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Abstract

Macrophages populate every tissue of the body and play vital roles in homeostasis, pathogen
elimination, and tissue healing. These cells possess the ability to adapt to a multitude of abruptly
changing and complex environments. Furthermore, different populations of resident tissue
macrophages each exhibit their own defining gene signatures. The enhancer repertoire of these
cells underlies both the cellular identity of a given subset of resident macrophage population and
their ability to dynamically alter, in an efficient manner, their gene expression programs in
response to internal and external signals. Notably, transcription is pervasive at active enhancers
and enhancer RNAs, or eRNAs, are tightly correlated to regulated transcription of protein-coding
genes. Furthermore, selection and establishment of enhancers is a dynamic and plastic process in
which activation of intracellular signaling pathways by factors present in a macrophage’s
environment play a determining role. Here, we review recent studies providing insights into the
distinct mechanisms that contribute to the selection and function of enhancers in macrophages, and
the relevance of studying these mechanisms to gain a better understanding of complex human
diseases.

Introduction

Macrophages are fundamental effectors of the innate immune system (Geissmann et al.
2010). Their capacity to abruptly and dramatically alter their gene expression output to
quickly adapt to sudden changes in their environment, as it occurs during infections or tissue
injuries, makes them one of the most dynamic cell types transcriptionally. In addition, each
subset of resident tissue macrophages performs dedicated and specialized functions, as
illustrated, for example, by the role of microglia in promoting adult neurogenesis (Sierra et
al. 2010) and that of large peritoneal macrophages in regulating production in IgA by B-1
cells (Okabe and Medzhitov 2014). Although the overall transcriptome signature across
different macrophage populations displays substantial similarities that define a core
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macrophage identity (Gautier et al. 2012), specific populations also exhibit striking
differences in expression of subsets of genes that are presumably linked to their tissue-
specific functions. For example, microglia express ~900 mRNAs at more than a 16-fold
higher level than observed in large peritoneal macrophages, and a similar number of genes
are expressed at more than a 16-fold higher level in large peritoneal macrophages than
microglia (Gosselin et al. 2014). As macrophages can originate from different precursors
(Ginhoux et al. 2010; Hoeffel et al. 2012; Schulz et al. 2012; Guilliams et al. 2013; Epelman
et al. 2014; Ginhoux and Jung 2014), an important question is the extent to which the
characteristics of different tissue resident populations of macrophages reflect the specific
tissue environment or their developmental histories.

From a transcriptional perspective, the concept of subset identity is rather intriguing as
macrophages, for any given individual, share the same genome and express to a great extent
the same array of transcription factors (TFs). The recent development of massively parallel
sequencing assays has made it possible to characterize transcription factor binding and
chromatin features on a genome-wide level. A major concept to emerge from these
approaches is that each cell type selects a specific repertoire of discrete DNA regulatory
elements termed enhancers that are critical to that cell’s identity and determine its ability to
respond to internal and external signals (Heinz et al. 2015). Here, we discuss mechanisms
that underlie the selection and activation of enhancers and their relationship to the
development of tissue-specific macrophage phenotypes.

Enhancers as determinants of cell-specific and signal-dependent gene

expression

Enhancers were initially identified as discreet regions of DNA that increase transcriptional
activity of promoters from a distance (Banerji et al. 1981). Systematic analysis of the
genome led to the recognition that enhancers are marked by high abundance of mono-
methylation at histone H3 lysine 4 and concomitantly low levels of tri-methylation (i.e.
H3K4me1N9/H3K4me3!oW) (Heintzman et al. 2007). Promoters, on the other hand, display
an opposite molecular phenotype (i.e. H3K4me1!°%/H3K4me3"9h). Both promoters, and
enhancers are also marked by high abundance of di-methylation at histone H3 lysine 4
(H3K4me2Migh). Active enhancers and promoters also exhibit enrichment of acetylation at
histone H3 lysine 27 (H3K27ac) (Creyghton et al. 2010). Further, enhancers can be actively
repressed with high levels of tri-methylation of histone H3 lysine 27 (H3K27me3) (Barski et
al. 2007; Calo and Wysocka 2013). These, and other features, enable enhancer-like regions
to be identified systematically in different cells and tissues by chromatin precipitation
coupled to massively parallel sequencing (ChIP-Seq) and other sequencing based methods.
Using these approaches, the mouse and human genomes have been estimated to contain
several hundred thousand enhancers, the great majority of which are present in cell-restricted
patterns (Consortium 2012).

