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SUMMARY

Macrophages are critical for innate immune defense and also control organ homeostasis in a
tissue-specific manner. They provide a fitting model to study the impact of ontogeny and
microenvironment on chromatin state and whether chromatin modifications contribute to
macrophage identity. Here, we profile the dynamics of four histone modifications across seven
tissue-resident macrophage populations. We identify 12,743 macrophage-specific enhancers and
establish that tissue-resident macrophages have distinct enhancer landscapes beyond what can be
explained by developmental origin. Combining our enhancer catalog with gene expression profiles
and open chromatin regions, we show that a combination of tissue- and lineage-specific
transcription factors form the regulatory networks controlling chromatin specification in tissue-
resident macrophages. The environment is capable of shaping the chromatin landscape of
transplanted bone marrow precursors, and even differentiated macrophages can be reprogramed
when transferred into a new microenvironment. These results provide a comprehensive view of
macrophage regulatory landscape and highlight the importance of the micro-environment, along
with pioneer factors in orchestrating identity and plasticity.

INTRODUCTION

Macrophages are hematopoietic cells of the myeloid lineage that are specialized in
phagocytosis and respond to diverse environmental signals (Epelman et al., 2014; Ginhoux
and Jung, 2014; Lavin and Merad, 2013; van Furth et al., 1972). They actively maintain
steady state by secreting and responding to cytokines and chemokines (Mortha et al., 2014;
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Zigmond et al., 2014). In addition, tissue-resident macrophages play important homeostatic
roles, depending on the tissue in which they reside. Microglia, the brain-resident
macrophages, prune synapses during development (Paolicelli et al., 2011; Schafer et al.,
2012). Spleen red pulp macrophages phagocytose erythrocytes and recycle heme to maintain
iron homeostasis (Chow et al., 2013; Kohyama et al., 2009). Peritoneal cavity macrophages
regulate the production of gut immunoglobulin (Ig) A by interacting with peritoneal B1 cells
(Okabe and Medzhitov, 2014). These studies, among others, highlight the plasticity of
macrophages and their specialization to fulfill tissue-specific functions.

Recent studies have demonstrated that most tissues are populated early during fetal
development by macrophages that subsequently maintain themselves, independently of adult
hematopoiesis, through longevity and limited self-renewal (Ginhoux et al., 2010; Hashimoto
etal., 2013; Schulz et al., 2012; Yona et al., 2013). Thus, most macrophages, although
sharing a common lineage, take residence in tissues early during embryogenesis, and the
respective macrophage compartments develop locally and independently from each other. A
notable exception from this scheme is macrophages residing in the intestine, as these cells
are constantly replenished from monocytes even in steady state (Bain et al., 2014;
Bogunovic et al., 2009; Varol et al., 2009). Thus, distinct ontogeny is one defining feature of
macrophages, but it is unclear to what extent it shapes macrophage identity.

Emerging evidence indicates that environmental factors influence the specialization of
tissue-resident macrophages. Heme has been shown to induce Spi-c, a transcription factor
(TF) important for red pulp macrophage development (Haldar et al., 2014; Kohyama et al.,
2009). Retinoic acid (RA) stimulates Gata6 expression and thereby contributes to the
regulatory program of peritoneal macrophages (Okabe and Medzhitov, 2014). Finally, TGF-
{3 was shown to regulate a microglia expression program through Smad TFs (Abutbul et al.,
2012; Butovsky et al., 2014). These limited reports provide evidence that environment can
govern the expression of tissue-specific macrophage signatures.

Epigenetic modification is one conduit through which ontogeny and environment can
influence the development of macrophage identities. The chromatin landscape, among other
epigenomic features of a differentiated cell type, reflects both its developmental origin, as
well as its future potential (Lara-Astiaso et al., 2014; Stergachis et al., 2013; Winter and
Amit, 2014). Nucleosomes are the fundamental unit of chromatin consisting, of ~147 bases
of DNA wrapped around a histone core. Nucleo-some-depleted regions, known as “open
chromatin,” contain regulatory elements — such as promoters and enhancers — that play a
critical role in gene regulation (Gross and Garrard, 1988). Changes enacted by chromatin
remodelers, such as nucleosome eviction or insertion, as well as the addition or deletion of
histone modifications, have been linked to changes in the expression of nearby genes
(Cirillo et al., 2002; Felsenfeld and Groudine, 2003). Many regulatory modifications are
ubiquitous, but variations on a global scale generate the distinct chromatin landscape
observed between cell types (Ernst et al., 2011; Heintzman et al., 2009).

During development, pioneer TFs initiate chromatin accessibility to allow the binding of
additional TFs (Cirillo et al., 2002; Garber et al., 2012). PU.1 has been implicated as a
pioneering factor throughout hematopoietic development, especially in the myeloid lineage.
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In macrophages, PU.1 occupies most enhancers, where it is necessary for the maintenance of
methylation on the fourth lysine of the H3 subunit (H3K4mel) (Ghisletti et al., 2010; Heinz
et al., 2010). The cobinding of PU.1 with line-age-specific TFs orchestrates cell-type
specificity by regulating expression and establishing the chromatin landscape (Heinz et al.,
2010; Laslo et al., 2006). Cell-type-specific responses to stimuli are largely coordinated
through activation by stimulus-triggered TFs that frequently bind to previously occupied
“poised” enhancers (Garber et al., 2012; Ostuni et al., 2013). Poised enhancers may reflect
past activity and persist throughout development or arise during lineage specification (Lara-
Astiaso et al., 2014). Active enhancers mark the current state of a cell and can be
distinguished by the presence of acetyl groups on the histone tails, particularly H3K27ac
(Creyghton et al., 2010; Heintzman et al., 2007). Tissue-resident macrophages provide a
fitting model for examining how chromatin is programmed through development to allow
for plasticity within a cell type to specify tissue-specific functions.

