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Abstract

Tissue-resident macrophages acquire specialized identities through transcription factor networks operating in distinct chromatin environments.
Early growth response 2 (EGR2) contributes both to alveolar macrophage identity and to interleukin (IL)-4-driven polarization of bone marrow-
derived macrophages, yet the regulatory principles enabling its function across these contexts remain unclear. By integrating RNA-seq and
ATAC-seq data from wild-type and Egr2-deficient macrophages, we show that macrophage identity is constrained by DNA methylation-dependent
cis-regulatory landscapes. Alveolar macrophage-specific enhancers are predominantly CpG rich and hypomethylated, a feature shared with addi-
tional tissue-resident macrophage populations, whereas bone marrow-derived macrophage-accessible regulatory regions are largely CpG poor.
Although IL-4 induces EGR2 together with KLF4 and DEC1 in bone marrow-derived macrophages, this transcription factor module fails to engage
CpG-rich enhancers, indicating that the bone marrow-derived macrophage regulatory network lacks additional alveolar macrophage-specific com-
ponents required for their activation. These findings identify CpG content as a determinant of enhancer competence and provide a mechanistic
explanation for the context-dependent activity of EGR2 in macrophages, placing macrophage plasticity under the control of sequence-encoded
epigenetic constraints.
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Introduction

artificial model as it is differentiated iz vitro in the presence
Mouse bone marrow-derived macrophages (BMDMs) are a of macrophage colony-stimulating factor (M-CSF), but sev-
widely used iz vitro cellular model to examine macrophage  eral immune-related processes, such as endocytic, antimicro-
plasticity upon different stimuli [1-6]. It can be considered an bial, inflammatory, or anti-inflammatory, have been shown,
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confirmed, or identified in these naive macrophages [7, 8]. It
is unknown whether BMDM-like cells exist in vivo as naive
or ground-state macrophages, but—based on their origin—
monocyte-derived naive macrophages can be the most closely
related types since monocytes develop from the myeloid
progenitor cells of the bone marrow. In the body, several
types of tissue-resident macrophages (TRMs) are replaced
by bone marrow-derived cells upon monocyte infiltration
and colonization, when monocytes differentiate into specific
macrophages during accommodating to their new tissue en-
vironment [9]. Independent of the given tissue, damage or in-
fection attracts circulating monocytes from the bloodstream,
which contribute first to inflammation, then to tissue repair;
this happens, for example, during skeletal muscle regeneration
or upon lung infections. In the former case, the phenotypic
transition of macrophages takes a few days, while in the latter
case, monocytes first become protective macrophages, then—
after 2 months—Ilose this profile and turn into regular alveolar
macrophages (AMs) [10, 11]. This slow transition is proba-
bly due to the presence of granulocyte-macrophage colony-
stimulating factor (GM-CSF), instead of M-CSF, produced by
the alveolar epithelial cells and required for the differentiation
and maintenance of AMs [12].

Given the distinct growth factor requirements and envi-
ronmental conditions of AMs and BMDMs, it remains un-
clear to what extent macrophage polarization signals can in-
duce overlapping transcriptional programs in these cell types.
The alternative (non-inflammatory or tissue-repairing) po-
larization of BMDMs induced by interleukin 4 (IL-4) acti-
vates a transcription factor (TF) cascade that includes respec-
tively early growth response 2 (EGR2), Kriippel-like factor 4
(KLF4), differentiated embryo-chondrocyte expressed gene 1
(DEC1; Bhlhe40), and peroxisome proliferator-activated re-
ceptor gamma (PPARY), which are already highly expressed
in AMs [13-19, 20]. This could suggest that BMDMs can be
brought closer to AMs by IL-4 treatment. However, given that
IL-4 does not induce Egr2 in AMs, it remains highly ques-
tionable whether alternative polarization or the activity of
these TFs—in the presence of M-CSF and in the absence of
GM-CSF—are sufficient to obtain AM-like cells iz vitro, and
whether these factors can mimic the alveolar space microenvi-
ronment [20]. In any case, transdifferentiation can be achieved
by introducing a few key TFs; for instance, the overexpres-
sion of CCAAT/enhancer-binding protein alpha (C/EBPa) and
C/EBP is sufficient to generate macrophages from B cells
[21,22]. Besides the previously mentioned IL-4-inducible TFs,
there are additional ones, such as KLF7, C/EBPB, and DEC2
(Bhlhe41) that also appear to be important in AMs, but the
identity of the principal regulator(s) is unknown [17, 20].
Among AM-specific TFs, C/EBP (basic leucine zipper; bZIP)
and DEC (basic helix-loop-helix; bBHLH) proteins must form
homo- or heterodimers to bind DNA efficiently and regulate
gene expression in a context-dependent manner, so the pres-
ence and relative abundance of dimerization partners can crit-
ically influence cellular function [23, 24].

However, TF availability alone does not determine which
cis-regulatory elements can be bound and which cis-
regulatory regions can be activated, as TF binding is also
shaped by the local DNA sequence and the epigenetic state
of the underlying chromatin. Both G/C content and the oc-
currence of CpG dinucleotides have been documented to con-
tribute to this process [25]. G/C-rich sequences are frequently
associated with accessible and transcriptionally active regions,

whereas CpG dinucleotides provide sites for DNA methyla-
tion. When CpGs are located within or near TF-binding sites,
their methylation state can alter TF recognition and thereby
influence the accessibility and activity of the corresponding
regulatory region [26, 27].

Our aim was to determine how shared and macrophage
subtype-specific TFs interact with distinct chromatin envi-
ronments to establish macrophage identity. To address this
question, we performed RNA-seq and ATAC-seq experiments
in Egr2*/* (wild-type, WT) and Egr2"® (Egr2 knockout, Egr2
KO) mouse AMs and BMDMs in the presence or absence of
IL-4. These models were selected because EGR2 contributes to
the transcriptional regulatory networks of both cell types, al-
though its role and the magnitude of the IL-4 response differ
between AMs and BMDMs [1]. We compared differentially
expressed genes (DEGs) and differentially open chromatin re-
gions (DORs) across cell types, genotypes, and treatment con-
ditions. TF motif enrichment within these regions was then
integrated with TF expression data to identify candidate reg-
ulators of AM identity. To put our findings into a broader con-
text, we incorporated publicly available RNA-seq, ATAC-seq,
Bisulfite-seq, and ChIP-seq datasets from AMs, BMDM:s, mi-
croglia, and other TRMs.

Our results show that AMs and BMDMs are regulated by
different TF networks independent of the presence or absence
of IL-4, although IL-4 modulates gene expression in the same
direction in both cell types. EGR2 has distinct roles in these
cells: it contributes to AM maintenance and a more moderate
IL-4 response, whereas it is an indispensable factor for the al-
ternative polarization of BMDMs. These findings are likely to
be the result of an epigenetic barrier between BMDMSs and
TRMs: this is the CpG content of DORs, which is higher
in TRMs relative to BMDMs. As the DNA methylation-
mediated blockade at these CpGs cannot be removed by the
BMDM-specific TF-co-regulator complexes even in the pres-
ence of EGR2, other TFs with pioneer functions, e.g. C/EBPJ
in AMs, may be required for the activity of the CpG-enriched
cell-type-specific gene regulatory regions. These findings pro-
vide a framework for interpreting macrophage plasticity in
which the subtype-specific combination of TFs unlocks the ap-
propriate epigenetically pre-determined regulatory sites.

Materials and methods

Isolation of alveolar macrophages and treatment
conditions

AMs were isolated by bronchoalveolar lavage (BAL)
from Egr2*/+ and Egr2"M, 8- to 12-week-old female mice (7
= 3 per condition). To collect BAL samples, animals were
euthanized by isoflurane inhalation, and their tracheas were
cannulated. Lavage was performed with two aliquots of 0.7
ml of ice-cold phosphate-buffered saline (PBS; pH 7.3). The
BAL cells were centrifuged at 400 g for 10 min at 4°C, and
the supernatants were removed. BAL cells were suspended
in ACK buffer (4.012 g NH4Cl, 0.5 g KHCO3;, 18.61 mg
Na,EDTA-2H,0, and 0.5 | of milliQ; pH 7.2-7.4) to lyse
red blood cells for 2 min at room temperature, and then 1
ml of MACS buffer 2 mM EDTA and 0.5% bovine serum
albumin (BSA) in 1x PBS, pH 7.2) was added. The alveo-
lar macrophages were purified with CD45 magnetic bead
selection according to the manufacturer’s protocol (CD45
bead isolation kit; order no. 130-052-301; Miltenyi). We
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cultured isolated cells in 24-well plates in 0.5 ml of RPMI
medium containing 1% penicillin/streptomycin/amphotericin
B (A5955; Sigma) and 10% foetal bovine serum (FBS; F7524,
Sigma). After attachment, we added 20 ng ml~' IL-4 (Pe-
protech; 214-14). For RNA-seq experiments, total RNA was
isolated using Trizol reagent (Zymo Research; R2050-1-200)
after 24 h of incubation.

