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ABSTRACT

Allergic asthma is associated with airway inflamimatand airway hyper-responsiveness. Macrophage
polarization has been shown to have a profound ¢ta asthma pathogenesis. Upon exposure to local
micro-environments, recruited macrophages can teiped into either classically activated (or M1) o
alternatively activated (or M2) phenotypes. Macragd polarization has been heavily associated with
development of asthma. The process of regulatibmacrophage polarization involves an inteca
interplay between various cytokines, chemokitrasiscriptional factors, and immune-regulatoryscel
Different signals from the microenvironment are tcolhed by different receptors on the macrophages t
initiate various macrophage polarization pathwa4sst importantly, there is an increased attention o
the epigenetic changes (e.g., microRNAs, DNA mettigyh and histone modification) that impact
macrophage functional responses and M1/M2 polaopizaihrough modulating cellular signaling and
signature gene expression. Thus, modulation ofophage phenotypes through molecular intervention
by targeting some of those potential macrophagelasgy's may have therapeutic potential in the
treatment of allergic asthma and other allergieaées. In this review, we will discuss the oridin o
macrophages, characterization of macrophages, plzage polarization in asthma, and the underlying
mechanisms regarding allergen-induced macrophalgeizagion with emphasis on the regulation of

epigenetics, which will provide new insights ink@ttherapeutic strategy for asthma.



INTRODUCTION

Allergic disease prevalence has increased significin recent decadésThe majority of school age
children and adults with asthma have concomitdetgt sensitization, which has been associateld wit
asthma inception and sevefityn the United States, children living in innetydhouseholds are exposed
to higher levels of certain allergens (e.g., coakig house dust mite, and mouse) than those liking
suburban homé&s. The indoor environmental allergens are of paldicinterest in the study of
determinants of allergic diseases because of aunstposure during early childhood and the poténtia
for interventiofi. However, the causal relationship between indizidliergen exposure and the
development of these conditions is currently nat-established. This may be due primarily to the
complexity of interactions between various enviremtal factors, the timing and dose of exposure, and

innate immune cells

Macrophages are the most abundant immune celteituhg (approximately 70% of the
immune cells)and play an important role in environmental akergnduced airway inflammation in
asthm& °. Although it is still unclear as to the originlahg macrophages, recent studies suggest that
these macrophages developed from either differtamtiaf blood monocytes or the proliferation of
resident macrophag@sFurthermore, macrophages are an extremely heteeoys population,
displaying a combination of inflammatory and amfiammatory functions. The two extremes in the
spectrum of macrophage function are representedebglassically activated (or M1) and the
alternatively activated (or M2) phenotypesvil macrophages, induced by IFNand
lipopolysaccharide (LPS), upregulate the expressfayenes involved with the clearance of pathogens
and drive inflammation in response to intracellyathogens. In contrast, M2 macrophages, induced by
interleukin (IL)-4 and IL-13, up-regulate the exgsen of genes involved with wound healing,
clearance of dead and dying cells and tissuesaenhvolved in anti-inflammatory respon§es.

These two macrophage states mirror the Th1-Th2igation of T celld®**%/ |ncreased M2



macrophage polarization and activation was observadthma, which has been suggested to play an
important role in allergic asthrifa®. Therefore, a better understanding of the moleaukchanisms
regulating macrophage polarization is essentiahiterstand the causal relationship between allergen

exposure and development of allergic diseasesabkiema.

Numerous studies have summarized the regulatiomacfophage polarization by various
cytokines, chemokines and transcriptional faéfés1n this review, we will mainly discuss the
advanced concepts of epigenetic changes involvédtihe macrophage polarization, including
miRNAs, DNA methylation and histone modificationhish may regulate macrophage polarization
through modulating cellular signaling and signatyeee expression. These studies on the modulation o
macrophage polarization are critical to better usidad the macrophage-mediated clearance of

pathogens and innate immunity, and in developiegttment for asthma.
ORIGIN OF MACROPHAGES

Innate immunity comprises a number of componerdsiding the skin, enzymes, phagocytes and even
the micro-biom#&. Among the phagocytes, macrophages are the mféata cells of the innate

immunity.

