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1. Abbreviations 

 

3C  chromosome conformation capture  

3’UTR  3’-untranslated region 

AGO  Argonaute   

AP-1  activator protein 1 

Arg1  arginase-1 

ATAC-seq Assay for Transposase Accessible Chromatin sequencing 

Bcl6  B-cell lymphoma 6 protein 

BMDM bone marrow-derived macrophages 

CBP  CREB-binding proteinCEBP  CCAAT/enhancer binding 

proteins  

ChIA-PET chromatin interaction analysis by paired-end tag sequencing  

ChIP-seq Chromatin Immunoprecipitation sequencing  

CTCF  CCCTC-binding factor 

CLR  C-Type lectin receptor 

CXCL  C-X-C motif chemokine 

CXCR3 C-X-C motif chemokine receptor 3 

ERK  extracellular signal-regulated kinase  

eRNA  enhancer RNA 

GM-CSF granulocyte macrophage colony-stimulating factor 

GPS2  G protein pathway suppressor 2  

GRα  glucocorticoid receptor alpha 

GRO-seq Global Run-On sequencing  

H3K4m1 histone H3 lysine 4 mono-methylation  

H3K4m2 histone H3 lysine 4 di-methylation  

H3K4m3 histone H3 lysine 4 tri-methylation  

H3K27Ac histone H3 lysine 27 acetylation 

HAT  histone acetyltransferase 

HDAC histone deacetylase  
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Hi-C    chromatin conformation capture sequencing  

IL-4 interleukin-4   

IFNγ interferon-gamma 

IFNGR1 Iinterferon-gamma receptor 1 

iNOS inducible nitric oxide synthase  

IPA Ingenuity Pathway Analysis 

IRF-1 interferon regulatory factor 1 

Jak1 Janus kinase 1  

KLF4 Kruppel-like factor 4  

LDTF    lineage determining transcription factor 

LPS    Lipopolysaccharide  

LXR    Liver X Receptor  

MAOA   monoamine oxidase A 

M-CSF   macrophage colony-stimulating factor 

miRNA   microRNA  

Mmp9    matrix metalloproteinase-9 

MRC1             mannose receptor 1  

MyD88   myeloid differentiation primary response 88 

NCoR    nuclear receptor corepressor 1  

NFkB              nuclear factor kappa-light-chain-enhancer of activated B cells  

NFY                nuclear transcription factor Y  

NGS               next generation sequencing 

NK cells   natural killer cells 

PI3K               phosphoinositide 3-kinase 

RISC              RNA-induced silencing complex  

RNAPII           RNA Polymerase II  

ROS               reactive oxygen species  

RUNX   Runt-related transcription factor 

SMRT             silencing mediator of retinoic acid and thyroid hormone receptor  
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SOCS3           suppressor of cytokine signaling 3 

Sp1                 specificity protein 1 

SRTF              stimulus-regulated transcription factors  

STAT1            signal transducer and activator of transcription 1  

TAD                Topological Associating Domain  

TGM2    transglutaminase 2 

Tirap              Toll/IL-1 receptor associated protein 

TLR                Toll-like-receptor 

TNFα              tumor necrosis factor alpha 

TSS                transcription start site 

YY-1               ying yang 1  
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2. Introduction 

 

2.1 The macrophage heterogeneity and plasticity in the body 

 

2.1.1. Tissue and molecular microenvironment-dependent heterogeneity of 

macrophages  

 

Metchnikoff discovered macrophages and described phagocytosis as the main 

macrophage function more than 100 years ago [1]. Since that time, the pagocytic 

capacity of macrophages was identified as the key process in the defense against 

infection and the regeneration following tissue injury and inflammation through the 

elimination of bacteria, injured host components and apoptotic cells [2]. However, 

macrophage function is not restricted to their phagocytic activity, they play complex 

role in the maintenance of tissue homeostasis and the control of immune response via 

presentation of antigens, production of cytokines and other biologically active 

molecules as well as regulation of T-cell activation [2-4]. Finally, they are also 

participating in the resolution of inflammation and wound helaing [2-4].  

The phenotypic and functional properties of macrophages are largely dependent on 

their origin and tissue environment-derived molecular signals [5]. In adult, the majority 

of tissue macrophages have embryonic origin deriving from embryonic yolk sac and 

foetal liver precursors (Figure 1) [6]. They represent resident, self-maintaining 

populations which are associated with organ-specific trophic functions controlling the 

tissue homeostases under steady state conditions [6, 7].  

Bone marrow-derived monocytes are also participating in the replenishment of tissue-

resident populations with high turnover including gut and are recruited following tissue 

injury, infection and inflammation (Figure 1) [8]. In addition, monocyte recruitment is 

also observed in the host’s response to atherogenic, metabolic and neoplastic stimuli. 

The monocyte-derived macrophages are participating in the regulation of 

angiogenesis, tumor growth and fibrosis (Figure 1) [9-11].   

The phenotypic and functional plasticity of tissue-resident and monocyte-derived 

macrophages is depended on their dynamic and partially reversible responsiveness to 

different macrophage polarizing stimuli such as pathogen-derived molecules as well 

as cytokines and lipids [4]. The two well-characterized extreme outcomes of 

macrophage polarization are the Th1-type cytokine interferon-gamma (INFγ)-induced 

classical or M1 macrophage polarization and the Th2-type cytokines interleukin-4 (IL-

4)-promoted alternative or M2 macrophage polarization with completely different 

molecular signatures and fuctional properties [3, 12, 13]. Nevertheless, recent studies 

show that the integration of various environmental signals are able to induce an entire 

spectrum of different polarization states besides the M1/M2 end-points and 
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macrophages can fine-tune their polarization state according to the changing 

microenvironment during disease progression [4, 12, 14-16].         

 

 

Figure 1. Origin and distribution of tissue macrophages (published in [5]) 

(HSC: hematopoetic stem cell, GM-CSF: granulocyte macrophage colony-stimulating factor, IL-4: 

interleukin-4)  

 

2.1.2. Classical macrophage polarization signals, markers and effector functions   

 

The classical macrophage polarization is induced by Th1-type cytokine IFNγ, 

intracellular pathogens, bacterial cell wall components and granulocyte macrophage 

colony-stimulating factor (GM-CSF) [17]. Toll-like-receptor (TLR) or C-Type lectin 

receptor (CLR)-based recognition of invading pathogens leads to the production of 

inflammatory cytokines such as IFNγ by innate and adaptive immune cells including 

CD4+ Th1-type T cells, CD8+ T cells and natural killer (NK) cells [4]. Interestingly, INFγ, 

lipopolysaccharide (LPS), IL-12 or IL-18 stimulation in monocytes and macrophages 

can also induce INFγ secretion in human and/or mice [18, 19]. The immune cells-

derived IFNγ can switch on the classical polarization-specific gene expression program 

in macrophages promoting the inflammatory response and the elimination of invading 

pathogens [12, 20]. IFNγ acts via interferon-gamma receptor 1 (IFNGR1) and IFNGR2 

chains-containing IFNγ receptor recruiting Janus kinase 1 (Jak1) and Jak2 adaptors, 

and acticating signal transducer and activator of transcription 1 (STAT1),  interferon 

regulatory factor 1 (IRF-1) as well as IRF-8 transcription factors (Figure 2) [20]. Several 
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INFγ-induced classical macrophage polarization markers are known including different 

C-X-C motif chemokines (CXCL9, CXCL10 and CXCL11), cytokines (IL-12), inducible 

nitric oxide synthase (iNOS) and suppressor of cytokine signaling 3 (SOCS3) [2, 4]. 

CXCL9, CXCL10 and CXCL11 are responsible for the trafficking CD4+ Th1-type T 

cells, CD8+ T cells and NK cells through their binding to a common receptor C-X-C 

motif chemokine receptor 3 (CXCR3) [2, 21]. Macrophage-produced IL-12 participates 

in the differentiation of naive T cells into Th1-type CD4+ T cells [22]. In addition, IL-12-

stimulaton leads to enhanced tumor necrosis factor alpha (TNFα) and IFNγ production 

in T cells and NK cells as well as elevated cytotoxic activity in NK cells and CD8+ 

cytotoxic T cells [23, 24]. IFNγ-enhanced iNOS expression results NO production and 

elevated anti-bacterial capacities in classically polarized macrophages [2]. SOCS3 

also contributes to the classical macrophage polarization via the attenuation of IL-4 

responsiveness and inhibition of alternative macrophage polarization markers [25, 26].  

Gram-negative bacterial cell wall-derived LPS is also an effective inductor of classical 

macrophage activation. LPS can act as TLR4 ligand and activates nuclear factor 

kappa-light-chain-enhancer of activated B cells (NFkB) and activator protein 1 (AP-1) 

transcription factor complexes as well as IRFs in myeloid differentiation primary 

response 88 (MyD88) and/or Toll/IL-1 receptor associated protein (Tirap)-dependent 

manner (Figure 2) [27, 28]. LPS-induced classical macrophage polarization are 

characterized with the elevated expression of pro-inflammatory cytokines (such as IL-

1β, IL-6, IL-12, TNFα and IFNβ), chemokines (CCL2, CXCL10 and CXCL11), antigen 

presentation molecules as well as co-stimulatory molecules resulting leukocyte 

trafficking and Th1-type inflammation [17]. LPS also augments mitochondrial reactive 

oxygen species (ROS) production in macrophages leading increased bactericidal 

capacity [29]. In addition, one of the prominent effector functions of macrophages is 

the integration of pathogen-associated molecular patterns (PAMPs) including LPS and 

other microbial signals as well as different endogenous and exogenous danger signals 

such as uric acid crystal, peptide aggregates, ROS and extracellular ATP into 

inflammasome activation [30-32]. This two-step activation of macrophages leads to the 

assembly and activation of NLRP3 inflammasome from NOD-like receptor superfamily 

member NLRP3, apoptosis-associated speck-like protein containing a CARD (ASC) 

and pro-Caspase-1 [31, 32]. Activated inflammasomes play a key role in the generation 

of proinflammatory secreted forms of IL-1β and IL-18 from pro-IL-1β and pro-IL-18. 

The secreted IL-1β participates in the innate immune response to microbial infection 

including monocyte-dendritic cell/macrophage differentiation, enhanced bacterial 

killing and also has pyrogenic effect [33-35]. In parallel, macrophages undergo active 

Caspase-1-dependent cell death termed "pyroptosis" [31, 32]. This Caspase-1-

mediated rapid cell death of bacterial-infected macrophages is associated with rapid 

cell swelling and membrane rapture similarly to necrosis, leading to the release of 

intracellular contents [36].  

The granulocyte macrophage colony-stimulating factor (GM-CSF) is also able to act 

as a classical macrophage polarization signal in human and mice. GM-CSF receptor 

and JAK2 containing GM-CSF signaling pathway activates STAT5, IRF5 and NFkB 

transcription factors as well as extracellular signal-regulated kinase (ERK) and  AKT 
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kinases resulting the development of classical macrophage polarization state (Figure 

2) [17]. GM-CSF induces the expression of several pro-inflammatory cytokines 

including IL-6, IL-8, TNFα as well as IL-1β, and enhances leukocyte chemotaxis, 

antigen presentation, complement- and antibody-mediated phagocytosis and 

microbicidal capacity [37]. 

Taken together, the classical macrophage polarization is characterized by production 

of proinflammatory cytokines, reactive nitrogen and oxygen species, induction of Th1 

response, and elevated microbicidal capacity.                    

 

2.1.3. Alternative macrophage polarization signals, markers and effector 

functions   

 

The alternative macrophage polarization is induced by Th2-type cytokines, 

macrophage colony-stimulating factor (M-CSF) and various other signals including 

glucocorticoids [17, 38]. IL-4 and IL-13 cytokines are produced following the activation 

of Th2-type immune response. The main sources of these cytokines are CD4+ Th2-

type T cells, basophil and eosinophil granulocytes as well as macrophages themselves 

[17]. IL-4 and IL-13 can activate partially different receptor complexes. Both IL-4 and 

IL-13 bind to IL-4Rα1-γc and IL-4Rα1-IL-13Rα1 heterodimers while IL-13 is also able 

to bind to IL-13Rα2 chain. The interaction between IL-4 and its receptors leads to the 

JAK1 and JAK3 activation inducing STAT6 phosphorylation, dimerization and nuclear 

translocation (Figure 2) [3, 17]. The phosphorylated STAT6 dimers initiate the 

alternative macrophage polarization specific transcriptional program [3]. In addition, 

further IL-4/STAT6 signaling patway-induced transcriptional factors such as IRF4, 

Kruppel-like factor 4 (KLF4), c-Myc and peroxisome proliferator-activated receptor 

gamma (PPARγ) also participate in the transcriptional regulation of alternative 

macrophage polarization [39-42]. 

Although, the components of IL-4/STAT6 signaling pathway are identical in humans 

and mice but the IL-4-induced alternatively macrophage polarization markers show 

species-specific differences [3]. Ym1, Fizz1 and arginase-1 (Arg1) show IL-4-

responsiveness in mice, while IL-4-dependent induction of monoamine oxidase A 

(MAOA) and  CD180 expression is restricted to human macrophages [3, 43-45]. In 

contrast, transglutaminase 2 (TGM2), mannose receptor 1 (MRC1/CD206) and PPARγ 

are common IL-4-induced alternative macrophage polarization markers [42, 44]. 

Despite differences in gene expression, the IL-4/IL-13-induced alternative macrophage 

polarization is associated with anti-inflammatory action in both human and mice [3, 46-

49].         
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Figure 2. Different M1 and M2 macrophage polarization stimuli-activated signaling pathways 

(published in [17])  

(INFγ: interferon-gamma, IRF:interferon regulatory factor, IFNGR: interferon-gamma receptor, JAK: 

Janus kinase, STAT: signal transducer and activator of transcription, LPS: lipopolysaccharide, NFkB: 

nuclear factor kappa-light-chain-enhancer of activated B cells, AP-1: activator protein 1, MyD88: myeloid 

differentiation primary response 88, TRIF: TIR-domain-containing adapter-inducing interferon-β, LTA: 

lipoteicholic acid, TLR: Toll-like-receptor, GM-CSF: granulocyte macrophage colony-stimulating factor, 

ERK: extracellular signal-regulated kinase, SFK: Src family kinase, IL: interlukin, IL-10R: interleukin-10 

receptor, PLCγ: Phospholipase C, gamma, PI3K: phosphoinositide 3-kinase)        

The adrenal glands-secreted glucocorticoids are lipophilic molacules and activate 

glucocorticoid receptor alpha (GRα) following the diffusion through plasma membrane. 

The activated GR complex translocates to the nucleus and induces gene expression 

changes in macrophages via minimum two independent mechanisms. GR complex 

can promote/repress transcription directly following DNA binding or indirectly by 

interacting with NFkB and AP-1 transcription factor complexes (Figure 2) [17]. 

Glucocorticoid exposure induces the expression of several alternative macrophage 

polarization markers including MRC1 and CD163 as well as IL-10 production [50]. In 

addition, long-term glucocorticoid treatment can partially inhibit the LPS and/or IFNγ-

induced transcriptional programs [51]. Although, the glucocorticoids-induced 

transcriptional changes are different from the IL-4-regulated gene expression program 

but both stimuli have anti-inflammatory properties and are categorized into the 

alternative macrophage polarization signals [17, 38].        

Another alternative macrophage polarization inducer cytokine IL-10 is produced by 

virtually all leukocytes and inhibits Th1-type immune response. IL-10 acts on IL-10R1-

IL-10R2 heterodimer activating STAT3 transcription factor (Figure 2) [17]. IL-10 
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enhances the expression of chemoattractants such as CXCL13 and CXCL4, as well 

as cell surface receptor TLR1 and endosomal receptor TLR8 in macrophages [52, 53]. 

In addition, IL-10 represses the pro-inflammatory cytokine production of macrophages 

[53].    

M-CSF binds to its tyrosine kinase transmembrane receptor and activates ERK, 

phosphoinositide 3-kinase (PI3K) and phospholipase C leading to the nuclear 

translocation of specificity protein 1 (Sp1) transcription factor and the development of 

M2-like macrophage characteristics (Figure 2) [17, 54].           

  

2.1.4. Macrophage polarization in vivo 

 

Although, the gene expression signatures and functional properties of classically and 

alternatively polarized macrophages are well characterized in vitro and ex vivo, the 

microenvironmental signals-dependent regulation of phenotypic and functional 

characteristics of macrophages in vivo is more complex and less understood. Both 

classical and alternative macrophage polarization states can be clearly linked to in vivo 

macrophage functions in different physiological and pathological conditions. While the 

alternative macrophage polarization plays crutial role in the protection against 

nematode infections and Th2-type inflammation [55, 56], the classical macrophage 

activation is tightly associated with Th1-type inflammation and anti-microbial defense 

[57, 58]. However, several studies showed that M1 and M2 macrophage polarization 

have overlapping effects in these processes. For instance, classically polarised 

macrophages-produced reactive nitrogen intermediates may have antiparasitic activity 

or alternatively polarized macrophages potentiate the secretion of pro-inflammatory 

cytokines after Neisseria meningitidis infection [59, 60]. In addition, inflammatory (M1-

like) and restorative (M2-like) macrophages may participate with different kinetics in 

same pathological process such as muscle injury and regeneration [16]. Neverthelless, 

most physiological and pathological processes are characterized in vivo by complex 

immunological milieu. The molecular microenvironment may lead to the development 

of broad spectrum of mixed macrophage polarization states in different pathological 

conditions including tumor development and different bacterial infection modulating 

disease progression and therapeutic responsiveness [4, 61, 62]. Therefore, the 

identification of the potential interactions between the different polarization signals is 

one of the most important challenges in macrophage biology.                            
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2.2. Molecular and epigenetic bases of polarization signals-mediated 

transcriptional regulation in macrophages  

 

2.2.1. Epigenomic background of cell type-specific transcriptional regulation  

 

In the last decade, the development of next-generation sequencing-based methods 

allowed the identification of DNA methylation, histon modification, transcription factor 

binding, chromatin accessibility and nascent RNA expression on a whole-genome level 

[63-66]. The combination of these genom-wide assays facilitated the better 

understanding of the connection between the specific pattern of histone marks and 

genomic-regulatory regions including promoters and distal regulatory regions termed 

enhancers in different cell types [65, 66]. In addition, these studies provided an 

opportunity for the identification of cell type-sepcific enhancer repertoire and its 

responsiveness to different internal or external stimuli [65-67].   

The promoters are located near to the transcription start sites (TSSs) of coding 

genomic regions towards the 5’ region of sense strand, and play central role in the 

regulation of gene expression. The major function of the promoters is the direction of 

RNA Polymerase II (RNAPII)-dependent transcriptional initiation in tight cooperation 

with basal transcription factor machinery [68]. The promoter regions are generally 

associated with high level of histone H3 lysine 4 tri-methylation (H3K4m3) as well as 

low H3K4m1 and H3K4m2 [69]. In addition, the promoters contain the combination of 

binding sites of broadly expressed transcription factors including SP-1, ying yang 1 

(YY-1) and nuclear transcription factor Y (NFY) and regulate the tissue and/or signal-

specific gene expression signature in collaboration with the tissue and/or signal-

specific enhancer repertoire [70, 71].        

In general, enhancers are defined as distal regulatory elements in the genome that 

“enhance” transcription in collaboration with gene-proximal promoters. These distal 

regulatory elements may be located upstream and downstream from the regulated 

protein-coding or non-coding genes or within their gene bodies [67]. Enhancers have 

specific molecular characteristics including unmetylated DNA and nucleosome 

depletion at sites bound by transcription factors as well as post-translational histone 

modification pattern. Unlike promoters, the enhancers are associated with relatively 

high levels of H3K4m1 and low H3K4m3 [72]. The H3K4m1high/H3K4m3low distal 

regulatory regions are bound by the lineage determining transcription factors (LDTFs), 

which are responsible for the establishment of cell type-specific enhancer repertoire 

[67, 73, 74]. These genomic regions serve as an important binding platform for external 

or internal stimulus-regulated transcription factors (SRTFs) regulating the cell- and 

signal-specific transcription in tight collaboration with the LDTFs [67, 75].  

The actual activation state of the enhancers is strongly dependent on the composition 

of recruited cofactors including the ratio of coactivators and corepressors. Many 

coactivators including CREB-binding protein (CBP), p300, GCN5 and PCAF have 
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histone acetyl-transferase activities and catalyze the acetylation of histone H3 at lysine 

K27, K9, K14, and histone H4 at lysine K5, K8 and K12. The enrichment of these 

histone modifications correlates with enhancer activity and active transcription [76-80]. 

These coactivators are detected at the active enhancers or recruited to enhancers 

following SRTFs binding [72, 81, 82]. In contrast, the corepressor complexes such as 

nuclear receptor corepressor 1 (NCoR)/ silencing mediator of retinoic acid and thyroid 

hormone receptor (SMRT), Sin3 and polycomb complexes associate with histone 

deacetylase, H3K4 demethylase or histone lysine methylase activities and remove the 

active histone mark acetyl grops or methyl gropus from H3K4 and catalyse H3K27 

trimethylation leading to transcriptional repression [83-85].       

In the last decade, the combination of chromosome conformation capture (3C) studies 

including 3C, chromatin conformation capture sequencing (Hi-C) and chromatin 

interaction analysis by paired-end tag sequencing (ChIA-PET) with CCCTC-binding 

factor (CTCF)-specific chromatin immunoprecipitation sequencing (ChIP-seq) 

experiments contributed to the better understanding of 3D chromatin organization [86, 

87]. These studies identified the megabase sized chromosomal regions so-called 

topological associating domains (TADs) as the functional units of chromosomes. The 

tissue-invariant TAD boundaries are marked by CTCF binding, which plays essential 

role in stable long-range loop formation between these genomic regions. These 

structural domains are characterized by favourable contacts between genomic loci 

inside the same TAD and insulation from loci in neighbouring TADs determining the 

potential promoter-enhancer interactions [88, 89]. The effective enhancer-mediated 

transcriptional activation/repression needs its close spatial proximity to susceptible 

gene/promoter. The three-dimensional chromatin loop formation between the 

enhancers and promoters usually occurs within the boundaries of TADs [89]. Two 

different enhancer-promoter loop types are distinguished such as constitutive and de 

novo loops [90]. The constitutive loops between enhancers and promoters are formed 

in a cell-type and transcriptional status independent manner. This type of loop 

formation is mediated by CTCF without the association of typical enhancer marks such 

as DNase hypersensitivity and histone acethylation [91-93]. In contrast, de novo or 

tissue-specific enhancer-promoter loops require the tissue-specific transcription 

factors-recruited mediator and cohesion complexes [94, 95].             

Recently, the global run-on sequencing (GRO-seq) studies described that nascent 

RNA expression is observed at the RNAPII-bound active enhancers in different cell-

types including breast cancer cells, B cells and macrophages [96-99]. In addition, 

enhancer RNA (eRNA) expression is dynamically regulated by different external 

signals including nuclear receptor and TLR4 ligands, as well as eRNA levels show high 

correlation with the transcription of neighboring genes suggesting that eRNA 

expression may be a good marker of enhancer activity [97, 99]. Although, the exact 

function of eRNAs is not fully understood in the transcriptional regulation but some 

findings indicate that eRNAs can participate in the de novo promoter-enhancer looping 

promoting the transcription of protein-coding genes [100-102].            
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2.2.2. Polarization signals-mediated transcriptional activation in macrophages 

 

The rapid and dramatic alteration of transcriptional output in macrophages is 

necessary for the quick adaptation to abruptly changing environments during infections 

or tissue injuries. In addition, each macrophage subtipes have highly specialized 

functions in normal homeostatic conditions, which require the expression of function-

specific gene subsets. The macrophage-specific transcriptome and its dynamic 

responsiveness to the microenvironmental changes are significantly determined by 

different epigenomic regulatory mechanisms including DNA methylation, post-

translational histone modifications and overall 3D architecture of the genome [103]. 

Based on H3K4m1 and H3K4m3-specific ChIP-seq experiments, 35000-45000 

H3K4m1high and H3K4m3low enhancers were identified in mouse macrophages [82, 

104]. Importantly, many LDTF binding motifs including ETS-domain transcription factor 

PU.1, AP-1, IRF, CCAAT/enhancer binding proteins (CEBP) and Runt-related 

transcription factor (RUNX) are enriched significantly at these regions suggesting their 

important role in the determination of macrophage specific enhancers [82, 104]. Many 

experimental evidence indicate that PU.1 is a key LDTF for the determination of 

macrophage-specific enhancer landscape. It has been described that, the 

macrophages are completely abscent in PU.1 deficient mice and the majority of 

H3K4m1 positive enhancers are occupied in resting macrophages by PU.1 [82, 104, 

105]. PU.1 depletion also leads to the decreased H3K4m1 enrichment at several PU.1-

bound enhancers in macrophages as well as the ectopic expression of PU.1 in mouse 

fibroblast 3T3 cells results in an increased H3K4m1 enrichment and development of 

nucleosome-depleted region at the same region as in macrophages [82, 104]. In 

addition, further LDTFs including CEBPα and IRF8 show highly overlapping cistrome 

with PU.1 and regulate the development of macrophage-specific enhancer landscape 

in thight collaboration with PU.1 [104, 106].    

The changing microenvironment leads to the activation of SRTFs including NFkB, AP-

1, STAT1, STAT6 or nuclear receptors in macrophages. The activated SRTFs control 

the macrophage polarization-specific gene expression program by binding to the 

promoters and enhancers of their target genes (Figure 3) [75]. The ChIP-seq studies 

show that the most signal-induced DNA binding events of SRTFs are observed at 

macrophage-specific LDTF-bound H3K4m1 positive enhancers.  

In parallel with SRTF binding, stimulus-induced recruitment of coactivator p300 and 

enhanced active histone mark H3K27Ac enrichment as well as elevated eRNA 

expression are also observed at the enhancers nearby the activated genes suggesting 

the SRTF-dependent activation of this enhancer subsets (Figure 3) [82, 97, 99, 107]. 

Despite the fact that the significant portion of signal-induced SRTF binding is observed 

at the pre-determined enhancers, small percentage SRTF binding is linked to closed 

genomic regions. The SRTF binding at these genomic regions results in the acquisition 

of active enhancer marks such as H3K4m1 and H3K27Ac. These “de novo” or “latent” 
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enhancers bind the SRTFs with macrophage-specific LDTFs following the SRTF 

activation suggesting their collaboration in this enhancer subset [99, 108].  