More recently the concept of stretch or super-enhancers (SE) were introduced (Hnisz et al.
2013; Whyte et al. 2013), large genomic regions, usually one order of magnitude larger than
traditional enhancers with an unusually strong enrichment for the binding of transcriptional
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co-activators. Most cells exhibit between 300 — 800 SEs, a substantial fraction of which are
associated with genes encoding cell-type specific TFs and other genes important for that
cell’s identity and function (Hnisz et al. 2013; Adam et al. 2015).

Between 35,000 and 45,000 H3K4me1M9"/H3K4me3!°W enhancer regions exist in mouse
macrophages (Ghisletti et al. 2010; Heinz et al. 2010), substantially exceeding the ~12,000
active promoters in these cells. Of note, DNA sequences at enhancers in macrophages
exhibit a robust enrichment for motifs recognized by TFs relevant to macrophage ontogeny
and functions. Among these, the motif recognized by the ETS family member PU.1 is
predominant, which is concordant with the observation that PU.1 binding sites genome-wide
(i.e. the PU.1 cistrome) extensively coincide with H3K4me1N9"/H3K4me3!oW regions in
macrophages. Motifs associated with C/EBP, AP-1, IRF, NF-xb, and LXR transcription
factors are also prevalent within enhancers in macrophages (Barish et al. 2010; Ghisletti et
al. 2010; Heinz et al. 2010; Gosselin et al. 2014; Lavin et al. 2014).

Such co-occurrences of motifs belonging to different families of TFs indicate that enhancers
provide sites for the integration at the genomic level of TFs regulated by cell intrinsic and/or
extrinsic signals. Furthermore, given the preponderance of enhancers compared to
promoters, these interactions between TFs and DNA are more likely to occur at enhancers
than at promoters. Therefore, this characteristic enables a key effector mechanism by which
enhancers can synchronize the transcriptional output of a macrophage in accordance with its
cellular activity and metabolism.

A collaborative/hierarchical model for enhancer selection and activation

Enhancer selection is mediated by the activities of so-called pioneer factors, a subset of
which function as lineage-determining transcription factors (LDTFs) (McPherson et al.
1993; Bossard and Zaret 1998; Lee et al. 2005; Heinz et al. 2010). Various examples of
LDTFs include PU.1 in macrophages (Heinz et al. 2010) and FoxA1 in breast cancer cells
(Lupien et al. 2008). A defining feature of pioneering TFs is their ability to recognize and
bind their DNA recognition motifs in closed chromatin, thus effectively competing with
nucleosomes to create nucleosome-free regions. Transcription factor binding is then
followed by modifications of the histone tails of the enhancer-associated nucleosomes
located in the vicinity of the nucleosome-free regions.

All transcription factors recognize short DNA sequences (about 6 — 12 base pairs) and their
motifs exhibit varying levels of degeneracy (D’haeseleer 2006). ChlP-Seq experiments allow
the identification of regions in the genome that are bound by TFs (Johnson et al. 2007).
Analyses of a wide variety of different TFs have shown that only a small subset of possible
binding sites is occupied by the TF (Carr and Biggin 1999; lyer et al. 2001; Yang et al.
2006). For example, given the size of the mouse genome, there are potentially between
650,000 and 1.4 million sites where PU.1 can bind DNA on a spectrum of different
stringencies (Heinz et al. 2013; Barozzi et al. 2014), yet only about up to 45,000 of those are
selected in differentiated macrophages (Heinz et al. 2010).
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There are likely a multitude of factors contributing to these restricted, yet functional, binding
events of LDTFs. Among these factors, the collaborative activity between LDTFs and other
TFs appear to be fundamental to a significant proportion of actual LDTF binding (Figure
1A). For example the transcription factor PU.1 is an important LDTF in macrophages and B
cells. ChIP-Seq experiments showed that macrophage-specific enhancers are enriched for
binding motifs of PU.1 and macrophage-specific collaborative factors C/EBP and AP-1
family members, whereas in B cells specific enhancers are enriched for PU.1 and B cell-
specific factors E2A, EBF1, and Oct2 (Ghisletti et al. 2010; Heinz et al. 2010). Furthermore,
macrophage-specific enhancers are depleted of the DNA binding motifs for B cell specific
LDTFs and vice versa (Heinz et al. 2010).