RNA sequencing experiments

RNA-seq was completed as described earlier [19, 28]. Briefly,
from total RNA, the Ultra II RNA Sample Preparation Kit
(New England BioLabs) was used for library preparation fol-
lowing the manufacturer’s protocol. The poly(A)-tailed RNA
selection was performed by magnetic beads attached with
poly(T) oligonucleotide. After purification, the mRNA sam-
ples were eluted and fragmented at 94°C. Random priming
reverse transcription was applied for cDNA generation. After
end repair, single adenine base addition, and barcode-adaptor
ligation, the libraries were generated by adapter-specific PCRs.
The sequencing run was performed on an Illumina NextSeq
500 instrument using single-end 75 cycle sequencing.

ATAC-seq experiments

ATAC-seq was performed as previously described [19]. Briefly,
Egr2*t/* and Egr2 AMs were isolated from 3-month-old
male and female mice (# = 2 per condition), followed by
CD45-based cell isolation as described in the corresponding
section. After treatment, the cells were collected and counted,
and an equal number of cells from each sample was used
for ATAC-seq. The nuclei were isolated by ATAC-LB (10
mM Tris-HCI pH 7.4, 10 mM NaCl, 3 mM MgCl,, 0.1%
IGEPAL). Cell nuclei were subjected for tagmentation using
the Nextera DNA Library Preparation Kit (Illumina). DNA
then was purified with the MinElute PCR Purification Kit (Qi-
agen) and amplified using the Kapa HiFi HotStart Kit (Kapa
Biosystems). Libraries were purified again with the MinElute
PCR Purification Kit (Qiagen), and fragment distribution was
analysed with an Agilent Bioanalyzer. Sequencing was per-
formed on the NextSeq 500 platform.

Cell isolation and differentiation of bone
marrow-derived macrophages

Cell isolation and differentiation were performed as described
earlier [4]. Briefly, isolated BMDMs were differentiated for
6 days in Dulbecco’s modified Eagle’s medium (DMEM;
Sigma; D5671) containing 1929 supernatant (high glucose
DMEM with 1% penicillin/streptomycin/amphotericin B,
15% FBS, and 20% 1929 supernatant). On day 35, differen-
tiated BMDMs were treated with a final concentration of 20
ng ml~! IL-4 (Peprotech; 214-14) for 24 hs.

Chromatin immunoprecipitation-seq experiment

Chromatin immunoprecipitation (ChIP) was performed with
minor modifications of the previously described protocol [29].
Briefly, 1 x 10”7 BMDM:s were double cross-linked with dis-
uccinimidyl glutarate (DSG; 45 min) and formaldehyde (10
min). Nuclei were isolated using a lysis buffer containing
0.15 M NaCl, 5 mM EDTA pH 7.5, 0.05 M Tris-HCI pH
7.5, and 0.5% NP-40, supplemented with protease inhibitor
(Roche) prior to use. Chromatin was sheared with sonication
and immunoprecipitated overnight with the DEC1 antibody
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(NB100-1800, Novus Biologicals). Chromatin—antibody com-
plexes were extensively washed and eluted after pull-down
by paramagnetic beads. Eluted complexes were decross-linked
overnight and purified by the MinElute PCR Purification Kit.
Immunoprecipitated DNA was quantified by a Qubit fluo-
rometer. Libraries were prepared from 10 ng of DNA with
TruSeq ChIP Library Systems (Illumina) according to the man-
ufacturer’s instructions. Libraries were sequenced on NextSeq
2000.

RNA sequencing data analysis

Raw sequence reads were aligned to the mm10 mouse ref-
erence genome assembly with HISAT2 (v2.1.0) using default
parameters [30]. Transcripts were assembled with StringTie
(v1.3.4d) [31]. BAM files were indexed with SAMtools (v1.7),
then coverage (bigwig) files were generated by the bamCover-
age program of deepTools (v3.0.2) [32, 33]. Expression lev-
els were determined in fragments per kilobase of transcripts
per million mapped reads (FPKM). Considering all RNA-seq
samples (n = 24), genes with expression levels >1 FPKM in
at least two samples were considered expressed (12 334 in to-
tal). Then, FPKM values were normalized to the upper decile
per sample and were included in comparative analyses, with
cut-offs of P < 0.05 and fold change (FC) > 1.5 applied.
The DEGs were determined with one-way analysis of variance
(ANOVA), supplemented with post-hoc Tukey HSD statisti-
cal test by using the stats, tidyverse, and sqldf packages in R
(v4.3.3). A sample-to-sample (correlation) plot was generated
in R using Pearson correlation coefficients calculated from
decile-normalized expression values of all the 12 334 genes.
For reference-based principal component analysis (PCA) pro-
jection, log-normalized FPKM values were analysed in R af-
ter excluding mitochondrial, ribosomal, predicted (Gm), and
microRNA-associated transcripts. Sample-level technical vari-
ation related to total expression and expression distribution
was reduced using linear modelling. PCA was then generated
using public monocyte and tissue-resident macrophage sam-
ples, and in-house AM and BMDM samples were projected
into the resulting reference space [34]. Standard PCAs were
also performed in R using log-normalized FPKM values after
filtering out non-expressed genes and genes with zero vari-
ance, followed by centring and scaling of the data using the
prcomp function. Upstream regulators were predicted with
the Ingenuity Pathway Analysis (IPA) software [35]. Regula-
tors were ranked based on the statistical significance of en-
richment [—log(P-value)], reflecting the overlap between the
observed DEGs and known downstream targets of each reg-
ulator. The top 20 regulators in each group were visualized.
Enriched biological pathways were predicted with Metascape
(v3.5.20230501) with DEGs as input [36]. Results from theP-
athway and Process Enrichment Analysis module were used,
and pathways were ranked by P-value. The most significantly
enriched terms were selected and visualized as networks, and
functionally related groups were coloured similarly.

ATAC-seq data analysis

Raw sequence reads of Egr2*/* and Egr2?1 AM and BMDM
samples were aligned to the mouse mm10 reference genome
assembly using BWA (v07.17) with default parameters, then
BAM files were generated with SAMtools (v1.7) [32, 37].
Peaks were predicted with the callpeak function of MACS2,
then artefacts were removed using the blacklisted genomic re-
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gions of ENCODE [38, 39]. Genome coverage (bedgraph) files
were generated by HOMER’s makeUCSCfile [21]. Before dif-
ferential analysis, peak widths were fixed to 100 bp centred
on their summit positions as defined by MACS2. Consider-
ing the 100 bp wide peaks across all ATAC-seq samples (7 =
16), an initial consensus peak set was generated from all pre-
dicted peaks (7 =136 934). Then, coverage [reads per kilobase
per million mapped reads (RPKM)] values were calculated
on the initial consensus set from all samples and were nor-
malized with the upper decile values per sample. After decile
normalization, peaks present in at least two samples with >
0.5 RPKM coverage were considered as part of the final con-
sensus peak set (m = 73 602). DORs were then identified
using one-way ANOVA followed by a post-hoc Tukey HSD
test, implemented with the stats, tidyverse, and sqldf packages
in R.

The separation of the transcription start site (TSS)-
proximal (promoter) and TSS-distal (enhancer) regions was
performed by annotating the final consensus peak set us-
ing HOMER’s annotatePeaks with a minor modification: in-
stead of the default HOMER promoter definition (TSS —1000
bp/+100 bp), peaks located within 1000 bp of a gene TSS
were considered TSS proximal. Then genomic distribution of
the TSS-distal peaks [in introns, intergenic regions, exons, 3’
untranslated regions (UTRs), and TTSs] was also determined
by HOMER’s annotatePeaks, where intergenic regions include
both intergenic and non-coding regions. Decile-normalized
read distribution (tag density) heat maps of the different
peak sets were visualized by HOMER’s annotatePeaks in
20 bp windows within 2 kb frames relative to the peak
summits.

The AM- and BMDM-specific DORs and common regions
were subjected to a distance-dependent merging and inter-
section analysis. Peak positions were concatenated, sorted,
and merged using sortBed and mergeBed (bedtools) with in-
creasing maximum merging distances [d=sqrt(10)!, where i
=6,7,...,12] [40]. This generated merged peak sets represent-
ing progressively more inclusive genomic regions (1 kb to 1
Mb). Overlaps with the original three peak sets were quan-
tified for each merged set using intersectBed (bedtools) with
the -c option to count the number of overlapping intervals per
merged region. The output was reformatted to produce a sum-
mary table containing, for each merged interval, the number
of overlaps with the original three peak sets. This approach
allowed us to examine how the number and composition of
merged regulatory regions change as the maximum allowed
merging distance increases.

Data analysis of publicly available ATAC-seq
samples

Publicly available ATAC-seq datasets were collected from
the Gene Expression Omnibus (GEO) or Sequence Read
Archive (SRA) databases, and the raw sequences were
downloaded from the Nucleotide Archive (ENA) database
of the EMBL-EBI. A detailed list of publicly available
next-generation sequencing data used in the study can
be found in Supplementary Table S19. Control and Egr2
KO, unstimulated, and IL-4-treated ATAC-seq samples from
BMDMs were derived from our previously published datasets
(GSM456315-322) [4]. In the case of TRM (GSE63338; alve-
olar macrophage, microglia, Kupffer, spleen, peritoneal, small
intestine, large intestine, and monocyte) ATAC-seq samples,

replicates were merged, and samples were analysed similarly
to as described in the previous section [34].