     

          

Figure 3. Mechanisms of macrophage polarization signals-induced transcriptional activation 

(published in [75]) 

(H3K27Ac: H3 acetylated at lysine 27, H3K4me1: histone H3 monomethylation at lysine 4, NFR: 

nucleosome free region, TSS: transcriptional start site, SRTF: stimulus responsive transcription factor, 

GTF: general transcription factor, LDTF: lineage determining transcription factor, SRTF: stimulus 

responsive transcription factor, H2a, H2b, H3, H4: histones H2a, 2b, 3 and 4) 

 

2.2.3. Molecular bases of transcriptional repression in macrophages 

 

Several experimental evidence indicate that transcriptional repression mechanisms 

can also modulate the inflammatory status and the responsiveness to different 

microenvironmental stimuli in macrophages (Figure 4) [109].  
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Figure 4. Different aspects of NCoR/SMRT corepressor complexes-mediated transcriptional 

repression in macrophages (published in [109]) 

(LXR: Liver X Receptor, AP1: activator protein 1, Bcl6: B-cell lymphoma 6 protein, LPS: 

Lipopolysaccharide, TLR4: Toll-like-receptor 4, SMRT: silencing mediator of retinoic acid and thyroid 

hormone receptor, NCoR: nuclear receptor corepressor 1, NFkB: nuclear factor kappa-light-chain-

enhancer of activated B cells, HDAC3: histone deacetylase 3, TBL1: transducin beta-like protein 1, 

TBLR1:  transducin beta-like-related 1, KDM4A: Lysine-specific demethylase 4A, CORO2A: Coronin 

2A)   

It has been described, that Rev-Erb transcription factor binding is observed at the distal 

enhancers of many inflammatory genes including matrix metalloproteinase-9 (Mmp9) 

and Cx3cr1. These genes show increased expression levels in the Rev-Erbα and Rev-

Erbβ double deficient macrophages suggesting the repressor function of Rev-Erbs 

[100]. The transcriptional repressor B-cell lymphoma 6 protein (Bcl6) transcription 

factor also have anti-inflammatory role in macrphages. ChIP-seq experiments display 

extensive overlap between genome-wide Bcl6 binding and NCoR/SMRT corepressor 

cistromes suggesting their tight collaboration in transcriptional repression of NFkB 

target genes [110, 111]. NCoR is also contributed to the regulation of inflammatory 

state of macrophages via the repression of Liver X Receptor (LXR) target genes 

including the members of ω-3 fatty acid biosynthesis pathway. The elevated ω-3 fatty 

acids production leads to the development of anti-inflammatory macrophage 



19 
 

phenotype in the absence of NCoR [112]. Furthermore, NCoR participates in LXRs-

mediated transrepression in macrophages in which the ligand-activated LXR can 

attenuate LPS-induced expression of large set of genes without direct DNA binding of 

nuclear receptor. [113]. Finally, it has been described that, other members of 

NCoR/SMRT corepressor complexes including histone deacetylase 3 (HDAC3) and G 

protein pathway suppressor 2 (GPS2) also play important role in the control of 

inflammatory status of macrophages [114-116].                  

On the other hand, the polarization signals repress large sets of genes but the 

repressive activity of polarization-specific transcription factors has not been studied in 

detail [42, 44, 54, 117]. Importantly, the combination of next generation sequencing-

based methods including GRO-seq and ChIP-seq provided opportunities for the 

characterization of direct transcription factor-mediated repression in different cell types 

including breast cancer cells and macrophages [96, 100]. It has also been described 

recently that LPS-dependent activation of macrophages is associated with significantly 

decreased eRNA expression at several enhancers. These TLR4-signaling-repressed 

enhancers are characterized by decreased binding capacity of the NF-κB subunit p65 

but the exact mechanism of repression remained unknown [118].  

 

2.3. MicroRNA-mediated post-transcriptional regulation of macrophage 

polarization 

 

2.3.1. MicroRNA transcription and maturation 

 

MicroRNAs (miRNAs) are single-stranded, 18-23 nucleotid-long, small non-coding 

RNA molecules acting as post-transcriptional regulators of gene expression in animals 

and plants [119, 120]. MiRNAs are located in both intronic/exonic regions of protein-

coding genes and intergenic regions (Figure 5) [121]. Interestingly, approximately 50% 

of mammalian miRNAs are organized into miRNA transcription units and generated 

from primary polycistronic transcripts encoding more than one miRNA (Figure 5) [121]. 

They are usually transcribed by RNAPII but RNAPIII- mediated transcription has also 

been described in case of some miRNAs [122, 123].  Primary miRNA transcripts (pri-

miRNAs) are long (usually over 1 Kb) and incorporate one or more mature miRNA-

containing stem-loop structure [121].  
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Figure 5. Genomic location and structure of the subtypes of miRNA genes (published in [121])  

These pri-miRNAs undergo several nuclear and cytoplasmic steps of maturation. First, 

pri-miRNAs are processed in the nucleus by the Drosha and DGCR8-containing 

Microprocessor complex (Figure 6) [121]. Drosha is a RNase III-type endonclease and 

is responsible for the clevage of pri-miRNAs [124]. DGCR8 also has important role in 

this process as the cofactor of Drosha [125-127]. Microprocessor complex precisely 

recognises a hairpin structure at the pri-miRNA transcript and the Microprocessor 

complex-mediated clevage results in the small haripin-shaped, approximately 65-70 

nucleotids lenght miRNA precursor (pre-miRNA) [128, 129]. Interestingly, the 

Microprocessor complex-mediated processing of intronic miRNA does not influence 

the host pre-mRNA splicing and stability [130]. In contrast, Drosha-mediated clevage 

of exonic miRNAs induces the destabilization of host mRNA [131]. Following the 

Microprocessor complex-mediated processing, pre-miRNA is exported into the 

cytoplasm to the completing of miRNA maturation by Exportin 5 (Figure 6) [132, 133]. 

Pre-miRNAs are further processed in the cytoplasm by RNase III-type endonuclease 

Dicer and the Dicer-mediated clevage near to the terminal loop of pri-miRNA results 

approximately 20-22 nucleotides lenght small RNA duplexes which includes miRNA 

(guide strand) and its complementer strand (miRNA* or passenger strand) (Figure 6) 

[134, 135].      
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Figure 6. Canonical pathway of miRNA biogenesis (published in [136]) 

(Ago2: Argonaute 2, RNA Pol II: RNA Polymerase II) 

Finally, the miRNA/miRNA* duplex is loaded onto Argonaute (AGO) proteins forming 

RNA-induced silencing complex (RISC) (Figure 6) [137, 138]. One strand from the 

small RNA duplex remains bound by Ago proteins as miRNA, while miRNA* is 

degraded. Strand selection is depended on the thermodynamic of the two ends of the 

RNA duplex. Generally, the strand with relatively unstable base pairs at the 5’ end 

remains functional but some duplexes produce miRNAs from both strands with similar 

frequencies [139, 140].  

Although the majority of the miRNAs are processed by Drosha and Dicer-dependent 

cannonical miRNA biogenesis pathway but some miRNAs and miRNA-like small RNAs 

undergo through several alternative maturation processes. Some intronic miRNAs (so 

called mirtrons) are processed Drosha-independent manner, pre-miRNAs are 

generated through mRNA splicing [141, 142]. In addition, the biogenesis of the directly 

transcribed endogenous short hairpin RNA-derived miRNAs such as miR-320 is also 

Drosha independent [143, 144]. Interestingly, the processing of erythropoetic miR-451 

does not require the participation of Dicer and instead pre-miR-451 is cleaved directly 

by AGO2 [145, 146]. 
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In the last decade, many research groups focused on the identification of potential 

regulatory mechanisms in the miRNA biogenesis. These studies show that each steps 

of miRNA biogenesis may be regulated from the pri-miRNA transcription to the mature 

miRNA degradation in different physiological and pathological conditions [121, 136, 

147]. Nevertheless, there are still a lot of questions that remained unanswered in this 

field.   

  

2.3.2. Mechanisms of miRNA-induced post-transcriptional repression 

 

The miRNAs are important components of the post-transcriptional fine-tuning of gene 

expression in animals and plants [119, 120]. They act as post-transcriptional 

repressors though the inhibition of mRNA translation and/or induction of mRNA 

degradation [148].  

 
Figure 7. The mechanisms of miRNA-induced post-transcriptional repression at the translational 

level (published in [148])  

(AGO: Argonaute, A(n): poly(A) tail, m7G: the 5 -terminal cap, PABP: poly(A)-binding protein, eIF4E: 

eukaryotic translation initiation factor 4E) 
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The molecular bases of the interaction between miRNAs and target mRNAs is the 

complete (in plants) or imperfect (in animals) sequence complementarity. In general, 

the perfect base paring between the miRNA 5’-proximal seed region (nucleotide 2-8) 

and   mRNA 3’-untranslated region (3’UTR) is required for the stable miRNA:mRNA 

interaction in metazoan [149, 150]. Furthermore, multiple miRNA binding sites (for 

same or different miRNAs) are necessary for effective repression, and these sites can 

cooperate with each other [151, 152].  

In the last decade, several studies characterized the potential mechanisms of miRNA-

supressed protein synthesis. Based on these findings, miRNAs can cause the 

inhibition of protein synthesis at the initiation and post-initiation levels (Figure 7) [148]. 

Two different mechanisms of the miRNA-induced initiation block were identified 

including (i) interference with 5‘cap recognition and 40S small ribosomal subunit 

recruitment capacities of eIF4E and (ii) inhibition of 80S ribosomal complex formation 

(Figure 7) [153-157]. Several evidence also support the miRNA-induced translational 

block at the post-initiation level with the further potential mechanisms: (i) diminished 

translational elongation, (ii) induced ribosome drop-off and (iii) promoted proteolytic 

degradation of nascent polypeptides (Figure 7) [158-160].       

Besides the translational block, miRNAs are also able to attenuate the RNA stability 

reducing the “steady-state” mRNA level of hundreds of their direct target genes. The 

miRNA-induced destabilization of mRNAs involves two different mechanisms including 

(i) the CCR4-NOT1 deadenylase complex-mediated deadenylation of poly(A) tail of 

mRNAs and (ii) the removal of 5’ cap structure by the DCP1/DCP2 decapping complex 

(Figure 8) [148, 161].       

 

Figure 8. Mechanisms of miRNA-induced post-transcriptional repression at the mRNA 

degradation level (published in [148]) 

(AGO: Argonaute, CAF1: CCR4-associated factor, CCR4: carbon catabolite repression 4 protein, NOT1: 

negative on TATA-less) 
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2.3.3. MicroRNAs as important regulators of macrophage polarization and 

function  

 

In the last decade, several studies demonstrated that the macrophage-specific 

miRNome is responsible for different macrophage polarization signals and modulate 

the phenotypic and functional properties of myeloid cells in vitro and in vivo. Different 

inflammatory signals or bacterial pathogens can regulate the miRNA expression 

signature in macrophages and dendritic cells (Table 1) [162-170]. These miRNAs 

participate in controlling inflammatory response and bactericidal capacity of 

macrophages. The most studied inflammation-induced miRNA is miR-155, which plays 

a complex role in the macrophages. On the one hand, many papers reported that miR-

155 enhances classical macrophage polarization and directly represses the expression 

of several anti-inflammatory proteins including SOCS1, SHIP1 and BCL6 [171-174]. In 

addition, miR-155 is able to suppress the alternative macrophage polarization via the 

direct inhibition of CEBPβ and IL-13Rα1 expression [175, 176].  

 miRNA Polarization 

signals or 

pathogens 

Regulation References 

Classical 

macrophage 

polarization 

signals 

miR-155 LPS, poly I:C, IFNβ, 

Candida albicans, 

Listeria 

monocytogenes 

upregulated [162-164, 166-168] 

miR-146a LPS, Candida albicans, 

Listeria 

monocytogenes 

upregulated [162-164, 168] 

miR-132 LPS upregulated [162] 

miR-455 LPS, Candida albicans upregulated [163] 

miR-125a LPS, Candida albicans, 

Listeria 

monocytogenes 

upregulated [163, 164] 

miR-147 LPS upregulated [169] 

miR-149 Listeria 

monocytogenes 

upregulated [164] 

miR-99b Mycobacterium 

tubercolosis 

upregulated [165] 

miR-125b LPS downregulated [167] 

miR-27* LPS downregulated [168] 

miR-532-5p LPS downregulated [168] 

miR-223 LPS, poly I:C downregulated [170] 

Alternative 

macrophage 

polarization 

signals 

miR-378-3p IL-4, Brugia malayi  upregulated [177] 

miR-125b IL-4, Brugia malayi  upregulated [177] 

miR-124 IL-4, IL-13 upregulated [178] 

miR-511 IL-4, IL-13 upregulated [179] 

miR-193b IL-4 upregulated [180] 

 Table 1. The list of macrophage polarization signals-regulated miRNAs  
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On the other hand, miR-155 acts as a negative regulator of overwhelmed inflammation 

via repression of some members of LPS-activated signaling pathways including IKKε 

and MyD88 [167, 181]. The LPS-induced miR-146a can also function as a negative 

feedback regulator of inflammatory response in macrophages via inhibition of 

downstream signaling molecules of TLR signaling including TRAF6 and IRAK1 [162]. 

In addition, miR-146 attenuates the RIG-I-dependent type I IFN production in 

macrophages via direct repression of IRAK2 [182]. Another LPS-induced miRNA, miR-

147 also represses TLR2, TLR3 and TLR4 ligands-induced cytokine expression and 

inflammatory activation of mouse macrophages [169]. Although, miR-125a and miR-

125b have same seed sequences and target genes but they are regulated differently 

in macrophages by inflammatory signals. While miR-125a is induced by several 

inflammatory stimuli [163, 164], until then the miR-125b expression level is reduced by 

LPS [167]. It has been described that miR-125a and miR125b are able to enhance the 

expression of classical polarization markers via direct repression of anti-inflammatory 

protein TNAFIP3 and IRF4 [180, 183, 184]. In contrast, it is also described that these 

miRNAs inhibit directly the KLF13 and TNFα protein expression limiting the 

inflammatory response in macrophages [185]. Furthermore, LPS-mediated repression 

of miR-223 directly regulates STAT3 transcription factor expression and promotes IL-

6 and IL-1β production in macrophages [186]. Similarly to inflammatory stimuli, 

alternative macrophage polarization signals including Th2-type cytokine IL-4 and IL-13 

as well as nematode infections are also able to regulate the miRNA expression pattern 

in macrophages, though their role is less characterized in the control of macrophage 

phenotype and functions [170, 177-179]. MiR-125b and miR-378-3p is induced during 

both nematode infection-induced in vivo and IL-4-induced in vitro alternative 

macrophage polarization and the elevated miR-378-3p expression contributes to the 

proper regulation of in vivo proliferation of alternatively polarized macrophages [177]. 

It has been also shown that IL-4/IL-13-induced miR-193b, miR-124 and miR-511 

participate in the development of alternatively polarized macrophage phenotype [165, 

178, 179]. Finally, some recent in vivo studies showed that the miRNAs play important 

role in the regulation of functional properties of macrophages in the complex tumor 

microenvironment [187-189].  
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3. Hypothesis and Research Questions 

 

The molecular microenvironment-dependent dynamic transcriptional and post-

transcriptional regulations of gene expression are essential for the phenotypic and 

functional plasticity of macrophages. Several aspects of macrophage polarization 

signals-induced regulatory mechanisms including SRTF-mediated transcriptional 

activation and miRNA-mediated post-transcriptional repression are well characterized 

in macrophages. However, the molecular bases of macrophage polarization signal-

dependent repression and transcriptional regulation of miRNA expression are less 

characterized. Here, we combined the next generation sequencing (NGS)-based 

transcriptomic and epigenomic approaches with functional methods for the better 

understanding of alternative macrophage activation signal IL-4-induced transcriptional 

and post-transcriptional repression and LPS-dependent classical macrophage 

activation-triggered transcriptional regulation of miRNome.     

Based on our preliminary global transcriptomic data we hypothesized that IL-4 

represses a large gene set at the transcriptional level in mouse bone marrow-derived 

macrophages (BMDMs). We sought to investigate the direct role of STAT6 

transcription factor in the IL-4-dependent transcriptional repression. Finally, we 

hypothesized that IL-4/STAT6 signaling pathway-mediated transcriptional repression 

modulates the inflammatory responsiveness of macrophages. 

We also hypothesized the conserved, IL-4/STAT6 signaling pathway-mediated 

regulation of miRNome during alternative macrophage activation. We sought to identify 

the potential role of the selected IL-4-induced miRNA in the alternative macrophage 

polarization-linked biological functions. 

Lastly, we integrated different NGS-based methods to systematically evaluate the 

transcriptional basis underlying the inflammation-mediated regulation of macrophage 

miRNome.   
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4. Aims  

 

Our work focused on investigating the transcriptional and post-transcriptional 

mechanisms of polarization signals-induced repression in macrophages. Our long-

term goals were (i) to characterize the macrophage polarization signals-dependent 

transcriptomic and epigenomic changes using unbiased genomic approaches (RNA-

seq, small RNA-seq, microarray, ATAC-seq, GRO-seq, ChIP-seq and 3C-seq), (ii) to 

integrate the transcriptomic and epigenomic informations using bioinformatics 

approaches and (iii) to identify the functional consequences of macrophage 

polarization signals-induced transcriptional and post-transcriptional repression.         

 

Specific aims: 

1. Investigation of the IL-4/STAT6 signaling pathway-induced transcriptional 

repression in mouse macrophages: 

 Identifying the gene set repressed by the IL-4/STAT6 signaling pathway. 

 Identifying the STAT6-bound enhancer subsets repressed or activated by IL-4. 

 Characterizing the direct transcriptional repression mediated by the IL-4/STAT6 

signaling pathway.  

 Studying the partial repression of inflammatory responsiveness induced by IL-4 

pretreatment.  

 

2. Identification of the IL-4 responsive miRNAs and their role in mouse and human 

alternatively polarized macrophages: 

 Investigating the miRNAs in mouse alternatively polarized macrophages. 

 Identfying the expression pattern of the selected miRNAs regulated by IL-4 

during in vivo alternative macrophage polarization in mice. 

 Studying the IL-4-dependent regulation of the selected miRNAs in human 

macrophages. 

 Characterizing the molecular bases of IL-4-dependent regulation of the 

selected miRNAs in mouse and human macrophages. 

 Identifying the alternative macrophage polarization-linked function of the 

selected IL-4 responsive miRNA.  

 

3. Characterization of the transcriptional regulation of inflammation-responsive 

miRNAs in mouse macrophages. 

 Identifying miRNAs regulated at the transcriptional level in LPS-stimulated 

mouse macrophages. 



28 
 

 Identifying and characterizing the inflammation-responsive pri-miRNAs-

associated enhancer subset. 

 Investigating the loop formation between the distal-enhancers and promoter of 

pri-miR-155 regulated by LPS. 
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5. Materials and Methods 
 

Animals 

Wild-type (WT; C57BL/6J or BALB/c), Stat6-deficient (S6 KO) mice on C57BL/6J and 

IL-4 receptor-α–deficient (IL-4Rα KO) mice on a BALB/c background were housed 

under minimal disease conditions and experiments were carried out under institutional 

ethical guidelines and licenses (file number: 120/2009/DE MAB). Surgical implant of 

adult Brugia malayi parasites into WT (C57BL/6) mice was carried out as described 

previously in accordance with the UK Animals (Scientific Procedures) Act of 1986 

[177].  

 

Brugia malayi in vivo infection model 

Surgical implantation of adult Brugia malayi parasites was performed by the same 

group and at the same facilities like in case of the results presented by Jenkins et al. 

(2011) [190]. Peritoneal exudate cells from B. malayi infected animals were seeded at 

5x106 cells per well to 6-well cell-culture plates (NUNC, Roskilde, Denmark) in RPMI, 

5% FCS, 2 mM L-glutamine, 0.25 U/mL penicillin and 100 mg/mL streptomycin. After 

4 hours incubation at 37 C / 5% CO2 non-adherent cells were washed off and the 

adherent cells lysed in 700 μl Qiazol. (Dominik Rückerl) 

 

Heligmosomoides polygyrus in vivo infection model 

Heligmosomoides polygyrus life cycle was maintained in house and infective 

third­stage larvae (L3) were obtained as described elsewhere [191]. Mice were infected 

with 200 H. polygyrus L3 by oral gavage. The attenuated, aroA deficient Salmonella 

enterica enterica serovar Typhimurium strain SL3261 [192] was cultured as stationary 

overnight culture from frozen stock in Luria-Bertani broth. Co-infections were carried 

out as described previously [193]. Briefly, animals were injected i.p. with ~1x106 CFU 

Salmonella Typhimurium diluted in PBS or received 1 mg/kg LPS from Salmonella 

enterica ser. Minnesota (Sigma-Aldrich, Saint Louis, Mo, USA, L4641) 9 days after H. 

polygyrus infection. 6h after bacterial inoculation peritoneal macrophages were 

isolated by lavage, purified by adherence for 2 h to cell culture plastic and total RNA 

extracted. (Dominik Rückerl)  

 

Differentiation of bone marrow-derived macrophages 

Bone marrow was isolated from 8-12 weeks old male mice. Isolation and differentiation 

were completed as described earlier [97]. Isolated bone marrow-derived cells were 

differentiated for 6 days in the presence of L929 supernatant. For alternative 

macrophage activation we differentiated the freshly isolated bone-marrow cells in the 
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presence of IL-4 (5 ng/ml; PreproTech, London, UK) and/or treated BMDMs with IL-4 

(20 ng/ml) on the 6th day of the differentiation for the indicated period of time. 

Differentiated BMDMs were treated with LPS (100 nM, Sigma-Aldrich, Saint Louis, Mo, 

USA, L4641) and/or ATP (5mM) for the indicated period of time. (Zsolt Czimmerer, 

Bence Dániel, Tímea Silye-Cseh)  

 

Immortalization of mouse bone marrow-derived macrophages 

Bone marrow-derived cells were immortalized using the J2 cell line continuously 

producing the J2 virus encoding v-raf and v-myc oncogenes [194]. J2 cells were grown 

in DMEM containing 20% FBS. Bone marrow cells were seeded in immortalization 

media I. (90% J2 supernatant, 5% HyClone FBS, 10 μg/ml Polybrene 0.1%, L929 

supernatant 5%) and incubated overnight. On the second day supernatant was 

collected and spun down to pellet floating cells. Adherent cells were scraped and re-

plated in a new petri dish using immortalization media II. (20% J2 supernatant, 10% 

HyClone FBS, 10 μg/ml Polybrene 0.1%, L929 supernatant 10%, 60% DMEM) and 

incubated for 6 days. After the immortalization cells were kept in regular macrophage 

differentiation media (20% FBS, 30% L929 supernatant and 50% DMEM containing 

1% antibiotics). (Bence Dániel, Zsolt Czimmerer, Tímea Silye-Cseh) 

 

Human monocyte isolation and culture 

Isolation of human monocytes, mouse bone marrow cells and mouse peritoneal 

macrophages were completed as described earlier with minor modifications [43, 177, 

195]. CD14+ human monocytes were isolated from platelet-free buffy coats from 

healthy donors by Ficoll gradient centrifugation followed by immunomagnetic cell 

separation with anti-CD14-conjugated microbeads (VarioMACS Separation System, 

Miltenyi Biotec., Bergisch Gladbach, Germany). Monocytes were cultured in multiwell 

culture plates in RPMI 1640 (Sigma-Aldrich, Saint Louis, Mo, USA) supplemented with 

10% fetal bovine serum (Invitrogen, Carlsbad, CA, USA) and penicillin/streptomycin 

(Sigma-Aldrich, Saint Louis, Mo, USA). For macrophage differentiation and alternative 

macrophage activation freshly plated monocytes were treated with IL-4 (100 ng/ml; 

PreproTech, London, UK). Cells were harvested 12 and 72 hours after cytokine 

treatment. (Zsolt Czimmerer, Ibolya Fürtös)  

 

RNA-seq 

cDNA library for RNA-Seq was generated from 1g total RNA using TruSeq RNA 

Sample Preparation Kit (Illumina, San Diego, CA, USA) according to the 

manufacturer’s protocol. Briefly, poly-A tailed RNAs were purified by oligodT 

conjugated magnetic beads and fragmented on 94 C degree for 8 minutes, then 1st 

strand cDNA was transcribed using random primers and SuperScript II reverse 
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transcriptase (Lifetechnologies, Carslbad, CA, USA). Following this step second strand 

cDNA synthesized, double stranded cDNA end repaired and 3’ ends adenylated then 

Illumina index adapters were ligated. After adapter ligation enrichment PCR was 

performed to amplify adapter ligated cDNA fragments. Fragment size distribution and 

molarity of libraries were checked on Agilent BioAnalyzer DNA1000 chip (Agilent 

Technologies, Santa Clara, CA, USA). Paired read 100bp sequencing runs were 

performed on Illumina HiScan SQ instrument (Illumina, San Diego, CA, USA). (Szilárd 

Póliska) 

 

Small RNA-seq 

Small RNA-sequencing libraries were generated from 1 g of total RNA using TruSeq 

Small RNA Sample Preparation Kit (Illumina, San Diego, CA, USA) according to 

manufacturer’s protocol. Briefly, after ligation of 3’ and 5’ RNA adapters, reverse 

transcription was performed to synthesize cDNA and then using Illumina specific index 

adapter primers, cDNA was amplified. The amplified library was excised from 6% 

Novex TBE PAGE gel (Invitrogen, Carlsbad, CA, USA) and after purification the 

libraries were quantified by Qubit fluorometer and checked on BioAnalyzer 2100 using 

DNA1000 chip (Agilent Technologies, Santa Clara, CA, USA). Single read 50bp 

sequencing was performed on HiScanSQ instrument (Illumina, San Diego, CA, USA). 

(Szilárd Póliska) 

 

ATAC-seq 

ATAC-seq was carried out as described earlier with minor modification [196]. Cells 

were scraped and counted to achieve 50k/ml in ice-cold PBS. Cell suspension was 

further diluted to 25k/ml and nuclei were isolated with ATAC-LB (10mM Tris-HCl pH7.4, 

10mM NaCl, 3mM MgCl2, 0.1% IGEPAL). Nuclei from 25k cells were used for 

tagmentation using Nextera DNA Library Preparation Kit (Illumina, San Diego, CA, 

USA) from two biological replicates. After tagmentation DNA was purified with Minelute 

PCR Purification Kit (Qiagen, Hilden, Germany). Tagmented DNA was amplified with 

Kapa Hifi Hot Start Kit using 9 PCR cycle. Amplified libraries were purified again with 

Minelute PCR Purification Kit. Fragment distribution of libraries was assessed with 

Agilent Bioanalyzer and libraries were sequenced on a HiSeq 2500 platform. (Bence 

Dániel) 

 

GRO-seq 

GRO-seq was performed as described earlier [97] but the libraries were prepared with 

NEBNext Small RNA Library Prep set for Illumina. (Bence Dániel) 
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ChIP-seq and ChIP-qPCR 

ChIP was performed essentially as previously described [97]. Libraries were prepared 

either with Ovation Ultralow Library Systems (Nugen, San Carlos, CA, USA) or TruSeq 

ChIP library systems (Illumina, San Diego, CA, USA) according to the manufacturer’s 

instructions. ChIP antibodies are listed in Table 2. In all cases, 1.5 μg antibodies were 

used for ChIP-qPCR and 3 μg for ChIP-seq experiments. 