History of macrophages: Macrophage was first described by Elie Metchrikofl893. In his

experiments, ‘phagocytes’ attacking and engulflmgrnicrobes were observed in starfish challenged by
a rose thorfl. He classified these phagocytes into macrophéatesfig eaters”) and microphages (“the
small eaters”, now better known as neutrophilsjs Téd to development of theory of phagocyttsis

The next landmark came in 1924 when Aschoff defimadrophages as a part of the reticulo-
endothelial system (RES) RES was defined as a network of phagocytic ¢edtsculum) in various
organs which was present in the vicinity of vasceladothelium (endothelial). It was postulated that

macrophages originated from the RES and residédnntite parent tissue. This finding was challenged



in 1968 when Van Furtat al formulated the mononuclear phagocyte system, dowpto which all
macrophages were derived from terminal differeiatiaof circulating monocyté& The blood

monocyte derivation of macrophages was confirmedthgrs in different parts of the world at that
time®*32 This theory held true until recently when thelcarégin of tissue macrophages was identified:
macrophages developed from differentiation of dattag monocytes and are derivatives of primitive
macrophages which were seen in embryonal yolk sadetal livef®. Seeding of tissues with these
primitive macrophages occurred before birth ingh@ryonal period where they proliferated to form th

resident tissue macrophage population.

Lung macrophages: Lung macrophages include a heterogeneous populatimononuclear phagocytes
which are classified into two main categories: alaemacrophages and interstitial macroph¥t&s
Alveolar macrophages consist of airway macrophagesmacrophages which truly reside in the
alveoli: both these populations of cells are thaugtarise from similar progenitor cellsAlveolar
macrophages reside on the epithelial surface ditigg and in contrast to other resident macropfage
they are in direct contact with the environmeng.(eallergens, particulate matter, and commensal
bacteria)’. Embryonically derived fetal monocytes appeardimgize the lung shortly after birth and
differentiate into alveolar macrophageslveolar macrophages normally live independenfiplood
monocyte input. However, if alveolar macrophagesdamaged or depleted, monocytes recruited from
the circulation become the dominant source of newrophage$=and contribute to re-populate the
alveolar macrophage niche, where both tissue-resaleeolar macrophages (TR-AMs) and monocyte-
derived alveolar macrophages (Mo-AMs) contributesfmopulation Eigure 1)*. Interestingly, using a
novel lineage tracing system in mice to identify-ARIs and Mo-AMs during the development of
fibrosis and over the subsequent life span of thmal, Misharinet al showed that Mo-AMs drive lung
fibrosis and persist in the lung over the life spafihese results suggest heterogeneity in alveolar

macrophage function during fibrosis with importanplications for the design of targeted therapy. In



contrast, interstitial macrophages are the macmgghavhich reside in the interstitium and are les w
studied when compared to alveolar macrophages.nkstiglies have challenged the current paradigm
that interstitial macrophages (IMs) are one unifaeti populatiof’. Three subpopulations were
identified, including IM1 (MHCIPCD206"™"), IM2 (MHCII*CD206""), and IM3
(MHCII""CD206°CCRZ). Limited studies suggest that the major functibmterstitial macrophages

is to maintain immune homeostasis in the respiyatact and induce immune tolerance to benign

antigen&’.

Functionally, alveolar macrophages are the majec#dr cells of immune responses and take
part in pro and anti-inflammatory functions. Ineajic asthma, after allergen exposure, there isirap
recruitment of monocytes and increase in Mo-AMg firamote acute inflammatory responses, while
TR-AMs proliferate locally and suppress allergiiammation Figure 1)°#4* It was suggested that
these Mo-AMs fight the perceived danger signalsmfadlergen challenge by promoting an
inflammatory responses and subsequent expanssuppfessive TR-AMs to restore homeostasis.
While it is still as yet unclear about the polatiaa of either TR-AMs or Mo-AMs and their influence
on asthma phenotypes, the newly established lingageg system will provide a unique opportunity t

trace macrophage polarization and determine thaition in asthma in the future.
MACROPHAGE POLARIZATION IN ASTHMA

