Interplay between signals acting on (opposing) gene programs

In atherosclerotic plaques, macrophages are exposed to a variety of signals, e.g. oxidized
lipids, or pro- and anti-inflammatory cytokines, resulting in their complex phenotypes [5].
Recent single-cell RNA-seq analyses of mouse atherosclerotic lesions identified a plethora
of activation states associated with plaque macrophages, including pro-inflammatory,
resident-like and novel Trem2-high macrophage subsets [8,45,63,115]. Importantly, the
identified pro-inflammatory and resident-like anti-inflammatory macrophage subsets did not
resemble the classical M1- and M2-polarized macrophages and expressed both pro- and anti-
inflammatory macrophage markers simultaneously, highlighting the complexity of
inflammatory signaling in an atherosclerotic plaque /n vivo [8].

Indeed, several recent studies suggested an extensive epigenetic and transcriptional cross-
talk between pro- and anti-inflammatory signaling in macrophages [116,117]. For example,
in vitro co-stimulation of bone-marrow derived macrophages with the pro-inflammatory
IFN-y and anti-inflammatory IL4 were shown to inhibit parts of opposing programs. IFN-
responsive enhancers containing the AP-1 motif were inhibited by IL4, via IL4-dependent
inhibition of AP-1 TF family members Cebpb and Junb. On the other hand, IFN-responsive
enhancers with minimal IFN response element were not affected by L4 stimulation. This
complex logic allows for a robust antiviral response, while preserving stimulus-dependent
plasticity [116]. Furthermore, pre-stimulation of bone-marrow derived macrophages with
IL4, followed by pro-inflammatory LPS also resulted in a complex crosstalk between the
two signaling pathways with some genes being inhibited to subsequent activation and some
genes insensitive to the inhibitory effects. Intriguingly, a small group of genes showed an
elevated response to LPS in the pre-treated macrophages, suggesting a cooperative effect of
the opposing signaling programs [60]. This inhibitory effect of IL4 pre-treatment was
mediated by STAT6 binding and accompanied by a decreased chromatin accessibility, a
decrease in transcriptional coactivator P300, and an increase in corepressor HDAC
occupancy [60]. Interestingly, the majority of IL4 responsive enhancers were sensitive to the
inhibitory effects of IFN, suggesting dominance of the IFN program. The insensitive
enhancers were associated with binding of the TF Myc [116]. IFN-y stimulation was also
shown to stably repress a subset of anti-inflammatory genes by recruitment of EZH2 and
subsequent deposition of the repressive mark H3K27me3 [118], which might explain the
dominance of the IFN-induced pro-inflammatory over the anti-inflammatory program [116].
Indeed, targets of the Ezh2-mediated H3K27me3 deposition included IL4-activated PPAR-y,
and key glucocorticoid receptor target MERTK [118]. In addition, IFN-y represses anti-
inflammatory gene expression program by disassembling, i.e. repressing binding of TFs and
chromatin accessibility, at enhancers bound by the anti-inflammatory macrophage TF MAF
[119].

Another example of extensive molecular cross-talk between seemingly opposing programs
was demonstrated by wound healing enhancer repression by transcription factor Rev-Erb.
While some TFs are specifically associated with pro- or anti-inflammatory programs, the
Rev-Erb nuclear receptor family was shown to be involved in repression of wound healing
regulatory elements irrespective of stimulation type. Accordingly, depletion of Rev-Erb in
mouse macrophages led to an enhanced wound-healing capacity. Mechanistically, Rev-Erb
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was co-occupying NF-xB and AP-1 bound enhancers upon TLR stimulation, and Smad3
enhancers upon TGF-p treatment. In this way, Rev-Erb can integrate these seemingly
opposing signals to inhibit wound repair. Exposure of macrophages to the supernatant of
skin homogenate, representing a complex skin wound environment, confirmed co-activation
and extensive molecular cross-talk between the TLR and TGF-B programs [120].