Here, we profile the expression and chromatin landscape of seven populations of mouse
macrophages isolated from distinct tissues to determine the contributions of ontogeny and
environment to tissue-resident macrophage identity. Based on the distribution of histone
modifications, we map the regulatory elements of tissue-resident macrophages, including
promoters, active enhancers, and poised enhancers. We compare candidate enhancers
marked with H3K4mel in different macrophage populations with those found in monocytes
or neutrophils. Through analyzing the distinct enhancer landscape of tissue-resident
macrophages, we assess the impact of developmental origin and local microenvironment and
identify several potential regulators from TF-binding motifs within these regions. We further
assess the essential contribution of tissue environment by replacing endogenous
macrophages with adult bone-marrow-derived cells and transferring differentiated
macrophages into a new tissue microenvironment. Collectively, our results indicate that,
aside from ontogeny, the environment plays a critical role in shaping the unique identity and
function of tissue-resident macrophages through the regulation of TFs.

Genome-wide Assays to ldentify Regulatory Elements in Macrophages

To elucidate the transcriptional and epigenomic networks in tissue-resident macrophages,
we performed an array of complementary genome-wide assays on at least two biological
replicates followed by high-throughput sequencing: RNA-seq, chromatin
immunoprecipitation (ChlP-seq), and an assay for transposase-accessible chromatin (ATAC-
seq) (Figure 1A). We purified macrophages, monocytes, and neutrophils from fresh mouse
tissues using fluorescence-activated cell sorting (FACS) (Experimental Procedures). Global
gene expression profiles of purified cells were obtained by RNA-seq, and cells intended for
ChlIP-seq were crosslinked upon single-cell suspension, prior to sorting, to minimize the
impact on chromatin state. Cross-linked samples of each population were used for profiling
his-tone modifications, such as H3K4me1l (candidate enhancers), H3K4me2 (promoters and
enhancers), H3K4me3 (promoters), and H3K27ac (active enhancers). Finally, we identified
open chromatin regions through ATAC-seq (Buenrostro et al., 2013; Lara-Astiaso et al.,
2014).
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Tissue-Resident Macrophages Can Be Distinguished by Their Gene Expression Patterns

To probe the spectrum of gene expression profiles among tissue-resident macrophages, we
examined seven macrophage populations (brain microglia, spleen red pulp macrophages,
liver Kupffer cells, lung macrophages, peritoneal cavity macrophages, and colonic large and
ileal small intestinal macrophages), as well as monocytes. We identified 3,348 genes that
were differentially expressed between at least two tissue-resident macrophages or
monocytes (Figure 1B and Table S1). Many genes coding for TFs were uniquely expressed
in specific macrophage populations, including Salll in microglia and Spi-c in red pulp
macrophages (Figures 1B and 1C). Other population-specific genes included Clec4f in
Kupffer cells (Yang et al., 2013), Car4 in lung macrophages, and Tgfb2 in peritoneal
macrophages (Figure 1C). Differentially expressed genes clustered into 11 groups by their
expression patterns across samples (Figure 1B). Interestingly, macrophages that are
presumably exposed to similar environmental cues displayed similar patterns of expression
(Figures 1B, S1B, and S1C available online). Kupffer cells and splenic macrophages shared
a cluster of highly expressed genes that are enriched for gene ontology (GO) annotations,
such as heme and porphyrin metabolic processes, indicating their active role in erythrocyte
turnover (Figures 1B and S1A, cluster I11) (Chow et al., 2013). Similarly, small and large
intestinal macrophages both express genes enriched for GO annotations that likely reflect
their microbiota-exposed environment, such as response to bacterium and antigen processing
(Figures 1B and S1A, cluster VII). RNA-seq analysis identified many genes expressed
differentially by tissue-resident macrophage populations and monocytes and thereby
corroborates and extends earlier expression profiling studies highlighting the inherent
plasticity of this immune cell type (Gautier et al., 2012b).

Unique Regulatory Elements Distinguish Myeloid Cells

Profiling genome-wide histone modifications can shed light on the current regulatory state
of a cell type. We focused on the distributions of H3K4me3, H3K4mel, and H3K27ac
because, taken together, these marks classify three important functional elements:
promoters, poised enhancers, and active enhancers. To better understand the mechanisms
underlying macrophage plasticity, we compared the histone modification signal of
circulating myeloid cells, specifically monocytes and neutrophils, to an average macrophage
signature obtained by computationally merging all macrophage populations (Figure 2A).
The promoter of Mertk is active in macrophages, but not monocytes or neutrophils as
visualized by the “merged” macrophage H3K4me3 signal (Figure 2A). However, the
majority of active promoters—regions with high H3K4me3 intensity—were shared by all
myeloid cells (8,861 of 10,806 promoters, 82%; Figures 2B and S2B and Table S2A). On
the other hand, of the total 30,976 putative enhancers, defined as regions distal to the
transcriptional start site (TSS) with high H3K4mel and low H3K4me3, only 8,260 (27%)
were shared by macrophages, monocytes, and neutrophils. Indeed, both the loci of Emrl
(F4/80) and Mertk feature intragenic enhancers unique to macrophages (Figures 2A and
S2E). Active enhancers marked with H3K27ac were even less likely to be shared between
all three myeloid cell types (10%: Figure S2A). For instance, the gene locus harboring the
complement system genes (Clga) contains a macrophage-specific H3K27ac-enriched region
(Figures 2A and S2E). Macrophage-specific enhancers were less conserved than other
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myeloid enhancers, suggesting that they are a late-acquired evolutionary function (Figure
S2D). Interestingly, of the 12,743 (7,825 active) macrophage-specific enhancers, relatively
few (< 2%) are shared across all macrophage populations (Figure S2C). Because enhancer
usage is highly differential across cell types when compared to promoters, the enhancer
landscapes likely form the basis for macrophage specificity and plasticity.