Using natural genetic variation across different mouse strains as a means to achieve
‘mutagenesis’ screening /n vivo, we provided functional evidence supporting the
involvement of collaborative binding of TFs in the selection of actual LDTF binding in
macrophages (Heinz et al. 2013). These studies demonstrated that mutations in a C/EBP
motif abrogates not only C/EBP binding, but also impairs the neighboring PU.1-DNA
interactions. Similar observations were made in the case of mutations in AP-1 motifs.
Importantly, such mutations also disrupted the molecular phenotype of the associated
enhancer (i.e. decreased abundance of H3K4me2 mark at mutated enhancers), thus making
the PU.1 — C/EBP and PU.1 — AP-1 collaborative activity a critical determinant of enhancer
selection in macrophages. Lastly, we note that the natural genetic variation approach was
recently extended to human white adipose tissue cells to demonstrate that mutations in
C/EBP motifs disrupted nearby PPARYy binding in those cells (Soccio et al. 2015).

Macrophages, among many other cell types, possess the ability to quickly adapt their gene
expression outcome after a change in environment. Further, the same signal can lead to the
induction of the same single-dependent transcription factor (SDTF) but different
transcriptional outcomes in different cell types. Recent studies showed, that in more than
60% SDTF bind to enhancers already established by LDTF, explaining how the same
broadly expressed SDTF can exert cell specific functions and responses (Figure 1B). Indeed,
investigating the role of natural genetic variation between inbreed mouse strains on binding
of NF-xB p65, showed that 34% of mouse strain specific p65 binding was due to mutations
in LDTF motifs, whereas only 9% was due to mutations in the p65 binding motif itself
(Heinz et al. 2013).

The nature of biochemical events associated with the collaborative model of actual LDTFs
binding events is not well understood. Typically the motifs of the collaborative factors can
be found in close proximity to each other in sequence (< 100bp), but most of these are not
found at a distance of less than 20bp (Kazemian et al. 2013), implicating a collaborative
model that is not strictly dependent on protein-protein interactions. Importantly however,
these restrictions address three key issues with regards to enhancer selection. One, it
eliminates, for a given LDTF, numerous potential binding sites in the genome (i.e. those
without nearby motifs for collaborative factors). In addition, it provides a molecular and
epigenetic mechanism whereby the same LDTF can set-up very different enhancer
repertoires in different cell types, as it is the case of PU.1 in macrophages and B cells
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(mentioned above). Finally it explains how broadly expressed SDTF can result in different
cell-specific transcriptional outcomes (mentioned above)

De novo/latent enhancers

Although the majority of signal-dependent responses are mediated by activation of pre-
existing enhancers and promoters, some signals can also be associated with the selection of
new enhancers. For instance, TLR4 activation in mouse macrophages leads to a gain of de
novo H3K4mel marks at 1,000 to 3,000 discrete regions in the genome compared to
unstimulated macrophages (Kaikkonen et al. 2013; Ostuni et al. 2013). Similar epigenomic
remodeling occurred in response to the activation of other cytokine signaling pathways,
including the interferon y (IFN-vy) - STAT1 and the interleukin 4 (IL-4) — STAT6 axes
(Ostuni et al. 2013). These new enhancer-like regions have been referred to as “de novo’ or
‘latent-enhancers’. In the case of de novo enhancers selected in response to TLR4 activation,
the p65 component of NF«B was observed to participate in collaborative binding
interactions with PU.1 (Kaikkonen et al. 2013; Ostuni et al. 2013). Importantly, many of
these latent enhancers appear to persist in time and correlative evidence suggests that they
may possess some functionality. Indeed, 72 hours following an initial IL-4 stimulation, a
second stimulation leads to quicker activation of the de novo gained enhancers, as assessed
by H3K27ac, compared to the first stimulation (Kaikkonen et al. 2013; Ostuni et al. 2013).