PCA plots were generated in R using decile-normalized
RPKM values from publicly available and our unstimulated
AM samples. For secondary analyses, to represent AMs, the
samples generated for this study were used. The peak widths
were fixed to 100 bp centred on their summit positions as de-
fined by MACS2. The TSS-distal regions (introns, intergenic
regions, exons, 3’ UTRs, and TTSs) were defined by HOMER’s
annotatePeaks with the same modification as in the case of
other analyses: peaks located within 1000 bp of a gene TSS
were considered promoter proximal and thus were excluded
from further analyses.

Considering the filtered, 100 bp wide peaks of the TRM,
monocyte, and our AM and BMDM samples, similarly to the
AM and BMDM ATAC-seq samples, an initial consensus peak
set was defined (7 = 173 596). Then, coverage (RPKM) values
were calculated on the initial consensus set from all samples
and were normalized with the upper decile values per sample.
After decile normalization, TSS-proximal (promoter) regions
(TSS &+ 1000 bp) were excluded, and peaks present in at least
two samples with > 0.5 RPKM coverage were considered as
part of the final consensus peak set (7 = 64 490). For the dif-
ferential analysis, decile-normalized RPKM values were used.
We defined cell-type-specific regions (peaks enriched (>1.5-
fold) in a given cell type compared with all others), shared
BMDM-TRM regions (peaks enriched in BMDM together
with a TRM type compared with the remaining samples), and
shared AM-TRM regions (peaks enriched in AM together
with a TRM type compared with the remaining samples). Fi-
nally, peaks were clustered accordingly.

Bisulfite-seq analysis

Processed data files of publicly available Bisulfite-seq exper-
iments from AM (GSM3940198), BMDM (GSM2974655),
and microglia (GSM7273559) samples were downloaded, and
then, based on the genomic coordinates and scores, bed and
bedgraph files were generated in the command line [41, 42,
43].

CpGs were mapped using a HOMER motif file generated
with seq2profile.pl (HOMER) by HOMER’s annotatePeaks
(using the -mbed option) within 1 kb frames relative to the
peak centres or TSSs. Then, CpGs and methyl-CpGs were vi-
sualized as density heat maps on the different peak sets by
HOMER’s annotatePeaks (using the -ghist and -p options) in
10 bp windows within 1 kb frames relative to the peak cen-
tres or TSSs. Based on the total methyl-CpG number of the
samples, the following scales were set to the methyl-CpG plots
during heat map visualization by TreeView: AM, 0.1; BMDM,
0.25; microglia, 0.25. CpG density and G/C content were visu-
alized as histograms on the different peak sets by HOMER’s
annotatePeaks (using the -hist 10 and -p options) in 10 bp
windows within 1.5 kb frames relative to the peak centres or
TSSs.

Polymerase Il (Ser5P) ChIP-seq analysis

Raw sequence reads of the publicly available microglia poly-
merase (Pol) II ChIP-seq sample (GSM6928507) were down-
loaded and analysed together with our previously published
Pol II samples from BMDMs (GSM2845626-27) using the
same pipeline as for ATAC-seq, with the HOMER peak-
calling parameter set to ‘-style histone’ [28, 44]. Before the ba-
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sic analysis, fastq files of the samples generated from BMDMs
were merged.

ChlP-seq analysis

Raw sequence reads of C/EBPa ChIP-seq data from un-
stimulated BMDMs (SRR4302495), C/EBPB ChIP-seq data
from unstimulated AMs (GSM6138980) and BMDMs
(GSM2974658), DEC1 ChIP-seq data from unstimulated
AMs (GSM3983822), and DEC1 (GSM9465547-48) and
EGR2 ChIP-seq data from unstimulated and 24 h IL-4-treated
BMDMs (GSM4564263, GSM4564267) were analysed using
the same pipeline as for ATAC-seq and Pol II ChIP-seq [14,
17,28, 45].

CpG content analysis

CpGs were mapped by HOMER’s annotatePeaks (using the
-mbed option) within 300 bp frames relative to the peak cen-
tres of different peak sets, then the number of CpG hits +
1 was visualized as violin plots. The select set of enriched
motifs was mapped by HOMER’s annotatePeaks (using the
-mbed option) within 200 bp frames relative to the peak cen-
tres of AM- and BMDM-specific DORs. The mapped mo-
tifs were extended, and their sequence was obtained by the
homerTools extract command. Nucleotide frequencies were
transformed to Homer motif files and turned into motif lo-
gos by motif2Logo.pl (HOMER), and CpG frequencies were
determined. The number of mapped motifs with or with-
out CpGs and methyl-CpGs was determined by intersectBed
(HOMER). The observed-to-expected (O/E) ratio of CpG en-
richment was quantified within 300 bp windows centred on
peak midpoints, and empirical cumulative distribution func-
tions (ECDFs) were plotted for the regulatory regions. Statis-
tical comparisons were performed using two-sided unpaired
Wilcoxon rank-sum tests (Mann—Whitney) with false discov-
ery rate (FDR) correction.

Motif enrichment analysis

De novo motif enrichment analysis was carried out by
HOMER’s findMotifsGenome.pl and was performed on the
summit = 100 bp regions of the peaks. The targeted mo-
tif lengths were 8, 10, and 14 bp. P-values were calculated
by comparing the enrichment within the target regions and
that of a random set of regions (background) generated by
HOMER. For motif distribution plots, matrices of the en-
riched motifs were mapped following the order of regions on
the read density heat maps by using the -mbed parameter of
HOMER’s annotatePeaks.pl in 20 bp windows within 2 kb
frames relative to the peak centres.

Data visualization

Coverage (bigwig) files were visualized using the Integra-
tive Genomics Viewer (IGV, v2.8.0) [46]. Scatter, violin, line,
and dot plots, as well as pie and (stacked) bar charts were
plotted in GraphPad Prism (v9.4.1). The area-proportional
Chow-Ruskey plot was generated with the Intervene web tool
[47], while area-proportional Venn diagrams were created us-
ing BioVenn [47, 48]. Row-normalized heat maps were plot-
ted with the pheatmap package in R, and the read distribu-
tion heat maps and motif enrichment plots were visualized by
Java TreeView (v1.1.6r4) [49]. The schematic model and the
Graphical abstract were created with BioRender.
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Results

Alveolar macrophages and bone marrow-derived
macrophages have diverse transcriptomes

In this study, WT and Egr2-deficient BMDMs and AMs—
differentiated in vitro in the presence of M-CSF or in vivo in
a GM-CSF-containing environment, respectively—were sub-
jected to transcriptomic and chromatin accessibility analy-
ses under unstimulated or IL-4-treated conditions (Fig. 1A).
First, focusing on the unstimulated, steady-state condition, we
sought to place BMDMs and AMs into a broader macrophage
context by projecting our samples onto a monocyte and TRM
reference space comprising microglia and Kupffer cells as well
as splenic, peritoneal, intestinal, and alveolar macrophages
(Fig. 1B). As expected, AMs positioned in proximity to the
public AM reference, whereas BMDMs occupied a distinct po-
sition within the macrophage landscape and localized closer
to monocytes than to TRM populations. We next compared
AM and BMDM transcriptomes in detail and found that
a high proportion (>30%) of the expressed genes showed
a significantly different mRNA level between the two cell
types (Fig. 1C; Supplementary Tables S1 and S2). These
include a large number of AM signature genes, most of
which show a higher gene expression level in AMs than
in BMDMs as expected (Fig. 1D; Supplementary Fig. S1A;
Supplementary Table S3) [50]. Several AM-specific genes
are related to lipid metabolism, while the BMDM-specific
genes have functions in cell proliferation and immune re-
sponses (Supplementary Fig. S1B). These large differences be-
tween the two cell types may be due to the significant num-
ber of differentially expressed TFs (Fig. 1E; Supplementary
Table S4), but most TFs—including the macrophage lineage-
determining TFs [LDTFs; Spil (encoding PU.1), Cebpa, IrfS,
Jund, Mef2a, Mef2d, and Runx1]—exhibit similar gene ex-
pression levels (Fig. 1F) [21,45, 51, 52]. In addition, most core
macrophage-specific genes—even if the difference is statisti-
cally significant—also display similar gene expression levels
(Supplementary Fig. S1C; Supplementary Table S5), indicating
that despite the differences, both cell types share a similar core
macrophage programme [50]. Among the predicted upstream
regulators that may be responsible for the established gene
expression patterns, EGR2, DEC1 (Bhlhe40), and SREBF1
show a higher gene expression level in AMs, while E2F1 and
FOXM1 might be major TFs in the establishment of the differ-
ential BMDM mRNA levels (Supplementary Fig. S1D). Nev-
ertheless, the mRNA abundance alone was not enough to dis-
cern the activity and effects of the resulting TFs governing
the distinct gene expression patterns (e.g. the BMDM-specific
IRF7 is a viral signal-dependent TF) [53].