 

Antibody Identifier 

IgG Millipore, 12-370 

H3K27Ac ab4729 

P300 sc-585 

PU.1 sc-352 

JunB sc-46x 

IRF8 sc-32528x 

STAT6 sc-981 

C/EBPα sc-61X 

HDAC1 ab7028 

HDAC2 ab7029 

HDAC3 ab4729 

RNAPII-pS5 ab5131 

RNAPII-pS2 ab5095 

p65 sc-372 

Table 2. List of antibodies for ChIP 

Primer sequences for ChIP-qPCR analysis are listed in Table 3. 

qPCR assay FW primer Rev primer 

IL-18_+25Kb tgaaaagaaagctgtgttcacatt agcccgagaagcttatgaaa 

Fcgr1_-7.7Kb acatcagcaaaaggcttggt ggctactctgctaacctgctaca 

Irak3_+10Kb acagaaatcgtgtctccatatgc tggggtgtgttgcgttattc 

IL1b_-7.7Kb agcaggattgctggctagag ccatgtcagcagcacagtgta 

pri-miR-155_-62Kb aagaaggaagtcgtggcagt ggttgcccaggtagctttaag 

pri-miR-155_-76Kb gccaggactgctgaagaatg ctgggaatatcccacttgttatct 

pri-miR-155_-96Kb aaaacctaaatgtgtgggtcttcta cccatttataaaagcaggatgg 

pri-miR-155_-116Kb ggggaaacattcaagaagca cctttagccaagcagatgattt 

pri-miR-147_+27Kb ctggggcacaatgagagaa cacacccagtgtgaaatgatg 

pri-miR-147_+14Kb tgctctgcccttctcactg tggctacactgaacttcccaat 

Prmt8e cgtgagcagaggtgaggagt ggttaacccaagcttcttgct 

Evl_-4 Kb tggttcacaggaggcagatc ctctcacatgcacagacagc 

Evl_+4 Kb ctagggaacagggcttgaca agggaagtgaactggctcat 

EVL_+0.3 Kb caattcccctagatggctca tagaaattagcacctgcctctca 
Table 3. List of primer sequences for ChIP-qPCR analyses 

(Zsolt Czimmerer, Bence Dániel, Zsuzsanna Nagy, Ágnes Kriston) 
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RNA-seq analysis 

TopHat and Cufflinks toolkits [197] were used for mapping spliced reads to the mm10 

mouse assembly with default parameters, making transcript assemblies, and getting 

and sorting gene expression data. Genes with at least 1 FPKM (Fragments Per 

Kilobase per Million mapped reads) expression value in at least one sample were 

considered to be expressed. In the downstream analysis 2-way anova and post-hoc 

tests were performed on WT and STAT6KO macrophages exposed to IL-4 for 1, 3, 6 

and 24 hours in R using the aov() and TukeyHSD() functions of the MASS package. 

Differences were considered statistically significant at p-value<0.05 and FC>2. For IL-

4 pretreatment-LPS datasets, LPS-induced genes were considered statistically 

significant at p-value<0.05 compared to the control and then these genes were 

clustered based on their sensitivity (p-value<0.05) to IL-4 pretreatment as follows: 

attenuated response - Cluster 1; insensitive - Cluster 2; increased response - Cluster 

3. K-means clustering was performed in R using the function kmeans from package 

stats. Gene Set Enrichment Analysis was done by GSEA v2.2.0 [198]. KEGG pathway 

enrichment analyses were done using the DAVID web application [199]. Heat maps 

were drawn using the R package pheatmap. (Attila Horváth) 

 

3C-seq and analysis 

Experiments were carried out as previously described [200]. After the first digestion 

and ligation the 3C DNA pool was purified with phenol/chloroform/ 

isoamyl alcohol (25:24:1) (Sigma-Aldrich, Saint Louis, Mo, USA). Second restriction 

digestion was performed by using DpnII (NEB, Ipswich, MA, USA) for 16 hours per 

manufacturer’s instruction. Second ligation was performed at 16C° for 6 hours with 

200U of T4 DNA ligase. DNA was then purified again with phenol/chloroform/isoamyl 

alcohol (25:24:1) followed by QIAquick gel purification columns (Qiagen, Hilden, 

Germany). Bait specific inverse PCRs were performed using primers coupled to 

Universal Illumina adapters and Barcode sequences. Reactions were purified by 

QIAquick gel purification columns. Amplicon libraries were quantified and qualified by 

Agilent using DNA 7500 chip cartridge. Primers are available upon request. Amplicon 

libraries were sequenced on Illumina HiSeq sequencer. Raw reads were demultiplexed 

using FASTX-Toolkit and then aligned to mm10 genome assembly (GRCm38.p1.) by 

BWA [201]. Bedgraph and TDF files for visualization were generated as previously 

described. The R package r3Cseq (pvalue<=0.05) was used to predict the putative 

interactions [202]. (Bence Dániel, Attila Horváth) 

 

Small RNA-seq data analysis for the identification of LPS responsive miRNome  

Small RNA-seq samples were aligned by novoalign (with –r Random and –m options) 

to mm10 genome assembly (GRCm38.p1.) and converted into BAM files with 
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SAMtools [203, 204]. The Rsubread and edgeR packages were used to quantify and 

infer the statistically significant miRNAs using mature miRNA collection from MirBase 

(v21), respectively. CPM (counts per million) scores were normalized by using TMM 

method. For the downstream analysis only the expressed miRNAs (CPM>=10 at least 

in two samples) and significantly changed (p-value<=0.05 and FDR <= 0.1) miRNAs 

were used. (Attila Horváth) 

 

Small RNA-seq data analysis for the identification of IL-4-regulated miRNAs 

The processed sRNA-Seq reads were mapped to all available Mus Musculus mature-

miRNA sequences (miRBase v21, [204]). Read mapping was performed using Bowtie 

[205]. The mapping process for reads longer than 10 nucleotides allows 2 mismatches. 

Quantification of mapped reads with minimum and maximum length of 18 and 24 

nucleotides overlapping to mature miRNA regions (miRBase v21) was performed using 

the R package GenomicRanges [206, 207]. Minimum overlapping between mapped 

reads and mature regions was 16. We filtered out mature microRNAs with counts per 

million (CPM) lower or equal than 4 cpm across at least 3 libraries. Differential 

expression analysis was performed using ‘edgeR’ package [208] fitting a negative 

binomial generalized linear model for each mature microRNA, and then the likelihood 

ratio test was performed. The contrasts used were: wild type IL-4 vs. wild type control, 

wild type IL-4 vs. STAT6 KO IL-4, STAT6 KO IL-4 vs. STAT6 KO control and wild type 

control vs. STAT6 KO control. The Benajmini and Hochberg method was used to 

calculate FDRs [209]. (Attila Horváth)  

 

 

ATAC-seq, ChIP-seq and GRO-seq analyses 

The primary analysis of the ATAC-seq, ChIP-seq and GRO-seq raw sequence reads 

was carried out using our ChIP-seq analysis command line pipeline [210]. Briefly, 

Burrows-Wheeler Alignment Tool (BWA, [201]) was used to align the reads to mm9 

and mm10 genome assembly with default parameters. MACS2 [211] (with ‘-B’ and ‘-

SPMR’ options) was used for predicting transcription factor peaks and nucleosome 

free regions (q-value<=0.01), and findPeaks.pl (with ‘-size 1000’, ‘-minDist 2500’ and 

‘-style histone’ options) for histone regions. Artifacts were removed using the ENCODE 

blacklist [212]. Predicted peaks were sorted by average coverage (RPKM, Reads Per 

Kilobase per Million mapped reads). Average coverage of the predicted peaks and 

significantly changing regions (p-value<=0.05) were calculated by DiffBind v2.0.5 

[213]. Intersections, subtractions and merging of the predicted peaks were made with 

BedTools. Proportional Venn diagrams were generated with VennMaster [214]. 

Genome coverage files (bedgraph files) for visualization were generated by 

makeUCSCfile.pl (HOMER) and then converted into tdf files using igvtools with ‘toTDF’ 

option. De novo motif discovery was performed on the 100 bp vicinity of the peak 
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summits using findMotifsGenome.pl with options ‘–len “10,12,14,16”’ and ‘-size 200’ 

on the repeat-masked mouse genome (mm10r) from HOMER. The HOMER option ‘-

style groseq’ was used for GRO-seq samples. Integrative Genomics Viewer (IGV2.3, 

Broad Institute) was used for data browsing [215] and creating representative 

snapshots. Normalized tag counts for Meta histograms and RD plots were generated 

by annotatePeaks.pl from HOMER (with option ‘-hist 10’ for histograms and with 

options ‘-ghist’ and ‘-hist 10’ for RD plots) and visualized by R using package ggplot2 

or by Java TreeView, respectively. Gene body metaplots were created using ngs.plot 

software [216]. Pearson’s correlation coefficients between GRO-seq, RNAPII-pS2, 

RNAPII-pS5 and H3K27ac ChIP-seq data (fold change of RPKM values upon 1h IL-4 

treatment on the merged replicates using a custom bash script) were calculated in R 

using function cor() from package stats. Changes on boxplots were considered 

significant at p<0.00001 using paired t-test and the average of fold differences at the 

individual enhancers ≥1.15. (Attila Horváth) 

 

Identification of pri-miRNAs using GRO-seq and H3K4m3-specific ChIP-seq data sets 

GRO-seq transcripts were predicted by findPeaks,pl with ’-style groseq’ option of 

HOMER (with parameters minBodySize=1000, maxBodySize=80000, tssFold=5, 

bodyFold=1.5 endFold=6.5) and merged with known gene bodies within a window of 

1000bp in a strand specific manner. Finally to make the prediction of TSSs of predicted 

transcripts more precise they were split by the union of control and LPS treated 

H3K4m3 regions (3000bp distance between features allowed for features to be 

merged) dealing with the cases when there is more than active promoter regions on 

the same transcript. TSS predictions from FANTOM5 data set aligned to mm9 was 

converted to mm10 genome using liftOver [217]. (Attla Horváth) 

 

Enhancer annotation and eRNA expression analysis for the characterization of LPS-

responsive miRNA expression 

Enhancer transcripts were predicted based on the pool of the sequence reads derived 

from the (2x4) LPS-treated time-course GRO-seq samples according to our previous 

work [97]. From nearby enhancers within 1 Kb, those were used in the further analyses 

showing the highest expression calculated in RPKM. Enhancers were filtered based 

on their expression level (over 0.5 RPKM in at least one sample per replicate), 

expression change (at least 1.3 fold change in the same time point(s) in both replicates 

as compared to time 0) and the overlap with H3K4m1 enrichment upon LPS treatment 

(according to the region prediction of HOMER). Intergenic H3K4m1/eRNA "double 

positive" enhancers farther than 1 Kb and within 50 Kb compared to LPS-responsive 

pri-miRNA TSSs and/or within the predicted domains around the pri-miRNA TSSs and 

flanked by the highest CTCF/Cohesin peaks were assigned to the associated gene. 

RPKM values for H3K4m1 enrichment were calculated within the 1 Kb wide region 

around the annotated enhancers. (Attila Horváth, Gergely Nagy) 
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Domain prediction 

ChIP-seq raw reads of 47 CTCF and 42 Cohesin (RAD21, SMC1/3 or SA1/2) samples 

were downloaded from the Sequence Read Archive of NCBI and processed using our 

ChIP-seq analysis command line pipeline [210]. Consensus CTCF peak summits were 

defined as the average genomic location of at least two summits within 51 bp. 

Consensus peak summits for Cohesin were defined in the same manner. Insulator 

peak summits were determined from those consensus CTCF peak summits that were 

closer to a consensus Cohesin peak summit than 51 bp. Motif enrichments were 

calculated in two rounds by findMotifsGenome.pl (HOMER) from the 100 bp region 

around the 5000 most ubiquitous insulator peak summits. Having mapped the putative 

elements matching with the CTCF motif of the first search by annotatePeaks.pl 

(HOMER), we used those top 5000 regions that lacked these hits. Score 6 was set as 

a threshold for both CTCF motif matrices, and to filter putative CTCF elements in the 

case of multiple occurrences at the same region those hits were preferred that followed 

the direction of the CTCF/Cohesin peak location compared to each other [91] and had 

the highest motif score. Insulators showing clear protein-binding direction without 

predicted element were also included in domain prediction. Average coverage (RPKM) 

of CTCF and RAD21 ChIP-seq derived from bone marrow-derived macrophages was 

calculated on the 100 bp region around insulators, and those regions were filtered out 

that had an RPKM value exceeding the hundred-thousandth of the summed density of 

all regions per sample in both samples. The closest insulators showing convergent 

direction within 1Mb distance but farther than 1kb were assigned to each other and 

called domains if their coverage showed less than 2-fold difference for both proteins. 

In the case of overlapping domains, those were filtered having the highest insulator 

coverage. “Negative” domains with divergent insulators were defined between the final 

convergent domains. Association scores between STAT6-bound enhancers and IL-4-

regulated gene clusters were calculated and visualized by package pheatmap using 

option scale="column" (scaling by RNA-seq clusters). (Gergely Nagy) 

 

mRNA microarray and computational target identification 

The Raw Sample CEL files were processed within R, using ‘affy’, ‘org.Mm.eg.db’ and 

‘mogene10stv1cdf’ packages [218-220] Similarly to the miRNA microarray processing, 

raw expression values were processed with robust multi-array average (RMA) 

procedure [221]. Interquartile Range was calculated across all samples for each probe 

in an identical way as miRNA microarray methodology, to remove probes mapping to 

the same transcript. Quality control was performed using Principal Component 

Analysis. Differential expression analysis was performed as mentioned in microRNA 

microarray analysis. Using ‘limma’ package [222] to fit a linear model to each probe, 

then using an empirical Bayes method to get moderate t-statistics. The contrast used 

here was transfection with miR-342-3p vs mir-negative control miRNA mimics in 

mouse macrophage cell line RAW264.7. The Benjamini and Hochberg method was 

used to calculate FDRs [221]. The contrast was used to verify direct effect due to miR-
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342-3p regulation. Sylamer [223] was used to quantify the enrichment or depletion of 

miRNA seed matches in the 3’UTRs of genes. These 3’UTRs genes are ordered given 

t statistic (differential expression). Prediction of functional miRNA targets was 

performed by TargetExpress [224]. TargetExpress is a Support Vector Machine 

combination based on TargetScan [225] and microT-CDs [226] predictions and an 

expression profile. In this case, the mir-negative control expression profile was 

included in the TargetExpress model.  

3’UTR sequences corresponding to selected down-regulated and computationally 

predicted anti-apoptotic mmu-miR-342-3p target genes were obtained using 

‘TxDb.Mmusculus.UCSC.mm10.ensGene’ and ‘GenomicFeature’ packages [206, 227] 

Conservation scores for these 3’UTR sequences where obtained from UCSC 

GenomeBrowser using ‘rtracklayer’ package [228] selecting the track ‘cons60way’ to 

get the ‘phastCons60wayPlacental’ table. (Cesaré Ovando Vázquez, Cei Abreu-

Goodger) 

 

Real-time quantitative PCR-based measurement of mRNA, eRNA and pri-miRNA 

expression 

Total RNA was isolated from cells using Tri Reagent (MRC, Cincinnati, OH, USA) 

according to manufacturer's protocol. For quantification of mRNAs, eRNA and pri-

miRNAs reverse transcription was performed by using High-Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems, Foster City, CA, USA). RT primers for mature 

miRNAs were supplied by Applied Biosystems. Transcript quantification was 

performed by quantitative real-time RT (reverse transcriptase) PCR (polymerase chain 

reaction) using SYBR Green assays (selfmade assays). Primer sequences are listed 

in Table 4. 

qPCR assay FW primer Rev primer 

mCd14 aaagaaactgaagcctttctcg agcaacaagccaagcacac 

mTlr2 ggggcttcacttctctgctt agcatcctctgagatttgacg 

mAbca1 tccaatttcccatccatttg acaggtaccaaaccaccagc 

mClec4d agtaacgtgcatccgagagg taacaggacagcaggtccaa 

mNlrp3 cccttggagacacaggactc ggtgaggctgcagttgtcta 

mFos cagcctttcctactaccattcc acagatctgcgcaaaagtcc 

mLyz1 ggcaaaaccccaagatctaa tctctcaccaccctctttgc 

mLyz2 gaatggaatggctggctact cgtgctgagctaaacacacc 

mSmad3 tccattcccgagaacactaac ccaggaggtggggtttct 

mIL1b agttgacggaccccaaaag tttgaagctggatgctctcat 

mKlf4 cgggaagggagaagacact gagttcctcacgccaacg 

mEdn1 ggacatcatctgggtcaacac tgggaagtaagtctttcaaggaa 

mHbegf tcttcttgtcatcgtgggact cacgcccaacttcactttct 

mPpia tctgctgtctttggaacttt cgatgacgagcccttgg 

Hbegf_+43Kb cagcagggaggacttcatgt ggaaagccttcatcgactgt 

Edn1_-42Kb gctctttgctagggttttagacg atcacgaggcagccactc 

Klf4_-34Kb ggactccaaaagatggatcg gaatggactcaaggggtcag 
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Cd14_+25Kb tgctatgtatccctggaacct tgcctgaaaatggtgcctac 

Tlr2_+29Kb acgatctgacctgaccatacc gcccctcgatgttaaaaccc 

Fos_-5Kb tcctccttttcgcctctctc ggaatgtggggttatcttgagc 

Abca1_-27Kb tggctacaaagggtcaggtc tcaccaaaaatccagttgctt 

Clec4d_-9Kb tagtggtccctgggcaagta tggaaagaagagaaatggagggg 

Nlrp3_-1.3Kb acagcatctactcagggtgg gctctttacattagctgcccc 

Tlr2_-21Kb aagcaagagtttgtgtaccctctta cctgtcttccctctggtcac 

Cxcl11_-11Kb gccgggtcagctcttatcta accaaggacaaaaccaaccg 

Fcgr1_-7.7Kb ccctttctccctagccgtag agtgactagtgccatgcgaa 

IL1b_-9.7Kb gctggaccgttttcttatagaca tgtagaaacacaggagcagaat 

pri-miR-155_-76Kb tgatttagataggacagcaaaaagc gcttgttatcctggctcgac 

pri-miR-155_-96Kb caaaactgggaatgctagtgc cgtgctactcaggggtctgt 

pri-mir-147_+14Kb tgctctgcccttctcactg tggctacactgaacttcccaat 

pri-miR-147_+27Kb cctgctttcctctgactgct tgtccctgggtcatccaa 

pri-miR-223_-12Kb tgcaaaaagagaatcacataaacc aaagagagccaacaattaaagagg 

pri-mir-223_+16Kb tgaacaccagcattctctgc tctgggctcagctcaaagat 

pri-miR-155 acaggaaacagcaaattcatctt aaagagctctgactcaagggact 

pri-miR-147 tgttttgcctcacactatcagc tccttatatggaatctcaacgaaa 

pri-miR-223 catgcaagaataggagacattcc gccacaaattcagggaacc 
Table 4. List of primer sequences for mRNA, pri-miRNA and eRNA-specific qPCR analyses 

(Zsolt Czimmerer, Bence Dániel, Máté Kiss, Zsuzsanna Kolostyák,Beáta Szalka, 

Ágnes Kriston) 

 

LDH release 

LDH activity was measured in the supernatants of unstimulated and IL-4-pretreated 

WT and STAT6KO bone marrow-derived macrophages after IL-4 pretreatment and/or 

LPS/ATP costimulation (LPS-exposed BMDMs were treated with ATP for 30 min) by 

commercially available LDH UV assay on Cobas c 501 instrument (Roche Diagnostics, 

Mannheim, Germany). This measurement is based on the conversion of L-lactate to 

pyruvate along with the reduction of NAD+ to NADH. The initial rate of the NADH 

formation was directly proportional to the catalytic LDH activity determined by 

photometrically measuring the absorbance increment at 340 nm. (Béla Nagy Jr., Zsolt 

Czimmerer) 

 

Measurement of IL-1β production 

LPS-exposed BMDMs were treated with ATP for 45 min. Supernatants from ATP-

treated macrophages were collected, centrifuged and stored at -20 oC until further use. 

IL-1β was measured from samples using ELISA kit (DY401-05, R&D System, 

Minneapolis, MN, USA) according to the manufacturer’s instructions and analyzed on 

FlexStation 3 Microplate Reader (Molecular Devices, San José, CA, USA). The 

minimum detectable dose is 15.6 pg/ml. (Marietta M. Budai, Szilvia Benkő) 
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Western Blot analysis 

Cells were harvested and centrifuged, then they were lysed in loading buffer (62,5mM 

Tris pH=8.8, 25% glycerol, 2% SDS, 1% β-mercaptoethanol and 1% BPB). Before 

loading all samples were boiled for 10 minutes. Proteins were separated by SDS-

PAGE and transferred onto nitrocellulose membranes. Membranes were then blocked 

with 5% non-fat milk, washed briefly, incubated with primary antibodies at 4°C 

overnight. Pro-IL-1β (AF401-NA) was from R&D System, ASC (sc22514-R) was from 

Santa Cruz, pro-caspase-1 (AG-20B-0042) and NLRP3 (AG-20B-0014) antibodies 

were obtained from AdipoGen. Primary antibodies were incubated with corresponding 

horseradish peroxidase-conjugated secondary antibodies from BioRad for 1 hour at 

room temperature. Proteins were visualized by Supersignal West-Pico 

peroxide/luminol enhancer solution from Pierce. To verify the loading of equal amount 

of protein sample, the β-actin (Sigma-Aldrich, Saint Louis, Mo, USA) expression was 

detected. (Marietta M. Budai, Szilvia Benkő) 

 

Caspase-1 assay and PI-based detection of pyroptotic cell death 

Caspase-1 activity and pyroptotic cell death by propidium iodine staining was 

measured in single cells using imaging Laser Scanning Cytometry (LSC). Mouse 

macrophages were cultured, treated, stained and imaged in 8 well IBIDI (Martinsried, 

Germany) slides with an initial concentration of 15,000 cells per well. Sub-vital staining 

was performed in culture medium at room temperature for 20 minutes by Hoechst 

34580 (10 microg/ml), propidium iodine (10 microg/ml), Alexa-488 tagged Annexin V 

(1 microg/ml) and caspase-1 specific FLICA® 660 (FLICA® 660 far-red fluorescence 

Caspase-1 Assay Kit was used according to the description of manufacturer; 

ImmunoChemistry Technologies, LLC). In some experiments specific Caspase-1/ICE 

Inhibitor Z-WEHD-FMK (R&D Systems, Inc. Minneapolis, MN, USA) was also used 

before FLICA labeling. For LSC imaging an iCys Research Cytometer (formerly 

CompuCyte; Thorlabs Imaging Systems, Sterling, VA) was used with its iNovator 

Application Development Toolkit software. Hoechst, Alexa, PI and FLICA fluorescence 

dyes were excited separately with 405, 488, 488, 633 nm laser lines and detected at 

430-470, 515-545, 650-700, 650 and above nanometers, respectively. Single cell data 

were gated according to their area, DNA content and nuclear shape and fluorescence 

pixel integral, maximum pixel intensity and average pixel intensity parameters with raw 

images were recorded for all dyes. For cytoplasmic caspase-1 activity measurements 

dynamic background subtraction was applied. Gated single cell FCS data were 

exported from LSC software and contour plots were generated in FCS Express 5 flow 

and image cytometry data analysis software (De Novo Software, Glendale, CA, USA). 

(Zsolt Bacsó, Zsolt Czimmerer, Csaba Bankó) 

 

Flow cytometry for the characterization of in vivo macrophage polarization 
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All antibodies were purchased from Biolegend UK unless otherwise indicated. Equal 

numbers of cells were stained with LIVE/DEAD cell viability assay (Life Technologies, 

Carlsbad, CA, USA) and blocked with 5 μg/mL anti­ CD16/32 (2.4G2, BD Biosciences, 

San Jose, CA, USA) and heat­inactivated normal mouse serum (1:10) in FACS buffer 

(0.5% BSA and 2 mM EDTA in Dulbecco’s PBS) before surface staining with antibodies 

to F4/80 (BM8), Siglec­F (E50­2440), Ly­6C (HK1.4), Ly-6G (1A8), TCRβ (H57-597), 

CD11b (M1/70), CD11c (N418), I-A/I-E (M5/114.15.2), CD19 (6D5) and CD115 

(AFS98). Detection of intracellular Ym1 and NOS2 was performed directly ex vivo. 

Cells were stained for surface markers then fixed with 2% paraformaldehyde (Sigma 

Aldrich, Saint Louis, Mo, USA), permeabilized using Permeabilization Buffer 

(eBioscience, San Diego, CA, USA) and stained with directly labeled antibodies to 

NOS2 (CXNFT; eBioscience, San Diego, CA, USA) or biotinylated polyclonal goat 

anti­Ym1 (R&D Systems, Minneapolis, MN, USA) followed by streptavidin-PerCP 

(Biolegend, San Diego, CA, USA). Expression of Ym1 and NOS2 was determined 

relative to appropriate polyclonal or monoclonal isotype controls. 