Active enhancers are sites of transcriptional initiation

DNA regulatory elements exist in one state at any given time: active (H3K4me1nigh,
H3K4me2hiah H3K27achi9"), primed (H3K4me1Mi9h, H3K4me2M9N) actively silenced
(DNA-methylation) or poised/repressed (H3K27me3"9M). Intriguingly, compelling evidence
suggests that RNA polymerase I1-mediated transcription occurs at active enhancers, yielding
enhancer RNAs (eRNAS). Indeed, upon binding of activating SDTFs at enhancers, including
nuclear receptors and NF-kB, eRNAs are rapidly synthesized and their expression levels
correlate strongly with corresponding signal-dependent transcriptional changes of nearby
genes (Ernst et al. 2011; Hah et al. 2011; Kaikkonen et al. 2013; Step et al. 2014). Similarly,
eRNA transcription correlates positively with enhancer — promoter spatial interactions;
enhancers that interact frequently with promoters through chromatin looping exhibit higher
levels of eRNA transcripts (Li et al. 2013). Although the functional significance of enhancer
transcription remains poorly understood, studies in macrophages suggest two potential roles.
First, enhancer transcription at newly selected signal-dependent enhancers was linked to the
deposition of H3K4me1/2 at these locations (Kaikkonen et al. 2013; Ostuni et al. 2013).
Thus enhancer transcription may be important in initiating and/or maintaining the histone
signature characteristic of enhancers. Second, at least some eRNAS appear to contribute to
enhancer function. With regards to this latter point, we recently found that the Rev-Erb
nuclear receptors actively repress gene transcription in mouse macrophages by inhibiting
eRNA transcription of target enhancers (Lam et al. 2013). In particular, binding of Rev-erbs
at enhancers regulating Mmp9and Cx3crl gene expression represses enhancer activity and
eRNA transcription, and is associated with low levels of Mmp9and Cx3crl mRNAs.
Presumably, this likely occurs through the recruitment of the NCoR — HDAC3 repressor
complex (Zamir et al. 1996; Yin and Lazar 2005). However, in the absence of Rev-Erb
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factors, these enhances are de-repressed and transcribe high levels of eRNAs which translate
into aberrant increase of Mmp9and Cx3crl gene expression.

Cell identity and enhancer repertoire is linked to integration of
environment signal with genome

The observation that treatment of macrophages with TLR4 agonists or IL-4 /n vitro could
drive selection of new enhancers (Kaikkonen et al. 2013; Ostuni et al. 2013) suggested a
basis by which macrophages residing in different tissues acquire very different patterns of
gene expression. Indeed, in spite of the fact that every subset of resident tissue macrophages
in the body depends on PU.1 activity (McKercher et al. 1996; DeKoter et al. 1998; Schulz et
al. 2012), gene expression in these cells varies greatly from one subset to another (Gautier et
al. 2012). However, each subset requires its own set of signaling factors and pathways to
function optimally. This entails that the corresponding resident macrophage population is
exposed to a defined set of signals in its environment, and thus display a defined set of
activated SDTFs at any given time (Figure 2).

We and others recently provided extensive evidence supporting the hypothesis that tissue-
derived factors play an essential role in defining the identity of its resident macrophage
population (Gosselin et al. 2014; Lavin et al. 2014). For instance, comparing the enhancer
landscape of microglia to that of large peritoneal macrophages revealed that 60% of the
active enhancers are shared, but 40% are macrophage subset specific (Gosselin et al. 2014).
Cell-type specificity is more striking when considering SEs, consistent with work by other
groups suggesting that these regulatory elements are critical to cell identity (Hnisz et al.
2013; Gosselin et al. 2014; Adam et al. 2015).