DNA methylation-dependent cis-regulatory regions
are enriched in alveolar macrophages

ATAC-seq is a next-generation sequencing (NGS) method that
allows the detection of the epigenetic imprint of DNA-TF
interactions in an unbiased way; therefore, we carried out
ATAC-seq experiments for both AMs and BMDMs [54]. As
expected, many thousands of regions showed significantly
different chromatin openness between the two cell types—
this difference is balanced in the TSS-distal regions (en-
hancers), but the AM-specific TSS-proximal regions (promot-
ers) are over-represented (Fig. 2A; Supplementary Fig. S2A, B;
Supplementary Tables S6 and S7). AM- and BMDM-specific
DORs are non-randomly organized along the genome, form-
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Figure 1. Alveolar and bone marrow-derived macrophages have distinct gene expression patterns. (A) Schematic overview of the experimental workflow.
Biological replicates per condition were used for RNA-seq (n = 3) and ATAC-seq (n = 2). (B) PCA projection of in-house AM and BMDM samples onto a
public monocyte and tissue macrophage reference space comprising microglia, spleen, Kupffer, peritoneal, intestinal, and alveolar macrophages. (C) The
volcano plot represents DEGs between the unstimulated AMs and BMDMs. (D-F) Scatter plots depict the expression of the AM signature genes (D),
the differentially expressed (E), and the non-differentially expressed (F) TF-coding genes in unstimulated AMs and BMDMs. Statistical significance was
defined as P < 0.05 with an FC > 1.5. (A) was partially created in BioRender. Barath, B.R. (2026) https://BioRender.com/g12f005.

ing spatially distinct clusters whose intermixing becomes ap-
parent only beyond an ~30 kb scale (Supplementary Fig.
S2C). In order to explain the observed ATAC-seq patterns and
to identify the putative TF-binding sites of DORs, we applied
de novo motif enrichment analyses (Supplementary Fig. S2D).
In contrast to the BMDM-specific promoters, the AM-specific
promoters show a strong GC-box motif enrichment, which
can be responsible for the high chromatin openness in broader
ranges. The differentially open TSS-distal regions are also well
separated by the enriched motifs: within the AM-specific re-
gions, the top differential motifs are those of EGR, CEBP, KLF,
and the MITF/TFE (M)-box, the latter being a subtype of the
bHLH-bound Ephrussi/enhancer (E)-boxes [55]. In contrast,
within the BMDM-specific regions, they are the ETS:IRF com-
posite element (EICE), the MAF response element (MARE),
and the PU-box (Fig. 2A, B; Supplementary Fig. S2D) [56].
Notably, based on the HOMER motif collection, all the
above-mentioned AM-specific motifs can contain a CpG din-
ucleotide (EGR, TGCGTGGGCG; CEBP, TTGCGCAA; KLF,
DGGGCGKGKY; M-box, TCACGTGA), which is the ba-
sis and target site of vertebrate DNA methylation, so we ex-
amined the CpG and G/C content of the DORs and com-
mon regions (Fig. 2C-E; Supplementary Fig. S2E, F) [21, 27,

57]. In addition, the extent of CpG methylation was exam-
ined using previously reported Bisulfite-seq data from AMs
and BMDMs (Fig. 2C, D, right) [41, 43]. In contrast to the
BMDM-specific promoters, almost all AM-specific promot-
ers are CpG island promoters, which show a low degree of
methylation in BMDMs and are largely demethylated and
mostly active in AMs (Fig. 2C; Supplementary Fig. S2G). Sim-
ilarly, the AM-specific TSS-distal regions are also enriched
for CpGs relative to the BMDM-specific regions and, again,
the extent of demethylation correlates with chromatin open-
ness (Fig. 2C). In general, the open chromatin regions of the
examined macrophages show a bimodal CpG distribution,
where promoters are relatively CpG rich, and the TSS-distal
regions are relatively CpG poor. In contrast, the BMDM-
specific promoters themselves also display a bimodal distri-
bution with a relatively low CpG content, and the CpG con-
tent of BMDM-specific TSS-distal regions is below the over-
all median (Fig. 2E). CpG content of the common regions is
between the two extremes at both TSS-proximal and distal
regions (Fig. 2D, F; Supplementary Fig. S2H).

Regarding the composition of putative PU-boxes and TPA
response elements (TREs) and the mapped AM-specific TSS-
distal motifs (EGR, CEBP, KLF, and M-box) together with
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Figure 2. DNA methylation-dependent cis-regulatory regions are enriched in alveolar macrophages. (A) Read distribution heat map represents the
chromatin openness of the differentially accessible TSS-proximal (promoter) and TSS-distal (enhancer) regions between the unstimulated AMs and
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BMDMs. Biological replicates were performed (n = 2); R: replicate. (B) Motif distribution heat map shows the presence of the de novo enriched motifs
in 20 bp windows within 2 kb frames relative to the peak centres. (C and D) Heat maps show the CpG and methyl-CpG (Bisulfite-seq) density (C) across

the differentially and (D) the non-differentially opened TSS-proximal and TSS-distal regions calculated from AMs and BMDMs. (E) Violin plots show the
CpG number in the consensus peak set (all), TSS-proximal and TSS-distal regions, AM- or BMDM-specific, and non-differentially accessible (common)

TSS-proximal and TSS-distal regions. The middle, dashed line represents the median, and the upper and lower dashed lines indicate the deciles. Applied

statistics: two-sided unpaired Wilcoxon rank-sum test. (F) Line plots represent the CpG distribution calculated on the predicted EGR, CEBR KLF, and
PU.1 elements in AMs (green) and BMDMs (blue). The proportional motif logos represent the base frequency at each position. (G) Stacked bar charts
show the proportions of methylated, demethylated, and non-methylatable putative EGR elements in AM-specific distal regions (left) and GC-boxes in
AM-specific proximal regions (right) in AMs and BMDMs.(H) Scatter plots depict the gene expression levels of the bHLH, bZIR, ETS, and a set of other

relevant TF-coding genes in unstimulated AMs and BMDMs. The DEGs are highlighted in colour. Statistical significance was defined as P < 0.05 with an

FC > 1.5.
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their immediate vicinity, those within the AM-specific DORs
have a higher CpG and G/C content relative to those of the
BMDM-specific DORs (Fig. 2F; Supplementary Fig. S2I) [56].
Notably, putative EGR elements can be methylated at their
edges, while the centre of putative CEBP and KLF elements
and the 5’ region of putative PU-boxes can contain a CpG,
although the latter three are largely CpG free. Overall, close
to 30% of the AM-specific putative EGR elements are methy-
latable, out of which a small fraction is methylated in AMs,
while close to half of them are methylated in BMDMs (Fig.
2G, left). As a control, we also checked the AM-specific pro-
moters, where most GC-boxes contain a CpG, and the vast
majority of these are demethylated in both cell types (Fig. 2G,
right).

In the next step, we sought to associate the enriched motifs
with their corresponding TFs using mRNA levels (Fig. 2H;
Supplementary Table S8). Although there is a shift towards
AMs, M/E-boxes are enriched in both macrophage types,
and several putative bHLH proteins may bind to them. In
BMDMs, Tfe3, Mxd4, and Lyl1 are the most highly expressed
bHLH genes, while in AMs, Bhlhe40 and Bhlhe41 are the
top hits, as heterodimers containing ID2 or ID3 are not able
to bind to DNA [58]. In the case of the bZIP TFs, the high
level of C/EBPB can be responsible for the AM-specific CEBP
motif enrichment, whereas the BMDM-specific MAREs may
be bound by large MAFs (Maf, Mafb). The activity of large
MAFs is consistent with the differentiated state of BMDMs
[59]. ETS genes typically show a higher expression in BMDMs
than in AMs, which correlates with the PU-box enrichment in
BMDMs. While the enrichment of RUNX motifs is similar in
the AM- and BMDM-specific regions, according to the mRNA
levels, in AMs, RUNX2 may also function as well as RUNX1.
In addition, the AM-specific motif enrichments also correlate
with the mRNA levels of Egr2, Kif4, and KIf7, and Rbpj and
Irf8 can be coupled with the GFY and EICE motif enrichments
in BMDMs (Fig. 2H) [60, 61]. Notably, in the latter case, Irf5
and Irf9 show a significant difference, but EICE is only bound
by IRF4 or IRF8, and, among their coding genes, Irf8 shows
a significantly higher expression.

In summary, the AM-specific DORs are CpG rich relative
to the BMDM-specific DORs, and this also directly correlates
with the putative TF-binding sites themselves. While AM-
specific putative elements contain more and rather demethy-
lated CpGs, BMDMs are enriched for the typically CpG-free
PU-box, EICE, CEBP, TRE, MARE, RUNX, and M/E-box el-
ements (Fig. 2B). These data suggest that CpG content and
methylation state fundamentally shape macrophage-specific
regulatory landscapes.