To identify candidate regulators responsible for the distinct enhancer landscape of
macrophages, monocytes, and neutrophils, we assessed these regions for enriched motifs
and matched them to differentially expressed TFs (Table S2B). The TF-binding motif of PU.
1 was common in all enhancer regions and was overrepresented in H3K4mel-marked
regions shared by all (p = 1076) myeloid cell types (Figure 2C). Cell-type-specific
enhancers, on the other hand, tend to be bound by specific sets of TFs that regulate their
chromatin states (Ghisletti et al., 2010; Heinz et al., 2010; Lara-Astiaso et al., 2014; Winter
and Amit, 2014). Macrophage-specific enhancer regions exhibited significant
overrepresentation of the Maf motif (p = 10723), in addition to high and specific expression
of Mafb and Maf (Figures 2D and S2F), TFs known for their role in driving terminal
macrophage differentiation (Aziz et al., 2009). Consistent with previous reports of KIf4 as a
monocyte regulator (Feinberg et al., 2007), enhancer regions unique to monocytes were
enriched for the KIf motif (p = 1076), and KIf4 was highly expressed in monocytes (Figures
2D and S2G). Finally, the Cebp motif was highly overrepresented in neutrophil-specific
enhancers (p = 10730; Figure 2D). Of the Cebp family members implicated in myeloid cell
differentiation, Cebpe is specifically required for neutrophil development (Yamanaka et al.,
1997), and Cebpe is highly expressed in neutrophils (Figures 2D and S2H). Collectively,
macrophages, monocytes, and neutrophils display highly distinct chromatin landscapes,
despite their common lineage, indicating that the epigenome contributes significantly to cell-
type specificity among myeloid cells.

Tissue-Resident Macrophages Exhibit Distinct Enhancer Landscapes that Reflect
Ontogeny and Microenvironment

Because of the high divergence in tissue-resident macrophage expression and function, we
next analyzed the chromatin landscape within the macrophage cell type. To determine the
spectrum of enhancer usage across macrophage populations, we compared the chromatin
profile of the 30,976 defined myeloid enhancers. We established that the vast majority of
macrophage enhancers are unique to a small subset of populations (Figures 3 and 4). When
we calculated the pairwise correlations of H3K4mel read density between all samples, we
found that the macro-phage populations were more similar to each other than to neutrophils.
However, the H3K4mel-marked enhancers in different macrophage populations display a
high level of variation, especially when compared with H3K4me3 promoter signal (Figure
4A). The reproducibility and tissue specificity of macrophage enhancers were verified by
biological replicates (mean r = 0.885). Moreover, another mark of enhancer usage,
H3K4me2, uniquely predicted H3K4mel-marked regions within a sample with high
accuracy (Figure S3D). This variation is representative of the distinct set of enhancers
utilized by individual macrophage populations (Figures 4A and 4B).
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Indeed, when the catalog of enhancers was clustered by H3K4mel intensity across the
populations, nearly all tissue-resident macrophages demonstrated uniquely utilized
enhancers (Figure 4B, clusters I-111, V, VI1II, and X). For instance, the intergenic region of
Sall1 exhibited a microglia-specific region enriched for H3K4mel (cluster I; Figure 3A).
Enhancers unique to lung macrophages were enriched for genes involved in metabolism of
lipids and lipoproteins, indicating the role of these cells in surfactant lipoprotein metabolism
(Hussell and Bell, 2014) (Table S3, cluster VIII). Moreover, an H3K4mel-marked region
exclusive to peritoneal macrophages was detected within the Gata6 gene locus (cluster X;
Figure 3A). The highly similar small and large intestinal macrophages shared enhancers
utilized in no other populations, including the regions adjacent to Runx3 (cluster XI; Figure
3A). In confirmation, these clusters were reproduced by H3K4me2 intensity in the same
regions, which was highly correlated with H3K4mel across all analyzed macro-phage
populations (Figures S3A and S3B). In general, unique macrophage clusters are associated
with tissue-specific genes and related functions (Table S3), indicating a potential role for the
microenvironment in shaping chromatin dynamics.

Hierarchical clustering based on H3K4mel-marked or H3K4me2-marked enhancers
positioned the monocytes next to the junction of small and large intestinal macrophages
(Figures 4C and Figure S3C). This suggests that ontogenic relationships influence chromatin
dynamics because intestinal macrophages, as opposed to the other tissue-resident
macrophages analyzed, are mostly monocyte derived (Bain et al., 2014; Bogunovic et al.,
2009; Varol et al., 2009). Accordingly, many more monocyte enhancers remain open in
intestinal macrophages (85% and 87%) compared to other tissue-resident macrophages
(chisquare p < 107°; Figure 4D). Conversely, embryo-derived macrophages shared many
enhancers that are not present in intestinal macrophages or monocytes, including enhancers
close to Rxra and Marco (Figure 4B, cluster XV11I).

Analysis of the enhancer landscape also exposes relationships among tissue-resident
macrophages that are unrelated to ontogeny. For instance, Kupffer cells and spleen
macrophages cluster together as a result of the many enhancers they share (cluster 1V,
Figure 4C), likely reflecting the impact of their similar environments characterized by
prominent erythrocyte exposure. In addition, microglia and lung macrophages are most
distant from other macrophages in the hierarchical tree and are excluded from an enhancer
cluster shared by all other populations (cluster XV, Figure 4C).