Samples were acquired on a BD LSR II using BD FACSDiva software (BD Bioscience, 

San Jose, CA, USA) and post-acquisition analysis performed using FlowJo v9 software 

(Tree Star Inc., Ashland, OR, USA). Macrophages were identified as lineage negative 

(CD19-,TCRb-,Ly6G-,SiglecF-), CD11b+ CD115+. (Dominik Rückerl) 

 

Flow cytometry for the characterization of IL-4-induced in vitro alternative macrophage 

polarization 

Macrophages were resuspended in staining medium (phenol-red free DMEM, 10 mM 

HEPES, 2% FBS) and incubated with anti-mouse CD206 (AbD Serotec, Hercules, CA, 

USA) or anti-human CD206 antibody (BD Biosciences, San Jose, CA, USA) or 

corresponding unspecific isotype control antibodies for 20 minutes at 4 °C. Cells were 

washed and resuspended in staining medium for flow cytometry. Data acquisition was 

performed using a FACS Aria III instrument (BD Biosciences, San Jose, CA, USA) and 

data were analyzed with FlowJo software. (Máté Kiss) 

 

Arginase activity 

Arginase activity measurement was performed as previously described with minor 

modifications [229]. (Zsolt Czimmerer) 

 

 

 

Transient transfection 
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To determine potential function of miR-342-3p, RAW264.7 cells were transfected with 

30 nM miR-342-3p precursor (Applied Biosystems, Foster City, CA, USA) or scrambled 

miRNA negative control (Applied Biosystems, Foster City, CA, USA) using 

DharmaFECT 3 (Thermo Scientific) in 12-well, 96 well plates (Sigma-Aldrich, Saint 

Louis, Mo, USA) and 8-well chamber slides (Thermo Scientific). (Zsolt Czimmerer)  

 

Cell number analysis 

Propidium iodide (PI)-based cell number analysis was performed as previously 

described with minor modifications [230]. Briefly, macrophages attached to the bottom 

of 96-well plates were permeabilized by Triton X-100, stained by propidium iodide (PI) 

and measured in a Synergy HT microplate reader (Bio-Tek Instruments, Winooski, VT) 

at 530/25 nm excitation and 645/40 nm emission. Cell numbers were determined using 

cell number reference curve. (Zsolt Czimmerer, Zsolt Bacsó) 

 

Cell viability analysis 

Resazurin-based viability staining (Promega, Mannheim, Germany) was carried out 

according to manufacturer's protocol. Neutral red staining was performed as previously 

described with minor modifications [231]. (Zsolt Czimmerer, Zsolt Bacsó)  

 

Cell cycle analysis 

2x104 cell/well were plated in Labtek 8-well chambered coverslips and transfected with 

appropriate miRNAs. 48 hours post-transfection cell fixation and PI staining was 

performed as previously described [232] with minor modifications. Raw264.7 cells 

were fixed on chamber slides using -20 °C methanol at -20 °C overnight. Fixed cells 

were covered with 5 µg/ml PI (Sigma-Aldrich, Saint Louis, Mo, USA) and 200 µg/ml 

RNase A (Sigma-Aldrich, Saint Louis, Mo, USA) in 0.4 ml PBS for 2 hours at room 

temperature in dark. Measurements were performed on a slide-based iCys Research 

Imaging Cytometer (CompuCyte Corporation, Westwood, MA). The DNA dye was 

excited by the 488 nm laser line and emission was collected in the red channel with a 

650 nm longpass filter on linear scale. Single cells were recognized according to their 

size and circularity and cells were further gated according to their integral fluorescence 

intensity and maximum pixel intensity on 2D scattergram of PI signal. Data of the 1D 

histogram of the DNA staining was exported and fitted with the automatic one cycle 

diploid model of the Modfit LT 3.0 software (Verity Software House) with AutoDebris 

compensation, AutoAggregate Compensation and Apoptosis Model. In the 

measurements, the G1–G2 linearity ratio was around 1.8 and the R.C.S. of the fit 

(reduced χ2, a measure of goodness of fit) was less than 5. Measurements were 

repeated 3 times and approximately 1000-2000 cells were collected from each well. 

(Quang Minh Doan Xuan, Zsolt Bacsó)   
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Apoptosis assay 

Raw264.7 cells were plated and treated in similar manner as in cell cycle analysis. 

Annexin V-FITC/PI staining was performed as previously described [233] with minor 

modifications. 48 hours following miRNA transfection, culture medium was replaced by 

100 µl AB buffer (140 mM NaCl and 2.5 mM CaCl2) and 10 µl Hoechst 33342 solution 

(50 µg/ml stock), 10 µl propidium iodide solution (50 µg/ml stock), and 5 µl FITC-

conjugated Annexin V (AV) was added (according to the description of the MBL 

Apoptosis Detection Kit) for 15 minutes at 37 °C. Laser-scanning cytometric 

measurements were made by iCys Research Imaging Cytometer (CompuCyte 

Corporation, Westwood, MA). Hoechst, which stains all cells, was excited at 405 nm 

and detected via 463/20 bandpass filter; PI, which stains dead cells, was excited at 

488 nm and collected via 650 nm longpass filter; and AV signal, which indicates 

apoptotic cells, was excited at 488 nm and detected with 530/30 bandpass filter. Single 

cells were selected by size and circularity and cells were additionally gated by their 

DNA content. Early apoptotic AV+/PI-, late apoptotic AV+/PI+,- and unapototic AV-/PI- 

cells were recognized by quadrant gate in the PI versus AV dot-plot with respect to 

unlabeled and miRNA untreated cells. (Quang Minh Doan Xuan, Zsolt Bacsó)    

 

Plasmid construction 

PsiCHECK2 dual luciferase vector (Promega, Mannheim, Germany) was used to 

confirm the function of the putative miR-342-3p binding sites in the Bcl2l1 3′-UTR. . For 

luciferase reporter assays, 320 bp (miR-342-3p_1) and 309 bp (miR-342-3p_2) from 

3′UTR of Bcl2l1 gene, including the mir-342-3p target sites, were amplified by PCR 

using F1/R1 and F3/R3 primer pairs with XhoI and NotI sites. PCR was performed on 

mouse macrophages-derived genomic DNA. The XhoI/NotI-digested PCR product was 

cloned into the XhoI/NotI-digested psiCHECK2 dual luciferase vector. F1/R2 and 

F2/R1 as well as F3/R4 and F4/R3 primers were used to delete the mir-342-3p target 

sites from the 3′UTR. After mixing the two PCR products in case of both mir-342-3p 

binding sites, and digestion with XhoI and NotI, the 3′UTR fragment with a deleted mir-

342-3p binding sites was cloned into XhoI/NotI-digested psiCHECK2 vector. (Zsolt 

Czimmerer) 

  

Luciferase assay 

Luciferase assays were measured as described previously [234]. Brifely, HEK293 cells 

were grown on 24-well plates to a 70-80% confluence. Transfection was performed 

using PEI with 0.1 µg of pRL-TK (Rr-luc) containing 3’UTR sequences and 0.1 µg of 

pGL3 control vector (Pp-luc) (Promega, Mannheim, Germany) for either a specific miR-

342 or siRNA control. Cell lysates were collected 30–36 h post-transfection, and 

luciferase activity was determined using Dual-Luciferase® Reporter Assay System 
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(Promega, Mannheim, Germany). Renilla luciferase activity was normalized to firefly 

luciferase activity for each cell culture well and averaged across 6 well repetitions per 

condition. (Xin Yan, Sudhir Gopal Tattikota, Matthew N. Poy) 

 

Statistical analysis 

Statistical analysis for qRT-PCR, ChIP-qPCR, ELISA, LDH-release assay, FACS 

analysis, densitometry analysis of western blot, cell number analysis, cell viability 

analyses and luciferase assay: the error bars represent standard deviation (SD). The 

two-tailed Student’s t test was used to evaluate the significance of differences between 

two groups.  

Quantification and alignments of NGS analysis for RNA-seq, ChIP-seq and ATAC-seq 

as well as microarray analyses are also described in more detail in the material and 

methods section above. (Zsolt Czimmerer, Attila Horváth, László Steiner) 
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6. Results 

 

6.1. IL-4-STAT6 signaling pathway-mediated direct transcriptional repression 

limits inflammatory responsiveness in alternatively polarized macrophages 

 

6.1.1. Identification of IL-4-STAT6 signaling pathway-mediated gene expression 

changes in mouse BMDMs 

 

In order to obtain a comprehensive understanding of STAT6-dependent transcriptional 

responses in IL-4 polarized mouse BMDMs, we determined the STAT6-dependent IL-

4-regulated genes in a time course experiment in wild type (WT) and STAT6 KO 

BMDMs using RNA-seq (The experimental design is shown in Figure 9).        

 

Figure 9. Schematic representation of the applied alternative macrophage polarization protocol 

and experimental system 

We identified 1614 IL-4-regulated genes (Fc≥2, p-value<0.05) and classified into four 

IL-4-induced gene expression clusters based on fold changes and expression kinetics 

(Figure 10A, B and C). The IL-4-induced clusters include well established alternative 

macrophage activation-associated genes such as Arg1, Socs1, Irf4, and Chil3 (Figure 

10A) [3, 39, 235]. Unexpectedly, we observed that a relatively high portion of IL-4-

responsive genes (39%) were repressed (Figure 10A, B and C). The IL-4-mediated 

repression was detected after 3 hours of stimulation and remained attenuated at later 

time points as well (6, 24h) (Figure 10A, B and C). Importantly, IL-4-dependent 

repression and activation were completely abolished in the STAT6-deficient BMDMs 

(Figure 10C).    
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Figure 10. RNA-seq-based investigation of the IL-4/STAT6 signaling pathway-induced gene 

expression program during mouse alternative macrophage polarization 

(A) Heat map representation of IL-4-regulated (p-value≤0.05, FC≥2) gene expression clusters in murine 

BMDMs (bone marrow-derived macrophages). Differentiated macrophages were treated with IL-4 for 

the indicated period of time and RNA-seq was performed. (B) Schematic representation of the dynamics 

of gene expression changes in IL-4-activated and repressed gene clusters. (C) Presentation of the 

average fold change from the IL-4-activated and repressed gene clusters at indicated time points 

following IL-4 stimulation in wild-type (WT) and STAT6-deficient (S6 KO) macrophages. 

For validation, we examined the steady-state mRNA level of six IL-4-repressed (Abca1, 

Clec4d, Fos, Tlr2, Cd14 and Nlrp3) and three activated (Klf4, Hbegf and Edn1) genes 

with RT-qPCR, and confirmed IL-4-mediated and STAT6-dependent regulation (Figure 

11A and B). 
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Figure 11. RT-qPCR-based validation of IL-4/STAT6 signaling pathway-mediated activation and 

repression  

(A) RT-qPCR analysis of gene expression on a select set of IL-4-repressed genes in wild-type (WT) and 

STAT6 deficient (S6KO) BMDMs. Macrophages were treated with IL-4 for 6 hours. Each data point 

represents the mean and SD of five individual animals. *P˂0.05, **P˂0.01, ***P˂0.001, n.s. indicates 

not significant change. (B) RT-qPCR measurement of selected IL-4-activated genes in wild-type (WT) 

and STAT6 deficient (S6KO) bone marrow-derived macrophages. Macrophages were treated with IL-4 

for 6 hours. Each data point represents the mean and SD of five individual animals. *P˂0.05, **P˂0.01, 

***P˂0.001, ns. indicates not significant change. 

As demonstrated previously, filarial nematode infection is associated with the 

accumulation of alternatively polarized macrophages, showing increased expression 

of Ym1, Fizz1/RELM-α and Arg1 [56]. In order to study whether transcriptional 

repression in response to alternative macrophage polarization signals occurs in vivo, 

we compared the transcriptome of peritoneal macrophages from Brugia malayi 

nematode-implanted mice (Ne-Mac) and thioglycollate-elicited peritoneal 

macrophages (Thio-Mac) using publicly available RNA-seq data sets [236]. Gene Set 

Enrichment Analysis (GSEA) analysis showed that the in vitro IL-4-repressed gene set 
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was significantly enriched (FDR q-value<0.1, NER: -2.38) among the genes that were 

down-regulated in response to nematode infection in peritoneal macrophages (Figure 

12A). In addition, the expression of all six selected IL-4/STAT6-repressed genes were 

significantly attenuated in Ne-Mac compared to Thio-Mac (Figure 12B). 

Taken together, these results show the complex regulatory role of IL-4-STAT6 

signaling pathway in the control of macrophage transcriptome during alternative 

macrophage polarization.      

Figure 12. IL-4-repressed gene set is inhibited during nematode infection-induced in vivo 

alternative macrophage activation in mice  

(A) GSEA showing enrichment of IL-4-repressed genes (in vitro) among the repressed genes in the 

Brugia malayi-implanted mice-derived alternatively polarized macrophages (Ne-Mac) compared to the 

intraperitoneal thioglycollate-administrated mice-derived peritoneal macrophages (Thio-Mac). Rank 

order of mouse genes from the most upregulated (position 1) to the most downregulated (position 

11,726) between the Ne-Mac versus the Thio-Mac is shown on the x-axis; the barcode indicates the 

position of genes from the IL-4-repressed genes (in vitro). The y-axis corresponds to the running 

enrichment score generated by the cumulative tally of the IL-4-repressed genes. The total height of the 

curve indicates the extent of enrichment, with the normalized enrichment score (NES) and P values 

indicated. (B) Expression of the selected IL-4 repressed genes in the Brugia malayi-implanted mice-

derived alternatively polarized macrophages (Ne-Mac) and the intraperitoneal thioglycollate-

administrated mice-derived peritoneal macrophages (Thio-Mac). Reads per kilobase per million values 

(RPKM) are presented as the mean and SD of three individual animals quantified by RNA-seq.  *P˂0.05, 

**P˂0.01, ***P˂0.001.   

 

6.1.2. IL-4 activates and represses the gene expression at transcriptional level 

 

Next, we wanted to investigate whether IL-4/STAT6 signaling pathway regulates gene 

expression at the transcriptional or post-transcriptional level. We assessed the 

immediate early effect of IL-4 on the two serine phosphorylated forms of RNA 

polymerase II, the active histone mark H3K27Ac and analyzed nascent RNA 

expression by GRO-seq after 1 hour of cytokine exposure.  Elongation-specific 

RNAPII-pS2 ChIP-seq revealed 5931 gene bodies, exhibiting significantly changing 

read enrichments (3008 down-regulated and 2923 up-regulated, p≤0.1) (Figure 13A).  
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Figure 13. IL-4-STAT6 signaling pathway-induced transcriptional repression and activation  

(A) The number of gene bodies associated with IL-4-dependent regulation of RNAPII-pS2 binding 

(p≤0.1) in BMDMs. Macrophages were treated with IL-4 for 1 hour. (B) Correlation of RNAPII-pS2 

binding with RNAPII-pS5 binding, nascent RNA expression as well as H3K27Ac enrichment at the IL-4-
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regulated RNAPII-pS2 binding-associated gene bodies. (C) Metaplot representation of RNAPII-pS5, 

RNAPII-pS2, H4K27Ac-specific ChIP-seq and GRO-seq signals at the gene bodies in the different IL-4-

regulated gene clusters (Figure 10) in WT macrophages. Macrophages were treated with IL-4 for 1 hour. 

Coverage is defined as read count per million mapped reads. (D) H3K27Ac, RNAPII-pS5 and RNAPII-

pS2 ChIP-Seq signals at the selected IL-4-repressed and activated gene bodies. ChIP-seq signals are 

visualized by the Integrative Genomics Viewer.    

 

As expected, positive correlation was observed between RNAPII-pS2 binding and 

transcription initiation-specific RNAPII-pS5 binding, H3K27Ac enrichment as well as 

nascent RNA expression at the gene bodies (Figure 13B). 

In additon, IL-4-dependent induction of RNAPII-pS2, RNAPII-pS5 and H3K27Ac 

enrichment as well as nascent RNA expression were detected at gene bodies of IL-4 

induced gene clusters (Cluster A-C) and the selected IL-4-induced genes such as Klf4, 

Hbegf and Edn1 (Figure 13C and D). In contrast, the gene bodies of IL-4 repressed 

genes (Cluster E) were associated with attenuated RNAPII-pS2, RNAPII-pS5 and 

H3K27Ac enrichments and nascent RNA expression (Figure 14A and B). Taken 

together, these results show that IL-4/STAT6 signaling pathway directly activates and 

represses gene expression, primarily at the transcriptional level during the alternative 

polarization of mouse BMDMs. 

 

6.1.3. IL-4-activated STAT6 binding is required for transcriptional activation and 

repression  

 

To further characterize the role of STAT6 transcription factor in transcriptional 

activation and repression, we also investigated the STAT6 cistrome (the sum of all 

genomic binding sites) using a time course of 1, 6 and 24 hours of IL-4 stimulation 

(Figure 9). As expected, STAT6 binding was negligeable in untreated macrophages 

(Figure 14A) but as short as 1 hour of IL-4 stimulation dramatically enhanced the 

binding of STAT6, which was followed by a reduction after 6 and 24 hours (Figure 

14A). The comparison of the STAT6 cistrome (20119 genomic regions in IL-4 

stimulated cells) with the RNAPII-pS5-bound genomic regions revealed that 60.5% of 

STAT6 peaks overlapped with the union of the RNAPII-pS5 positive genomic sites in 

non-polarized and/or IL-4-treated macrophages (Figure 14B) suggesting that 

transcription could be directly regulated by STAT6 at these regions. Next, we 

categorized the RNAPII-pS5 positive STAT6 peaks based on IL-4-regulated RNAPII-

pS5 binding and divided the STAT6-bound regulatory regions into three different 

clusters: "repressor", "neutral" and "activator" STAT6 peak clusters (Figure 14C). We 

observed that “repressor” and "neutral" STAT6 peaks were associated with typically 

lower occupancies compared to the IL-4-induced RNAPII-pS5-associated "activator" 

STAT6 peaks (Figure 14D).  In addition, IL-4-dependent regulation of RNAPII-pS2 

binding and H3K27Ac enrichment exhibited similar patterns to RNAPII-pS5 in all three 

STAT6 clusters (Figure 14E and F). These findings confirm the conclusion that STAT6 

binding can be associated with either transcriptional activation or repression at different 

genomic sites. 
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Figure 14. RNAPII-pS5-based functional characterization of IL-4-activated STAT6 cistrome in 

mouse macrophages  

(A) Histogram depicting the average read count of STAT6 peaks at the indicated period of time following 

IL-4 treatment in wild-type macrophages. (B) Pie chart representing the RNAPII-pS5 positive and 

negative STAT6-bound regulatory regions following 1 hour of IL-4 stimulation. (C) Read distribution plot 

of ChIP-seq intensities for STAT6 and RNAPII-pS5 around the summit of the detected STAT6 peaks in 

a 4kb window (left). Macrophages were either treated with IL-4 for 1 hour or left untreated (ctrl). 

Clustering of STAT6/RNAPII-pS5 co-bound genomic regions was performed using DiffBind analysis 

(p≤0.05). Boxplots depicting the average RPKM values for RNAPII-pS5 in each clusters (right). (D) Box 

plot representation of STAT6 read enrichments (RPKM) around the identified STAT6 peak clusters in 

wild-type macrophages. Changes were considered significant at p<0.00001 using paired t-test and an 

average fold change cut off value of ≥1.15 was used between ctrl and IL-4 treated samples. # means 

significant difference, n.s. indicates not significant change. (E) Box plot representation of RNAPII-pS2 

read enrichments (RPKM) around the identified STAT6 peak clusters in wild-type macrophages. 

Changes were considered significant at p<0.00001 using paired t-test and an average fold change cut 

off value of ≥1.15 was used between ctrl and IL-4 treated samples. # means significant difference, n.s. 

indicates not significant change. (F) Box plot representation of H3K27Ac read enrichments (RPKM) 

around the identified STAT6 peak clusters in wild-type macrophages. Changes were considered 

significant at p<0.00001 using paired t-test and an average fold change cut off value of ≥1.15 was used 

between ctrl and IL-4 treated samples. # means significant difference, n.s. indicates not significant 

change. (G) Heat map representation of correlations between STAT6 peak clusters (Figure 14C) and 

IL-4-regulated gene clusters (Figure 10A) based on genomic proximity and functional chromatin domain 

prediction. 
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Next we assigned STAT6-bound genomic regions to genes in order to assess the 

correlation between IL-4-repressed enhancer activity (RNAPII-pS5 - ChIP-seq) and 

gene expression (mRNA – RNA-seq). For this analysis, we predicted the subTADs in 

which gene regulation by STAT6 might take place, based on CTCF and RAD21 ChIP-

seq data sets from BMDM, utilizing a previously described algorithm [91, 97, 237-239]. 

As shown in Figure 14G, we observed that "repressor" STAT6 peaks were tightly 

associated with the IL-4-repressed gene cluster (Cluster E), while "activator" STAT6 

peaks were linked to the immediate early IL-4-induced genes containing Clusters A-C. 

These results indicate a tight connection between STAT6-dependent regulation of 

enhancer activity and neighboring gene expression in the same subTAD.  

 To further characterize the IL-4/STAT6 signaling-dependent transcriptional regulation, 

we examined the potential link between IL-4-regulated genes and the associated 

STAT6 peaks at the level of individual genes. We detected at least one repressed, 

STAT6-bound enhancer around the selected IL-4-repressed genes accompanied by 

reduced H3K27 acetylation and RNAPII binding (Figure 15A). The selected IL-4-

induced genes were also associated with STAT6-bound enhancers from the "activator" 

cluster (Klf4_-34Kb, Hbegf_+43Kb and Edn1_-42Kb) (Figure 15A). In addition, 

enhancer RNA (eRNA) expression is an excellent marker of enhancer activity [240]. 

Thus, we measured the expression of eRNAs at the "repressor" and "activator" STAT6 

peaks using RT-qPCR method. Indeed, eRNA expression was regulated in a similar 

manner as the binding of RNAPII-pS5, RNAPII-pS2 and changes of H3K27Ac levels 

at the "repressor" and "activator" STAT6 sites in wild-type BMDMs (Figure 15A, B and 

C). Interestingly, IL-4-dependent regulation of eRNA expression was completely 

abrogated in the STAT6 defficient mouse BMDMs at the examined enhancers (Figure 

15B and C). Taken together, these results suggest that IL-4-activated STAT6 is 

essential for the transcriptional repression characterized by reduced RNAPII binding, 

histone acetylation and, consequently enhancer activity. 
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Figure 15. IL-4-STAT6 signaling pathway-mediated activation and repression at the selected 

enhancers  

(A) Integrative Genomics Viewer snapshots of STAT6, H3K27Ac, RNAPII-pS5 and RNAPII-pS2 ChIP-

seq signals on a select set of IL-4-repressed and activated genomic loci. (B) RT-qPCR-based 

measurement of eRNA expression at the selected IL-4-repressed enhancers in wild-type (WT) and 

STAT6 deficient (S6KO) bone marrow-derived macrophages following 1 hour of IL-4 stimulation. Each 

data point represents the mean and SD of five individual animals. *P˂0.05, **P˂0.01, ***P˂0.001, n.s. 

indicates not significant change. (C) (B) RT-qPCR-based measurement of eRNA expression at the 

selected IL-4-activated enhancers in wild-type (WT) and STAT6 deficient (S6KO) bone marrow-derived 

macrophages following 1 hour of IL-4 stimulation. Each data point represents the mean and SD of five 

individual animals. *P˂0.05, **P˂0.01, ***P˂0.001, n.s. indicates not significant change. 

   

6.1.4. STAT6 binds to repressed sites in the absence of a canonical binding motif 

 

In order to identfy whether the functional features of STAT6 binding are influenced by 

their genomic localization and/or the DNA sequences they are associated with, we 

investigated the genomic distribution of STAT6 peak clusters. We could not observe 

notable differences between the three STAT6 peak clusters regarding genomic 

localization relative to genes (Figure 16A). The majority of STAT6-bound genomic sets 

were detected in intergenic and intronic regions in the genome in all three clusters 
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(Figure 16A). About 10% of STAT6 binding sites were found at TSSs and in promoter 

regions (Figure 16A). We also investigated the enrichment of active histone mark 

H3K4m1 at the neighboring genomic regions of STAT6 peaks using a publicly available 

ChIP-seq data set [108]. Interestingly, H3K4m1 enrichment was detected on more than 

98% of STAT6-bound genomic sites but changes were not significant following IL-4 

treatment (Figure 16A and B). These results show that STAT6 transcription factor 

primarily binds enhancers and the functional features of different STAT6 peak clusters 

cannot be simply interpreted by their genomic localization relative to genes.  

Next, we performed de novo motif analysis of the sequences under the different STAT6 

peak clusters. As we expected, PU.1, TRE, RUNX and CEBP motifs were significantly 

enriched under all three clusters (Figure 16C). In contrast, the canonical STAT6 motif 

was under-represented under "repressor" and "neutral" STAT6 peaks compared to the 

"activator" STAT6 peaks (Figure 16C and D). Plotting the motif scores for PU.1, TRE, 

RUNX and CEBP did not show significant differences between the three STAT6 peak 

clusters (Figure 16E). However, motif score for STAT6 was lower in the “repressor” 

and "neutral" STAT6 peak clusters compared to the “activator” STAT6 peak cluster 

(Figure 16E). Considering that the presence of STAT6 is needed for repression (Figure 

10B), these findings suggest that STAT6 is bound without direct DNA contact or it 

recognizes non-canonical binding motifs at repressed genomic reginos. 
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Figure 16. Genomic distribution and H3K4m1 positivity of RNAPII-pS5 positive STAT6 peak 

clusters as well as LDTF and STAT6 motif enrichment under the different STAT6 peaks   
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(A) Active histone mark H3K4m1 positivity and genome-wide distribution of STAT6 peaks from different 

clusters. (B) Box plot representation of H3K4m1 enrichment at the surrounding genomic regions of the 

identified STAT6 peak clusters in wild-type macrophages. Macrophages were treated with IL-4 for 4 

hour. Changes were considered significant at p<0.00001 using paired t-test and an average fold change 

cut off value of ≥1.15 was used between ctrl and IL-4 treated samples. # means significant difference, 

n.s. indicates not significant change. (C) De novo motif enrichment identification under different STAT6 

peak clusters from ChIP-seq data using HOMER. “Target %” refers to the ratio of the peaks having the 

given motif, and “Bg %” refers to the ratio of a random background. (D) Box plot representation of 

STAT6, PU.1, TRE, CEBP and RUNX motif scores at the functionally distinct STAT6 peak clusters. (E) 

Bar graph depicting the percentage of the STAT6 motif positive STAT6 peaks in the clusters defined on 

panel C. The logo of the STAT6 binding motif is also presented, which served as the basis of the targeted 

motif discovery under STAT6 peaks. Dashed line indicates background (Bg: 9.51%).  

 

6.1.5. STAT6-mediated repression of enhancer activity is accompanied by 

decreased chromatin accessibility and linage-determining transcription factor 

binding  

 

To characterize the IL-4/STAT6 signaling pathway-dependent transcriptional 

regulation in more detail, we investigated the chromatin accessibility at the STAT6-

bound genomic regions by performing ATAC-seq experiments. As we expected, our 

genome-wide analysis indicated elevated chromatin accessibility at the “activator” 

STAT6-bound sites (Figure 17B), while significant reduction was observed in 

chromatin accessibility at the “repressor” STAT6-bound genomic regions (Figure 17B). 

These findings suggest that both STAT6-mediated enhancer activation and repression 

are associated with the alteration of chromatin openess in the alternatively polarized 

macrophages.  

Chromatin accessibility determines enhancer activity in different cell types [241, 242]. 