Macrophage polarization is defined as a dynamicgs® by which a macrophage expresses different
functional phenotypes in response to different menvironmental sign&id Upon exposure to
pathogens, the microenvironment in the tissuet&ed which leads to the polarization of macropbage
As summarized ifrigure 2, we hypothesize that allergen exposure (i.e. azH#tr allergen) activates
lung epithelial cells and innate immune cells toduce a variety of cytokines, which not only retrui

blood monocytes to lung tissues but also direch@ry macrophage polarization into different subsype



with different roles in asthma. These macrophadmypes differ in their stimulators, cell surface

markers, and cytokine/chemokine secretions.
Classically (M 1) activated macrophages and asthma

LPS, IFN«, and granulocyte-macrophage colony-stimulatingpiaGM-CSF) are potent stimulators

for the polarization of macrophages into the M1muitgpe>*® Recent studies suggest that oxidized low
density lipoprotein (ox-LDLY, high-mobility group box 1 (HMGB1) proteff) and caveolin-1 (Cav-1)
are also involved in M1 macrophage polarizatioRhenotypically, M1 macrophages highly express
CDB80, CD86, MHCII, TLR4, and INOS, and produce hig¥els of pro-inflammatory Th1 cytokines
(e.g., IL-6, IL-12, IL-13, and TNFe) and chemokines (e.g., CCL2, CCL5), which playedpminant

role in the clearance of intracellular pathogens @cruitment and activation of T and B cells.
Macrophages are increased in allergic and nongatl@sthma. In light of macrophage polarization,
attempts were made to identify a predominant phgoin either allergic or non-allergic asthma. A
very interesting study was performed by Robba. to identify the M1 or M2 cells in two distinct
mouse models: house dust mite (HDM) induced alblemgbuse model and farm dust extract (FDE)
induced non-allergic mouse motfelntriguingly, the FDE model showed M1 polarizatiwith

increased expression of Thl and Th17 cells, wheheaklDM model showed M2 polarization with a
predominant Th2 cell response. This raises theilpbsthat M1 cells are the major effector
macrophages in non-allergic asthma whereas M2 pedldominate in allergic asthma. Furthermore, M1
macrophages have been linked with the pathophypradb severe asthma, particularly for those with a

poor response to systemic corticosterdids
Alternatively (M 2) activated macrophages and asthma

In contrast to M1 macrophages that are activateldFNyy and LPS, M2 macrophages are induced by

IL-4, IL-13 or IL-10. Further studies demonstratbdt M2-polarized macrophages can be further



divided into three subpopulations, M2a, M2b, andcM&cording to specific stimulatorsigure 2)*"°2

The M2a subtype is induced by IL-4, IL-13, fungatdelminthic infections. M2b is elicited by-1
receptor ligands, immune complexes and LPS, edseM2c is stimulated by IL- 10, T@F and
glucocorticoids. Similarly, there is no unique suwé marker for the identification of M2 macrophages
Phenotypically, they are characterized by high esgion of MRC1, CD163, Arg-1 and low expression
of INOS, MHCII and CD88*** Recent studies found that both histamine receptofHRH1) and E-
cadherin, highly expressed on M2 macrophagesiotitro and in bronchoalveolar lavage fluid
(BALF) of asthmatic patients, may be additional kess for M2 macrophagt&s M2 macrophages, in
general, also express Ym1/2 (chitinase like proteiml FIZZ1 (resistin like molecule alpAaj®
Characteristically, M2a cells secrete high levéld el3 and chemokines, including CCL-17, CCL-18,
CCL-22 and CCL-24, which activate Th2 cells andypote eosinophil infiltration into the lungs®®

M2c cells have greater expression of IL-10, an-enfitammatory cytokine, but lower expression of NF-

«p and co-stimulator molecules including CD40, CD&6qd HLA-DR®.