Apart from mutual suppression between pro- and anti-inflammatory programs, different pro-
inflammatory signals also result in complex interactions between TFs [121]. For example, a
recent study investigated the molecular mechanism underlying cross-tolerance, i.e. pre-
treatment with one inflammatory cytokine, e.g. TNF to decrease the response to a secondary
stimulation with another inflammatory mediator, e.g. LPS. TNF stimulation led to tolerance
of a subset of pro-inflammatory genes. This TNF induced tolerance was prevented by pre-
exposure of macrophages to IFN-y. Pre-exposure of macrophages to IFN primed chromatin
for the TNF response, presumably via cooperative action of IRF1 and NF-xB. Interestingly,
partial reversal of tolerance by IFN resembled the monocyte profile from SLE patients,
where IFN is suggested to play a key role in disease pathogenesis [121].

Thus, extensive molecular crosstalk exists between various inflammatory programs,
including those previously considered to be opposing. This crosstalk results in changes in
the molecular and functional output of macrophages and should be carefully considered
when characterizing these cells in a disease with complex signaling triggers, such as
atherosclerosis.

Conclusions

Atherosclerosis is an inflammation driven disease and macrophages play a central role in its
modulation. Due to the need to respond in a rapid and specific way these cells adopted a
unique permissive epigenetic landscape, established and controlled by sequential binding of
LDTFs and SDTFs. These TFs modify the chromatin landscape during differentiation and
exposure to stimuli, but also prime elements for future exposure, creating a cellular memory.
This allows the cells to mount a faster response upon reactivation. While this strategy allows
macrophages to efficiently respond to pathogenic stimuli, this system is also prone to
dysregulation. For instance, low-grade systemic inflammation, often associated with the
normal ageing process, can lead to changes in macrophage activation states driven by
cytokine induced remodeling of the epigenetic landscape of cells.

The flexible yet tight control by transcription factors and epigenetic modifiers make
intervention in these pathways in macrophages a promising target for inflammation-driven
diseases. In atherosclerosis recent efforts have been directed at understanding the molecular
mechanisms driving macrophage activation, with a particular focus on epigenetic enzymes
[122]. Indeed, macrophage-specific genetic ablation or pharmacological inhibition of HMESs
holds promise for inflammatory disease. However, due to the broad action of epigenetic
enzymes, a targeted therapy would be beneficial and possibly even required. Recruiting an
HME to the chromatin by modulating specific transcription factors might constrain the broad
effects of HME inhibition. Thus, investigating HME recruitment mechanisms and target
selection is of particular importance.
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In order to develop potential therapeutic strategies to modulate macrophage phenotypes by
interfering with HMEs and TFs, we need a better understanding of the molecular
mechanisms driving macrophage differentiation and activation. In particular, characterizing
the epigenetic landscape can help to pinpoint TFs and upstream signaling pathways
regulating cell-type specific gene expression programs. Furthermore, an atherosclerotic
plaque in vivo represents a complex environment where different types of signaling cascades
act on macrophages in combination. Therefore, studying the effect of signaling crosstalk on
gene expression programs and chromatin dynamics can help us understand the /n vivo
situation better. Additionally, recent efforts towards downscaling cell numbers for chromatin
profiling make it feasible to characterize the genome-wide epigenetic landscape of various
macrophage populations in an atherosclerotic plaque directly [123].

Genetic loss-of-function phenotypic screens have proven to be a valuable tool for
discovering novel regulators of the inflammatory response. Considering macrophage
heterogeneity in response to activating stimuli, a combination of loss-of-function screens
with single cell read out can aid our understanding of macrophage biology. Several recent
studies demonstrated a feasibility of this approach to define key transcription factors in
primary immune cells [124,125].

In summary, dysregulation of the tight control over diverse macrophage activation states via
transcription factors and epigenetic modulation plays a major role in the pathogenesis of
inflammatory diseases such as atherosclerosis and remains a promising avenue of future
research.
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TF

Transcription Factor. Protein with DNA binding domain that guides the transcriptional
machinery to or blocks it from regulatory elements such as promoters and enhancers,
thereby facilitating the execution of tailored transcriptional programs.