Furthermore, binding of macrophage LDTFs, PU.1, JUNB, C/EBPα and IRF8 are 

associated with active enhancers in macrophages [82, 104]. Indeed, their binding 

motifs were significantly enriched under STAT6 peaks (Figure 16C). Therefore, we 

wanted to investigate whether IL-4/STAT6 signaling pathway-mediated activation and 

repression are associated with modified binding of LDTFs and examined their binding 

at activated and repressed enhancers in the absence or presence of IL-4 using ChIP-

seq. As we expected, a high portion of the STAT6 peaks were overlapped with the 

examined LDTF cistromes in all three STAT6 peak clusters except for JUNB which 

showed moderated overlap (Figure 17A). 

Interestingly, PU.1, JUNB and C/EBPα binding were significantly diminished, while 

IRF8 binding did not change at the "repressor" STAT6-bound genomic regions after 1 

hour IL-4 treatment in BMDMs (Figure 17C, D, E and F). In contrast, all four LDTFs 

showed significantly increased binding at the activated STAT6-bound enhancers 

following IL-4 stimulation (Figure 17C, D, E and F). These findings indicate that IL-

4/STAT6 signaling pathway influences the binding of LDTFs at the "activator" and 

"repressor" STAT6-bound enhancers into opposite directions. 
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Figure 17. Characterization of the IL-4-induced epigenomic changes at repressor and activator 

STAT6 sites  

(A) Overlap of LDTFs, p300 and classical HDACs binding with RNAPII-pS5 positive STAT6 peak 

clusters. (B) Box plot representation of ATAC-seq and (C-J) ChIP-seq signals for the indicated factors 

(PU.1, CEBPα, JUNB, IRF8, p300, HDAC1, HDAC2 and HDAC3) on the repressor and activator STAT6 

sites in wild-type macrophages. Macrophages were treated with IL-4 for 1 hour. Changes were 

considered significant at p<0.00001 using paired t-test and an average fold change cut off value of ≥1.15 

was used between ctrl and IL-4 treated samples. # means significant difference, n.s. indicates not 

significant change change. 
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6.1.6. IL-4/STAT6 signaling pathway-mediated repression of enhancers is 

characterized by an altered p300:HDAC ratio 

 

The acetylation status and thus the activity of enhancers are tightly regulated by HAT 

and HDAC enzymes [243, 244]. Therefore, we studied the binding of the histone 

acetyltransferase p300 as well as classical histone deacetylases, including HDAC1, 2 

and 3 at the STAT6-bound genomic sites after 1 hour of IL-4 exposure using ChIP-seq 

method. We observed that the majority of STAT6-bound genomic sites were either pre-

loaded by p300 and classical HDACs or recruited these factors upon IL-4 stimulation 

(Figure 17A). The binding of p300 was significantly induced at the "activator" STAT6-

bound genomic regions but significantly decreased at STAT6-repressed enhancers 

after 1 hour of IL-4 treatment (Figure 17G). Unexpectedly, classical HDACs occupancy 

were significantly increased at STAT6-activated enhancers in IL-4-stimulated BMDMs 

but STAT6-repressed enhancers were bound by HDAC1, 2 and 3 at the basal state 

and their occupancy did not change significantly upon IL-4 treatment (Figure 17H, I 

and J). Taken together, these findings show that STAT6-repressed enhancers are 

bound by both p300 and classical HDACs at the steady-state, and p300 binding is 

selectively decreased by IL-4 resulting in a modified equilibrium favoring HDAC 

binding.   

 

6.1.7. The presence of HDAC3 is required for IL-4/STAT6-signaling pathway-

mediated repression on a subset of genes 

 

Direct interactions between STAT transcription factors and classical HDACs have been 

described previously in numerous cell types regulating STAT-mediated direct 

transcriptional regulation [245-247]. Furthermore, HDAC3 has been shown to 

contribute to the control of alternative macrophage polarization in vitro and in vivo 

[114]. Therefore, we wanted to study wheter HDAC3, which is present on STAT6-

repressed enhancers, (Figure 17J), might also participate in the IL-4/STAT6 signaling 

pathway-mediated transcriptional repression. Thus, we decided to investigate whether 

HDAC3 influences the IL-4/STAT6 signaling pathway-induced repression in the 

alternatively polarized BMDMs. Using a microarray dataset from Mullican et al, [114] 

we identified 1628 IL-4-repressed genes (p≤0.05) in wild-type BMDMs (Figure 18A). 

We found an IL-4-repressed gene cluster (Cluster III., 371 genes), which showed 

diminished repression in HDAC3-deficient macrophages following IL-4 exposure, 

using K-mean clustering method (Figure 18A and B). Although, the basal expression 

level of these genes did not show major differences between wild-type and HDAC3-

deficient BMDMs but the IL-4-mediated repression was partially or completely 

abrogated in the absence of HDAC3 (Figure 18A and B).  
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Figure 18. The genome-wide characterization of the potential role of HDAC3 in IL-4/STAT6-

mediated transcriptional repression  

(A) Heat map representation of IL-4-repressed gene clusters (p≤0.05) in unstimulated and IL-4 

stimulated wild-type (WT) and HDAC3 deficient (HDAC3 KO) murine macrophages. Clustering was 

based on the participation of HDAC3 in the IL-4-mediated repression. Macrophages were treated with 

IL-4 for 24 hours. (B) Box plot representation of the expression of IL-4/HDAC3-dependently repressed 

gene set in wild-type (WT) and HDAC3-deficient (HDAC3 KO) mouse macrophages using publicly 

available microarray results. Macrophages were treated with IL-4 for 24 hours. (C) Metagene plot 

representation of RNAPII-pS5 and RNAPII-pS2 signals at the gene bodies of IL-4/HDAC3-dependently 

repressed genes. Coverage is defined as read count per million mapped reads. (D) Read distribution 

plot of ChIP-seq intensities against RNAPII-pS5, STAT6, HDAC3, NCoR and SMRT around the summit 

of the detected STAT6 peaks at the IL-4-repressed enhancers (n=325) in the subTADs of HDAC3-

dependently repressed genes following 1 hour of IL-4 stimulation. (E) Box plot representation of the 

average HDAC3 binding intensity on the genomic regions presented on panel D. Changes were 

considered significant at p<0.00001 using paired t-test and an average fold change cut off value of ≥1.15 

was used between ctrl and IL-4 treated samples. # means significant difference, n.s. indicates not 

significant change. 

Furthermore, RNAPII-pS5 and RNAPII-S2 enrichment were also decreased at these 

gene bodies after 1 hour of IL-4 treatment in wild-type macrophages (Figure 18C). 

Interestingly, 325 STAT6-repressed enhancers were observed in the same subTAD 

with IL-4/HDAC3-repressed genes (Figure 18D). These genomic regions were bound 

by HDAC3 but HDAC3 occupancy was not changed by IL-4 treatment (Figure 18D and 

E). These results suggest that the presence of HDAC3 at the IL-4/STAT6 signaling 

pathway-repressed enhancers is required for the IL-4-mediated repression of a specific 

subset of genes. The investigation of precise mechanism requires further focused 

studies. 

It has been described previously that HDAC3 is one of the key components of 

NCoR/SMRT corepressor complex [248-250]. Thus, we decided to investigate whether 
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the NCoR/SMRT corepressor complex itself contributes to IL-4/STAT6/HDAC3-

mediated repression as well. First, we examined the occupancy of NCoR and SMRT 

at HDAC3-bound enhancers using publicly available ChIP-seq data sets [111]. We 

observed that the IL-4/STAT6/HDAC3 repressed enhancer set was also bound by both 

NCoR and SMRT in unstimulated BMDMs (Figure 18D).  

 

Figure 19.  The participation of NCoR/HDAC3 corepressor complex in the IL-4/STAT6 signaling 

pathway-induced repression of the selecred genes  

(A) Representative examples of IL-4/STAT6/HDAC3-repressed genes-associated enhancers. Genome 

browser view of the merge of STAT6, RNAPII-pS5, p300 and HDAC3-specific ChIP-seq from 

unstimulated or IL-4-stimulated wild-type (WT) as well as SMRT and NCoR ChIP-seq from unstimulated 

WT macrophages. (B) Normalized microarray signal intensity values of Fos, Lyz1, Lyz2 and Smad3 

genes in unstimulated (ctrl) as well as IL-4 stimulated wild-type (WT) and HDAC3-deficient (HDAC3 KO) 

mouse macrophages. Each data point represents the mean and SD of three biological replicates. Each 

data point represents the mean and SD of tree biological replicates. *P˂0.05, **P˂0.01, ***P˂0.001, n.s. 

indicates no significant difference. (C) RT-qPCR-based measurements of Fos, Lyz1, Lyz2 and Smad3 

expression in unstimulated (ctrl) as well as IL-4 stimulated wild-type (WT) and NCoR-deficient (NCoR 

KO) immortalized bone marrow-derived macrophage cells. Macrophages were treated with IL-4 for 24 

hours. Each data point represents the mean and SD of tree biological replicates. *P˂0.05, **P˂0.01, 

***P˂0.001, n.s. indicates no significant difference.  

Next, we decided to study the requirement of NCoR in the IL-4/STAT6/HDAC3-

mediated repression using NCoR-deficient BMDMs. We selected four genes for this 

analysis, including Fos, Lyz1, Lyz2 and Smad3 based on their IL-4/STAT6/HDAC3-

mediated repression and due to the fact that their IL-4/STAT6-signaling pathway-

repressed enhancers were bound by HDAC3, NCoR and SMRT (Figure 19A and B). 

RT-qPCR-based gene expression analysis showed that Fos and Lyz1 genes were 
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expressed at a significantly higher level in unstimulated macrophages in NCoR-

deficient BMDMs compared to wild-type macrophages, while the basal expression of 

Lyz2 and Smad3 were not changed in the absence of NCoR (Figure 19C). 

Furthermore, IL-4-mediated repression of these genes was partially abrogated in 

NCoR-deficient macrophages (Figure 19C). Taken together, our results indicate that 

IL-4/STAT6 signaling pathway induces transcriptional repression via NCoR/HDAC3 

complex at a subset of genes. Thus, we explored at least one of the molecular 

mechanisms for STAT6-dependent transcriptional repression.  

 

6.1.8. IL-4/STAT6-mediated direct transcriptional repression affects the LPS-

induced inflammatory program of macrophages  

 

Next we wanted to investigate whether the repressive action of IL-4 leaves its footprint 

on the epigenetic signature and if it affects and/or determines the subsequent response 

of the macrophages to further stimuli. Using KEGG pathway analysis, we identified 

twelve signaling pathways which were significantly overrepresented exclusively in IL-

4-repressed gene cluster (Figure 20A). These pathways included the inflammatory 

response-associated NOD-like receptor signaling and Toll-like receptor signaling 

pathways (Figure 20A) [140, 251]. Furthermore, Ingenuity Pathway Analysis (IPA) 

software-based upstream transcriptional regulator analysis revealed that the 

inflammatory signals-activated p65 (RelA) is one of the most significantly inhibited 

transcriptional regulators by IL-4 (Figure 20B).  

The majority of IL-4-repressed genes including several members of NOD-like and Toll-

like receptor signaling pathways indicated reduced mRNA expression following 24 

hours of IL-4 exposure accompanied by decreased STAT6 binding at the repressed 

enhancers (Figure 10A, B, Figure 20C and D). These results raised the possibility that 

IL-4 can influence the subsequent inflammatory response of the macrophages via 

directly repressed enhancers following the dissociation of STAT6. 
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Figure 20. IL-4/STAT6 signaling pathway-dependent repression of inflammatory response 

activated genes and STAT6 binding dynamics at the repressed regulatory elements  

(A) Five IL-4-regulated gene clusters-associated significantly enriched KEGG pathway categories. (B) 

Ingenuity Pathway Analysis algorithm-based prediction of top upstream transcriptional regulators of IL-

4-repressed genes. Transcription regulators showing p-value overlap <0.01 and regulation z-score >2 

or <-2 are shown. (C) Heat map representation of IL-4-regulated gene expression of the selected 

members of  Toll-like and Nod-like receptor pathways in murine BMDMs. Differentiated macrophages 

were treated with IL-4 for 1, 3, 6 and 24 hours. (D) Box plot representation of STAT6 transcription factor 

binding at the "repressor" STAT6-occupied RNAPII-pS5+ genomic regions in wild-type macrophages. 

Macrophages were treated with IL-4 for 1, 6 and 24 hours. Changes were considered significant at 

p<0.00001 using paired t-test and the average of fold differences at the individual enhancers ≥1.15. # 

p˂0.00001 and average fold difference≥1.15, n.s. indicates not significant changes. 

In order to investigate whether prior activation of IL-4/STAT6 signaling pathway is able 

to modulate the inflammatory program of macrophages, we performed RNAPII-pS5, 

RNAPII-pS2 and p65-specific ChIP-seq as well as RNA-seq experiments on IL-4-pre-

treated and LPS-activated mouse BMDMs (experimental design is shown in Figure 

21A).  Our global transcriptome analysis showed that 1350 genes were significantly 

upregulated (p≤0.05) in LPS-activated BMDMs compared to unstimulated controls 

(Figure 21B).  
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Figure 21. The selective repression of LPS-activated inflammatory program is carried out by IL-

4-activated STAT6  

(A) Schematic representation of the experimental system used. (B) Box plot representation of the fold 

changes of LPS-activated genes under the presented conditions determined by RNA-seq. Clustering 

was performed based on the different LPS-induced gene expression effects on IL-4 pre-treated and 

untreated macrophages (p˂0.05). Macrophages were pre-treated with IL-4 for 24 hours or left untreated 
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followed by 3 hours of LPS exposure. (C) Metagene plot representation of RNAPII-pS2 signals over the 

gene bodies of the genes found in the clusters introduced on panel B under the presented conditions. 

Coverage is defined as read count per million mapped reads. (D) IL-4-attenuated LPS-inducible gene 

cluster-associated significantly enriched KEGG pathway categories. (E) RT-qPCR-based 

measurements of basal and LPS-induced expression of the selected inflammation-associated genes in 

IL-4-pre-treated and unstimulated wild-type (WT) and STAT6 deficient (S6KO) BMDMs. Macrophages 

were pre-treated with IL-4 for 24 hours or left untreated followed by 3 hours of LPS exposure. Each data 

point represents the mean and SD of four individual animals. *P˂0.05, **P˂0.01, ***P˂0.001, n.s. 

indicates no significant difference. 

Interestingly, 520 genes showed significantly reduced (p≤0.05) LPS-responsiveness 

following 24 hours IL-4 pre-treatment including the above examined Tlr2, Cd14, Clec4d 

and Nlrp3 (Figure 21B). Furthermore, LPS-mediated activation of 686 genes was not 

modulated significantly by IL-4 pre-treatment, while 144 genes showed significantly 

elevated LPS-dependent inducibility in IL-4-pre-treated BMDMs compared to 

unstimulated controls (Figure 21B) suggesting that the interaction between the IL-4-

activated and LPS-activated signaling pathways is specific and selectively taking place 

on certain genomic loci and it is not a broad interference or attenuation. Next, we 

examined whether IL-4/STAT6 signaling pathways influences LPS-dependent 

inducibility of inflammation responsive genes at the transcriptional or post-

transcriptional level. We studied the IL-4 and LPS-regulated RNAPII-pS2 binding at 

the gene bodies of LPS-activated genes using ChIP-seq. RNAPII-pS2 binding showed 

a similar pattern to “steady-state” mRNA level in all three LPS inducible gene 

expression clusters suggesting that IL-4 pre-treatment influences LPS-activated gene 

expression primarily at the transcriptional level (Figure 21C). Using KEGG patway 

analysis, we observed that six out of twelve IL-4-attenuated signaling pathways were 

also significantly overrepresented among the genes that were less activated by LPS 

following IL-4 pre-treatment, among others the NOD-like receptor and Toll-like receptor 

signaling pathways (Figure 21D). 

In order to determine whether the IL-4-dampended inflammatory responsiveness is 

STAT6 dependent, we examined the mRNA expression of Tlr2, Cd14, Clec4d and 

Nlrp3 genes in wild-type and STAT6-deficient macrophages after 24 hours of IL-4 

pretreatment followed by 3 hours of LPS-activation. As we expected, IL-4 pre-

treatment could not inhibit the LPS-dependent activation of these genes in the absence 

of STAT6 (Figure 21E). These results raise the possibility that IL-4-activated STAT6 

can directly influence the inflammatory responsiveness in macrophages via 

transcriptional repression of certain components of the LPS-activated inflammation-

specific gene expression program.  

 

6.1.9. IL-4/STAT6 signaling pathway-dependent attenuation of inflammatory 

responsivenes on a specific subset of enhancers 
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To investigate whether the interaction between IL-4-activated and LPS-activated 

signaling pathways can also be observed at the enhancer level, we compared the 

STAT6 and p65 cistromes in the subTADs of IL-4-repressed LPS inducible genes. 961 

enhancers were found with overlapping IL-4-activated STAT6 and LPS-activated p65 

peaks revealing a partial overlap between the STAT6 and p65 cistromes (Figure 22A 

and B).  

 

Figure 22. The genome-wide characterization of the IL-4/STAT6 signaling pathway-mediated 

repression of inflammatory response on a specific subset of enhancers  

(A) Venn-diagram depicting the overlap between the STAT6-bound regulatory regions associated to IL-

4-inhibited LPS-responsive genes and the LPS-activated p65 cistrome. (B) Flowchart showing the 

identification of IL-4-repressed, LPS-inducible inflammatory enhancers. Significant changes in RNAPII 

binding were identified by DiffBind analysis (p≤0.05). (C) Read distribution plot of ChIP-seq intensities 

for RNAPII-pS5 and RNAPII-pS2 around the summit of STAT6 peaks on the identified 448 overlapping 

STAT6 and p65-bound regulatory elements exhibiting IL-4-dependent attenuation of LPS response. (D) 

Box plot representation of the average read counts (RPKM) for RNAPII-pS5 and RNAPII-pS2 binding 

at the regulatory regions presented on the read distribution plot on panel C, exhibiting attenuated LPS 

response in IL-4 pre-treated macrophages. Changes were considered significant at p<0.00001 using 

paired t-test and an average fold change cut off value of ≥1.15 was used between ctrl and IL-4 treated 

samples. # means significant difference, n.s. indicates not significant difference. (E) Box plot 

representation of the average read counts (RPKM) for p65 binding at the regulatory regions presented 

on the read distribution plot on panel C, exhibiting attenuated LPS response in IL-4 pre-treated 

macrophages. Regulatory regions showing repressed (left) and not influenced (right) p65 binding are 

shown. Changes were considered significant at p<0.00001 using paired t-test and an average fold 

change cut off value of ≥1.15 was also used between ctrl and IL-4 treated samples. # means significant 

difference, n.s. indicates not significant difference.  
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Next, we wanted to examine whether IL-4/STAT6 and inflammatory signaling pathways 

can interact with each other at the STAT6 and p65-bound enhancers using RNAPII-

specific ChIP-seq analysis. 641 out of 961 genomic regions showed significantly 

increased RNAPII-binding after LPS activation (Figure 22B). Interestingly, 70% 

(448/641) of LPS-activated enhancers were associated with significantly attenuated 

basal and LPS-induced RNAPII binding following 24 hours of IL-4 pre-treatment 

(Figure 22B, C, D and Figure 23A). To further explore the mechanism of IL-4/STAT6 

signaling pathway-diminished inflammatory responsiveness, we investigated the LPS-

induced p65 binding at this enhancer set in IL-4-pre-treated and unstimulated 

macrophages. Based on p65 binding, we observed two subsets of these enhancers 

(Figure 22E and Figure 23A). LPS-induced p65 binding showed significant reduction 

at 74 IL-4-repressed enhancers, while IL-4-repressed LPS-response was not linked to 

attenuated p65 binding at 374 enhancers (Figure 22E and Figure 23A).  

To further examine the STAT6-dependency of IL-4-attenuated enhancer activity and 

p65 binding, we selected three-three enhancers for further analysis. RT-qPCR-based 

measurement of eRNA expression confirmed the IL-4-induced and STAT6-dependent 

repression of basal and LPS-inducible enhancer activity at the selected enhancers 

(Figure 23B). Using p65-specific ChIP-qPCR method, we confirmed that IL-4-mediated 

reduction of LPS-activated p65 binding was completely diminished in the absence of 

STAT6 on the selected IL-4-reduced p65 binding-associated enhancers (Figure 23C). 

Taken together, these results indicate that the activation of IL-4/STAT6 signaling 

pathway can reduce the inflammatory responsiveness of macrophages through 

selective, direct repression of a distinct LPS-inducible enhancer set.  
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Figure 23. Characterization of the IL-4/STAT6 signaling pathway-attenuted inflammatory 

responsivness at the selected enhancers  

(A) Genome browser views about the IL-4 repressed regulatory regions showing attenuated LPS 

response in IL-4 pre-treated macrophages. ChIP-seq signals for RNAPII-pS5, RNAPII-pS2 and p65 are 

shown under the indicated conditions. (B) RT-qPCR-based measurement of basal and LPS-induced 

eRNA expression at the selected enhancers in IL-4-pre-treated and unstimulated wild-type (WT) and 

STAT6 deficient (STAT6KO) iBMDMs. Macrophages were treated with IL-4 and LPS for 24 as well as 3 

hours. Each data point represents the mean and SD of three biological replicates. *P˂0.05, **P˂0.01, 

***P˂0.001, n.s. indicates not significant. (C) ChIP-qPCR-based measurement of p65 binding at the 

selected IL-4-repressed LPS-responsive enhancers from wild-type (WT) and STAT6-deficient (S6KO) 

macrophages. Macrophages were treated with IL-4 and LPS for 24 as well as 1 hour. Each data point 

represents the mean and SD of two biological replicates. +P˂0.1, *P˂0.5, n.s. indicates not significant 

changes.       
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6.1.10. IL-4-mediated repression of inflammatory response results in attenuated 

inflammasome activation, decreased IL-1β production and pyroptosis 

  

Genes showing opposing regulation by IL-4 and LPS were mostly associated with 

inflammation-linked pathways, including NOD-like and Toll-like receptor signaling 

pathways (Figure 21D). It is known that NOD-like receptors play central role in the 

inflammasome activation leading to IL-1 secretion and inflammasome-associated cell 

death, pyroptosis [252]. As shown above, IL-4/STAT6 signaling pathway could repress 

the basal and LPS-induced expression of a key inflammasome component, Nlrp3 

(Figure 21E). First, we investigated the transcriptional control of Il1b expression in IL-

4 pre-treated and LPS-activated BMDMs. Interestingly, attenuated basal and LPS-

induced RNAPII-pS2 and RNAPII-pS5 binding at Il1b gene body as well as Il1b mRNA 

expression were observed in IL-4-pre-treated macrophages (Figure 24A and B). In 

addition, Il1b_-9.7Kb enhancer was identified within the predicted subTAD of Il1b was 

antagonistically regulated by LPS and IL-4 (Figure 24A). LPS-activated p65-binding at 

the STAT6-bound Il1b_-9.7Kb enhancer (in case of one out of two p65 peaks) was 

partially inhibited by IL-4/STAT6 signaling pathway similarly to IL-18_+25Kb and 

Fcgr1_-7.7Kb enhancers described above (Figure 23C, Figure 24A and C). 

Consequently, IL-4-mediated repression of basal and LPS-activated eRNA expression 

was detected at the Il1b_-9.7Kb enhancer (Figure 24D). The IL-4-mediated attenuation 

of basal and LPS-activated Il1b eRNA and mRNA expression were completely 

abolished in STAT6 deficient macrophages (Figure 24B and D). LPS-induced NLRP3 

and pro-IL-1β expression were also reduced at the protein level by IL-4/STAT6 

signaling pathway (Figure 24E and F), while the expression of additional 

inflammasome components such as proCaspase-1 and ASC was not changed after 

IL-4 and LPS stimulation of BMDMs (Figure 24E and F).  
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Figure 24. IL-4/STAT6 signaling pathway-dependent repression of inflammatory responsiveness 

of Nlrp3 and IL-1β at RNA and protein level  

(A) Genome browser view of STAT6, RNAPII-pS5, RNAPII-pS2 and p65 specific ChIP-seq signals under 

the presented treatment conditions on the Il-1b locus. (B) RT-qPCR-based measurement of basal and 

LPS-induced Il-1b expression in IL-4-pre-treated and unstimulated wild-type (WT) and STAT6-deficient 

(S6KO) BMDMs. Macrophages were pre-treated with IL-4 for 24 hours or left untreated followed by 3 

hours of LPS stimulation. Each data point represents the mean and SD of four individual animals. 

*P˂0.05, **P˂0.01, ***P˂0.001, n.s. indicates no significant change. (C) ChIP-qPCR-based 

measurement of p65 binding at IL-1β_-9.7Kb enhancer from wild-type (WT) and STAT6-deficient 

(S6KO) BMDMs. Macrophages were pre-treated with IL-4 for 24 hours or left untreated followed by 3 

hour of LPS stimulation. Each data point represents the mean and SD of two biological replicates. 
+P˂0.1, *P˂0.5, n.s. indicates not significant change. (D) RT-qPCR-based measurement of basal and 

LPS-induced IL-1β_-9.7Kb eRNA expression in IL-4-pre-treated and unstimulated wild-type (WT) and 

STAT6 deficient (S6KO) bone marrow-derived macrophages. Macrophages were pre-treated with IL-4 

for 24 hours or left untreated followed by 3 hours of LPS stimulation. Each data point represents the 

mean and SD of four individual animals. *P˂0.05, **P˂0.01, ***P˂0.001, n.s. indicates not significant 



69 
 

change. (E) Western blot-based determination of basal and LPS-regulated Nlrp3, pro-IL-1β, pro-

Caspase1, ASC and β-actin expression at protein levels in IL-4-pre-treated and unstimulated wild-type 

(WT) and STAT6-deficient (STAT6KO) BMDMs. Macrophages were pre-treated with IL-4 for 24 hours 

or left untreated followed by 3 hours of LPS stimulation. (F) Western blot densitometry analysis of basal 

and LPS-regulated Nlrp3, pro-IL-1β, pro-Caspase1, ASC and β-actin expression at protein levels in IL-

4-pre-treated and unstimulated wild-type (WT) and STAT6 deficient (STAT6KO) mouse bone marrow-

derived macrophages. Macrophages were treated with IL-4 and LPS for 24 as well as 3 hours. Each 

data point represents the mean and SD of five individual animals. *P˂0.05, **P˂0.01, ***P˂0.001, n.s. 

indicates not significant. 

In order to examine whether IL-4-mediated repression of Nlrp3 expression may result 

decreased inflammasome activity, we measured the LPS/ATP stimulation-induced 

Caspase-1 activity in IL-4 pre-treated and unstimulated BMDMs using laser scanning 

cytometry (Figure 25A).  