Given that both IL-4 and IL-13 are major inducef$/@ macrophage polarization, M2 cells are
suggested to be the major macrophages in allesgiicrea. Furthermore, IL-33 has been recently
suggested to be a potent inducer of M2 macropfiatfesn particular, IL-33 released from airway
epithelial cells after antigen challenge can mowuld2 macrophage polarization through &T2
Intriguingly, ST2 also contains binding sites foe tother cytokine IL-4, IL-5, and IL-13 and the
chemokine CCL-17, CCL-18 and CCL%24?2 In addition, eosinophils, innate lymphoid typ@d[2C2),
CD4'CD25' regulatory (Treg) cells and mesenchymal stem ¢BIBCs) were recently reported to be
major regulatory cells in driving the polarizatiohM2 macrophag&d®’. Recently, Girodet and
colleagues provided evidence to support a directribution of M2 macrophages in allergic airway
responses and the pathogenesis of asthiRarticularly, they found that M2 macrophages were

significantly increased with higher expression offboMRC1 and MHC-II in BALFs from patients with



asthma when compared with healthy control subje@® fold). These data point to a potentially
important role for M2 macrophages in asthma, aratrmpacologic interventions that target M2
development and function might be a promising aagindn asthma therapy and synergistic with current

asthma therapies.

Although the current M1/M2 paradigm with its polaril extremes is oversimplification, this
vitro construction provides a useful guide for studymgrophage biologyn vivo. Moreover, both M1
and M2 macrophages do existvivo. However, there are obvious limitations, e.g.crophages placed
into culture may no longer resemble these whicktexiivo, existence of an intermediate stage of
macrophages that bridges the M1/M2 extremes. Rlgcaetveral other methods were suggested to
delineate macrophage phenotypes. For example, gamacrophages according to the stimuli they
encounter [e.g., M(IL-4), M(LPS)], according to witlaey do in their natural habitats (e.g., pruning
macrophages, thermos-regulating macrophages)cording to their function which similar to Th1l,
Th2 or Th17. However, all of these descriptive syst have their limitations. In addition, we wish to
emphasize that polarized M1/M2 macrophages aattagea presenting cells that efficiently activate
Thi, Th2, Th17, or Treg ceffs M1 macrophages cause activation of Th1 cellpriauction of TNk
and IL-12 mediated through CD86 and MHCII markérading to activation of non-allergic
inflammation. Similarly, M2a cells activate Th2 lselia IL-4 and IL-13 production mediated by CCL17
and MRC1, leading to development of allergic asthii2b cells activate Treg cells via IL-10 and
TGH3 production mediated by CCL24 and MRC1, leadinddgelopment of allergic tolerance and

deceased inflammation.
REGULATION OF MACROPHAGE POLARIZATION

The process of regulation of macrophage polaomais a complex interplay between various

cytokines, chemokines, and signaling molecufegur e 3). Studies have revealed that different signals



from the microenvironment are controlled by differeeceptors on the macrophages to initiate various

macrophage polarization pathways.

Polarization of macrophagesto M1 phenotype: The LPS/TLR4 pathway has been considered as one of
the major pathways in M1 macrophage polariz&fidfor example, The LPS/TLR4 pathway activates
NF-kB, interferon regulatory factor 3 (IRF3) and proe®the secretion of pro-inflammatory cytokines
(e.g., IL-6, TNFe, and iNOS), inducing M1 polarizatidh This was supported by studies showing that
the LPS/TLR4 pathway induced M1 polarization bynaattng STAT1 in a MyD88 independent

fashiorl®. Additionally, IRF5 is also critical for M1 polastion and the induction of IL-12, IL-23 and
TNF%. A role for Bruton’s tyrosine kinase (Btk) was iligated in macrophage polarization in response
to LPS stimulatioff. Specifically, absence of Btk was shown to skewnmahages towards the M2
phenotype. Several other molecules are also indoineluding P2Y(2)R, G-protein coupled receptor,
which plays a role in inducing the production dfisioxide (NO) via INOS, SOCS3, which activates

NF-xB/PI-3 kinase pathways to produce ROand Activin A, which down-regulates IL-10

Polarization of macrophagesto M2 phenotype: IL-4 and IL-13 skew macrophages toward the M2
activation state via STAT& Macrophage M2 phenotype is also promoted by sétemscription

factors, including IRF4, peroxisome proliferatotiaated receptor gamma (PPAR "® and Krueppel-

like factor 4 (KLF-4§°. It has been suggested that STAT6, PRARLF-4, and IRF4 may coordinate the
M2 polarization of macrophages. MRC1 has been sigddo mediate allergic sensitization and asthma
to allergens, including cockroach allerg&rfd We found that MRC1 on macrophages tends to gelari

macrophages towards M2 phenotjbe
EPIGENETIC REGULATION OF MACROPHAGE POLARIZATION