Tissue-resident macrophage identity is determined
by DNA methylation-dependent enhancers

In order to examine whether the CpG content of TSS-distal
cis-regulatory regions (enhancers) is a determining factor in
various macrophages, we analysed publicly available ATAC-
seq data from different TRMs and monocytes [34]. PCA con-
firmed that our samples are consistent with the public data,
and BMDMs also fit in with the TRMs (Fig. 3A). Then, we
generated clusters of those TSS-distal DORs that are spe-
cific for exactly one TRM, monocyte, or BMDM (Fig. 3B;
Supplementary Table S9). Importantly, AMs differentiated in
vivo in a GM-CSF-containing environment have the most spe-
cific regions relative to the other cell types differentiated in the

presence of M-CSF [62]. The de novo motif enrichments of the
clusters appeared specific as relevant motifs enriched included
those of LDTFs and, for example, the AM-specific EGR mo-
tif, the canonical BACH1-bound MARE motif associated with
splenic macrophages, or the Kupffer cell-specific LXRE in the
respective cluster (Fig. 3C; Supplementary Fig. S3A) [34, 63].
We then assessed the CpG content of the clusters, and it turned
out that each TRM- and the monocyte-specific cluster showed
CpG enrichment relative to the BMDM-specific one (Fig. 3D
left; Supplementary Fig. S3B). In addition, CpG demethylation
and Pol II enrichment followed the cluster-specific patterns:
the BMDM-specific Pol II signal correlated with demethyla-
tion throughout all clusters, while in microglia, it was largely
restricted to the specific cluster; however, CpG demethyla-
tion was also detectable in multiple clusters beyond the spe-
cific one (Fig. 3D right) [44]. As a control, DORs specific
for exactly two cell types were also selected for further test-
ing (Fig. 3E; Supplementary Fig. S3C). In order to examine
whether BMDMs utilize any CpG-rich regions, DORs open
in BMDMs and one of the other cell types were chosen (Fig.
3E; Supplementary Table S10). These showed a generally low
CpG content with no site-specific enrichment, a lower reso-
lution but specific demethylation pattern, and specific Pol II
signals. In contrast, DORs specific for AMs and one of the
other cell types were also selected (Supplementary Fig. S3C;
Supplementary Table S11). As expected, the CpG content was
high in each cluster, and the demethylation and Pol II patterns
showed cell type specificity. Interestingly, we observed that the
three resulting microglia-specific clusters exhibited a correla-
tion between CpG content and Pol II enrichment, suggesting
a potential additional activating role associated with CpG-
rich regions (Supplementary Fig. S3D). Taken together, un-
like those of BMDMs, cis-regulatory regions associated with
TRMs and monocytes consistently display varying levels of
CpG enrichment.

Alternative polarization is a divergent process in
AMs and BMDMs

While BMDMs are largely responsive to IL-4 mostly via
EGR2, AMs show a restricted IL-4 response [1, 13, 28]. In
order to examine whether, despite this, the alternative polar-
ization of these macrophages shows similarities, we treated
our cells with IL-4. First, DEGs were determined in the
two cell types and, unsurprisingly, BMDMs have significantly
more DEGs upon IL-4 treatment (Supplementary Fig. S4A,
B; Supplementary Table S12). This is also clearly visible on
the overall picture (PCA) and, importantly, the polarized AMs
and BMDMs did not converge but rather diverged from each
other (Fig. 4A). Overall, the gene expression changes upon IL-
4 treatment were broadly similar in the two cell types and
largely dependent on the initial levels, but the overlap be-
tween the DEGs of these macrophages was limited (Fig. 4B,
C; Supplementary Fig. S4C).

Most of the genes affected by IL-4 were associated with
immune functions, lipid metabolism, the cell cycle, or pro-
tein synthesis (Supplementary Fig. S4D). Out of these, the last
process could be tested by our data. To explore how tran-
scriptional changes affect the protein synthesis system, we
used summed mRNA levels, specifically the amounts gained
or lost upon IL-4 treatment. Overall, the number of induced
and repressed genes was approximately equal in AMs. How-
ever, the summed mRNA levels showed that the induction

920z 1equiaydag Qg uo Jasn saoualog Jo Awapeoy uellebuny ay} Jo a13ua) yoseasay |ealbojoig Aq #6269/ 8/1286ex6/9 | /#7G/a101e/ieu/wod dno-olwapede wolj papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkag824#supplementary-data

CpG content affects macrophage enhancer selection 9

A B Cell type-specific o 3 w x x w <« -
d x € 9w € w 8§ ., W w z o g 2@ F I
» . . = o
ATAC-seq TSS-distal regions 4 0 > <83 g g2 EXRXE ZZ
@ Kupffer e Vo E
BMDM - fr i
oo ® ® Spleen 4 i
Peritoneal ® c1 n=3,706 g
L4 Microglia 2 ¥ :
Monocyte 3 i
= ° : :
e ° c2 n=1,541 i
= 3 i ‘
8 c3 i l n=1,643
a AM i
~100 .AM* Large intestine ® C4 n=1,179
c5 : n=1,378
* this study Small intestine @ ce| l i n=1.670 § L
100 ) i E i
PCH (20.5%) =
c7 - |n=2,195 3
. :
ol ] cs | n=1,029 {
1 ] F
co § | I I I n=1,489 i :
10 3 |
S =S 8 5 5 ® 22 Q2 = .
235 % §3SE3 n=15,830 S
B 52ag 88 groas
s 5 £ £E 9
=T =
o
g o
% S
D Bisulfite-seq E Shared TSS-distal regions Bisulfite-seq
AM BMDM Microglia Polymerase Il between BMDM and a TRM CpG AM  BMDM Microglia Polymerase Il
Specific for. [ = —= 5 F 5 }u S = e e ST = : -";r’
- n=434| 4 e —= |3
= = = [S—
AM = n=203| § i 1 2%
BMDM n=768
@
2
Microglia ; €
W
= &
Kupffer| = »T n=1,104
Spleen| T
Peritoneal n=340| 3
i i - E
Small intestine 0 n=524 £ 5 o
= =
Large intestine |- [ R
n=696| | F 33
Monocyte 8 ; ;_ ¢ s
= o 4151 = 8 § £ ® @ 2 S
8 3 MPTE s e § 2 £ £ =
= o S 9 2 353 § o 9 <]
@ 2 m o Q n 2 L2 2
s s 5 £ E =
o = o
[
E =
S
- @ 4
0 10

Figure 3. Tissue-resident macrophage identity is determined by DNA methylation-dependent enhancers. (A) PCA plot based on ATAC-seq coverage
represents the relationships among the predicted chromatin accessibility profiles of BMDMSs, monocytes, microglia, spleen, Kupffer, peritoneal, small
intestine, large intestine, and alveolar macrophages (AMs). The AM sample marked with a red asterisk represents our own dataset, which was used for
the subsequent analyses. (B) Clustered read distribution heat map (C1-C9) represents the cell type-specific TSS-distal regions (n = 15 830 in total). (C)
Motif distribution heat map shows the presence of the de novo enriched motifs in 20 bp windows within 2 kb frames relative to the peak centres. (D
and E) Heat maps show the CpG and methyl-CpG density (calculated from AMs, BMDMs, and microglia), and the Pol Il (pS5) activity (calculated from
BMDMs and microglia) across (D) the C1-C9 clusters of the cell-type-specific TSS-distal regions and (E) the shared TSS-distal regions between BMDMs

and a TRM (n = 4151 in total).

produced more than twice as much mRNA as was reduced
by repression. In contrast, in BMDMs, the repressed genes
were over-represented, and there was a minimal difference in
the gained/lost aggregate mRNA levels (Fig. 4B, D). Although
there are technical limitations of this approach, it appears that
in AMs, IL-4 generates a significant mRNA surplus, which
burdens the protein synthesis system, leading to elevated levels
of endoplasmic reticulum (ER) stress genes (and presumably
ER stress proteins).

Next, we investigated the overlap between the AM-specific
genes and the IL4-induced genes in BMDMs, which was rel-
atively small and mainly involved in cholesterol biosynthe-
sis. In addition, five TF-coding genes were in this group:
Id2, Bhlbhe40, Kif4, Srebf2, and Fosl2 (Fig. 4E). The other
TF-coding genes differentially expressed upon IL-4 treatment
showed various changes in the two cell types: most were re-

pressed in BMDMs, and there was a set of 17 commonly in-
duced TF-coding genes (Fig. 4F, G). Out of these, 12 showed
a significant induction in both cell types, and there were
nine TF-coding genes that were significantly induced only in
BMDMs (Supplementary Fig. S4E). Despite the induction of
these TF-coding genes, only a few AM signature genes showed
a significant induction upon IL-4 treatment in BMDMs (Fig.
4H).