  

Figure 25. IL-4/STAT6 signaling pathway-repressed inflammasome activation, IL-1β secretion 

and pyroptotic cell death  

(A) Contour map representation of laser-scanning imaging cytometry analysis of Caspase-1 activity in 

macrophages. Wild-type (WT) and STAT6 deficient (STAT6KO) macrophage were pre-treated with IL-

4 for 24 hours or left untreated and LPS stimulation was performed for 3 hours. ATP was added at the 

last 40 minutes of LPS stimulation. (A representative example of two individual WT and STAT6 KO 

mice-derived BMDMs is shown.) (B) ELISA-based measurement of IL-1β secretion in IL-4-pre-treated 

and unstimulated wild-type (WT) and STAT6-deficient (STAT6KO) mouse BMDMs. Macrophages were 

pre-treated with IL-4 for 24 hours or left untreated and LPS stimulation was performed for 3, 6 and 24 

hours. ATP was added in the last 45 minutes of LPS stimulation. Each data point represents the mean 

and SD of three individual animals. *P˂0.05, **P˂0.01, ***P˂0.001, n.s. indicates no significant change. 

(C) Lactate dehydrogenase activity assay-based measurement of LPS/ATP co-stimulation-induced LDH 

release in IL-4-pretreated and unstimulated wild-type (WT) and STAT6-deficient (S6KO) BMDM 

supernatants. Macrophages were pre-treated with IL-4 for 24 hours or left untreated followed by LPS 

stimulation for 3 hours. ATP was added for 30 minutes following LPS stimulation. LDH release 

expressed as the percentage of Triton X-100-liberated total LDH release. Each data point represents 

the mean and SD of three individual animals. *P˂0.05, **P˂0.01, ***P˂0.001, n.s. indicates no significant 

change. (D) Contour map representation of laser-scanning imaging cytometry analysis of PI-labelled 

macrophages. Wild-type (WT) and STAT6-deficient (S6KO) macrophage were pre-treated with IL-4 or 
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left untreated and LPS stimulation was performed for 3 hours. ATP was added in the last 40 minutes of 

LPS stimulation. (A representative example of two individual WT and S6KO mice-derived BMDMs are 

shown.) 

As we expected, Caspase-1 activation in wild-type macrophages increased 

dramatically by LPS/ATP treatment (Figure 25A). In addition, LPS/ATP-induced 

caspase-1 activity was attenuated significantly following 24 hours of IL-4 pre-treatment, 

which was completely abolished in the absence of STAT6 (Figure 25A). To evaluate 

the functional consequence of IL-4/STAT6 signaling pathway-dependent inhibition of 

inflammasome activation, we measured the LPS and ATP-induced IL-1β secretion in 

IL-4-pre-treated and untreated wild-type and STAT6 deficient BMDMs. As we 

expected, IL-1β secretion was induced significantly in wild-type and STAT6 KO 

macrophages following LPS and ATP treatment (Figure 25B). However, LPS/ATP-

dependent induction of IL-1β secretion was partially reduced by IL-4 pre-treatment in 

a STAT6-dependent manner (Figure 25B). In the next step, we wanted to identfy the 

role of IL-4/STAT6 signaling pathway in inflammasome activation-induced 

macrophage cell death, pyroptosis. One of the most typical characteristic of pyroptosis 

is the insertion of pores into the plasma membrane that can be detected via propidium 

iodide (PI) staining and LDH activity measurement from macrophage supernatants. IL-

4-pretreatment could effectively reduce both LPS-induced LDH release and PI uptake 

in wild-type but not in STAT6 deficient BMDMs (Figure 25C and D).  

Finally, we wanted to investigate whether the inflammatory signals-dependent 

regulation of Nlrp3 and Il1b genes is modulated in vivo by Heligmosomoides polygyrus 

(H. polygyrus) infection-induced alternative macrophage activation. Therefore, we 

injected Salmonella Typhimurium or LPS into the peritoneal cavity 9 days after 

nematode infection. As we expected, the number of the Ym1 positive alternatively 

activated macrophages was dramatically increased in peritoneal macrophages of H. 

polygyrus-infected mice, confirming alternative macrophage polarization following 

nematode infection (Figure 26A) [193]. Furthermore, inflammatory marker NOS2 

positive macrophage number was highly induced in control and H. polygyrus-infected 

mice following Salmonella Typhimurium infection or LPS injection indicating the 

development of inflammation (Figure 26A). Although Nlrp3 expression was not 

changed in the used experimental system by LPS injection or Salmonella Typhimurium 

infection, steady-state mRNA level was significantly reduced by H. polygyrus infection, 

and the inhibitory effect of nematode infection was observed in the presence of 

inflammatory stimuli (Figure 26B). Nematode infection did not influence the basal IL-

1β expression in peritoneal macrophages but both LPS injection or Salmonella 

Typhimurium infection induced a robust enhancement in IL-1β mRNA level. This 

inflammatory signals-induced expression was significantly attenuated in macrophages 

from H. polygyrus-infected mice (Figure 26B). 
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Figure 26. The characterization of inflammatory signals-dependent regulation of Nlrp3 and IL-1β 

expression in H. polygyrus-infected mice-derived in vivo alternativre polarized machrophages  

(A) The percentage of Ym1 positive and NOS2 positive peritoneal macrophage number in control and 

Heligmosomoides polygyrus (H. polygyrus)-infected mice following PBS and LPS injection as well as 

Salmonella Typhimurium (SL3261)-infection. Each data point represents the mean and SD of four-

eleven individual animals.  *P˂0.05, **P˂0.01, ***P˂0.001, n.s. indicates not significant changes. (B) 

Basal, LPS and Salmonella Typhimurium (SL3261)-induced expression of Nlrp3 and Il-1β expression in 

naïve and Heligmosomoides polygyrus (H. polygyrus)-infected mice-derived peritoneal macrophages. 

Each data point represents the mean and SD of five-six individual animals. *P˂0.05, **P˂0.01, 

***P˂0.001, n.s. indicates no significant change. 

Taken together, these findings suggest that prior in vitro or in vivo alternative 

macrophage polarization can modulate the subsequent inflammatory response of 

macrophages, including inflammasome activation, IL-1β secretion as well as 

pyroptosis through the direct repression of Nlrp3 and Il1b gene expression by IL-

4/STAT6 signaling pathway.   

 

6.2. IL-4/STAT6 signaling pathway orchestrates a conserved microRNA 

signature in human and mouse alternatively polarized macrophages regulating 

cell survival via miR-342-3p 

 

6.2.1. Identification of the mouse alternatively macrophage polarization-specific 

miRNA signature  

 

In order to identfy which miRNAs are regulated during mouse alternative macrophage 

polarization, WT and STAT6 KO mouse BMDMs were differentiated in the presence or 

the absence of IL-4 then subjected to small RNA-seq analysis. (The differentiation and 
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activation protocol is shown in Figure 27A). Alternative macrophage polarization of 

BMDMs was confirmed by FACS- and RT-qPCR-based anayses of known murine 

alternative macrophage activation markers and by measurement of arginase activity 

(Figure 27B, C and D).  

 
Figure 27. Experimental design and confirmation of alternative macrophage activation in mice 

(A) Schematic representation of mouse bone marrow isolation and bone marrow-derived macrophage 

differentiation in the absence or presence of IL-4. (B) Cell surface CD206 expression on IL-4-stimulated 

or unstimulated WT and STAT6 KO mouse BMDMs. (C) Arg1, Retnla/Fizz1 and Socs1 expression at 

RNA level in IL-4-stimulated or unstimulated WT and STAT6 KO mouse BMDMs. Each data point 

represents the mean and SD of three/three (WT/Stat6 KO) individual animals. *P˂0.05, **P˂0.01, 

***P˂0.001. (D) Arginase activity in IL-4-stimulated or unstimulated WT and STAT6 KO mouse BMDMs. 

Each data point represents the mean and SD of three/three (WT/STAT6 KO) individual animals. 

*P˂0.05, **P˂0.01, ***P˂0.001. 

 

Applying small RNA-seq analysis, we found 162 IL-4-repsonsive miRNAs (76 

upregulated and 81 downregulated; FDR<0.1) in alternatively polarized WT 

macrophages compared to nonpolarized BMDMs (Figure 28A). It is well known that 

STAT6 transcription factor is a dominant regulator of IL-4-induced transcriptional 

changes in macrophages [3], we hypothesized that STAT6 might be primarily 

responsible for the IL-4-mediated miRNA expression changes in BMDMs. In order to 

investigate the participation of STAT6 in the regulation of the IL-4-responsive miRNAs 

we compared the IL-4-regulated miRNome between WT and STAT6 KO BMDMs.  



73 
 

Figure 28. Identification of IL-4/STAT6 signaling pathway-regulated miRNome during in vitro 

mouse alternative macrophage polarization  

(A) Number of miRNAs showing significant (FDR˂ 0,1) IL-4-dependent regulation in wild-type (WT) and 

STAT6-deficient (STAT6 KO) macrophages. (B) Heatmap showing average fold changes of IL-4-

regulated but STAT6 independent miRNAs in IL-4-stimulated and untreated mouse BMDMs. Colour 

intensities reflect the fold changes compared to IL-4-stimulated WT to unstimulated WT as well as IL-4-

treated STAT6 KO to untreated STAT6 KO macrophages. (C) Stem-loop RT-qPCR-based quantification 

of miR-342-3p, miR-99b and miR-125a-5p expression in IL-4 stimulated or unstimulated wild-type (WT) 

and Stat6-deficient (STAT6 KO) mouse bone marrow-derived macrophages. Each data point represents 

the mean and SD of three individual animals. *P˂0.05, **P˂0.01, ***P˂0.001.  
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We observed that the majority of the IL-4-responsible miRNAs in WT macrophages 

were absolutely STAT6-dependent (151 from 157) (Figure 28A). Intriguingly, we only 

identified 11 miRNAs that showed change in expression following IL-4 exposure in 

STAT6-deficient BMDMs (Figure 28A and B). We decided to further examine three 

selected IL-4/STAT6 signaling patway-regulated miRNAs including the IL-4-induced 

miR-342-3p as well as the IL-4-repressed miR-99b and miR-125a-5p. The miRNA 

selection was based on the published miRNA-associated functions which might be 

relevant linked to the alternative macrophage polarization. The IL-4-induced mir-342-

3p plays pro-apoptotic and anti-proliferative role in different tumor types raising the 

possibility that it may act as a potential negative feedback regulator of IL-4-induced 

macrophage proliferation [190, 253-255]. Furthermore, the selected two IL-4-

repressed miRNAs including miR-99b and miR-125a-5p are the members of miR-99b-

125a miRNA polycistron and contribute to the control of phenotypic and functional 

features in macrophages but their role is controversial during the regulation of 

alternative macrophage polarization [180, 184, 185]. Our stem-loop RT-qPCR-based 

validation confirmed that the IL-4-mediated upregulation of miR-342-3p and 

downregulation of miR-99b and miR-125a-5p were completely STAT6-dependent 

(Figure 28C). 

In order to investigate the IL-4-induced miRNA expression changes in vivo, we used a 

filarial nematode infection-based mouse model of alternative macrophage polarization. 

It was previously described that intraperitoneal implantation of the filarial nematode 

Brugia malayi induces the accumulation of macrophages with alternative macrophage 

polarization-like characteristics including elevated expression of Ym1, Fizz1/RELM-α 

and Arg1 [236, 256]. Based on this, we measured miR-342-3p, miR-99b and miR-

125a-5p expression in nematode-elicited macrophages at different time points after 

infection. (The experimental design is shown in Figure 29A). Similarly to our in vitro 

results, miR-342-3p expression was elevated in nematode-elicited macrophages three 

days after B. malayi implantation as compared to naïve cells, and its continuously 

decreasing kinetics was observed at later time points (Figure 29B). In addition, both 

miR-99b and miR-125a-5p expression were attenuated during B. malayi-induced 

alternative macrophage activation, also reinforcing our in vitro findings (Figure 29B). 

Collectively, these results indicate that these miRNAs are regulated exclusively via the 

IL-4/STAT6 signaling pathway during in vitro and in vivo alternative macrophage 

activation.  
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Figure 29. Mir-342-3p, miR-99b and miR-125a-5p expression in Brugia malayi-implanted mice-

derived in vivo alternatively polarized macrophages  
(A) Schematic representation of parasite implantation-induced in vivo alternative macrophage activation 

in mice. (B) Stem-loop RT-qPCR-based quantification of miR-342-3p, miR-99b and miR-125a-5p in 

mouse thioglycolate-elicited and in vivo alternatively activated macrophages. Each data point represents 

the mean and SD of five individual animals. *P˂0.05, **P˂0.01, ***P˂0.001, n.s. indicates not significant.  

 

6.2.2. Conserved IL-4-dependent regulation of miR-342-3p, miR-99b and miR-

125a-5p expression during in vitro human alternative macrophage activation 

 

In order to examine the IL-4-dependent regulation of miR-342-3p, miR-99b and miR-

125a-5p expression in differentiating human macrophages, CD14+ monocytes were 

separated from human peripheral blood and exposed to IL-4 for 72 hours then 

subjected to stem-loop RT-qPCR analysis (The experimental design is shown in Figure 

30A).   
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Figure 30. Experimental design and confirmation of alternative macrophage activation in human  

(A) Schematic representation of human CD14+ monocyte isolation from peripheral blood and the 

experimental conditions of macrophage differentiation as well as alternative macrophage activation. (B) 

Cell surface CD206 expression on two independent human donor-derived 72 hours nontreated and IL-

4-stimulated macrophages. (C) CCL26 and TGM2 expression at mRNA level in two independent human 

donor-derived 72 hours nontreated and IL-4-stimulated macrophages. Error bars indicate the standard 

deviation (SD) of the three technical replicates.   

 

The IL-4-dependent induction of human alternative macrophage polarization markers 

was confirmed by RT-qPCR and FACS analyses in human macrophages (Figure 30B 

and C). 

Our results from four independent human donors indicated that the expression of miR-

342-3p was not changed during monocyte-to-macrophage transition while induced 

dramatically in response to IL-4 (Figure 31). 
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Figure 31. IL-4-dependent regulation of miR-342-3p, miR-99b and miR-125a-5p expression during 

in vitro human alternative macrophage polarization  

MiR-342-3p, miR-193b, miR-99b and miR-125a-5p expression in four (D1-D4) independent human 

donor-derived monocytes, 72 hours nontreated and IL-4 stimulated macrophages. Error bars indicate 

the standard deviation (SD) of the three technical replicates. 

In contrast, miR-99b and miR-125a-5p were induced significantly during monocyte-

macrophage differentiation (Figure 31). However, the monocyte-macrophage 

transition-induced miR-99b and miR-125a-5p expressions were attenuated in all four 

human donors by IL-4 (Figure 31). Taken together, these findings suggest that the IL-

4-dependent regulation of miR-342-3p, miR-99b and miR-125a-5p expression is 

conserved in mice and humans.  

 

6.2.3. Direct Stat6-dependent induction of miR-342-3p and its host gene EVL 

during alternative activation of murine and human macrophages    

      

It was previously described that miR-342-3p is located within the third intron of the EVL 

gene in humans and mice, and their expressions showed coordinated regulation in 

different tumor types [257, 258]. Thus, we decided to further examine the potential 

regulatory mechanism controlling the expression of EVL and miR-342-3p during 

human and mouse alternative macrophage polarization.  
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Figure 32. Nascent RNA expression, post-translational histone modification enrichment and 

transcription factor/cofactor binding at the genomic locus of mouse Evl/miR-342 

Strand-specific GRO-Seq, CTCF and Rad21-specific ChIP-seq signals in unstimulated as well as  

H3K4m3, H3K4m1, H3K27Ac, Pu.1 and Stat6 ChIP-Seq signals in IL-4-stimulated and unstimulated 

mouse macrophages at the EVL locus visualized by the Integrative Genomics Viewer. 

Therefore, we analyzed publicly available GRO-seq from unstimulated and ChIP-seq 

datasets from both IL-4-exposed and unstimulated mouse BMDMs [97, 108]. The 

analysis of transcription of nascent RNA (GRO-seq) and the location of active TSS-

mark H3K4m3 (ChIP-seq) data indicated that the shortest known transcript variant of 

Evl (NM_001163396) was expressed in resting mouse macrophages (Figure 32). In 

addition, H3K4m3 enrichment was increased at the TSS of Evl in IL-4-stimulated 

BMDMs compared to unstimulated cells (Figure 32). Interestingly, H3K4m3 enrichment 

was not detected in the intronic region of Evl around the miR-342-3p coding region 

indicating that Evl and miR-342-3p utilized the common TSS in resting and alternatively 

polarized mouse BMDMs (Figure 32). 

To further study the IL-4-mediated control of miR-342-3p and Evl expression in mice, 

we measured both mature miRNA and its host gene expression in mouse bone-marrow 

cells as well as in  IL-4-exposed and unstimulated BMDMs. Both Evl and miR-342-3p 

expression  level were elevated during mouse BMDM differentiation that was further 

enhanced by IL-4 in a STAT6-dependent manner (Figure 33A and B). In addition, we 

investigated the macrophage-specific LDTF Pu.1 and IL-4-activated STAT6 binding at 

the EVL-associated subTAD (Figure 32).  
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Figure 33. Direct IL-4/STAT6 signaling pathway-dependent regulation of EVL and miR-342-3p 

expression in mouse BMDMs  

(A) RT-qPCR-based measurement of Evl expression in bone marrow cells and IL-4 stimulated or 

unstimulated bone marrow-derived macrophages in wild-type (WT) or Stat6-deficient (STAT6 KO) mice. 

Each data point represents the mean and SD of three individual animals. **P˂0.01. (B) Stem-loop RT-

qPCR-based quantification of miR-342-3p expression in bone marrow cells and IL-4 stimulated or 

unstimulated bone marrow-derived macrophages in wild type (WT) or Stat6-deficient (STAT6 KO) mice. 

Each data point represents the mean and SD of three individual animals. **P˂0.01. (C) IL-4-induced 

Stat6 binding of two regulatory regions of the mouse EVL gene in wild-type (WT) and Stat6-defficient 

(STAT6 KO) mouse macrophages measured by ChIP-qPCR. Columns represent mean arbitrary units 

described in the Methods section ±SD.   

Although, Pu.1-bound genomic sites were observed within the predicted subTAD in 

both unstimulated and IL-4-treated BMDMs but Pu.1 binding was not modulated by IL-

4 stimulation (Figure 32). Moreover, IL-4-induced Stat6 binding was detected at both 

upstream and downstream genomic regions from the TSS of the Evl gene [108] (Figure 

32). Next, we validated two Stat6-bound distal regulatory regions -4 Kb (mEvl_Stat6 

site A) and +4 Kb (mEVL_Stat6 site B) from the TSS. ChIP-qPCR results indicated an 

IL-4-induced enrichment of Stat6 binding at these regions in WT macrophages relative 

to untreated WT and IL-4-exposed STAT6-deficient BMDMs as well as IgG controls 

(Figure 33C).  

In order to investigate whether IL-4-induced co-regulation of EVL and miR-342-3p is 

conserved between human and mouse, we examined their expression in human 

monocyte-derived unstimulated and IL-4-exposed differentiating macrophages at 

different time points. Intriguingly, IL-4-induced EVL expression was already observed 

in all three donors after 12 hours but it was reduced at later time points (Figure 34A). 
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The expression of miR-342-3p followed similar but delayed kinetics in IL-4-treated 

human differentiating macrophages, its elevated expression was only observed after 

24 hours (Figure 34B).  In order to identify whether STAT6 binding is detectable at the 

genomic locus of human EVL, we used publicly available human STAT6 ChIP-seq 

datasets from IL-4 stimulated Th2-type T-cells [259]. Interestingly, STAT6 binding was 

detected +0.3 Kb from the TSS of the EVL gene in these cells. Therefore, we 

hypothesized that this region might also be bound by STAT6 in IL-4-treated human 

differentiating macrophages. We could confirm our hypothesis by ChIP-qPCR in two 

independent human donors (D1 and D2) (Figure 34C). These results suggest that miR-

342-3p and its host gene EVL are coordinately regulated by IL-4 via direct DNA binding 

of STAT6 in both mouse and human macrophages. 

 

Figure 34. Direct IL-4/STAT6 signaling pathway-dependent regulation of EVL and miR-342-3p 

expression in human macrophages  

(A) RT-qPCR-based measurement of EVL expression during human macrophage differentiation in the 

absence or presence of IL-4. (B) Stem-loop RT-qPCR-based quantification of miR-342-3p expression 

during human macrophage differentiation in the absence or presence of IL-4. (C) IL-4-induced 

recruitment of STAT6 to the EVL locus in macrophages obtained from two independent human donors 

(D1, D2) measured by ChIP-qPCR. Data are expressed as mean ±SD. 
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6.2.4. MiR-342-3p regulates cell proliferation and apoptosis-associated signaling 

pathways at the post- transcriptional level in macrophages 

 

In order to study the miR-342-3p-regulated molecular pathways, we investigated the 

global transcriptome of miR-342-3p-transfected RAW264.7 macrophages using 

microarray analysis and identified a set of repressed miR-342-3p direct target genes 

with computational and biochemical approaches. (The flowchart of experimental 

approaches is shown in Figure 35.) Based on the microarray analysis, 2640 

downregulated and 2341 upregulated genes (FDR<0.1) were identified in mi-342-3p 

overexpressing macrophages compared to negative-control-transfected cells (Figure 

35). 

 

Figure 35 Schematic representation of combined microarray-based and computational miR-342-

3p target gene identification 

To identify the miR-342-3p-regulated biological processes, we analyzed the list of most 

significantly regulated genes (FDR≤0.01) applying the ClueGO Cytoscape plugin [260]. 

We found cellular metabolism and regulation of viable cell number including cell 

proliferation and cell death as the most significantly overrepresented miR-342-3p-

regulated GO categories (Figure 36A). Furthermore, Sylamer analysis of miR-342-3p 

and miR-negative control-transfected cells-derived microarrays indicated that the 

complementary sequence of the 8mer seed region of miR-342-3p was enriched within 

the 3’UTR of downregulated genes in miR-342-3p-transfected cells, showing the 

specificity of the miR-342-3p-induced transcriptomic changes (Figure 36B). For the 

investigation of functionally relevant miRNA:mRNA interactions we applyed 

TargetExpress method [224] which  combines TargetScan [225] and microT-CDS [226] 

target prediction algorthms with the gene expression profile of the negative control 

condition. The resulting predicted miR-342-3p targets showed the best correlation with 

miR-342-3p-dependent repression of gene expression in our experimental system 

(Figure 36C). 813 predicted miR-342-3p target genes were significantly repressed in 

pre-miR-342-3p-transfected cells (Figure 35). These results raise the possibility, that 

these genes are repressed directly in this experimental system by miR-342-3p. 

However, further experimental verification is necessary for the demonstration of direct 

miR-342-3p-dependent repression.   
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Figure 36. The in silico analysis-based miR-342-3p target gene identification  

(A) Network visualization of Gene Ontology Enrichment Analysis of genes differentially expressed in 

miR-342-3p-transfected RAW264.7 mouse macrophages (FDR≤0.01) using ClueGO Cytoscape plugin. 

Nodes represent enriched Gene Ontology Biological Process terms, node colors represent 

corresponding FDR values (Benjamini-Hochberg method), node sizes represent the number of genes 

associated with the GO term. Only the label of the most significant term per group is shown. Nodes 

without second degree connections are omitted for clarity. (B) Sylamer analysis revealed that only miR-

342-3p 8-mer seed matches were enriched among downregulated genes in miR-342-3p-transfected 

macrophages compared to mir-negative control-treated cells. MiR-342-3p and murine microRNA seed 

matches are represented as red dashed and gray lines, respectively. (C) Cumulative distributions of 

relative change (t statistic) for different sets of potential miR-342-3p target genes: with 7mer.1A (blue), 

7mer.m8 (green), 8mer (red) seeds, or the top 1000 TargetScan (Total context+, orange) or microT-

CDS (miTG, purple) and TargetExpress (brown) predictions to be functionally down-regulated. Set size 

and statistical significance of each set being more repressed than genes with no potential target site are 

shown in brackets. 
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6.2.5. MiR-342-3p acts as a regulator of macrophage cell number via reduction 

of cell viability and induction of apoptosis 

   

Our microarray analysis indicated that cellular proliferation and cell death may be 

regulated in macrophages by miR-342-3p. It has been previously demonstrated that 

proliferation of local macrophage population is induced by IL-4-mediated Th2-type 

inflammation [190]. Furthermore, it has also been described that miR-342-3p was 

aberrantly downregulated in different tumor types including colorectal and breast 

cancers [253, 257]. Finally, overexpression of miR-342-3p was able to induce 

apoptosis and block cancer cell proliferation [255, 257]. Therefore, we hypothesized 

that IL-4/STAT6 signaling pathway-induced miR-342-3p expression could be a 

member of the potential negative feedback mechanism controlling macrophage 

proliferation upon Th2-type cytokine stimulus.  

In order to test this hypothesis we examined the functional effects of miR-342-3p on 

macrophage proliferation and/or apoptosis in RAW264.7 cells transfected with miR-

342-3p or miR-negative control miRNA mimics. Macrophage numbers were 

determined at various time points following miRNA mimic transfection by propidium 

iodide staining of permeabilized adherent cells [230]. Overexpression of miR-342-3p 

induced the 40 and more than 80 percent reduction in the macrophage number at 24 

and 48 hours post-transfection, respectively, as compared to the miR-negative control-

transfected cells (Figure 37A).  

 
Figure 37. Reduced macrophage viability by miR-342-3p overexpression   

(A) PI staining-based cell number analysis of RAW264.7 cells at different time points following miR-342-

3p mimic transfection. Each data point represents the mean and SEM of five parallel samples from two 

independent experiments. *P˂0.05, **P˂0.01 (B) Neutral red-based cell viability analysis of miR 

negative control (miR-neg) and miR-342-3p (miR-342-3p) mimics-transfected RAW264.7 cells 48h after 

miRNA mimics transfection. Each data point represents the mean and SEM of four independent 

experiments. *P˂0.05. (C) Resorufin-based cell viability analysis of miR negative control (miR-neg) and 

miR-342-3p (miR-342-3p) mimics-transfected RAW264.7 cells 48h after miRNA mimics transfection. 

Each data point represents the mean and SEM of four independent experiments. *P˂0.05.  

Next, we wanted to confirm our results with independent methods including   resazurin 

reduction and neutral red uptake-based in vitro cell viability assays [231]. The miR-
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342-3p overexpression was able to reduce viable macrophage numbers by 40 and 

55% at 48 hours following the transfection in the resazurin and neutral red uptake 

assays, respectively (Figure 37B and C). In order to investigate whether the decreased 

viable cell number is the result of impaired progression of the cells through the cell 

cycle or the consequence of increased cellular death, we performed cell cycle analysis 

by PI staining and a necrosis/apoptosis assay by Annexin V/PI double-staining of the 

miR-342-3p and miR-negative control mimics-transfected RAW264.7 macrophages. 