It is becoming increasingly clear that epigenetechranisms have a significant role in regulating
macrophage activation and polarization in respams$ecal environmental sigrf4i®> Studies have

focused on the role of epigenetic changes in méage polarization that regulates immune responses
10



and inflammatory gene expression in allergy antraat Epigenetic changes can occur in response to
environmental stimuli, which may impact diseas¢esia Three main epigenetic mechanisms have been
identified, including miRNAs, DNA methylation andstone modification, which may contribute to the

altered cellular signaling and signature gene esgio@ during M1 and M2 polarization.
mMiRNAS

MiRNAs are a class of small and non-coding RNAS tbgulate gene-expression programs by reducing
the translation and stability of target mMRNAs, thegulating gene expression and cell fun&idn

miRNAs have emerged as regulators of phagocyteaittit® " Th2 polarizatioff*® and pathogenic
airway inflammatiof®®°** While miRNA-mediated macrophage polarization tsighly conserved
proces®’, recent studies suggest that miRNAs may havelitligyao control the balance of M1 and M2
macrophage polarization and skew immune respd#fi$ahrough regulating different transcriptional
factors®'% Here, we will specifically review several of th®st intensively studied immune system-
related functional miRNAs that have been shownlay pnportant roles in macrophage polarization and

in the development of allergic diseases and astfihadble 1).

miR-155: Extensive studies have linked miR-155 to the dgwelent of allergic asthm3 ™% Very
recent studies suggested that miR-155 is a critézallator of type 2 innate lymphoid cells (ILEY)
and a novel target in allergic asthiffalnterestingly, studies have shown that miR-158aeced COX-
2 expression in asthmatic human airway smooth reu=ls®. Most interestingly, miR-155 has been
shown to stimulate M1 macrophage polarization aibit M2 macrophage polarizatitii. For
example, miR-155 inhibits STAT6 by targeting IL-18R’ and suppresses T@Smad signaling
pathway by inhibiting Smad?. Studies also showed that miR-155 enhances Mlaphage
polarization by the repression of negative regusatd pro-inflammatory responses including SOE%1
SHIPT*? and BCL&". miR-155 promoted M1 macrophage polarization thtothe expression of

BCL6, a negative transcription factor of the prammatory NF-kB pathway. Akt kinases

11



differentially contribute to macrophage polarizatiovith Aktl ablation giving rise to an M1 and Akt2
ablation resulting in an M2 phenotype. miR-155 fasd to be essential in Akt isoform-dependent
M1/M2 polarization of macrophages by targeting OPEB*. However, it was also noted that miR-155
may act as either “pro-inflammatory” or “anti-inflenatory” miRNA by controlling the balance of M1

and M2 macrophages in some dise¥sg3

miR-146: miR-146a has also been linked to asthma andygté '’ miR-146 has two isoforms, miR-
146a and miR-146b. miR-146a is highly expressdd2macrophages and plays a pivotal role in
macrophage polarization. It was revealed that miBalmodulated macrophage polarization by
targeting Notch1 and PPARwhich are highly expressed in M2 macropha&tfesurthermore, miR-

146a acts as a negative regulator of classical BIHRAK, and TRAF6, which promotes M2
macrophage polarization and suppresses pro-inflaotynaytokine productiol®*# In contrast to
miR-146a, miR-146b is highly expressed in M1 mabegyes and modulates the shaping of macrophage
phenotypes. Mechanistically, miR-146b suppressedth macrophage signature genes by targeting
IRF5™22 Furthermore, miR-146b modulates the TLR4 sigmgfiathway by direct targeting of multiple
elements, including TLR4, MyD88, IRAK-1, and TRAES Most importantly, these studies suggest

that miR-146b may be a molecular effector of ILaki-inflammatory activity.