Collectively, the distinct enhancer usage of different tissue-resident macrophages highlights
how chromatin state dynamics allow for plasticity within a given cell type. Although some
patterns reflect development, the level of variability between macrophage populations
extends beyond this dimension. Thus, ontogeny, together with local microenvironment,
likely contributes to shaping the enhancer landscape of tissue-resident macrophages.

Poised Enhancers Reflect Both Developmental Origin and Tissue Specificity

H3K4mel-marked enhancers are considered either active or poised, as demarcated by the
presence or absence of the H3K27ac mark (Creyghton et al., 2010). To further explore
enhancer activity, we analyzed the distribution of H3K27ac in H3K4mel-marked enhancers
(Figure S4). For example, the enhancer regions in the Itgax locus encoding the integrin
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CD11c are marked with H3K4mel in all macrophages, although expression of Itgax is
restricted to lung and intestinal macrophages. This is reflected in the H3K27ac signal
denoting transcriptional activity in only these macrophage populations (Figures 3B and 3C).
Likewise, Cx3cr1, a gene encoding a chemokine receptor, exhibits a H3K4mel-marked
region shared by all macrophages but is activated only in intestinal macrophages and
microglia (Figures 3B and 3C). On the other hand, the region surrounding the Vcaml gene,
along with the previously described loci (Figure S4A), exhibits tissue-specific macrophage
enhancers with H3K4mel signal in proportion to its H3K27ac activity and expression
(Figures 3B and 3C). Thus, analysis of both H3K4mel and H3K27ac in enhancers allows us
to describe the current activity, developmental origin, and potential of these cells to activate
various gene sets under external stimuli.

We determine enhancer activity based on the level of H3K27ac intensity in H3K4mel-
marked candidate enhancers and classify poised enhancers as those that have low H3K27ac
in all populations (Experimental Procedures). On a global scale, H3K27ac intensity
correlates with H3K4mel in enhancers and exhibits similar relationships between
populations (Figures S4B-S4E ). However, individual enhancers vary in the relationship
between the two marks as evidenced by differing proportions of active and poised enhancers
in the H3K4mel clusters (Figure 4B, right bar). Dissecting this pattern further, we find that
enhancers shared by multiple macrophage populations have a higher level of activity than
those that are shared by few or none (Figure 4E). For instance, enhancers that were present
in all but one of the populations were significantly more likely to be active in Kupffer cells
than those enhancers shared with only one other population (kstest p = 9.35 x 10737; Figure
4E). This trend held true for all samples except neutrophils (Figure S4F). Therefore,
plasticity of tissue-resident macrophages may arise from selective activation of
developmentally derived enhancers or de novo enhancers triggered by the local
microenvironment.

Tissue Regulators Define Distinct Sets of Macrophage Enhancers

We hypothesized that the distinct enhancer landscape in tissue-resident macrophages is the
result of the combinatorial action of tissue regulators. Assuming that the expression of TFs
should match the utilization of the enhancers that they regulate, we established a
computational pipeline to identify candidate regulators for each enhancer cluster (Figure
5A). Because H3K4mel-marked enhancers may span several kilobases, but TF motifs
usually occupy no more than a dozen bases, we generated ATAC-seq peaks corresponding
to the same tissue-resident macrophages to narrow our search regions to the likely site of TF
binding (Buenrostro et al., 2013; Lara-Astiaso et al., 2014). Marking open chromatin,
ATAC-seq intensity is highly correlated with H3K4mel intensity in enhancers, and the vast
majority of putative enhancer regions contain at least one ATAC-seq peak (Figures 5B, S5C,
and S5D). For each cluster, we overlapped the enhancer coordinates with the ATAC-seq
peak and lifted the DNA sequence from these regions to search for significantly enriched,
cluster-specific motifs. Finally, to determine the most likely regulator from the TF family
that matched the motif, we compared the gene expression profile of all family members to
the enhancer signature. In this manner, we identified candidate regulators for many of the
clusters shown in Figure 4B (Figures 5C-5E, S5E, and S5F and Table S4).
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For example, we found that the GATA motif was overrepresented in the cluster of enhancers
specific to peritoneal macrophages (cluster X). Among the GATA TF family members,
Gata6 was the most highly and differentially expressed in peritoneal macrophages (Figures
5C-5E). Therefore, Gata6 is a likely regulator of peritoneal-specific macrophage enhancers,
as supported by recently published results (Gautier et al., 2014; Okabe and Medzhitov,
2014; Rosas et al., 2014). Indeed, GATA motifs appear within enhancers associated with
genes expressed exclusively in peritoneal macrophages, such as Tgfb2 (Figures 1A and 5C).
Likewise, MEF2 binding motifs were overrepresented in microglia-specific enhancer
clusters and appeared at enhancers of microglia-specific genes such as Fcrls (Figures 5C,
5D, and 4B, clusters I and I1). Mef2c was implicated as the mostly highly and differentially
expressed MEF2 family member in microglia (Figures 5C-5E and Table S4). Other
candidate TFs include Lxra in Kupffer cells and spleen macrophages (clusters Il and V) and
Pparg in spleen and lung macrophages (clusters V and VI). Intestinal macrophages, along
with monocytes and neutrophils, are enriched for RUNX family motifs, with Runx3 highly
expressed in intestinal macrophages (clusters X1-XIV) (Figures 5D and 5E and Table S4).

Our data suggest that the distinct enhancer landscapes of tissue-resident macrophages result
from the restricted expression and binding of TFs. The orchestration of chromatin
modifications is regulated by crosstalk between the environment and ontogeny through a
small number of TFs (Heinz et al., 2010). Hence, macro-phage identity is shaped by tissue-
restricted TFs in conjunction with those ubiquitously present in macrophages, such as PU.1.