By removing macrophages from their environment and putting them into tissue-culture
condition about 50% of the enhancers remained unchanged, but only 26% of SE still met the
SE criteria (Gosselin et al. 2014). This further supports the hypothesis that SEs are uniquely
regulated genomic regions that are sensitive to environment and determine the fate of the

cell type.

Computational analyses demonstrated that macrophage subset-specific enhancers display
very distinct enrichment of DNA motifs recognized by SDTFs. These include SMAD motifs
in microglia-specific enhancer, GATA6 and RARp in large peritoneal macrophages, PPARYy
in alveolar macrophages, LXRa in Kupffer cells, etc. (Gosselin et al. 2014; Lavin et al.
2014). Of note, natural genetic variation analyses implicated SMAD and GATAG as
collaborative factors with PU.1 to select microglia-specific and large peritoneal macrophage-
specific enhancers, respectively (Gosselin et al. 2014).

These analyses suggested that different combinations of SDTFs might cause the subset-
specificity of the enhancer repertoire of different populations of resident-tissue
macrophages. Lavin and colleagues (2014) provided a compelling demonstration of the role
of environment in supplying key signals to activate SDTFs. Indeed, isolating peritoneal
macrophages and transplanting then into the alveolar cavity of the lungs led to a loss of
peritoneal macrophage-associated enhancer repertoire and, concomitantly, a gain of an
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alveolar macrophage-enhancer repertoire. These effects were paralleled by a respective loss
of GATA6 motif enrichment and a gain of a PPARy motif signature in the reconfigured
enhancer landscape.

We provided strong additional evidence for the role of the environment in driving
macrophage phenotype while exploring the molecular mechanisms of macrophage subset
identity. Tissue macrophages extracted and transferred to an /n vitro culture environment
changed their gene expression program dramatically, resulting in a loss of their original gene
signature identity. Importantly, the culture conditions led to a down-regulation of a
significant number of TFs, many of which may act as potential collaborative factors with
PU.1. However, supplementing macrophages /in vitro with key stimulating ligands has
profound effects of their identity. Indeed, supplementing large peritoneal macrophages in
culture condition with retinoic acid (RA) maintained a significant proportion of the features
of their original /n vivo enhancer repertoire and gene expression program. On the other
hand, added Tgf-p1 to the media polarized peritoneal macrophages in culture towards a
microglia /n vivo phenotype. These observations are highly consistent with previous studies
that reported that RA and Tgf-f1 are key factors for the ontogeny and/or functions of large
peritoneal macrophages and microglia, respectively (Makwana et al. 2007; Butovsky et al.
2014; Okabe and Medzhitov 2014).

These latter experiments suggested that a macrophage’s subset identity is the product of an
elaborate molecular cascade. Indeed, the Rarb gene locus is primed in microglia, but display
a SE phenotype in large peritoneal macrophages, which is concordant with the observation
that RA promotes Rar/ expression in a positive feedback manner (de The et al. 1990). Of
importance, high expression of Rar/then promotes expression of numerous TFs, including
Gata6, Nfe2, Bhlhe40, etc, which can in turn function in a collaborative manner with PU.1
to precisely expand the functional enhancer repertoire and gene expression program of large
peritoneal macrophages. Therefore, such chain of events, involving the integration of tissue
environment-derived factors with DNA, provides an elegant and highly specific mechanism
for the establishment of the identity of the different resident tissue macrophage subsets
(Figure 2).