In summary, IL-4 affected gene expression in both AMs
and BMDMs but elicited a substantially broader response
in BMDMs. Despite partial overlap in the direction of
transcriptional changes, the two cell types did not con-
verge, indicating that alternative polarization is shaped by
pre-existing cell identity and is layered onto, rather than
replacing, the tissue-specific transcriptional programme of
AMs.
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Figure 4. Alternative polarization is a diverse process in AMs and BMDMs. (A) PCA plot represents relationships among the unstimulated and
|l-4-stimulated AM and BMDM RNA-seq samples (n = 3 biological replicates per condition). (B) The row-normalized clustered heat map (C1-C6) depicts
the average expression of the cell-type-specific and common DEGs upon Il-4 treatment. Representative genes from each cluster are indicated. (C) Violin
plots quantify the gene expression levels of the C1-C6 clusters. The middle, dashed line represents the median, and the upper and lower dashed lines
indicate the deciles. (D) Bar charts represent the summed mRNA levels of genes in AMs and BMDMs upon IL-4 treatment. (E) Venn diagram depicts the
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Alternative polarization cannot alter the CpG
requirements of open chromatin regions of AMs
and BMDMs

In order to examine how alternative polarization affects chro-
matin openness, ATAC-seq experiments were also carried out
for IL-4-treated AMs and BMDMs. The two cell types showed
minimal overlap in the changes in chromatin openness; in gen-
eral, ~4.6 times more BMDM-specific sites were affected, and
>5 times more regions were opened than closed (Fig. 5A;
Supplementary Fig. S5A; Supplementary Table S13). The clos-
ing and/or AM-specific regions showed the highest ratio of
promoters (Supplementary Fig. S5B), which were enriched for
CpGs, while TSS-distal regions used by BMDMs were CpG
poor independent of the direction of the change (Fig. 5B, C).
During the de novo motif enrichment analyses, it turned out
that the EGR, EICE, and STAT6 motifs were specific for the
opening regions in both cell types, especially for their com-
monly used regions. While the TRE, CRE, and MARE mo-
tifs were more enriched in the opening BMDM-specific re-
gions, the CEBP and RUNX motifs were more enriched in
AMs and in the closing BMDM-specific regions. A PU-box
was present in each cluster, but its highest density was detected
at the closing BMDM-specific regions. In addition, the NF-«B
motif appeared in the opening AM-specific regions, and the
OCT motif—probably bound by OCT2 (Pou2f2)—showed an
enrichment in the closing BMDM-specific regions (Fig. 5D;
Supplementary Fig. S5C, D).

The opening regions showed characteristic motif enrich-
ments, so we examined the gene expression levels of the in-
duced TFs to find the possible DNA-TF interactions corre-
sponding to these positive changes. Naturally, in the case of
the IL-4 signal-dependent STAT6, we did not expect or detect
gene expression changes as Stat6 is already highly expressed,
and the EGR motif was easy to connect with Egr2 [6]. In the
case of EICE, there was a gene expression shift, during which
the level of Irf8 is getting lower and Irf4 is induced. As the
overall amount of I7f4/8 did not change significantly, this sug-
gests that the PU.1/IRF4 heterodimer is more efficient in chro-
matin opening than PU.1/IRF8 (Supplementary Fig. SSE). Out
of the bZIP motifs, the BMDM-specific TRE enrichment was
the most significant, which can be coupled with several AP-1
heterodimers; however, due to its extremely high expression,
ATF3 appears to be the major partner of cJUN (and other
JUNs) in BMDMs (Fig. SE) [6, 56]. For CRE binding, there
are also several candidates, including ¢JUN and ATF4/5. Al-
though the mRNA levels of the bZIP genes are similar and
change similarly in the two cell types, in AMs the top bZIP
gene is Cebpb, so C/EBPB may play a role also in opening the
AM-specific regions (Fig. SE).

Altogether, the AM-specific regions opened upon IL-4
treatment showed similar characteristics to the initial AM-
specific open chromatin regions with EGR, CEBP, PU-box,
RUNX, and TRE motifs, supplemented with STAT6, EICE,
and NF-«B motifs, with a similar CpG enrichment. In con-
trast, the newly opened BMDM-specific regions were also
CpG poor despite the presence of the EGR motifs. In ac-
cordance with this, approximately a tenth of the open-
ing BMDM-specific regions overlapped with the initial AM-
specific open chromatin regions (Fig. 5F). Out of these, 22
regions fall on promoters, and only a few targeted genes
showed detectable induction upon IL-4 treatment. These in-
cluded A#p6v0d2 and Bhlhe40, relevant for AM-ness, as
well as three members of the Bcl2al family represented by

CpG content affects macrophage enhancer selection "

the identified promoters (Fig. 5F; Supplementary Fig. SSF)
[19].

EGR2 has distinct roles in AMs and BMDMs

In the next step, we tested how AMs and BMDMs func-
tion in the absence of EGR2. For this, we used myeloid-
specific conditional Egr2 exon 2 KO mice, and carried out
the same experiments as for the WT macrophages (Fig. 6A;
Supplementary Fig. S6A). Considering all expressed genes,
the unstimulated BMDMs and the IL-4-treated AMs show
the least difference between the two genotypes (Fig. 6B;
Supplementary Fig. S6B). The former can be easily explained
by the lower basal mRNA level of Egr2, while the latter sug-
gests that there are TFs other than EGR2 responsible for alter-
native polarization in AMs. As expected, the biggest difference
was observed between the IL-4-treated BMDMs. The num-
bers of DEGs between the genotypes also showed that, out of
the four conditions, the unstimulated BMDMs were the least
affected, and the IL-4-stimulated BMDMs were the most af-
fected by the lack of EGR2 (Fig. 6C; Supplementary Fig. S6C;
Supplementary Table S14). Indeed, while in AMs, ~41% and
~33% of the genes up- or down-regulated by IL-4 are depen-
dent on EGR2, respectively, in BMDMs these ratios are ~75%
and ~56 %, respectively, with almost four times more affected
genes (Fig. 6D). It is important to note that 675 KO-dependent
DEGs are identical in the unstimulated and IL-4-stimulated
AMs, representing a high ratio, ~65% and ~49% of the
DEGs, respectively. In contrast, only ~26 % of the IL-4-treated
BMDM-specific DEGs overlapped with the AM-specific DEGs
(Fig. 6E).

The contribution of EGR2 to the gene expression patterns
varied considerably (Fig. 6F, G). First, we analysed those genes
responding to IL-4 in WT macrophages (Fig. 6F). In the AM-
specific clusters (C1-C3), primarily the baseline was altered
by the lack of EGR2 (with C2 including Itgax as a represen-
tative example highlighted in Supplementary Fig. S6D), while
in BMDMs, in general, rather the IL-4 effects changed: the
IL-4 response was weakened or eliminated (C4, C11-C13;
e.g. 1l4i1), enhanced (CS5; e.g. Ccl24 and Mrcl), or even re-
versed (C14; e.g. Adgrel and I115). This pattern was also evi-
dent in the common clusters C6, C7,and C9, where AMs were
not significantly affected, while the IL-4 effect in BMDMs
was inhibited by the KO (e.g. Tgm2, Pparg, and Myc). The
only cluster, where—similarly to BMDMs—the IL-4 effect it-
self was inhibited in AMs was C8, and in C10, rather the
basal expression levels were altered in both cell types (Fig. 6F;
Supplementary Fig. S6D; Supplementary Table S15). Out of
the 50 KO-dependent TF genes, most were located in C4, C8,
and C9, indicating that their IL-4-dependent induction can be
eliminated by the KO. In other words, in BMDMs, 45 TF genes
were direct or indirect targets of EGR2 upon IL-4 treatment
(Supplementary Fig. S6E). In contrast, in AMs, 12 TF genes
of clusters II and IV showed an IL-4- and EGR2-dependent
induction. The remaining Egr2 KO-dependent genes did not
show statistically significant changes upon IL-4 treatment, ex-
cept when the changes occurred in the KO samples (Fig. 6G;
Supplementary Table S16). Clusters 4-7 represented those
where the lack of EGR2 enabled an IL-4 response in AMs,
although this was already present for BMDMs in C5; and
C10 contained genes that become highly induced, instead of
repressed, by IL-4 in the KO BMDMs (Fig. 6G). The two clus-
ters where cell-type-specific IL-4 responsiveness emerged in
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Figure 5. Alternative polarization cannot alter the CpG requirements of open chromatin regions of AMs and BMDMs. (A) Read distribution heat map
represents the chromatin openness of the differentially accessible regions between the unstimulated and Il-4-stimulated AMs and BMDMs.

TSS-proximal and TSS-distal regions are not separated, and clusters containing
two biological replicates per condition, while a representative sample per cond
represented on (A). (C) Violin plots show the CpG number in regions more ope
BMDMs, or in both Il-4-treated AMs and BMDMSs. Regions are separated into

<10 regions are not shown. Differential analysis was performed using
ition is shown. (B) Heat map shows the CpG density across the regions
n in unstimulated or I-4-treated AMSs, in unstimulated or |-4-treated
TSS-proximal and TSS-distal groups. The middle, dashed line represents

the median, and the upper and lower dashed lines indicate the deciles. (D) Motif distribution heat map shows the presence of the de novo enriched
motifs in 20 bp windows within 2 kb frames relative to the peak centres. (E) Scatter plot represents gene expression levels of bZIP genes in unstimulated
and Il-4-stimulated AMs and BMDMs. The DEGs are highlighted in colour. (F) Venn diagram represents the overlap between the more accessible
chromatin regions of unstimulated AMs (compared with unstimulated BMDMSs; n = 10 384) and more accessible chromatin regions of BMDM upon -4
treatment (compared with unstimulated BMDMSs; n = 3732). Both TSS-proximal and TSS-distal regions are considered. Genes of the overlapping

TSS-proximal regions (n = 22) are depicted on a clustered, row-normalized hea

the KO were enriched for collagen synthesis (C6, AM) and
immune functions (C10, BMDM) (Supplementary Fig. S6F).