Macrophage Enhancer Landscapes Are Imparted by the Microenvironment

To assess the contribution of environmental signals as opposed to developmental processes,
we assessed the chromatin state of macrophages derived from transplanted adult bone
marrow (BM) that replace endogenous embryo-derived tissue-resident macrophages upon
lethal irradiation (Ginhoux et al., 2010; Hashimoto et al., 2013; Schulz et al., 2012;
Virolainen, 1968; Yona et al., 2013) (Figure 6A). Four months after engraftment, we
retrieved the donor transplant-derived lung, spleen, liver, and peritoneal macrophages using
the congenic CD45 alleles to distinguish them from host macrophages (Figure S6A;
Experimental Procedures). Critically, we found that macrophages from transplanted adult
BM acquire enhancers found in embryonic macrophages in a tissue-specific manner,
including those in the Car4 locus of lung macrophages and the Gata6 locus found in
peritoneal macrophages (Figure 6B).

Importantly, the H3K4mel intensity of adult transplant-derived macrophages was highly
reproducible and much more similar to their embryo-derived counterpart than any other
macrophage population (Figures 6C, 6D, and S6B-S6D). Macrophages derived from donor
BM recovered 89%—-98% overall and 47%- 92% of tissue-specific enhancers from the
reference (Figure 6E, Experimental Procedures). Similarly, principal component analysis
(PCA) revealed that transplanted macrophages were positioned closer to their corresponding
reference macrophage than other reference or transplanted macrophages (Figure 6F). Similar
results were seen with active enhancer (H3K27ac) regions (Figures S6E-S6H). Collectively,
these data establish that adult bone marrow precursors can acquire the tissue-specific
enhancer landscape of macrophages seeded in the tissues during development, reinforcing
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that the tissue microenvironment plays a prominent and active role in establishing
macrophage identity.

Differentiated Tissue-Resident Macrophages Can Be Reprogrammed by the Tissue
Microenvironment

Typically, once the chromatin landscape is specified during differentiation, cells lose the
plasticity to revert to their original precursor state or convert — without artificial
manipulation — into other cell types. Based on the results of the above transplant
experiment, we asked whether differentiated tissue-resident macrophages would retain
sufficient plasticity to adapt to a new microenvironment upon transfer into an ectopic tissue.

Lung and peritoneal macrophages display distinct expression profiles (Figure 7A).
Moreover, they harbor distinct chromatin landscapes with tissue-specific enhancers and
candidate regulators, such as Gata6 and Pparg (Figures 7B, 7C, 5E, and S7A). To test the
potential of the environment to reprogram differentiated macrophages, we sorted peritoneal
macrophages from CD45.1* donor mice and transferred them intratracheally into the
alveolar cavity of CD45.2* animals (Figures 7D and S7B).

Although the engrafted macrophages retained high levels of CD11b surface expression, akin
to endogenous peritoneal macrophages, ICAM2 — a peritoneal macrophage-specific surface
marker (Gautier et al., 2012b) (Figure 7A) — was downregulated upon transfer to levels on
par with lung macrophages (Figure 7E). Transferred macrophages upregulated lung
macrophage-specific genes, including Chi3I3, Stpc, Car4, and the TF Pparg (Figure 7F),
while downregulating peritoneal macrophage-specific genes, including Alox15 and the TF
Gatab6 (Figure 7F). Global RNA-seq analysis of transferred cells demonstrated that 70% of
genes highly and differentially expressed in peritoneal or lung macrophages (708 of 1,014)
had switched from a peritoneal cavity profile to resemble lung macrophages (Figure 7G and
Table S5), resulting in a significant shift in the distribution of genes (p = 5.8 x 10737; p = 2.9
x 10737; Figure S7C). The overall transition was confirmed by PCA analysis of the
expression profiles, which placed transferred cells closer to lung than peritoneal
macrophages (Figure 7H). This transfer experiment indicates that differentiated tissue-
resident macrophages retain their plasticity and further emphasizes the critical role of the
microenvironment in shaping the functional identity of steady-state macrophages.

DISCUSSION

The epigenomic state of a cell regulates gene expression, differentiation, and cellular
identity. We show that, at least in the case of tissue-resident macrophages, the chromatin
landscape provides a mechanism for plasticity and allows for crosstalk between the
environment and tissue-specific macrophage function. We provide a comprehensive
resource of the annotated regulatory elements, including promoters (H3K4me3), poised
enhancers (H3K4mel), and active enhancers (H3K27ac) of seven different tissue-resident
macrophage populations, as well as monocytes and neutrophils. We demonstrate that tissue-
resident macrophage populations are distinct with respect to their set of regulatory elements.
Much of the previous work on macrophage chromatin states explored either BM culture-
derived macrophages or thioglycollate-elicited monocyte-derived peritoneal macrophages.
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Although these studies offered many insights on general macrophage function, our results
show that the application of these earlier findings to all macrophage populations cannot be
taken for granted. Rather, tissue-resident macrophages are subject to an additional level of
regulation by a combination of ontogeny and the dynamic influence of the tissue
microenvironment, which together shape their distinct chromatin landscapes.

Tissue-resident macrophages have distinct global expression profiles, as we show using
RNA-seq in confirmation of prior results obtained on a smaller scale (Gautier et al., 2012b).
To assess the extent of artificial induction of stimulus-response genes in our RNA-seq data,
we compared the expression profiles of the tissue-resident macrophage populations with
stimulated dendritic cells across multiple time points (Garber et al., 2012). Because the
highest correlation was with unstimulated cells, we conclude that our protocols did not cause
undue activation of immediate early genes (Figure S2D). Chromatin states, moreover, are
stable within the time span of macrophage isolation (Experimental Procedures) (Garber et
al., 2012; Ostuni et al., 2013); thus, the in vivo chromatin states are even less likely to be
disrupted.