LDTF

Lineage Determining TF. Transcription factor with pioneering (i.e. chromatin conformation
changing) capabilities that sets up the chromatin for execution of cell type specific gene
programs.

SDTF
Signal Dependent TF. Transcription factor which binds DNA and activates its gene
program in reaction to an external stimulus.
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Histone Mark. Chemical group covalently bound to a specific amino acid residue on (the
tail of) a histone protein. HMs can change the local chromatin accessibility through
electrostatic effects and/or guide the transcription machinery to specific loci in the genome
(See Box 1).

HME

Histone Modifying Enzyme: Reader, writer, or eraser of chemical histone (tail)

modifications.

Heterochromatin

repressive chromatin state. Chromatin in a closed conformation inaccessible for

transcription.

Euchromatin

permissive chromatin state. Chromatin in an open conformation accessible to the

transcription machinery.

Promoter

Regulatory DNA region proximal to a transcription start site. Contains consensus motifs for

TFs and the transcriptional machinery.

Enhancer

Regulatory DNA region distal to a transcription start site. Contains TF binding sites

which are able to regulate transcription of target genes, independent of linear distance.

Long-range interactions

interactions between regulatory DNA occurring over large linear distances. Occur

predominantly between enhancers, and between enhancers and promoters. Can have a

regulatory role.

ATAC-seq

assay for transposase accessible chromatin using sequencing. A method for genome-wide

identification of open chromatin regions with potential regulatory function.
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Box 1:

Common chromatin interrogation methods based on next generation

sequencing

Method Description

ChiP-seq DNA fragments bound to a protein of interest, e.g. a histone tail modification or a
transcription factor, are captured by immuno precipitation. After sequencing these short reads
can be mapped to the genome in order to identify loci bound by the targeted protein.

RNA-seq Total or messenger RNA is extracted from a population of cells, converted into short cDNA
fragments, and sequenced. The number of short reads mapped to a gene is subsequently used
as a relative measure of gene expression.

ATAC-seq Open chromatin regions are fragmented by transposase and the resulting short DNA

fragments are sequenced. A pile-up of mapped reads indicates the chromatin was accessible
at these loci.
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Box 2:

The Histone Code

Selection of histone marks and histone modifying enzymes (HMES) associated with transcription:

. ; Writer Eraser q
Mark Function Location Family Family Writers Erasers
SETD1A
; KMT2 LSD1/2
H3K4mel eI Enhancers KMT3 NP P - IMID9
euchromatin KMT7? KDM5 SMYD2 JARIDIB
SETD7/9
; SETD1A/B JMJID9
H3K4me3 ezi%‘ﬁgﬁf;fn Promoters KMTa KDMS5 MLL1/2 JARIDIA-
PRDM9 D
. Promoters
Active KAT3 EP300
H3K27ac A & HDAC HDAC3
transcription Enhancers (HAT) CREBBP
Active JMID2A-
H3K36me3 transcription Genebody KMT3 KDM4 SETD2 E
H3K79me2 DS Genebody KMT4 Unknown DOT1L Unknown
transcription
Selection of histone marks and HMEs associated with gene silencing:
i ; Writer Eraser .
Mark Function Location Family Family Writers Erasers
. JMJID1A
Facultative Gene KDM3 G9%a
13K9me2 heterochromatin deserts Al KDM4 GLP-1 JMJE2D—
Intergenic
I d JMJD1B
Constitutive domains KDM3 SUV39H1/2
ARSI heterochromatin promoters Al KDM4 SETDB1 ‘]M‘]gZA'
enhancers
Intergenic
] domains UTXx
H3K27me3 " et';?gg:ffg%gﬁn (bivalent) KMT6 KDM6 EZH1/2 uTY
promoters JMJD3
enhancers
HME families:

KMT: Lysine methyl ransferase

KDM: Lysine cemethylase

KAT: Lysine acetyl fransferase
HAT: Histone acetyl fransferase

HDAC: Histone deacytelase
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Key points