As a conclusion, the loss of EGR2 had a much stronger im-
pact on IL-4-stimulated BMDMSs than on AMs, indicating that
EGR2 is a key of alternative polarization in BMDMs, whereas
AMs rely more on other TFs. In AMs, EGR2 deficiency
mainly affected basal gene expression, while in BMDMs, it
largely altered or abolished IL-4-induced transcriptional re-
sponses. Overall, these findings highlight distinct, cell-type-
specific roles of EGR2 in shaping macrophage gene expression
and IL-4 responsiveness.

EGR2 is a key contributor to chromatin openness in
both AMs and BMDMs

Finally, we extended our loss-of-function study of EGR2
to chromatin accessibility, and a significant number of ge-
nomic regions were altered by the KO, even in the TSS-

t map. Statistical significance was defined as P < 0.05 with an FC > 1.5.

proximal or distal regions (Fig. 7A; Supplementary Fig. S7A;
Supplementary Tables S17 and S18). TSS-distal regions were
grouped into seven clusters, two of which were specific for
AMs, unaffected by IL-4, and repressed by the Egr2 KO
(Fig. 7A). While cluster 1 could not be opened upon IL-4
treatment in BMDMs, cluster 2 showed IL-4- and EGR2-
dependent chromatin opening, which—based on our previ-
ous findings—correlated with the CpG content of the re-
gions (Fig. 7B; Supplementary Fig. S7C left). Specifically, clus-
ter 1, which contained more CpGs, could not be opened in
BMDMs, whereas cluster 2, with fewer CpGs, was opened.
Clusters 3 and 4 were also specific for AMs; both become
open in the Egr2 KO, but the latter contained a large num-
ber of CpGs. The last three clusters were BMDM specific with
EGR2-dependent changes and low CpG levels: clusters 5 and
6 opened upon IL-4 treatment, and cluster 7 closed (Fig. 7A,
B).
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Figure 6. EGR2 has distinct roles in AMs and BMDMs. (A) Dot-and-whisker plots depict the gene expression level of Egr2in Egr2t+ (WT) and Egr2/f

(Egr2 KO) AMs and BMDM s in unstimulated and IL-4-stimulated conditions

(n = 3 biological replicates per condition). (B) PCA plot shows the

relationships between the gene expression pattern of unstimulated and IL-4-stimulated WT and Egr2 KO AMs and BMDMs. (C) Bar charts show the

number of the Egr2 KO-deregulated genes in all conditions. (D) Stacked bar
clusters of Fig. 4) visualized the ratio of Egr2-dependent and Egr2-independ

charts (next to the schematic representation of Il-4-deregulated gene
ent genes in AMs and BMDM s separately for each cluster. (E) Chow—Ruskey

diagram highlights the overlap between the DEGs of the Il-4-treated BMDMs, Il-4-treated AMs, and the unstimulated AMs. (F and G) Row-normalized,
clustered heat maps show the (F) Il-4- and EGR2-dependent (C1-C14) and the (G) Egr2-dependent (C1-C10) genes in WT and Egr2 KO AMs and

BMDMs before and after Il-4 treatment. Representative genes from each ¢
highlighted in red in (F) are shown in the Supplementary figures. Statistical

Promoters were divided into four clusters (Supplementary
Fig. S7A): the first showed an EGR2-dependent weak open-
ness in AMs; the second was more open in the KO AMs and
showed reduced openness upon IL-4 treatment in BMDMs;
the third exhibited an EGR2- and IL-4-dependent opening in
BMDMs; and the last behaved similarly in both cell types,
showing higher openness in the KO (Supplementary Fig. S7A).
The CpG content correlated with chromatin openness: the sec-
ond promoter cluster was extremely CpG rich, while the oth-

luster are highlighted. Genome browser representations of the genes
significance was defined as P < 0.05 with an FC > 1.5.

ers contained fewer CpGs than the average (Supplementary
Fig. S7B, C right).

The TSS-distal motif enrichments showed clearly distinct
patterns in each cluster (Fig. 7C; Supplementary Fig. S7D).
Clusters 1 and 2 expectedly resulted in similar motif enrich-
ments including the EGR, CEBP, PU-box, and TRE motifs, but
also exhibited characteristic differences in accordance with
the previous results. While the CEBP and M-box motifs were
more specific for cluster 1—which could not be opened in
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Figure 7. |dentification of the keys of AM-ness revealed the necessity of C/EBP3 and DEC dimers. (A) Read distribution heat map represents the
chromatin openness of the differentially accessible TSS-distal regions (n = 9169) between the unstimulated and Il-4-stimulated WT and Egr2 KO AMs
and BMDMs. Differential analysis was performed using two biological replicates per condition, while a representative sample per condition is shown. (B)
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partners based on their gene expression levels in AMs and BMDMs.
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BMDMs—the EGR, TRE, and PU-box motifs were more en-
riched in cluster 2. The AM-specific clusters 3 and 4—with
similar chromatin changing tendencies—showed enrichment
for the general PU-box and TRE motifs. The BMDM-specific
clusters 5 and 6 were also similar to each other, except for the
basal signals and the extent of the changes. While the already
open regions showed strong enrichment of PU-box, TRE, and
CRE, the largely EGR2- and IL-4-dependent de novo open-
ing regions displayed TRE, EGR, PU-box, and CRE motifs
as the top hits. The last BMDM-specific cluster, which was
slightly repressed by IL-4 in an EGR2-dependent manner, was
enriched for the PU-box, MARE, RUNX, and E-box motifs
(Fig. 7C; Supplementary Fig. S7D). In the case of the promot-
ers, the EGR2-dependent regions were indeed enriched for the
EGR motif; the second cluster was enriched for CpG-rich and
CCAAT-box motifs; and the last two clusters contained re-
spectively TRE, PU-box, EGR, and KLF, or the typical pro-
moter elements (Supplementary Fig. S7A, E, F).
Unsurprisingly, independent of the IL-4 treatment of AMs,
the direct DNA binding by EGR2 contributed decisively to
chromatin openness, whereas in BMDMs, EGR2 acted as a
positive effector of IL-4, regarding chromatin opening. In the
former case, the main differential partners were C/EBP and
bHLH dimers, while in the latter case, they were AP-1 dimers.

C/EBP and DEC dimers are IL-4-independent keys
of AM identity

Although IL-4 induced the expression of several AM-specific
TFs in BMDMs, none of these factors appears to account for
the AM-specific transcriptional programme. Therefore, we fo-
cused on AM-specific TF genes whose expression could not be
induced by IL-4 in BMDM:s. Six of the 10 most AM-enriched
TF genes belonged to the bHLH superfamily, and three of
them could not be induced by IL-4 in BMDMs—these are Id3,
Bhlhe41, and Usf2. The function of ID proteins is to repress
other bHLH proteins, but DEC2 (Bhlhe41) and USF2 dimers
could be responsible for the AM-specific M-box enrichment
(Fig. 7D) [58]. Since both Usf1 and Usf2 showed high expres-
sion, and USF2 displayed an extended cistrome in BMDMs,
DEC2 dimers are likely to be the main differentiating factors
between the two cell types [6]. The next over-represented TF
family was the bZIP group, including Cebpb, Junb, and Xbp1.
C/EBPB could account for the AM-specific CEBP motif en-
richments; JUNB is a TRE and CRE binder, whose motifs were
less enriched in AMs; and XBP1, an ER stress-dependent TF, is
probably less relevant in the basic state [6, 56, 64]. The protein
product of the last AM-specific gene, Ybx1, can theoretically
function as a CCAAT (Y)-box binding TE, although its TF-
ness had been questioned in a more recent study [65]. Half
of the BMDM-specific TF genes belonged to the bZIP family,
encoding the TRE-binding AP-1 (A#f3 and Fos) and MARE-
binding large MAF (Maf and Mafb) proteins. For the other
TFs, no motif enrichment was identified.

In order to confirm the direct DNA-TF interactions, we
mapped densities of the available C/EBP«/p partners and the
newly generated DEC1 ChIP-seq data to the seven TSS-distal
clusters (Fig. 7E) [14, 17,43, 45, 66]. C/EBPf binding showed
a cell-type-specific pattern: in AMs, it was restricted to AM-
specific DORs, while in BMDMs, it co-localized with C/EBP«.
This means that in BMDMs—besides clusters 5-7 and clus-
ter 1 to a certain extent—cluster 2 was already occupied by
C/EBPx and C/EBPR, poised for activation by specific stimuli.

CpG content affects macrophage enhancer selection 15

DECI1 followed a very similar pattern: it bound together with
C/EBPB in AMs, and co-localized with C/EBPx and C/EBPf
in BMDMs upon IL-4 treatment. As a control, we also exam-
ined the EGR2 enrichment in BMDMSs, which corresponded
to the presence of its specific motifs (Fig. 7E).