Through assessing enhancer activity, we add a new dimension to understanding how the
identities of tissue-resident macrophages are regulated. Some poised enhancers are inherited
in development and thus encode ontogenic memory (Nord et al., 2013); such enhancers are
ubiquitously marked with H3K4mel but may be active only in a subset of populations
(Stergachis et al., 2013). Lineage-tracing experiments show that Cx3cr1, which displays a
poised enhancer already at the common myeloid precursor (CMP) stage (Lara-Astiaso et al.,
2014), is expressed during development of all macrophage populations (Yona et al., 2013).
Interestingly, the Cx3cr1 locus retains H3K4me1-marked enhancers in all tissue-resident
macrophages populations, although it is almost exclusively acetylated and expressed in
microglia and intestinal macrophages. De novo enhancers encompass much of the diversity
between different tissue-resident macrophage populations and provide a possible account for
macrophage plasticity. Many of these regions are poised and, along with latent enhancers
not preemptively marked for activation, reflect the potential to respond to future stimuli
(Ostuni et al., 2013). Indeed, we show that the highest percentages of poised enhancers are
at regions present in only one or two macrophage populations, demonstrating complex
regulatory mechanisms, which can only be analyzed comprehensively on the level of the
chromatin.

Master regulators, such as PU.1, work in combination with other TFs to specify active
regulatory regions in a cell-type-specific manner (Heinz et al., 2010). Here, we implicate
Maf family TFs, such as Maf and MafB, in the establishment of macro-phage-specific
regulatory regions. Within macrophages, we further identified candidate regulators that may
work in combination to establish the distinct chromatin landscape for each tissue-resident
macrophage population. These TFs, which include Mef2c in microglia (Speliotes et al.,
1996), Lxra in Kupffer cells and splenic macrophages (A-Gonzalez et al., 2013; Joseph et
al., 2004), Pparg in splenic red pulp and lung macrophages (Gautier et al., 2012a; Schneider
etal., 2014), Gata6 in peritoneal macrophages (Okabe and Medzhitov, 2014), and Runx3 in
intestinal macrophages, have varying support in the literature. Future studies should focus
on knocking out or overexpressing these candidate regulators and observing the effects on
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the regulatory networks, epigenomic landscape, and identity of specific macrophage
populations.

These candidate regulators are likely to be the conduit through which signals in the tissue
microenvironment influence the chromatin landscape of macrophages. Our results are
consistent with previous studies showing that heme and retinoic acid promote the induction
of the tissue-specific macrophage TFs, Spi-C and Gata6, respectively (Haldar et al., 2014;
Okabe and Medzhitov, 2014). Notably, some of the TFs we identified, such as KIf4 and
Pparg, have been reported to be associated with functional macrophage polarization (Murray
et al., 2014). However, given the heterogeneity of enhancer landscapes and the tissue-
specific signatures of poised enhancers, the activation of tissue-resident macrophages is
likely to be more complex than previously anticipated. We confirmed the role of the
environment in shaping macrophage identity by enforcing replacement of endogenous,
embryo-derived macrophages with adult BM cells, and almost all enhancers were recovered
in a tissue-specific manner. The question of whether monocytes contribute to the embryo-
derived macrophage population in the case of nonirradiating injury or infection in the long-
term remains unresolved (Epelman et al., 2014; Ginhoux and Jung, 2014). However, our
study indicates that, if precursors do enter and remain in the tissue, they will be able to
assimilate to the local macro-phage population. Moreover, they adopt both poised and active
regulatory elements, indicating their functionality.

Interestingly, when we transferred fully differentiated macrophages to an alternate tissue, we
found that the new environment was sufficient to reshape their expression. The chromatin
landscape is, therefore, specialized within the tissue, while still retaining the capacity to be
reversed (as seen in Okabe and Medzhitov, 2014) and reprogrammed. This also presents the
possibility that peritoneal macrophages, or other differentiated macrophages, could
potentially serve as a therapeutic source of macrophages, as recently shown for precursors
(Happle et al., 2014; Suzuki et al., 2014).

Macrophages are important sentinels of the immune system, embedded in each tissue, and
are responsive to local changes in the microenvironment. Identifying the regulatory elements
that define each tissue-resident macrophage identity is, therefore, critical for understanding
their role in alerting the immune system to disease. The means by which the dysregulation
of chromatin landscape and transcription factors can lead to impaired function directs the
exploration of new therapeutic strategies to stimulate or inhibit the appropriate, tissue-
specific macrophage response. Finally, a similar study in humans will be highly beneficial
for uncovering the mechanisms of regulatory aberrations in immunological disorders.

EXPERIMENTAL PROCEDURES

Mice

C57BL/6 mice were purchased from Harlan (Rehovot, Israel). Macrophages were isolated
from 6- to 7-week-old females. All animals were kept in specific pathogen-free (SPF)
conditions and handled according to the protocols approved by the Weizmann Institute
Animal Care Committee as per international guidelines.
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Tissue Processing, Flow Cytometry, and Cell Sorting

Macrophages were purified following protocols (Extended Experimental Procedures; Data
S1) as previously described (Gautier et al., 2012b; Zigmond et al., 2012). Cells were isolated
directly from mouse tissue, stained, and sorted on an Aria Il either into lysis/binding buffer
(Life Technologies) for RNA-sequencing or crosslinked in 1% formaldehyde (Pierce
Biotechnologies) prior to sorting into PBS for ChlP-seq.