The Hoechst staining and slide-based imaging cytometry-based analysis revealed that 

miR-342-3p overexpression caused a slight but not significant increase in the number 

of cells in S-phase (Figure 38A).  

 

Figure 38. Mir-342-3p overexpression-induced apoptosis by miR-342-3p in macrophages   

(A) Effect of miR-342-3p on cell cycle progression in RAW264.7 cells. Cell cycle distribution was 

evaluated by slide-based imaging cytometry after PI staining. Each data point represents the mean and 

SD of three independent experiments. *P˂0.05.  (B) Representative dot plots of laser-scanning imaging 

cytometry analysis of Annexin V and PI labelled miR negative control (miR-neg) and miR-342-3p (miR-

342-3p) mimics-transfected RAW264.7 cells 48h after miRNA mimics transfection. (C) Viable (PI-, 

Annexin V-), early apoptotic (PI-, Annexin V+) and late apoptotic (PI+, Annexin V+) cell distribution 48h 

following miR-negative control (miR-neg) and miR-342-3p (miR-342-3p) mimics transfection into 

RAW264.7 cells. Each data point represents the mean and SD of three independent experiments. 

*P˂0.05.                         

In contrast, miR-342-3p overexpression significantly enhanced the number of both 

Annexin V positive/PI negative early (Figure 38B, lower right quadrants) and Annexin 

V/PI double positive late (Figure 38B, upper right quadrants) apoptotic cells (Figure 
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38B and C). These results suggest that miR-342-3p regulates macrophage cell 

numbers via induction of apoptosis.  

Interestingly, the negative regulators of apoptosis Gene Ontology (GO) category 

(GO:0043066) involved 23 genes from the downregulated potential miR-342-3p target 

genes (Figure 39A). We applied GeneMANIA to identify the potential interactions 

between the miR-342-3p-attenuated anti-apoptotic genes and found that 19 out of 23 

potential miR-342-3p target genes formed an anti-apoptotic gene network indicating 

extensive predicted interactions and colocalization  [261] (Figure 39B). To identify the 

direct miRNA:mRNA interactions we selected Bcl2l1 as one of the central members of 

the miR-342-3p-regulated anti-apoptotic gene network for additional analysis. In silico 

target prediction analysis using TargetScan algorithm showed two predicted mir-342-

3p binding sites within the 3’UTR of Bcl2l1 (Figure39C, miR-342-3p_I and miR-342-

3p_II) [262]. We created luciferase expression constructs with the predicted miR-342-

3p binding sites-containing 3’UTR regions of Bcl2l1 or their 9 nucleotides lenght 

deletion-containing mutated versions (Figure 39C). We transfected these constructs 

with miR-342-3p or miRNA negative-control mimics into HEK293T cells. Small but 

statistically significant repression of luciferase activity was detected in miR-342-3p_I 

binding site-containing construct-transfected cells in the presence of miR-342-3p 

mimic compared to miR-negative control (Figure 39C). MiR-342-3p mimic-induced 

reduction of luciferase activity was completely diminished when miR-342-3p_I-binding 

site was deleted (Figure 38C). In contrast, luciferase activity of the construct containing 

the miR-342-3p_II binding site was not affected significantly by miR-342-3p mimic 

transfection. Collectively, our in silico and experimental analyses suggest the miR-342-

3p-dependent direct repression of Bcl2l1 expression.    
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Figure 39. MiR-342-3p-repressed anti-apoptotic gene network in macrophages  

(A) Relative expression heatmap of selected potential anti-apoptotic miR-342-3p target genes 

expression in miR-negative control (pre-miR-neg) and miR-342-3p overexpressing RAW264.7 cells 18h 

after miRNA mimics transfection in three independent experiments (significance of repression is 

indicated after the gene name: *FDR<=0.1, **FDR<=0.05, ***FDR<=0.01). (B) GeneMANIA-based 

identification of miR-342-3p-repressed, anti-apoptoic gene network. (C)  Luciferase activity in HEK293T 

cells cotransfected with luciferase expression constructs containing WT/mutated(Del) miR-342-3p 

binding sites of Bcl2l1 and miR-342-3p/miRNA negative-control mimics (n=6). *P˂0.05.           
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6.3. Dynamic transcriptional control of macrophage miRNA signature via 

inflammation responsive enhancers revealed using a combination of next 

generation sequencing-based approaches 

 

6.3.1. Characterization of the transcriptional basis of inflammation responsive 

miRNA signature in macrophages 

 

In order to investigate which macrophage-expressed miRNAs are regulated by 

inflammatory stimuli, we stimulated mouse BMDMs with LPS for 3 hours and 

performed small RNA sequencing (small RNA seq). We found that 261 miRNAs were 

expressed in unstimulated BMDMs (data not shown) and 17 miRNAs were regulated 

significantly different by LPS (p-value˂0.05 and FDR˂0.1; 4 downregulated and 13 

upregulated; Table 5).  

Table 5. List of the LPS-regulated mature miRNAs in mouse BMDMs 

To identify the potential regulatory mechanisms controlling LPS-responsive miRNA 

expression, we investigated the pri-miRNA transcripts using the combination of publicly 

available GRO-seq and active promoter mark H3K4m3-specific ChIP-seq datasets 

from control and LPS-exposed BMDMs [108, 118]. We found 518 sense nascent RNA 

transcripts overlapping with 568 miRNA-coding genomic regions in the absence and/or 

presence of LPS stimulus (data not shown). 12 identified nascent RNA transcripts were 

overlapped with the genes of 17 LPS-regulated miRNAs (data not shown). 

 
miRNA logFC PValue FDR 

LPS-activated 

miRNAs 

mmu-miR-155-3p 6,799093 7,99E-160 2,05E-157 

mmu-miR-125a-3p 2,160694 7,28E-25 9,36E-23 

mmu-miR-146a-3p 2,434241 6,31E-23 5,41E-21 

mmu-let-7e-3p 1,898633 8,11E-16 5,21E-14 

mmu-miR-222-5p 1,807565 2,82E-15 1,45E-13 

mmu-miR-221-5p 0,946709 5,64E-15 2,42E-13 

mmu-miR-155-5p 2,759894 5,64E-11 1,81E-09 

mmu-miR-210-5p 0,575059 2,99E-05 0,000769 

mmu-miR-222-3p 0,529486 0,0001 0,002269 

mmu-miR-21a-3p 0,79779 0,000308 0,005923 

mmu-let-7i-3p 0,815987 0,000323 0,005923 

mmu-miR-147-3p 1,550421 0,000393 0,006728 

LPS-repressed 

miRNAs 

mmu-miR-27a-5p -1,84618 1,30E-13 4,78E-12 

mmu-miR-223-5p -0,83427 4,74E-06 0,000135 

mmu-miR-26b-3p -0,63833 0,000106 0,002269 

mmu-miR-30c-1-3p -0,77286 0,002015 0,030461 
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Figure 40. Identification of transcriptionally regulated miRNAs in LPS-stimulated mouse BMDMs  

(A) The ratio of transcribed intergenic, intronic and exonic LPS responsive miRNAs. (B) Primary 

transcript size distribution of LPS-regulated  miRNAs. (C) Heat map showing fold changes of 

transcriptionally regulated miRNA expression at mature (left panel) and pri-miRNA (right panel) levels 

in LPS-stimulated macrophages compared with unstimulated control. (D) Genome browser view of 
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GRO-seq data showing the primary RNA transcripts of selected LPS-regulated miRNAs in unstimulated 

and LPS-stimulated mouse macrophages. Macrophages were treated with LPS for 20, 60 and 180 

minutes. (E) RT-qPCR-based validation of pri-miRNA expression in LPS-stimulated and unstimulated 

macrophages. Macrophages were treated with LPS for 20 minutes as well as 1, 3, 6, 12 and 24 hours. 

Each data point represents the mean and SD of three biological replicates. *P˂0.05, **P˂0.01, 

***P˂0.001 compared with the unstimulated control marked as 0. 

Next, we determined the genomic location and primary transcript size of LPS-regulated 

miRNAs. 58% of them were intergenic, while 25% and 17% showed exonic and intronic 

location, respectively (Figure 40A). The length distribution of primary-miRNA 

transcripts was very diverse (ranging from 5,6 to 73 Kb) but the majority of these 

transcripts (9/12) fell within the range of 5,6-20Kb (Figure 40B). To identfy the 

transcriptional or posttranscriptional regulatory mechanisms of inflammatory stimuli, 

we determined the LPS-induced pri-miRNA expression changes using the same GRO-

seq datasets [118]. 15 out of 17 transcribed LPS-responsive miRNAs (3 down-

regulated and 12 upregulated) showed similar expression patterns with their pri-

miRNAs (3 down-regulated and 7 up-regulated; 3 LPS-induced pri-miRNAs contained 

more than one miRNAs) indicating dominantly transcriptional regulation of miRNA 

expression in LPS-exposed macrophages (Figure 40C). For validation purposes, we 

selected three previously described LPS-responsive miRNAs, including the LPS-

activated miR-155 and miR-147 as well as the LPS-repressed miR-223 (Figure 40D) 

[167, 169, 171, 173, 186, 263, 264]. Time course experiments confirmed the LPS-

dependent induction of pri-miR-155 and pri-miR-147 and the repression of pri-miR-223 

expression (Figure 40E).  

Collectively, these findings suggest that the majority of inflammation responsive 

miRNAs are regulated at the transcriptional level in macrophages.  

 

6.3.2. Transcription start sites of inflammation responsive pri-miRNAs are 

associated with general active promoter marks and RNA polymerase II binding  

 

It is well characterized that specific epigenetic marks including H3K27Ac and H3K4m3 

as well RNAPII binding are associated with the promoters of transcriptionally active 

protein-coding genes [69, 242]. The active promoter-specific H3K4m3 enrichment and 

RNAPII binding has been also used for the identification of pri-miRNA promoter regions 

[265, 266]. In order to investigate whether LPS-regulated pri-miRNA genes have 

similar epigenetic signatures, we analyzed publicly available H3K4m3, H3K27Ac and 

RNAPII-specific ChIP-seq datasets from both unstimulated and LPS-exposed mouse 

BMDMs [108]. As we expected, the TSSs of the inflammation-regulated pri-miRNA 

genes were associated with H3K4m3, H3K27Ac and RNAPII enrichments (Figure 41A 

and B). LPS stimulation induced H3K27Ac enrichment and RNAPII binding on the 

TSSs of LPS-activated pri-miRNAs, including pri-miR-155 and pri-miR-147 (Figure 41A 

and B). In contrast, LPS-dependent attenuation of H3K27Ac enrichment and RNAPII 
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binding were observed at the TSSs of inflammation-repressed pri-miRNA genes such 

as pri-miR-223, without the alteration of H3K4m3 enrichment (Figure 41A and B).  

Taken together, these findings suggest that (i) LPS sensitive miRNA genes have 

similar epigenetic features as protein-coding genes and (ii) their transcription seems to 

be dependent on RNAPII.      

  

Figure 41. Characterization of transcriptional start sites of LPS-responsive pri-miRNAs in mouse 

BMDMs  

(A) Heat map representation of H3K4m3 and H3K27Ac enrichments as well as RNAPII binding at the 

TSSs of activated and repressed pri-miRNAs in LPS-stimulated and unstimulated mouse BMDMs. 

Macrophages were treated with LPS for 4 hours. (B) Strand-specific GRO-Seq, H3K4m3, H3K27Ac and 

RNAPII-specific ChIP-seq signals in LPS-stimulated and unstimulated mouse macrophages at TSSs 

and gene bodies of the selected inflammation responsive pri-miRNAs visualized by the Integrative 

Genomics Viewer.      

 

6.3.3. LPS-regulated pri-miRNAs are associated with an inflammation-

responsive enhancer network  

 

The protein-coding genes-associated enhancers are marked by specific post-

translational histone modifications including H3K4m1, H3K4m2 and eRNA expression 
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(Reviewed in [267] and [240]). Enhancers have also been described to regulate pri-

miRNA expression in many cell types and tissues [268, 269]. These pri-miRNA-linked 

distal regulatory regions have general enhancer-like features including enhancer-

specific H3K4m1 enrichment and eRNA expression [268, 269]. Based on these 

findings, we aimed to investigate whether LPS-responsive enhancers can be found in 

the same subTADs with pri-miRNA genes by using publicly available H3K4m1-specific 

ChIP-seq and GRO-seq data sets [108, 118].  We performed subTAD prediction based 

on mouse BMDM-derived CTCF and Rad21 data sets, applying a previously described 

algorithm [91, 97, 237-239].  

As we expected, the LPS responsive pri-miRNA genes were associated with H3K4m1 

and eRNA "positive" enhancers (Figure 42A and B). Our global analysis identified 33 

induced and 11 repressed distal regulatory regions in the subTADs of LPS-regulated 

pri-miRNA genes (Figure 41B).  

 

 

Figure 42. Identification of LPS-regulated enhancers associated with inflammation responsive 

miRNA genes in mouse BMDMs with the combination of GRO-seq and H3K4m1-specific ChIP-

seq datasets  

(A) Box plot representation of H3K4m1 at the activated and repressed pri-miRNA-associated enhancers 

in LPS-stimulated and unstimulated mouse BMDMs. Macrophages were treated with LPS for 4 hours. 

(B) Box plot representation of eRNA expression at the activated and repressed pri-miRNA-associated 

enhancers in LPS-stimulated and unstimulated mouse BMDMs. Macrophages were treated with LPS 

for 20, 60 and 180 minutes. (C) Distribution of enhancers relative to TSSs of the identified LPS-regulated 

pri-miRNAs.   
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The investigation of genomic location of LPS-regulated enhancers relative to the TSS 

of pri-miRNAs indicated that 67% (22/33) of activated enhancers were upstream from 

the corresponding TSSs (Figure 42C). Furthermore, 48% (16/33) of LPS-activated 

enhancers were located more than 40 Kb from TSSs (Figure 42C). LPS-attenuated 

distal regulatory regions also showed asymmetric genomic distribution around the TSS 

but 73% (8/11) of them were located within 40 Kb relative to TSS (Figure 42C), 

suggesting that repressive mechanisms more often operate at closer distal regulatory 

elements compared to the activating ones. 

Next, we wanted to study the inflammation-regulated enhancers in the annotated sub-

TADs of LPS responsive miR-155, miR-147 and miR-223 genes. We found 9 and 2 

H3K4m1 positive enhancers, showing LPS-enhanced eRNA expression in the pri-miR-

155 and pri-miR-147-associated sub-TADs, respectively (Figure 43A). In addition, the 

genomic locus of LPS-repressed pri-miR-223 gene also contained 3 LPS-repressed 

enhancers (Figure 43A). For all three pri-miRNAs, we selected 2-2 enhancers for 

further investigation by eRNA-specific RT-qPCR measurements. LPS-mediated 

activation of the selected pri-miR-155-associated enhancers was correlated with pri-

miR-155 expression (Figure 40E and 43B). Similarly, significantly increased eRNA 

expression was observed at pri-miR-147_+14 Kb and +27Kb enhancers after LPS 

exposure, followed by induced pri-miR-147 expression (Figure 40E and 43B). 

However, the studied pri-miR-147-associated enhancers were associated with 

different activation kinetics at later time points (12 and 24 hours) of LPS treatment. The 

pri-miR-147_+27 Kb enhancer activity was significantly reduced compared to its 

maximal expression level following 12 and 24 hours of LPS exposure (Figure 43B). In 

contrast, eRNA expression remained at a high level at the latest (12 and 24 hours) 

time points of LPS stimulation at pri-miR-147_+14 Kb enhancer (Figure 43B). Finally, 

the eRNA expression at the selected pri-miR-223-associated enhancers was 

attenuated significantly as early as 1 hour after LPS treatment and showed repressed 

expression level at the 24 hour time point similarly to pri-miR-223 expression (Figure 

40E and 43B).       

Taken together, these findings indicate that LPS-sensitive miRNA genes are 

associated with distal regulatory regions showing similar LPS-mediated eRNA 

expression kinetics with pri-miRNA expression. These obsevations are consistent with 

studies focusing on mRNA-associated enhancers, thus indicate that enhancers are 

able to participate in the transcriptional regulation of the inflammation responsive 

miRNA expression, analogous to mRNAs [110, 270].    

 



93 
 

 

Figure 43. Characterization of pri-miR-155, pri-miR-147 and pri-miR-223 genes-associated 

enhancers in mouse BMDMs  

(A) Strand-specific GRO-Seq, H3K4m1, CTCF and Rad21-specific ChIP-seq signals in LPS-stimulated 

and unstimulated mouse macrophages at the genomic loci of miR-155, miR-147 and miR-223 are 

visualized by the Integrative Genomics Viewer. (B) RT-qPCR-based measurement of eRNA expression 

of 2-2 selected miR-155, miR-147 and miR-223-associated enhancers  in LPS-stimulated and 

unstimulated macrophages. Macrophages were treated with LPS for 20 minutes as well as 1, 3, 6, 12 

and 24 hours. Each data point represents the mean and SD of three biological replicates. *P˂0.05, 

**P˂0.01, ***P˂0.001 compared with the unstimulated control marked as 0.   
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6.3.4. Classification of inflammation responsive pri-miRNA-associated 

enhancers based on NFkB-p65 binding   

  

LPS stimulation leads to the activation of many SRTFs including NFkB and AP-1 

transcription factor complexes resulting in dramatic changes in the chromatin structure, 

epigenomic signature and transcriptome in macrophages [75]. To study the 

participation of NFkB and AP-1 transcription factor complexes in the LPS-dependent 

regulation of pri-miRNAs expression, we analyzed the binding of NFkB subunit p65 

and AP-1 complex member JunB at the LPS-responsive enhancers using publicly 

available ChIP-seq data sets [108, 110]. As we expected, p65 binding proved to be 

negligible in unstimulated macrophages, while LPS treatment induced the recruitment 

of p65 to 13961 genomic regions (Table 6).   

Table 6. The number of peaks determined for NFkB-p65 and Jun B at LPS-activated and 

repressed enhancers in unstimulated and LPS-stimulated mouse BMDMs  

In contrast, JunB binding was observed at 6497 genomic sites in resting BMDMs, and 

the JunB peak number was increased to 47057 after LPS exposure (Table 6). By 

focusing on the pri-miRNA-linked LPS-activated enhancers, we found that p65 binding 

was detected at 51,5% (17/33) of them ("p65high" enhancers) while p65 peaks were not 

detected at the remaining 48,5% (16/33; "p65low" enhancers) (Table 6, Figure 44A and 

B). In contrast, we did not detect p65 binding at the majority (9/11) of LPS-repressed 

pri-miRNAs-associated enhancers (Table 6, Figure 44A and B). Interestingly, we found 

that basal and LPS-induced JunB binding was elevated at LPS-activated p65high 

enhancers compared to p65low distal regulatory regions (Table 6, Figure 44C). 

Similarly, LPS-repressed enhancers showed low JunB binding both in resting and LPS-

exposed BMDMs (Table 6, Figure 44C). 

  

  NFkB-p65 Jun B 

  ctrl LPS ctrl LPS 

All peaks 531 13961 6497 47054 

LPS-activated 

enhancers 

p65high 0 17 7 16 

p65low 0 0 1 10 

LPS-repressed enhancers 0 2 2 6 



95 
 

 

Figure 44. NFKB-p65 binding-based classification of LPS-responsive pri-miRNA-associated 

enhancers  

(A) The ratio of NFkB subunit p65-bound (p65high) and un-bound (p65low) LPS-activated and repressed 

pri-miRNA-associated enhancers in mouse BMDMs. (B) Box plot representation of NFkB-p65 binding 

at p65high and p65low LPS-activated as well as LPS-repressed enhancers in LPS-stimulated and 

unstimulated (ctrl) mouse macrophages. Macrophages were treated with LPS for 3 hours. (C) Box plot 

representation of JunB binding at p65high and p65low LPS-activated as well as LPS-repressed enhancers 

in LPS-stimulated and unstimulated mouse macrophages. Macrophages were treated with LPS for 4 

hours.   

As we expected, de novo motif analysis under NFkB-p65 and JunB peaks showed that 

NFkB-p65 and Jun-AP1 motifs were significantly enriched at these genomic regions 

(Figure 45A and B). Targeted motif search indicated that both NFkB-p65 and Jun-AP1 

motifs were observed a higher number at the LPS-activated p65high enhancers 

compared to the LPS-activated p65low and LPS-repressed distal regulatory regions 

(Figure 45C). Intriguingly, Jun-AP1 motif number (30) was higher at LPS-activated 

p65high enhancers compared to NFkB-p65 motif number (8) despite the fact that JunB 

and p65 binding were similar in LPS-exposed BMDMs (Table 6, Figure 44B, C and 

Figure 45C). Taken together, these findings demonstrate that LPS-activated pri-

miRNAs-linked enhancers show different p65 and JunB binding patterns, whereas 

LPS-repressed enhancers are associated with low p65 and JunB binding, indicating 

the role of p65 and JunB-independent indirect repressive mechanisms. 



96 
 

 

Figure 45. De novo and targeted binding motif analysis under NFKB-p65 and JunB peaks  

(A) Top 5 de novo identified motifs under all NFkB-p65 peaks from ChIP-seq data using HOMER. “%of 

Targets” refers to the ratio of the peaks having the given motif, and “% of Bg” refers to the ratio of a 

random background. (B) Top 5 de novo identified motifs under all JunB peaks from ChIP-seq data using 

HOMER. “%of Targets” refers to the ratio of the peaks having the given motif, and “% of Bg” refers to 

the ratio of a random background. (C) Targeted NFkB-p65 and Jun-AP1 binding motif identification at 

p65high and p65low LPS-activated as well as LPS-repressed enhancers (identified motif number/motif 

ʺpositiveʺ enhancers). 

 

6.3.5. LPS-activated p65high and p65low pri-miRNA-linked enhancers have 

different epigenetic characteristics    

 

In order to study whether the functional properties of LPS-responsive enhancers are 

determined by p65 and JunB binding, we analyzed publicly available H3K4m1, 

H3K27Ac and RNAPII-specific ChIP-seq as well as ATAC-seq datasets from resting 

and LPS-exposed mouse BMDMs [108, 271]. Intriguingly, the chromatin accessibility 

was higher at p65high compared to p65low LPS-activated enhancers in unstimulated 

macrophages (Figure 46A).  
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Figure 46. Characterization of p65high and p65low pri-miRNA-associated enhancers in mouse 

BMDMs  

(A) Box plot representation of the ATAC-seq intensities at p65high and p65low LPS-activated as well as 

LPS-repressed enhancers in unstimulated and LPS-stimulated macrophages. Macrophages were 

treated with LPS for 2 and 6 hours. (B) Box plot representation of H3K4m1 enrichment at p65high and 

p65low LPS-activated enhancers in LPS-stimulated and unstimulated mouse macrophages. 

Macrophages were treated with LPS for 4 hours.  (C) Box plot representation of H3K27Ac enrichment 

at p65high and p65low LPS-activated as well as LPS-repressed enhancers in unstimulated and LPS-

stimulated macrophages. Macrophages were treated with LPS for 4 hours. (D) Box plot representation 

of RNA Pol II binding at p65high and p65low LPS-activated as well as LPS-repressed enhancers in 

unstimulated and LPS-stimulated macrophages. Macrophages were treated with LPS for 4 hours. (E) 

Strand-specific GRO-Seq, H3K4m1, H3K27Ac, NFkB-p65, JunB and RNA Pol II ChIP-Seq signals at 

the selected p65high and p65low LPS-activated as well as LPS-repressed enhancers in LPS-stimulated 

and unstimulated mouse macrophages. GRO-seq as well as ChIP-seq for the indicated factors and 

post-translational histone modifications are visualized by the Integrative Genomics Viewer.   

Although, the chromatin accessibility was enhanced at both p65high and p65low 

enhancers following LPS treatment, a greater increase was detected at p65high 

enhancers compared to p65low enhancers after 6 hours of LPS exposure (Figure 46A). 

In contrast, both basal and LPS-modulated H3K4m1 enrichments proved to be similar 

at p65high and p65low LPS-activated distal regulatory regions (Figure 46B). In addition, 

higher basal and LPS-induced H3K27Ac enrichment and RNAPII binding were 

detected at LPS-activated p65high enhancers compared to p65low enhancers (Figure 

46C, D and E). As we expected, both H3K27Ac enrichment and RNAPII binding were 

attenuated, while H3K4m1 enrichment and chromatin accessibility were not changed 

at LPS-repressed enhancers following LPS exposure (Figure 42A, Figure 46A, C, D 

and E).  

In order to investigate the additional characteristics of p65/JunB-dependent and 

independent activation of LPS-induced pri-miRNA-associated enhancers, we selected 

four p65high enhancers (pri-miR-155_-76Kb, pri-miR-155_-116Kb, pri-miR-155_-92Kb, 

pri-miR-147_+27Kb) and two p65low enhancers (pri-miR-155_-62Kb, pri-miR-

147_+14Kb) for further study (Figure 46E). We investigated the binding kinetics of p65, 

PU.1, p300 and RNAPII at the selected enhancers in unstimulated and LPS- exposed 

mouse BMDMs using ChIP-qPCR. LPS-mediated maximal induction of p65 binding 

was achieved at 1 hour and it was continuously decreased at later time points (6 and 

24 hours) (Figure 47). As we expected, p65-binding was weakly detectable at p65low 

enhancers in LPS-exposed macrophages (Figure 47). In contrast to NFkB-p65 binding, 

Pu.1-binding was similar at p65high and p65low enhancers in resting macrophages and 

all the enhancers were associated with LPS-induced Pu.1 occupancy after 1 hour of 

LPS stimulation which remained nearly unchanged at later time points (6 and 24 hours) 

(Figure 47). Finally, we examined the binding kinetics of p300 and two phosporylated 

forms of RNAPII including transcription initiation-specific RNAPII-pS5 (serine 5 

phosphorylated) and elongation-specific RNAPII-pS2 (serine 2 phosphorylated) at the 

selected enhancers. LPS stimulus-induced p300, RNAPII-S5 and S2 binding were 

higher at the p65high compared to the p65low enhancers (Figure 47). 
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Figure 47. Functional characterization of selected pri-miR-155 and pri-miR-147-associated LPS-

activated p65high and p65low enhancers in mouse inflammatory macrophages  

ChIP-qPCR measurements against RNA Pol II-pS5, RNA Pol II-pS2, Pu.1, NFkB-p65 and p300 on 

selected LPS-activated enhancers and negative control Prmt8 enhancer (Prmt8e) regions from wild-

type unstimulated and LPS- stimulated macrophages. Macrophages were treated with LPS for 1, 6 and 

24 hours.  The mean and ±SD of two biological replicates are shown. *P˂0.05, **P˂0.01, ***P˂0.001 

compared with the unstimulated control marked as 0. 