Intersection of epigenomic concepts with GWAS data

The technical and conceptual advances in epigenomics described above provide a powerful
means to contextualize work in the field of medical genetic research on a genome-wide
level. A significant dividend of the efforts to understand how enhancer selection proceeds
and more general principals of epigenomic control of gene regulation is already the
appreciation that natural genetic variation impacts gene expression through effects on DNA
regulatory elements (Dimas et al. 2009; Pomerantz et al. 2009; Ernst et al. 2011,
Harismendy et al. 2011; Maurano et al. 2012; Sanyal et al. 2012; Schaub et al. 2012; Hnisz
et al. 2013; Farh et al. 2015; Marson et al. 2015). Importantly, these studies also highlighted
that the majority of single nucleotide polymorphisms (SNPs) found to be associated with
disease risk by genome-wide association studies (GWAS) are in non-coding regions of the
genome and frequently map within regulatory elements active predominantly in cell types
relevant to the disease (Dimas et al. 2009; Hu et al. 2011). For example, SNPs that confer
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susceptibility for autoimmune diseases like multiple sclerosis and rheumatoid arthritis are
prevalent within T cell enhancers (Okada et al. 2014). Furthermore, risk SNPs are enriched
in regions of TF binding, suggesting that disruption of TF-DNA interactions may be a
primary mode of actions for non-coding SNPs that are clinically relevant (Ernst et al. 2011;
Maurano et al. 2012; Kilpinen et al. 2013) (Figure 3A). Of note, such a mode of action for
SNPs has also been reported for other complex diseases, including metabolic disorders
(Soccio et al. 2015) and coronary artery diseases (Harismendy et al. 2011). Several studies
also showed that sequence variation associated with disease is especially enriched in SE of
disease-relevant cell types (Hnisz et al. 2013; Parker et al. 2013). SEs are very sensitive to
perturbations (Siershaek et al. 2014) and changes in environment (Gosselin et al. 2014;
Adam et al. 2015) and are therefore a good target for disease-associated SNPs.

Although very informative, these early studies could not discriminate between actual causal
SNPs and neutral/non-causal SNPs that emerged as potential candidate because of linkage
disequilibrium. However, according to recent estimates, 90% of causal SNPs associated with
autoimmune diseases map onto non-coding regions of the genome, and 60% of those
localize within immune-cell enhancers (Farh et al. 2015). Unexpectedly, data from this study
also indicated that disruptive SNPs might not necessarily interfere with TF-DNA
interactions. Indeed, SNPs did not map within TF motifs, and were instead located in their
vicinity. Thus, the mechanism disrupted by causal SNPs is difficult to interpret by current
paradigms in epigenomics.

This latter observation by Farh and colleagues (2015) points to a critical role for the “DNA
context” within enhancers in regulating their functions optimally. For example chromosomal
rearrangements of only one enhancer can cause dysregulation of two specific acute myeloid
leukemia (AML) predisposition genes (Groschel et al. 2014). Evidence also suggests that
SNPs lying outside of TF motifs can affect chromatin looping (Grubert et al. 2015). Thus,
although enhancers serve as platforms for the integration of SDTFs binding with DNA and
the transcription machinery, their proper functions may require more than simple local
coordinated enrichment of DNA motif recognized by TF. The nature of the additional
mechanism(s) involved in enhancer functions remain quite elusive and may relate to
transcriptional processes and/or eRNA synthesis. We note also that our comprehension of
the biochemical principles guiding TF-DNA interactions remains rudimentary. In this regard
we recently reported that under certain circumstances DNA variance within a TF motif
appear to have limited influence in driving differential TF-DNA interactions at a similar
regulatory elements between two different strain of mice, as is the case of recruitment of the
Rel A/p65 subunit of NF-xB at macrophage enhancers following TLR4 activation (Heinz et
al. 2013).

Conservation and relevance to human diseases

DNA sequences at enhancers and other regulatory elements display a relatively high level of
conservation across mammalian species (Goke et al. 2011; Cheng et al. 2014) (Figure 3B),
although it has to be noted that the same enhancer potentially can have different regulatory
outcomes (Yan et al. 1997). Nevertheless, leveraging the conservation between species can
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inform about the etiology and/or maintenance/pathological mechanisms that contribute to
diseases.