Let-7c: Let-7c has been reported to promote M2 phenotyqmeitiin targeting p21-activated kinase 1
(PAK1) that is up-regulated in M1 polarized macr. %4 Banerjeeet al found that let — 7c was
highly expressed in M2 macrophages, and over-egjge®f let-7c promoted M2 macrophage but
suppressed M1 polarization via targeting C/EBP Let-7c levels are also greater in alveolar

macrophages from fibrotic lungs as compared witds¢hfrom normal lungs.

miR-21: miR-21 mediates homeostatic M2 macrophage polésizaia CSF-1R signaling. Especially,
the CSF-1R signaling suppresses the M1 inflammaibgnotype and promotes the M2 polarization by

targeting pro-inflammatory molecules Erk1/2 and &F2°. Furthermore, miR-21 has been shown to

12



inhibit the pro-inflammatory tumor suppressor, PT&M programmed cell death protein-4 (PDCD4)
which favor pro-inflammatory response and enablepdrization of macrophag&sThe regulation of
LPS-TLR4 signaling by miR-21 increases IL-10 pradélut which inhibits the transcriptional elongation
of the TNF gené?’. The increased IL-10 promotes the activation dk§ASTAT3 phosphorylation and
subsequently favors M2 macrophage polarizatiorer&stingly, miR-21 is up-regulated in allergic

airway inflammation and regulates IL-12p35 expresS.

miR-511-3p: miR-511-3p, the active strand of miR-511, is ananic miRNA encoded bigoth mouse
and humarMMRC1 genes. miR-511-3p is transcriptionally co-regudatéth Mrcl in macrophages and
regulates the activation of macrophdg®¥® Recent studies suggest that miR-511-3p controls
macrophage-mediated microbial responses and erharestinal inflammatioii®. Studies from our
research group have demonstrated that MRC1 terpisiadze macrophages towards M2 phenotypes
In agreement with these observations, miR-511-3p-expression using miR-511-3p mimic suppressed
M1 with reduced expression bf-1p, IL-6, and NOSand promoted M2 macrophage polarization with
enhanced expression Biizz1, Yml, andArgl. Mechanistically, our studies suggest that the-Bi1R-3p-
modulated macrophage polarization may be throughtaraction with PTGDS (prostaglandin D2
synthase). Other potential targets of miR-511-3ute ROCK2, LTBP1, CCL2 as direct targets, and
TLR4 and C/EBR as indirect targetd=(gure 4). These findings imply that miR-511-3p has an @ftm

macrophage polarization that may control allergetuced inflammatory responses.
DNA methylation

DNA methylation is one of the major epigenetic dagory systems and is generally linked with
transcriptional silencing. DNA methylation occuia DNA methyltransferases (DNMT) which adds
methyl groups to 5’CpG dinycleotides leading todemsation of chromatin and prevention of
transcriptiod®>. DNA methylation has been associated with asttinesltered DNA methylation

status may cause differential gene expressiontokines (e.g., IL-4, IFN)**? and transcription factor
13



(e.g., FOXP3¥3. Early studies in human cohorts have demonstmatemssociation of DNA methylation
in a few candidate genes with asthma phenoty§e&> A study in African American inner-city children
identified 81 differentially methylated regions (Rd) in PBMCs associated with allergic astfitha
Several immune genes were hypomethylated in thetbenatic patients, including 1IL13, RUNXS3, and
TIGIT. However, these studies did not provide emiziefor the role of DNA methylation in the control
of gene expression and macrophage polariz&tidntriguingly, recent studies suggest a significant
association for DNA methylation and differentiapesssion of M1/M2 gené®. DNMT1, 3a and b are
differentially expressed in M1 and M2 macrophages glay a critical role in gene silenciiy

Moreover, DNMT3b knockdown promoted macrophage mdséion to M2 phenotype and suppressed
macrophage inflammation, whereas overexpressing DBivid the opposité®. Mechanistic studies
suggest that DNMT3b regulates macrophage polamizdtirough binding to the methylation region of
PPARy1, a key transcriptional factor that regulates mplaage polarization. Furthermore, treatment
with DNMT inhibitor 5-Aza 2 deoxycytidine (Aza) pnwotes an anti-inflammatory M2 macrophage
phenotype and attenuation of acute lung infjtryThese findings indicate that DNMT3b is crucial in
regulating macrophage polarization through epigemeéchanisms. So far, although there is no study
on DNMT3Db in asthma, we postulate that DNMT3b mayobe of the major genes that are involved in
regulating macrophage polarization and lung inflaatiom in asthma. In addition, several other asthma-
associated genes were reported to be involvedntrabng macrophage polarization by the regulation
of promoter methylation (e.g., galectifi*3 BMP-2*. Thus, it would be of interest to identify these

genes, which may provide a novel strategy for lexgntion and therapy of allergic asthma.
Histone modification