Intriguingly, we found temporal differences in RNAPII binding between pri-miR-155 and 

pri-miR-147-linked enhancers. Pri-miR-155-associated enhancers indicated rapid 

RNAPII p-S2 and p-S5 recruitment after 1 hour of LPS treatment (Figure 46), while pri-

miR-147-linked enhancers were associated with a delayed RNAPII recruitment 

peaking at 6 hours (Figure 47). Taken together, our findings indicate that p65-

dependent and independent processes equally contribute to the control of 

inflammatory pri-miRNA gene/enhancer signature. Interestingly, H3K4m1 enrichment 

and LPS-induced PU.1 binding do not show major differences between the selected 
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p65low and p65high enhancers but chromatin accessibility, H3K27Ac enrichment, p300 

and RNAPII-binding are positively correlated with the strength of p65 and JunB-binding 

at the LPS-induced pri-miRNAs-associated enhancers. Finally, the temporal kinetics 

of RNAPII binding following LPS exposure shows pri-miRNA locus specificity. 

 

6.3.6. Genome architectural context of inflammation-induced pri-miR-155 

expression             

 

Mapping of the pri-miR-155-associated, LPS-responsive enhancers showed that these 

enhancers are located far away (between -54 and -116 Kb) from the TSS of pri-miR-

155-coding genomic region. Thus, we wanted to examine whether these distal 

regulatory elements are located in close spatial proximity to the TSS of pri-miR-155 

gene following inflammatory stimulus. To investigate the basal and LPS-induced 

chromatin interactions, we performed 3C-seq using bait in the region of the most 

upstream LPS-activated enhancer located -116 Kb from the TSS of miRNA gene in the 

predicted sub-TAD. We could identfy both constitutive and LPS-induced interactions 

within the sub-TAD of pri-miR-155 (Figure 48). Permanent interaction was detected 

between the TSS of pri-miR-155 and the -116Kb enhancer (Figure 48; red arrow). 

Furtherrmore, LPS-triggered interactions were observed between pri-miR-155_-116 

Kb and other LPS-activated enhancers within the sub-TAD (Figure 48; blue arrows). 

Collectively, our results indicate that (i) the identified inflammation activated enhancers 

interact with each other and the TSS of pri-miR-155; (ii) the architecture of pri-miR-

155-linked sub-TAD undergoes inflammation-mediated spatial reorganization in 

mouse macrophages.    
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Figure 48. Basal and inflammation-induced chromatin interactions between the LPS-activated 

enhancers and the TSS of pri-miR155 within the miR-155-associated sub-TAD   

Genome browser view of the pri-miR-155 locus containing proximal interacting regions of the intergenic 

bait in LPS-stimulated and unstimulated mouse BMDMs as well as loop predictions generated based 

on CTCF/RAD21-cobound regions. Asterisks show the site of the specific bait. GRO-seq and ChIP-seq 

for the indicated factors are shown. Green arrowheads and gray dashed lines indicate the predicted 

domain borders.  
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7. Discussion 

 

The functional diversity and plasitcity of macrophages are largely dependent on the 

microenvironmental signals including inflammatory mediators, cytokines and lipids 

both in physiological and pathological conditions [4, 272, 273]. In the last decade, many 

microenvironmental signals-induced molecular and epigenetic mechanisms including 

SRTF-mediated transcriptional activation or miRNA-mediated post-transcriptional 

repression have been intensively characterized in macrophages [75, 274, 275]. 

However, many issues remain unanswered in connection with macrophage 

polarization signals-activated transcriptional and post-transcriptional regulatory 

mechanisms. On the one hand, large gene sets are repressed by macrophage 

polarization signals but the mechanisms of SRTF activation-dependent repression is 

largely unknown [42, 44, 54]. On the other hand, although the biological functions of 

macrophage polarization signals-responsive miRNAs are well studied, their 

transcriptional regulation remians poorly understood. In our work, we identified the 

novel transcriptional repressor activity of IL-4-activated STAT6 transcription factor and 

characterized the transcriptional regulation of IL-4 and LPS-responsive miRNAs using 

the combination of NGS-based genomic approaches.     

The application of global transcriptome analyses have limitations in the ability to 

analyze macrophage polarization signals-induced repression and to separate primary 

repressive events from subsequent ones. Global assessment of nascent RNA 

expression provided a novel opportunity to detect primary transcriptional changes. It 

has been demonstrated, that sequencing of subcellular RNA fractions reveal reduced 

expression of several nascent RNAs following only 30 minutes of lipid A stimulation in 

macrophages [117]. LPS-dependent reduction of enhancer activity has been also 

observed at several super enhancers in mouse macrophages. These LPS-repressed 

super enhancers are associted with different key master transcription factor 

composition including lower p65 binding compared to the LPS-activated super 

enhancers [118]. In addition, TNFα-dependent reduction of enhancer activity is also 

observed in adipocytes in the absence of p65 binding [276].  These findings suggest 

the general role of transcriptional repression in different cell types following 

inflammatory stimuli but its exact molecular background remains largely obscure. In 

our work, we show that IL-4 can also induce the transcriptional repression of large set 

of genes during alternative macrophage polarization. In contrast with the inflammatory 

signals-induced repression, IL-4-activated STAT6 transcription factor binding is 

detected at the IL-4-repressed enhancers suggesting that direct STAT6-mediated 

repression also contributes to alternative macrophage polarization.           

The comprehensive analysis of STAT6-mediated direct transcriptional regulation 

shows that repressed enhancers are associated with lower STAT6 occupancy and 

underrepresented STAT6 de novo motif enrichment compared to activated enhancers. 

These findings suggest that IL-4-activated STAT6 acts as a transcriptional repressor 

either (i) by recognizing non-canonical STAT6-binding motif or (ii) without direct DNA 
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binding. Interestingly, both mechanisms of SRTF-mediated transcriptional repression 

are known in macrophage biology. Specific NF-κB-binding motif can be found in the 

promoter regions of tolerogenic inflammation responsive genes controling the LPS 

tolerance by binding of p50-NCoR-HDAC3 repressosome complex [277]. The SRTF-

mediated, direct DNA binding-independent transcriptional repression is also described 

in macrophages. The SUMOylated lipid sensing nuclear receptors including PPARs 

and LXRs can reduce the activity of inflammatory SDTFs through transrepression, 

carried out by direct protein-protein interactions without direct DNA binding [109, 278, 

279]. In case of IL-4/STAT6 signaling pathway-mediated transcriptional repression, it 

remains to be investigated which mechanisms contribute in these process. In addition, 

if STAT6 binding to the DNA is indirect, which DNA-bound factor interacts with STAT6. 

Although, our de novo motif analysis suggests that PU.1 and CEBPA are the most 

likely candidates but both LDTF binding also attenuated at STAT6-repressed 

enhancers. Thus this requires further investigations.  

As far as the molecular mechanism of the repressor activity is concerned, STAT6-

mediated repression appears to be distinct from the above mentioned repressive 

mechanisms in this regard as well. Histone acetylation and gene expression tightly 

depend on HAT:HDAC ratio [243]. Several studies demonstrated that the HDACs-

containing co-repressor complexes play important role in the limitation of 

transcriptional activation by cytokine-activated STAT proteins [245-247, 280]. In 

addition, it is also described that STAT5 plays dual role in the regulation of 

megakaryocyte differentiation. The tyrosine-unphosporylated STAT5 colocalizes with 

DNA-bound CTCFs and represses the megakaryocytic transcription program while 

trombopoietin-induced phosphorylation of STAT5 leads to its genomic redistribution 

and activation of megakaryocyte differentiation program [281]. However, these 

observations do not explain the molecular mechanisms of STAT6-mediated direct 

transcriptional repression following IL-4 activation. Our ChIP-seq studies show 

reduced p300 binding at the IL-4/STAT6 signaling pathway-repressed enhancers in IL-

4-stimulated macrophages, exhibiting the potential role of attenuated p300 binding in 

the STAT6 transcription factor-mediated direct transcriptional repression. Furthermore, 

we also show that all classical HDACs including HDAC1, 2 and 3 were already bound 

at STAT6-repressed enhancers in the absence of IL-4 but their occupancies are not 

influenced by IL-4 stimulation. In spite of all these, we found that the distinct subset of 

IL-4-repressed genes are regulated HDAC3-dependent manner by IL-4/STAT6 

signaling pathway. Although, the molecular basis of IL-4/STAT6 signaling pathway-

enhanced HDAC3 activity is not konwn in alternatively polarized macrophages but 

several studies rasie the potential role of post-translational modifications and or 

allosteric regulators in the modulation of histone deacteylase activity of different 

HDACs [282-284]. The mechanistic background of both enhanced HDAC3 activity and 

non-HDAC3-dependent repression remain to be identified.   

In spite of the well characterized functional participation of miRNA-mediated post-

transcriptional repression in macrophage polarization, the molecular bases of 

polarization signals-dependent transcriptional and/or post-transcriptional regulation of 
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miRNA expression are less investigated. The novel NGS-based methods such as 

GRO-seq, ChIP-seq and ATAC-seq may provide useful tool for the precise 

identification of pri-miRNA-coding genes and their regulatory regions. Furthermore, the 

combination of these techniques with miRNA expression profiling methods may 

contribute to the better understanding of transcriptional regulation of macrophage 

polarization signals responsive miRNAs (Figure 49). ChIP-seq-based identification of 

active pri-miRNA promoter regions has been published in some studies using active 

promoter mark H3K4m3 and RNAPII-specific ChIP-seq data sets [265, 266, 285, 286].   

 

Figure 49. Schematic representation of the experimental and bioinformatic approaches for the 

investigation of transcriptional regulation of inflammatory responsive miRNAs  

Flowchart showing genomics and bioinformatics pipeline utilized in the characterization of 

transcriptionally-regulated LPS-responsive miRNAs in mouse macrophages. 

In addition, the recently developed FANTOM5 miRNA expression and promoter atlas 

contains the large amount of genomic information about human and mouse miRNA 

promoters [287]. Nevertheless, the TSSs of some LPS-responsive miRNAs including 
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miR-221/222 polycistron and miR-146a are unidentified. Here we identified the exact 

genomic location of TSSs of both primary transcripts using GRO-seq and H3K4m3-

specific ChIP-seq data sets from mouse BMDMs. Our analysis also shows that the 

LPS-repressed miR-30c-1 has macrophage-specific promoter region/TSS which is 

located more than 10 Kb from the previously published TSS by FANTOM5. The intronic 

miRNAs and their host genes are often coregulated but the recent studies show that 

several intronic miRNAs are regulated by their own promoter independently from their 

host genes [288-290]. Interestingly, we could not identify own H3K4m3 and divergent 

nascent RNA transcription positive promoters for the LPS-responsive intronic miRNAs 

and the IL-4-induced intronic miR-342-3p suggesting their coordinated regulation with 

their host genes. Indeed, we observed the IL-4-induced coregulation of miR-342-3p 

and its host gene EVL in both human and mice.           

Compared to the inflammation responsive protein-coding genes, the involvement of 

distal regulatory elements is less understood in the transcriptional control of 

inflammatory miRNAs in macrophages. Here we show that the pri-miRNA-coding 

regions of both transcriptionally repressed and activated LPS-responsive miRNAs are 

located with H3K4m1 and eRNA positive enhancers in same sub-TADs. H3K27Ac 

enrichment and eRNA expression at pri-miRNA genes-associated enhancers are 

regulated similarly to the pri-miRNAs/mature miRNAs by LPS. Based on LPS-activated 

SRTF NFkB-p65 binding, the LPS activated pri-miRNAs-linked enhancers was could 

be further divided into two sub-classes including NFkB-p65high and NFkB-p65low 

enhancers, which were associated with different epigenetic and functional properties. 

In addition, the LPS-repressed pri-miRNA-linked enhancers were associated with 

weak NFkB-p65 binding as previously described [118]. Taken together, these findings 

raised the possibility of the functional connection between these distal regulatory 

regions and the LPS-dependent regulation of pri-miRNA expression. 

We selected the LPS-responsive miR-155 for further investigation of the interaction of 

distal enhancers and pri-mR-155-linked promoter region. MiR-155 is one of the well-

studied inflammatory miRNAs with conserved immunomodulatory role in many cell 

types in response to inflammatory signals by limiting the pro-inflammatory gene 

expression program [167, 171, 173, 264, 291]. By combining GRO-seq and H3K4m1 

ChIP-seq data, we identified 11 LPS-activated enhancers associated with the miR-155 

gene, which clustered into enhancer clusters (super-enhancers). Interestingly, a similar 

miR-155-associated enhancer cluster was observed in TNFα-stimulated human 

HUVEC cells [292]. Our 3C-seq analysis indicated the LPS-induced reorganization of 

the miR-155-coding genomic locus and formation of interactions between the activated 

enhancer clusters, the sub-TAD border and the TSS of pri-miR-155. These findings 

suggest that transcriptional induction of miR-155 expression following inflammatory 

stimuli involves the activation of miR-155 gene-associated distal regulatory regions 

and the extensive rearrangement of chromosome structure around the pri-miR-155-

coding genomic region (Figure 50).     
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Figure 50. Schematic representation of the proposed mechanism of LPS-induced pri-miR-155 

transcription in mouse macrophages 

Similarly to LPS-activated miR-155, the alternative macrophage polarization signal IL-

4-induced miR-342-3p is also regulated directly by SRTF. Our findings show that IL-4-

activated SRTF Stat6-binding is observed at an adjacent genomic region of miR-342 

host gene Evl in mouse and human macrophages (+4 Kb and -4 Kb in mouse; +0.3 Kb 

in human).  In addition, both IL-4-induced Evl and miR-342-3p expression were 

completely STAT6-dependent in mouse BMDMs suggesting that Evl and miR-342 are 

direct targets of IL-4/STAT6 signaling pathway in both human and murine alternative 

macrophage activation. Interestingly, increased expression of miR-342-5p (derived 

from the 5’ strand of pre-miR-342 miRNA precursor) in inflammatory macrophages has 

been linked to the formation of atherosclerotic lesions and INFγ-induced miR-342-5p 

contributes to broad cell-intrinsic antiviral response via the regulation of sterol pathway 

[293, 294]. These results suggest that both pri-miRNA expression and miRNA strand 

selection may be regulated differently in macrophages by external stimuli.  

Alternatively polarized macrophages are required for effective protection against 

different nematode infections reducing parasite number and inhibiting nematode-

induced tissue damage [295, 296]. However, nematode infection-induced Th2-type 

inflammation can also influence the immune response against other pathogens and 

the prevalence of autoimmune or inflammatory diseases [193, 296, 297]. Therefore, a 

better understanding of the potential interactions between Th2 and Th1-type 

inflammation-activated signaling pathways has a great importance in macrophage 

biology and also in immune-inflammatory pathologies. It has been previously published 

that the IL-4/STAT6 signaling pathway can suppress M1-polarization signal-activated 

genes in macrophages in vitro mainly through the competition between STAT6 and 

inflammatory signal-activated transcription factors for binding at the same regulatory 
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regions [49, 298-301]. The common feature of these studies is the application of IL-4 

and INFγ/LPS co-treatment or short (15-30 minutes) IL-4 pre-treatment examining the 

potential interactions between simultaneous M1 and M2 polarization signals [49, 298-

301]. It has also been shown recently with IL-4 and IFNγ co-stimulation-based in vitro 

modeling of complex immunological microenvironment that the IFNγ-induced 

transcriptional activation via auxiliary transcription factors including AP-1 and CEBPβ 

is attenuated by IL-4, while the STAT1 and IRF1 transcription factors-mediated effects 

of IFNγ are resistant to IL-4-mediated inhibition in mouse macrophages [302]. Our 

findings provide evidence that IL-4/STAT6 signaling pathway induces epigenetic 

changes that persist following the release of STAT6 from the DNA, leading to 

attenuated activation of inflammatory enhancers (Figure 51).  

 

Figure 51. Schematic representation of the proposed mechanism and biological consequence of 

the IL-4/STAT6 signaling pathway-mediated direct repression at the specific subset of 

inflammation responsive enhancers in macrophages 

The consequence of IL-4 priming-induced repression of inflammatory enhancers is the 

decreased responsiveness to inflammatory signals via diminished basal and LPS-

induced expression of key components of Toll-like and Nod-like receptor signaling 

pathways including TLR2 or NLRP3. In addition, the majority of IL-4/STAT6-repressed 

genes including Tlr2 and Nlrp3 show diminished expression in macrophages derived 

from Brugia malayii-implanted mice compared to thioglycollate-elicited macrophages. 

This formally suggests that alternative polarization likely induces partial desensitization 
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of macrophages to further inflammatory signals in vivo. Accordingly, M2-type 

macrophages have been shown to protect mice against chemically-induced colitis 

[303-305]. In addition, a growing body of evidence indicates that clinically controlled 

helminth infection is able to ameliorate inflammatory bowel disease (IBD) [305]. 

Several IL-4-repressed genes including Tlr2 and Nlrp3 are associated with a regulatory 

role in the development of chronic intestinal inflammation. Tlr2 controls mucosal 

inflammation and plays protective role against DSS-induced colitis in mice [306]. In 

contrast, the role of Nlrp3 is currently controversial in different murine colitis models 

[307, 308].  

Pathogen infections and inflammation induce rapid macrophage accumulation locally 

at the site of infection or tissue damage [272]. The general paradigm of macrophage 

accumulation is that the circulating monocytes are recruited to sites of inflammation 

and differentiate into macrophages [309, 310] but the rapid proliferation of resident 

macrophages were also observed in adipose tissue  of obese  animals or 

atherosclerotic lesions [311, 312]. Furthermore, local IL-4-induced macrophage 

proliferation was detected following nematode infections in mice [190]. Some miRNAs 

associated with anti-proliferative or pro-apoptotic properties in immune or cancer cells, 

which are able to function as a negative-feedback mechanism controlling local cell 

proliferation. Specifically, E2F1 transcription factor can facilitates cell cycle progression 

but also induces apoptotic cell death via up-regulating pro-apoptotic miR-449a/b 

expression [313]. In addition, nematode infection-induced Th2-type inflammation leads 

to the local macrophage proliferation and enhanced anti-proliferative miR-378 

expression simultaneously indicating a complex regulation of in situ macrophage 

proliferation [177]. MiR-342-3p also associated with anti-proliferative and pro-apoptotic 

role in breast and colorectal cancer cells [253, 255, 257]. We observed elevated miR-

342-3p expression in parallel with local macrophage proliferation at the early stage of 

B. malayi-induced in vivo alternative macrophage polarization suggesting a potential 

role of miR-342-3p in the control of local viable macrophage number [177]. Indeed, our 

in vitro functional studies confirmed that miR-342-3p over-expression diminished viable 

macrophage number trough induction of apoptosis. Furthermore, the miR-342-3p-

repressed anti-apoptotic gene network was identified with well known inhibitors of 

apoptosis including Birc6, Xiap, Api5 and Bcl2l1 in RAW 264.7 macrophages using a 

combination of in silico target prediction algorithms and miRNA-mimics experiments. 

Finally, we provided evidence that Bcl2l1 is directly repressed by miR-342-3p. These 

results raise the possibility that the IL-4-induced miR-342-3p plays a central role in the 

regulation of macrophage cell number via induction of apoptosis as a potent negative 

feedback regulator. Thus, the IL-4-mediated proliferative response of macrophages 

might be controlled by the simultaneous induction of counteracting cellular processes, 

generating an endogenous limit of macrophage abundance. The suggested dual role 

of IL-4 is further supported by the previously decribed observation that IL-4 is capable 

of sensitizing macrophages to rapamycin-induced apoptosis [314]. Interestingly, 

increased expression of miR-342-3p in the liver is associated with the enhanced 

macrophage apoptosis in malaria-infected mice [315, 316]. These results suggest the 
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tight connection between macrophage apoptosis and Th2-type inflammation-

dependent induction of miR-342-3p expression. 
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8. Summary 
 

The complex molecular microenvironment tightly determines the phenotypic and 

functional features of macrophages in different physiological and pathological 

conditions. The macrophage exposure to different polarization signals including 

cytokines and pathogen-derived molecules leads to the activation of signal specific 

gene expression program via SRTFs. Our systematic genome-wide analysis revealed 

that the alternative macrophage polarization signal IL-4 represses large gene set at 

the transcriptional level. IL-4-activated STAT6 binds the repressed genes-linked distal 

regulatory elements. The STAT6-binding was associated with reduced chromatin 

openess, LDTF, p300 and RNAPII binding as well as decreased eRNA expression. 

These results suggest the IL-4-activated STAT6 transcriptional factor can act as a 

transcriptional repressor in macrophages. In addition, we found that the IL-4/STAT6 

signaling pathway-mediated transcriptional repression diminishes the inflammatory 

responsiveness of macrophages including NLRP3 inflammasome activation, IL-1β 

production and pyroptosis. Taken together, these results suggest that complex 

bidirectional interactions exist between alternative macrophage polarization and 

inflammatory signals that influence the responsiveness and sensitivity of macrophages 

toward microbial-, stress-, and damage-associated endogenous signals.                      

The miRNA-mediated post-transcriptional repression also contributes in the regulation 

of macrophage function. Here, we identified that miR-342-3p and their host gene EVL 

are directly induced in human and mice by IL-4/STAT6 signaling pathway. 

Interestingly, miR-342-3p can reduce macrophage survival via direct targeting of anti-

apoptotic gene pathway including Bcl2l1. These results suggest that IL-4/STAT6 

signaling pathway-induced miR-342-3p potentially participate in the negative feed-

back regulation of IL-4-mediated macrophage proliferation.      

Finally, we characterized the transcriptional regulation of the inflammation responsive 

miRNome including miR-155, miR-147 and miR-223 using an integrated NGS-based 

approach. Here we show that LPS-dependent transcriptional induction of miR-155 

expression is based on an intensive communication between the distal anhancers and 

the pri-miR-155-linked TSS and associated with the reorganization of the pri-miR-155-

coding genomic locus.  
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9. Összefoglalás 
 

A komplex molekuláris mikrokörnyezet szigorúan szabályozza a mkrofágok 

fenotípusos és funkcinális sajátosságait különböző fiziológiás és patológiás 

körülmények között. A makrofágok stimulációja különböző polarizációs szignálokkal, 

köztük citokinekkel és patogén eredetű molekulákkal, a szignálok által aktivált 

transzkripciós faktorokon keresztül a szignálokra specifikus génexpressziós program 

bekapcsolásához vezet. Szisztematikus teljes genom szintű analízis segítségével 

kimutattuk, az alternatív makrofág polarizációs szignálok közé tartozó IL-4 egy nagy 

géncsoport kifejeződését gátolja a transzkripció szintjén. Az IL-4 által aktivált STAT6 

transzkripciós faktor kötődik a gátolt génekhez tartozó ehanszerekhez. Ezeken a 

helyeken a STAT6 kötődés együtt jár a csökkent kromatin nyitottsággal, kisebb LDTF, 

p300 és RNS Polimeráz II kötődéssel, valamint alacsonyabb eRNS kifejeződéssel. 

Ezek az eredmények azt mutatják, hogy az IL-4 által aktivált STAT6 transzkripciós 

faktor képes represszorként működni a makrofágokban. Továbbá megfigyeltük, hogy 

az IL-4/STAT6 szignálútvonal által kiváltott represszió képes csökkenteni a 

makrofágok gyulladásos válaszkészségét, köztük az NLRP3 inflammaszóma 

aktivációt, az IL-1βtermelődést és a piroptózist. Összességében ezek az eredmények 

felvetik egy kétirányú kölcsönhatás lehetőségét az alternatív makrofág polarizáció és 

a gyulladásos szignálok között, amely jelentősen befolyásolhatja a makrofágok 

különböző mikrobiális, stressz és sérülés eredetű szignálokkal szembeni 

érzékenységét és válaszkészségét. 

A miRNS-ek által kiváltott poszt-transzkripciós gátlás szintén hozzájárul a makrofágok 

funkciójának szabályozásához. A munkánk során azonosítottuk, a miR-342-3p-nek és 

EVL gazdagénjének IL-4/STAT6 szignálútvonal által kiváltott közvetlen indukcióját. 

Érdekes módon a miR-342-3p csökkenti a makrofág életképességet közvetlenül 

szabályozva egy a Bcl2l1 gént is magában foglaló antiapoptotikus génhálózatot. Ezek 

az eredmények azt mutatják, hogy IL-4/STAT6 szignálútvonal által indukált miR-342-

3p részt vesz az IL-4 által kiváltott sejtosztódás szabályozásában a folyamat negatív 

regulátoraként.  

Végül feltérképeztük a gyulladásos miRNS-ek, köztük a miR-155, miR-147 és miR-

223 transzkripciós szabályozását egy integrált új-generációs szekvenálás alapú 

megközelítés alkalmazásával. Kimutattuk, hogy a miR-155 kifejeződésének LPS által 

kiváltott aktiválása a pri-miR-155 transzkripciós starthelye és távoli enhenszerei közötti 

intenzív kommunikáción alapszik, amely együtt jár a miR-155-öt kódoló genomi régió 

gyulladásos szignál által kiváltott átrendeződésével.             
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10. New Findings 

 

 IL-4-activated STAT6 transcription factor acts as a transcriptional repressor in 

alternatively polarized macrophages. 

 

 IL-4/STAT6 signaling pathway-repressed enhancers are associated with 

reduced RNAPII, LDTF and p300 binding as well as eRNA expression. 

 

 IL-4 pretreatment attenuates the inflammatory responsiveness in macrophages. 

 

 IL-4 pretreatment limits the LPS-induced NLRP3 inflammasome activation, IL-

1β production and pyroptotic cell death 

 

 IL-4/STAT6 signaling pathway regulates a conserved miRNA signature in 

human and mouse macrophages. 

 

 Mir-342-3p and its host gene EVL are coordinately induced in both human and 

mouse macrophages by IL4. 

 

 EVL is a direct target of STAT6. 

 

 Mir-342-3p regulates macrophage survival through targeting an anti-apoptotic 

gene network including Bcl2l1. 

 

 Integrated, next-generation sequencing-based approach was developed to 

investigate the external signals-mediated transcriptional regulation of miRNA 

expression. 

 

 15 transcriptionally regulated miRNAs were found in LPS-exposed 

macrophages. 

 

 LPS responsive pri-miRNAs are associated with thirty-three activated and 

eleven repressed enhancers. 

 

 Based on LPS-activated p65 (and JunB) binding, two distinct LPS-activated 

enhancer subsets are distinguishable with different functional characteristics. 

 

 The architecture of pri-miR-155-coding genomic region undergoes LPS-

dependent spatial reorganization.   
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