Studies using a mouse model of Alzheimer’s disease (AD) that display chronic
neurodegeneration provide an elegant example of such application of epigenomics
(Gjoneska et al. 2015). In such model, as neurons die an accompanying activity of de novo
enhancers emerge at the whole-tissue level. Of note, these enhancers exhibit a significant
enrichment for the DNA motif recognized by PU.1, and the DNA sequences encompassing
these de novo-PU.1 enhancers are well conserved in humans. Strikingly however, they also
display features of active and/or primed enhancers in CD14* human monocytes, a cell type
previously implicated in the etiology of AD by independent studies (Bradshaw et al. 2013).

That a complex amalgam of signals triggered by neuronal death and distress elicits an
immune response that implicates DNA sequences and regulatory elements that are conserved
across species in related myeloid cells is quite provocative. Furthermore, refinements of the
acquisition of data in this model, for example by extracting specifically brain microglia as
the brain degenerates, can potentially lead to clearer resolution of the data. This could prove
to be helpful to deconvulate the signaling pathways whose activity become integrated with
that of PU.1 to activate the de novo regulatory elements. Finally, we note that previous
expression quantitative trait loci (eQTLs) studies associated monocytes, but not T cells, with
neurodegenerative diseases, including Alzheimer’s and Parkinson’s diseases (Raj et al.
2014). Overall, this raises the intriguing possibility that the role of candidate mutations
arising GWAS and eQTL studies can be interrogated in complex settings using the relevant
model of human disease (Figure 3).

Conclusions and perspectives

Through epigenomics and next-generation sequencing technologies, we now possess
powerful tools to explore and appreciate the mechanism through which a cell’s environment
influences how genetics information is interpreted by that cell to achieve its identity and
function. In spite of recent discoveries, however, many outstanding questions remain. With
regards to macrophages, it is not clear whether different developmental origin (i.e. primitive
vs. definitive hematopoiesis) can have residual effects on their transcriptional programs.
Specifically, do enhancers relevant to monocyte but not to resident tissue macrophage
become silent, or are they erased, as monocytes differentiate, for example, into Kupffer cells,
cardiac macrophages or resident peritoneal macrophage? On the other hand, for macrophage
populations that do not depend on monocytes to be maintained like microglia, how does the
aging process affect their epigenome and/or ability to optimally regulate their gene
expression programs? Finally, the ability to infer signaling pathways activity from activation
or inhibition of DNA regulatory elements is a powerful lever to gain a better understanding
of signals that promote homeostasis or drive disease mechanism. Therefore, application of
these tools will help gain a better understanding of macrophage activation and functions as it
applies to any in vivo contexts, including human diseases.
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Figure 1.
Schematic overview of a ‘collaborative/hierarchical’ model for macrophage enhancer

selection and function. Panel A. Enhancers are initially selected by ‘collaborative’
interactions of lineage-determining transcription factors (LDTFs) at regions of the genome
that contain closely spaced binding sites for these factors. The term collaborative is meant to
indicate that each factor requires the other to effectively compete with nucleosomes and
establish a nucleosome-free region. Panel B. Pre-existing enhancers are primary sites of
action of signal-dependent transcription factors (SDTFs), here illustrated for the p65
component of NFxB following macrophage activation by LPS. The dependence of SDTFs
on pre-existing binding of LDTFs establishes a hierarchical relationship that enables cell-
specific functions of widely expressed transcription factors.
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Figure2.

Schematic overview of the interplay between primed enhancers established by lineage-
determining transcription factors (LDTF) and activation by signals from the environment.

Environment-specific signals activate a subset of enhancers that are primed in all

macrophages. This leads to the expression of environment-induced genes, a subset of which
encode collaborative transcription factors (TFs). These TFs in turn drive the establishment of
tissue-specific enhancers in collaboration with already expressed LDTFs, such as PU.1. The

combination of direct and indirect responses contributes to the identity and function of

macrophages residing in that particular tissue environment.
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Figure 3.
Implications of mechanisms of enhancer selection and function for interpretation of genome-

wide association studies (GWAS). Panel A. Schematic overview illustrating how SNPs
identified in GWAS and associated with expression quantitative trait loci (eQTL) can affect
enhancers in a cell-type specific manner. Panel B. Schematic overview how studies
identifying disease-associated genomic variations in mouse can be helpful in understanding
human disease through conserved sequence.
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