Histone modification refers to the process in whitones may undergo divergent epigenetic changes,
including methylation, acetylation, phosphorylatiabiquitylation and SUMOylation, which could

function as epigenetic markers of chromatin stateetl with either transcriptional activation or

14



repressiofi"®> Distinct histone-modifying enzymes have beeniified that control macrophage
activation and polarization to M1 or M2 phenotygesg., methyltransferases, demethylases,
acetyltransferases and deacetyld3&s)’ Several M2 marker genes, e.g., Ym1 and arginaasel
epigenetically regulated by reciprocal changes3iKBr methylation. Under M2 condition, the
expression of Jmjd3, a H3K27 demethylase, is irm@aleading to a decreased methylation of H3K27
in the promoter of M2 marker gert&$ Aryl hydrocarbon receptor (AhR)-mediated polatiiza has

been associated with the development and resolafisaveral diseases such as bacterial and parasiti
infections®. Most intriguingly, a recent study by Li@bal. suggests an existence of a new regulatory
epigenetic synergism between AhR and IL-4 in matage polarizatiott>. Jmjd3 expression was
increased in M2 macrophages, which could be ingdblity IL-4 neutralizing antibod$’. Importantly,
GSKJ4, a selective and potent Jmjd3 inhibitor, kéatcthe binding of AhR to the promoter of CCL1,
leading to a decreased expression of CCL1. Jmjd3al® shown to be crucial for M2 macrophage
polarization and host responses against helmiréetion*2. Jmjd3-deficient mice exhibit decreased
expression of M2-associated gefféand the inhibition of jmjd3 showed impaired préammatory
macrophage respon&®, showing the importance of Jmjd3 in macrophagenzation and activation.
Interestingly, histone methylations in several prilammatory genes are also associated with
macrophage polarization (e.g., T&f"**%, IL-6'*%. Thus, targeting histone methylations of genes
required for M1 or M2 polarization could be benifias a therapy for multiple inflammatory diseases
Indeed, emodin, a Chinese herb-derived compourtdtivd potential to inhibit inflammation, is
uniquely able to suppress the excessive responmsaabphages to both M1 and M2 stimuli by
inhibiting the removal of H3K27 trimethylation atite addition of H3K27 acetylation, respectivély
Furthermore, ornithine decarboxylase (ODC), the-tiaiting enzyme in polyamine metabolism, is a
regulator of macrophage function. Odc-deficient rmphages had increased H3K4 monomethylation

and H3K9 acetylation, accompanied by decreased HB#@methylation in primary macrophade$

15



In contrast, histone acetylation is the most suithistone modification where acetylation of
lysine residues is achieved by histone acetyltexases (HATS), but deacetylation occurs by histone
deacetylases (HDACS). It appears that HATs areetirto transcriptional activity whereas HDACSs are
associated with transcriptional repres&foithus, imbalance of HATs/HDACs may cause diffeignt
gene expression leading to different diseasesaltera. HDAC activity has been associated with
steroid resistance and severity of asthii&? Moreover, HDAC3 is required for the activation of
hundreds of, mainly STAT-1-dependent, inflammaigepes in M1 macrophages. Macrophages
lacking HDAC3 show an M2-line phenotype in the aifzseof external stimuli and are hyper-responsive
to IL-4, suggesting that HDAC3 may promote M1 amkilit M2 polarization®*. Throughout the
macrophage genome, HDAC3 deacetylates histoneataiégyulatory regions, leading to repression of
many IL-4-regulated genes, which are charactesistidM2 macrophages. Recent studies suggest that
TGHRB transcriptionally downregulates TIMAP (T@G#nhibited membrane-associated protein) through
HDACS3-associated Smad signaling, which is assatiaith TGH-induced macrophage polarization,
suggesting that the strategies targeting the HDABBAP axis might improve TGB-associated
pathological processes in various dise&8eShus, pharmacological blockade of HDAC3 functions
could be of benefit in the treatment of inflammatdiseases. Additionally, the commensal microbe-
derived butyrate, a novel activator of STAT6-meeliatranscription, drives M2 macrophage

polarization through H3K9 acetylatibfi
CONCLUDING REMARKS

Significant progress has been made in identifyireggdrigin, characteristics, and role of macrophages
physiology and pathophysiology over the last fewadkes. However, considering the fact that
macrophages shows significant heterogeneity intfonca great deal of questions still remain un-
answered. For example, although macrophages havedstined as two separate polarization states,