Bone Marrow Transplant and Intratracheal Transfer

Cells were isolated from CD45.1 mice by bone marrow flushing and injected 1V into
irradiated 6-week-old CD45.2 females. Macrophages were isolated from tissues and
processed as above 11-12 weeks later. For intratracheal transfer, peritoneal cavity
macrophages were sorted from CD45.1 animals. 5 x 10° cells in sterile PBS or PBS alone
were placed in the distal oral cavity of anesthetized 5-week-old animals. Cells were isolated
after 15 days from the lung and processed as above.

Quantitative PCR

mMRNA was isolated with Dynabeads oligo(dT) (Life technologies), and reverse-transcribed
to cDNA using AffinityScript RT kit (Agilent). Quantitative PCR (qPCR) was performed
with LightCycler480 SYBR Green | Master Mix (Roche) in triplicate, normalizing to Actb.
Primers are listed in Table S6.

RNA Isolation, Library Construction, and Analysis

10%-10° cells from each population were sorted into 100-200 ml of lysis/binding buffer
(Life Technologies). mMRNA was captured with 12 ml of Dynabeads oli-go(dT) (Life
Technologies), washed, and eluted at 70°C with 10 ml of 10 mM Tris-Cl (pH 7.5). We used
a derivation of MARS-seq as described (Jaitin et al., 2014), developed for single-cell RNA-
seq to produce expression libraries with a minimum of two replicates per population. Table
S7 shows MARS-seq primers. We sequenced an average of 4 million reads per library and
aligned them to the mouse reference genome (NCBI 37, mm9) using TopHat v2.0.10
(Trapnell et al., 2009) with default parameters. Expression levels were calculated and
normalized using ESAT software (http://garberlab.umassmed.edu/software/esat). RNA-seq
analysis in Figure 1 focused on genes in 25t percentile of expression with a 2-fold
differential between at least two populations. For transferred macrophages in Figures 7G and
7H, highly expressed and differential (2-fold) peritoneum and lung macrophage genes were
analyzed. Details are provided in the Extended Experimental Procedures.

High-Throughput-ChlIP-Seq
10° crosslinked cells were used for ChlP-seq, as described (Blecher-Gonen et al., 2013;
Garber et al., 2012). Following crosslinking and sorting, chromatin was fragmented by
sonication, and the mixture was purified with magnetic beads (Invitrogen, Dynabeads)
conjugated to 1 ng of H3K4Mel (Abcam and Millipore), H3K4Me2 (Abcam), H3K4Me3
(Millipore), or H3K27Ac (Abcam) antibodies. After barcoding, pooled DNA was sequenced
(HiSeq 1500, Illumina) to achieve a minimum of 107 aligned reads per sample.
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ATAC-Seq

To profile open chromatin, we used the ATAC-seq protocol developed by Buenrostro et al.
(2013) with modifications described in the Extended Experimental Procedures and by Lara-
Astiaso et al. (2014).

Processing of ChIP-Seq, ATAC-Seq, and Chromatin Peak Calling

Reads were aligned to the mouse reference genome (mm9, NCBI 37) using Bowtie aligner
version 1.0.0 (Langmead et al., 2009) with best match parameters (bowtie -m 1-sam-best-
strata -v 2). To identify regions of enrichment, peaks, from ChlP-seq reads of H3K4me1l and
H3K4me3, we used the HOMER package makeTagDirectory followed by findPeaks
command with the histone parameter (Heinz et al., 2010). Union peaks file were generated
by combining and merging overlapping peaks in all samples.

Chromatin Analysis

The read density (number of reads in 10 million total reads per 1,000 bp) was calculated in
each region from union peaks files for H3K4mel and H3K4me3. We quantile normalized
the average read density of replicates in high-confidence regions (i.e., above threshold in
both replicates; Extended Experimental Procedures and Data S1) of each cell type. The
region intensity was given in log-base2 of the normalized density (log2(x+1)). We define
promoters as these 10,806 H3K4me3 regions and enhancers as the 30,976 H3K4mel
nonpromoter regions — i.e., neither overlapping H3K4me3 regions nor within + 2,000 bp of
a TSS (Data S1). We calculated intensity of H3K27ac in each H3K4mel region designated
as an enhancer. To compare the relative activity of clusters, we classified 14,112 active
enhancers as those that had density = 15 before normalization (see below) in any cell type
(Data S1). Details are provided in the Extended Procedures.

For motif finding, we independently called peaks in ATAC-seq, as above, and identified the
maximum peak that overlapped each enhancer region. The overlapping sequences were
input for HOMER package motif finder algorithm findMotifGenome.pl (Heinz et al., 2010).
See also Extended Experimental Procedures.

Gene Tracks and Normalization

All gene tracks were visualized as bigWig files of the combined replicates normalized to
10,000,000 reads. The merged macrophage track was created by adding together the fastq
reads of all macrophage populations and normalizing to total reads. For visualization, the
tracks were smoothed by averaging over a sliding window of 500 bases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Tissue-Resident M acr ophages Can Be Distinguished by Expression Patterns
(A) Schematic for defining the global regulatory elements of tissue-resident macrophages,

monocytes, and neutrophils isolated by the gating strategy (Data S1) and analyzed by
sequencing data from high-throughput RNA-seq, ChIP-seq, and ATAC-seq. A

representative genome browser output is shown.

(B) K-means clustering (K = 11) of 3,348 differentially expressed genes in macrophages

(M®) and monocytes.
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(C) Bar graphs of individual gene expression in arbitrary units (a.u.). Error bars indicate
SEM.
See also Figure S1, Table S1, and Experimental Procedures.
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Figure 2. Comparing the Chromatin L andscape of Myeloid Cells Reveals M acr o-phage-Specific

Enhancers

(A) Normalized profiles of H3K4me3, H3K4mel, and H3K27ac signal in 100 kilobase pair
(kb) regions for monocytes, neutrophils, and “merged” macrophage signature of seven

tissue-resident populations.