. Atherosclerotic plaques represent a complex environment with different
activation signals, resulting in intra-plaque macrophage heterogeneity

. Plasticity of macrophage phenotype is modulated by an interplay between
transcription factors and epigenetic enzymes

. Signaling pathways in inflammation have an extensive molecular crosstalk

. Modulating transcription factor activity is a promising target for
atherosclerosis
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Figure 1: Epigenetic landscape of regulatory DNA is set-up by transcription factors.
Chromatin is generally divided into transcription permissive euchromatin and compact

inactive heterochromatin. Heterochromatin is often associated with repressive histone
modifications such as H3K9me2/3 and H3K27me3. Enhancers and promoters are located in
euchromatin and are associated with a distinct epigenetic mark-up (Box 2). Top left: active
enhancers can be characterized by the presence of broad H3K4mel and narrow H3K27ac
marks and an ATAC-seq (open chromatin) signal. Top right: active promoters display
narrow H3K4me3, H3K27Ac, and ATAC signal. Bottom: transcription factor (TF) binding
sites are located within the nucleosome-free regions, characterized by ATAC-seq signal
enrichment. In macrophages regulatory elements are associated with binding of lineage
determining TFs PU1, CEBPB and AP-1 and can be further activated by binding of signal
dependent TFs such as LPS-induced NF-xB or lipid-induced PPAR-y. Activating TFs can
recruit histone modifying enzymes (HMEs), such as histone acetyl transferases (HATS) to
set up a permissive chromatin landscape. At promoters SDTFs do not regularly bind directly,
but the open chromatin allows for the binding of RNA polymerase 11, poising the gene for
transcription.
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Figure 2: Macrophage enhancer selection. Classic enhancers:
are opened by lineage determining transcription factor (LDTF) PU1 during myeloid lineage

differentiation to macrophages. Enhancers are primed by deposition of H3K4mel by histone
modifying enzymes (HMEs) from the lysine methyl transferase (KMT) families 2, 3 or 7
(Box 2). Upon activation, signal dependent transcription factor (SDTFs) such as NF-xB for
pro-inflammatory M1-like activation or STAT6 for anti-inflammatory M2-like activation, are
recruited to the primed enhancers. This in turn leads to recruitment of histone acetyl
transferases (HATS) to set up a permissive chromatin landscape and activate the enhancer.
Latent enhancers: are unbound by LDTFs such as PU1 in a steady-state macrophage. Upon
stimulus, SDTFs such as NF-xB can bind to their partially uncovered motifs and open up the
chromatin, leading to PU1, KMT, and HAT recruitment to fully open up the chromatin and
activate the enhancer. After removal of the stimulus, the SDTF leaves the chromatin, and
activating histone marks are removed by recruitment of histone de-acetylases (HDACS),
however H3K4mel remains unremoved and keeps enhancer in a primed state for subsequent
activation. This enhancer memory enables a quicker activation upon the next encounter of
the same stimulus.
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Figure 3: Transcription factors modulate macrophages in atherosclerosis.
Upon recruitment to an atherosclerotic plaque, circulating monocytes are differentiated into

macrophages. Lineage determining transcription factors (LDTFs) such as PU1, CEBPB, and
AP-1 mark macrophage specific regulatory elements. Smooth muscle cells migrating into
the plaque can also differentiate into a macrophage like state by induction of KLF4 TF.
Macrophages can subsequently be activated into a plethora of different phenotypes. Lipid
accumulation leads to foam cell formation and upregulation of PPAR-y and LXR.
Stimulation with anti-inflammatory triggers such as IL4 and IL10 leads to expression of i.a.
STAT6, MYC, PPAR-y, and IRF4. Stimulation by pro-inflammatory triggers such as LPS,
oxLDL, and cholesterol leads to activation of i.a. NF-xB, IRFs and IKAROS. Foam cell
formation can be inhibited by expression of ATF3 while foam cell apoptosis is inhibited by

MAFB.
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