M1 and M2, with inflammatory and anti-inflammatdonctions, these states have been largely defined
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by in vitro studies, and tissue macrophages are possibly sdiatong a continuum between M1 and
M2 statesn vivo with mixed stimuli. Moreover, no specific M1/M2 nkars have been identified for
vitro or in vivo studies and between human and mouse macrophage&ptbn. Furthermore,
macrophages have been widely recognized as exyetigctive therapeutic targets for inflammatory
diseases, and most of the therapies are targeted@bphage markers and their related signaling
pathways. Thus, better understanding of macroptagesity and definition of these cells is essdntia
Most importantly, considerable progress has beatenraunderstanding the underlying mechanisms
associated with the regulation of macrophage pd#an, which involves an intricate network of
various regulatory cytokines, chemokines, transiomal factors, and immune-regulatory cells. Due to
this intricate network of cellular and marker ini@y, it opens up an array of therapeutic targatsife
future to modulate macrophage polarization and imemesponses in asthma. Furthermore, there is an
increased attention on the epigenetic changesrtipaict macrophage functional responses and M1/M2
polarization. Attempts have been made to studgermtic mechanisms and identify epigenetic markers
that regulate macrophage polarization and actimatiasthma. Taken together, modulation of
macrophage polarization through targeting thosetified potential macrophage regulators may have

therapeutic potential in the treatment of allemgthma and other allergic diseases.
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FIGURE LEGENDS

Figure 1. Schematic diagram of repopulation strategies a¢nsphages. During homeostasis, majority
of resident macrophages (i.e., alveolar macrophagesderived from embryonic progenitors with small
contribution from blood monocyte-derived macroptsadg¢owever, after allergen exposure
inflammatory mediators produced by damaged epéheélls or activated resident innate immune cells
cause the influx of blood monocytes, which therfedéntiate and expand in the airway and re-populate
the alveolar macrophage niche, where both tisssidast alveolar macrophages (TR-AMs, suppress
inflammation) and monocyte-derived alveolar maceg@s (Mo-AMs, promote inflammation)

contribute to repopulation.

Figure 2. Schematic diagram of macrophage subtypes. Alleegposure (i.e. cockroach allergen)
activates lung epithelial cells and innate immueksdo produce a variety of cytokines, which direc
specific macrophage polarization subtype. M1 subigpyenerally considered to be pro-inflammatory,
M?2a subtype is induced by IL-4 and IL-13, which argical mediators of allergic inflammation. M2b
and M2c subtypes predominately participate in 8sgmodeling and fibrosis. BV (blood vessel), Mo

(monocyte).

Figure3. Schematic diagram of macrophage activation witmtlest related signaling molecules
involved in M1/M2 macrophage polarization. Lungmpairy macrophages are different into M1 and M2
phenotypes after exposed to allergens, pollutanis infections, which are regulated by signaling
molecules (box), respectively. M1 and M2 macropkggay distinct roles in inflammation and tissue

remodeling by secreting different inflammatory nadrs.

Figure 4. Schematic diagram of miR-511-3p in macrophagerjzaiion. miR-511-3p is an intronic
mMiRNA encoded byMRC1 gene. miR-511-3p is transcriptionally co-regulateth Mrcl in

macrophages. miR-511-3p can regulate macrophdgezation into M1 or M2 by binding its direct
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(e.qg.,PTGDS LTBP1, ROCK, and CCL2) or indirect (e.gJLR4) target genes. AGO (argonaute),
PTGDS (prostaglandin D2 synthase), PGD2 (prostdgiab?), LTBP1 (latent-transforming growth
factor beta-binding protein 1), ROCK (Rho-assodaimtein kinase), CCL2 (C-C motif chemokine

ligand 2), TLR4 (Toll-like receptor 4).
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