Finally, as C/EBPB and DEC2 appeared to be the IL-4-
independent key determinants of AM-ness, we checked the rel-
ative ratio of potential C/EBP dimerization partners, including
CREB/ATF and JUN proteins, and bHLH proteins based on
their mRNA levels (Fig. 7F, G) [23]. Out of the related bZIP
genes, in AMs, Cebpb showed the highest mRNA level by far,
and as the enriched CEBP motifs did not show CEBP:ATF re-
sponse element (CARE) characteristics, C/EBP homodimers
probably dominated the AM-specific DORs, followed by ATF
and JUN dimers [56]. In contrast, in BMDMs, C/EBPx was
predominant over the other C/EBPs, while ATFs, especially
ATF3, and JUNs probably played a more prominent role (Fig.
7F; Supplementary Fig. S7G). In the other case, out of the ex-
pressed bHLH superfamily members, Bhlhe40 and Bhlhe41
are the top transcripts in AMs, while they show a low expres-
sion in BMDMs (Fig. 7G).

Taken together, several lines of evidence, including gene ex-
pression levels, motif enrichments, and DNA-TF interactions,
indicate that C/EBPB dimers and DEC1/DEC2 heterodimers
are likely to be key regulators of the AM-specific CpG-rich en-
hancer landscape. However, JUNB and RUNX2 also emerge
as candidates contributing to the establishment of AM-specific
DORs (Fig. 2B, H).

Discussion

In this study, we compared AMs and BMDMs, and identi-
fied large differences in both their specific cis-regulatory re-
gions and their gene expression patterns. We revealed an epi-
genetic barrier that distinguishes BMDMs from monocytes
and TRMs—including AMs—and found it impenetrable by
the TFs induced by IL-4. Specifically, BMDM:s preferentially
utilize rather CpG-poor enhancers, while the examined TRMs
tend to use another kind of region with CpG enrichment. Fur-
thermore, induction of the AM-specific TFs such as EGR2,
KLF4, and DEC1 in BMDMs is not sufficient for the acti-
vation of AM-determining cis-regulatory regions and target
genes. In certain cases, this can be due to the direct methylation
of TF recognition sites, as EGR and KLF elements or even M-
boxes may be directly inactivated through their CpGs. How-
ever, since most of these elements are CpG free or demethy-
lated, they should remain available for TF binding in BMDM:s.
This suggests that some ‘pioneer’ factors, either absent, dor-
mant, or not fully functional in BMDMs, are required to open
up the AM-specific CpG-rich regions.

By integrating chromatin accessibility, motif enrichment,
and TF expression analyses, we identified DEC2, C/EBPf, and
JUNB as the most likely regulators of AM identity. This con-
clusion was supported by several converging observations: all
three factors are highly expressed in AMs, show substantially
lower expression in BMDM s that is not restored by IL-4 treat-
ment, and can be linked to motifs enriched in AM-specific
DORs. DEC2 was supported by the strong AM-specific ex-
pression of Bhlhe41 and the enrichment of M-box motifs. Al-
though direct DEC2 binding could not be demonstrated, the
DECT cistrome is consistent with the possible involvement of
DEC1/DEC2 heterodimers [17]. The role of C/EBPB was sup-
ported by its high AM-specific expression, the enrichment of
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CEBP motifs, and its direct occupancy of AM-specific regula-
tory regions. JUNB was also considered a candidate based on
its high expression in AMs and its potential role in TRE- and
CRE-mediated transcriptional regulation. Collectively, these
factors may represent an AM-enriched TF repertoire.

The putative elements of these TFs typically cannot
be repressed by DNA methylation, so the pioneer func-
tion can be extended to the proximal CpG sequences. Im-
portantly, although C/EBPa and C/EBPB have not been
definitively established as pioneer factors, they exhibit sev-
eral pioneer-like properties, including interactions with the
SWI/SNF chromatin-remodelling complex, transcriptional co-
regulators, and the Mediator complex. Moreover, both are
macrophage LDTFs [21, 67, 68, 69]. In contrast, there is cur-
rently no direct evidence that DEC2 functions as a pioneer fac-
tor, partly owing to the lack of a suitable antibody, but it is in-
dispensable for Th2 differentiation, a process associated with
JUNB activation, and—together with DEC1—contributes to
AM identity. These converging lines of evidence raise the pos-
sibility that DEC2 acts as a lineage-restricted regulator with
pioneer-like functions in Th2 cells and AMs [17, 70].

In general, G/C-rich regions, even outside canonical CpG is-
lands and independent of cytosine methylation, tend to form
a less bendable DNA double helix that disfavours nucleosome
assembly, thereby correlating with increased chromatin acces-
sibility and specific nucleosome positioning [25, 71]. Accord-
ing to our findings, G/C and CpG content indeed contributes
to chromatin accessibility, especially at CpG islands, but com-
parable effects are also observed across diverse cis-regulatory
elements. The advantage of G/C content around TF-binding
sites is that it is a lower-risk evolutionary tool to assign and
fine-tune the function of enhancers. This implies that not all
the pioneer factor characteristics are required for the activa-
tion/activity of these regions: an elevated gene expression—
a major characteristic of LDTFs—is sufficient for cell-type-
specific enhancer selection. Moreover, a higher G/C content
suggests roles beyond DNA structure and methylation con-
trol. Similar to DNA, high G/C content influences the struc-
ture of the produced enhancer RNAs (eRNAs), as distinct
G/C-rich segments can form stem-loops or even functional
eRNA regulatory motifs (FERMs), which can interact with
and activate the locally assembling regulatory complexes in-
cluding, for example, p300 [72, 73]. We assume that CpG-
flanked cis-regulatory elements can be freely and cell type-
specifically used by cell type-specific (LD)TFs, which initiate
the formation of co-activator complexes. Thus, if a TRM ex-
presses the specific set of TFs, they can access the pre-assigned
enhancers to perform their function, with limited interconver-
sion between cell types. Because of cell type specificity and low
risk of side effects, CpG-rich enhancers represent promising
gene therapy targets.

Based on our results, BMDMSs do not have their own spe-
cific CpG-rich enhancers, although shared enhancers contain
an elevated CpG level relative to random genomic regions.
This phenomenon has been previously observed in pluripo-
tent cells, while differentiated cells instead use enhancers with
CpG enrichment [74]. Recently, it has been shown in epider-
mal stem cells that CpG-rich regulatory regions are able to
maintain persistent inflammatory memory through sustained
chromatin accessibility, whereas CpG-poor regions are gen-
erally associated with more transient and reversible inflam-
matory responses [75]. These observations suggest that CpG-
enriched regulatory architectures recurrently associate with

stable forms of cellular adaptation and commitment. In this
context, the use of CpG-rich enhancers by TRMs may re-
flect an epigenomically engaged regulatory state, supporting
long-term tissue adaptation, compared with BMDMs. At the
same time, the high Maf/Mafb expression and MARE motif
enrichment observed in BMDMs are consistent with the es-
tablished role of large MAFs in terminal macrophage differ-
entiation and restricted self-renewal [76]. This likewise stands
in contrast to what was observed in AMs [59]. These may re-
flect the naive and plastic state of BMDMs, having a potential
to respond extensively to IL-4 or other signals. In BMDMs,
>1500 genes show a significant change upon IL-4 treatment,
and EGR2 transmits 75% of the positive and more than half
of the negative IL-4/STAT6 signals by activating numerous
downstream TFs. In contrast, AMs are burdened by IL-4, with
an increased mRNA production leading to ER stress. In this
case, EGR2 has a less significant role, and also the changes are
milder.

Our findings indicate that BMDMs do not closely resemble
TRMs and instead occupy a distinct transcriptional and epi-
genetic state, suggesting that the identity of in vitro-derived
macrophages remains elusive. While BMDMs offer practical
advantages, including relative homogeneity, genomic stabil-
ity, reproducibility, and rapid responsiveness to perturbations,
these same features also limit their ability to capture the het-
erogeneity, functional specialization, and environmental im-
printing of TRMs in vivo. Nevertheless, selected response pro-
grammes, such as IL-4-induced activation, remained direc-
tionally conserved between BMDMs and AMs despite marked
differences in baseline state and response magnitude. Together,
these findings probably explain the broad utility of BMDMs
for studying general polarization dynamics under controlled
conditions, while also highlighting that they should not be
considered direct models of TRMs. Overall, our results estab-
lish CpG-dependent enhancer usage as a key determinant sep-
arating in vitro differentiated macrophages from their tissue-
resident counterparts.

Limitations of the study

Although our study integrates multiple datasets to uncover
the CpG-dependent enhancer logic in macrophages, several
limitations should be considered. First, the analyses were lim-
ited to mouse cells, and the extent to which CpG-dependent
enhancer selection applies in human macrophages remains
to be determined. Second, functional validation was not per-
formed; for instance, C/EBPR and/or DEC2 overexpression in
BMDMs could help to determine whether they are sufficient
to activate AM-specific CpG-rich enhancers. In addition, the
patterns of DNA binding by DEC2, represented, for example,
by ChIP-seq, could show the cooperation of DEC proteins in
AMs. Finally, the IL-4 stimulation model captures only one
polarization pathway, and additional cytokines or environ-
mental stimuli may reveal distinct regulatory mechanisms of
enhancer usage.
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