(B) Venn diagrams of the overlap of promoters (10,806; left) and enhancers (30,976; right)
among macrophages, monocytes, and neutrophils.
(C) Representative motif of PU.1 enriched in H3K4mel-marked regions shared by all

myeloid cell types (p = 107%) and percentage of regions with the motif in each cell type.
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(D) Representative motifs of the indicated TF families found enriched in cell-type-specific
H3K4mel-marked regions (p < 107°). Gene expression (a.u.) of the implicated family
member. Error bars indicate SEM.

See also Figure S2 and Table S2.
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Figure 3. Tissue-Resident M acr ophage Populations Have Unique Poised and Active Enhancers
(A) Normalized profiles of H3K4mel signal for seven tissue-resident macrophage

populations in 100 kb regions containing tissue-specific enhancers around the indicated
genes.

(B) Normalized profiles of H3K27ac (right) signal in H3K4mel-marked (left) 100 kb
regions containing the indicated genes.

(C) Bar graphs of expression (a.u.) for genes in loci of (B). Error bars indicate SEM.
See also Figure S4.
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Figure4. Tissue-Resident M acr ophages Have Distinct Sets of Enhancer s Deter mined by
Ontogeny and Microenvironment

(A) Pairwise correlations between replicates with respect to H3K4me3 read density in
promoters (left) and H3K4mel read density in enhancers (right).

(B) K-means clustering (K = 20) of the H3K4mel intensity in 30,976 high-confidence
enhancer regions. The proportion of enhancers active (H3K27ac high) in at least one sample
in each cluster is shown in red (right bar).

(C) Hierarchical tree resulting from clustering on H3K4mel intensity in enhancer regions.
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(D) Percentage of H3K4mel-marked regions in monocytes shared with each tissue-resident
macrophage.

(E) Line plots showing that enhancer activity level (mean H3K27ac intensity) increases with
the number of samples that share the H3K4mel-marked regions.

See also Figures S3 and S4 and Table S3.
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Figure5. Identification of Candidate Regulatorsin Tissue-Resident M acrophage Enhancers

Using ATAC-Seq

(A) Schematic of pipeline to identify candidate regulators of enhancers. For each cluster,
enhancers are matched to ATAC-seq peaks, genomic sequence is lifted for input into the

motif finder, and the enriched motif is matched to the TF
expression.

(B) Pairwise correlations between H3K4mel and ATAC-

family member with corresponding

seq intensity in enhancer regions.

(C) Normalized profiles of H3K4mel signal in 100 kb regions with ATAC-seq peaks
overlaid in black, containing tissue-specific enhancers around the indicated genes. Shaded
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regions indicate location of the relevant motif. Bar graphs of gene expression (a.u.) for TF
family members of Mef2 in microglia and Gata in peritoneal macrophages. Error bars
indicate SEM.

(D) Heatmap of significantly enriched motifs (p < 107°) in H3K4me1-marked regions from
each cluster in Figure 4B (see Table S4).

(E) Bar graphs show gene expression (a.u.) for candidate TFs that match motifs in (D). Error
bars indicate SEM.

See also Figure S5 and Table S4.
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Figure 6. Microenvironment Signals Shape the Enhancer Landscape of Adult Bone-Mar r ow-
Derived Macrophages

(A) Schematic of bone marrow transplant experiment.

(B) Normalized profiles of H3K4melsignal of reference macrophages and transplant-
derived macrophages both showing tissue-specific enhancers around Car4 and Gata6 in 100
kb regions.

(C) Density scatterplots of H3K4mel intensity in H3K4mel-marked regions for reference
peritoneal macrophages (x axis) between replicates (left), compared to peritoneal transplant-
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derived macrophages (middle), or spleen transplant-derived macrophages (right). Regions of
2-fold differential (pink lines) and Pearson’s correlation between samples are indicated.

(D) Pairwise correlations between transplant and reference macrophages with respect to
H3K4mel intensity in original and novel enhancers. The single asterisk (*) and double
asterisk (**) correspond to the data shown in the respective plots from (C).

(E) Percent of total (left) or tissue-specific (right) reference macrophage H3K4mel-marked
regions recovered by transplant-derived macrophages.

(F) PCA of H3K4mel intensity showing transplanted macrophages group with their
respective reference macrophages.

See also Figure S6.
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Figure 7. Differentiated Tissue-Resident M acrophages Are Reprogrammed by a New

Microenvironment

(A) Volcano plot of relative expression in peritoneal (PM; right) and lung (LM; left)

macrophages with differential (> 4-fold), statistically significant (p < 0.01) genes indicated
in orange and blue, respectively.
(B) Scatterplot comparing intensity in H3K4mel-marked regions with differential PM
(orange) and LM (blue) enhancers indicated.
(C) Normalized profiles of H3K4mel signal of PM and LM in 100 kb regions.
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(D) Schematic of transplant experiment: representative FACS plot of purified CD45.1* PM
prior to transfer and retrieved from host CD45.2" lung.

(E-H) Resident LM, PM, and transferred macrophages recovered from the host lung tissue
(PM > lung transfer) were analyzed by flow cytometry (E) and gqRT-PCR (F). Error bars
indicate SEM. RNA-seq from transferred macrophages was compared to reference
macrophages for 1,014 differential genes sorted in a heatmap (G) and analyzed by PCA (H).
See also Figure S7 and Table S5.
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