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Abstract

Background: Macrophages are heterogenous phagocytic cells with an important role in the innate immunity. They
are, also, significant contributors in the adaptive immune system. Macrophages are the most abundant immune cells
in the lung during allergic asthma, which is the most common chronic respiratory disease of both adults and children.
Macrophages activated by Th1 cells are known as M1 macrophages while those activated by IL-4 and IL-13 are called

tion proteins and transcription factors.

alternatively activated macrophages (AAM) or M2 cells. AAM are subdivided into four distinct subtypes (M2a, M2b,
M2c and M2d), depending on the nature of inducing agent and the expressed markers.

Body: IL-4 is the major effector cytokine in both alternative activation of macrophages and pathogenesis of asthma.
Thus, the role of M2a macrophages in asthma is a major concern. However, this is controversial. Therefore, further
studies are required to improve our knowledge about the role of IL-4-induced macrophages in allergic asthma,
through precisive elucidation of the roles of specific M2a proteins in the pathogenesis of asthma. In the current
review, we try to illustrate the different functions of M2a macrophages (protective and pathogenic roles) in the patho-
genesis of asthma, including explanation of how different M2a proteins and markers act during the pathogenesis of
allergic asthma. These include surface markers, enzymes, secreted proteins, chemokines, cytokines, signal transduc-

Conclusions: AAM is considered a double-edged sword in allergic asthma. Finally, we recommend further studies
that focus on increased selective expression or suppression of protective and pathogenic M2a markers.
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Background

Macrophages: development, polarization and subsets
Macrophages are the major effector cells of the innate
immune system that participate in the potent effec-
tor mechanism of the adaptive immune system. Mac-
rophages were initially identified by Elie Metchnikoff
who demonstrated the action of phagocytes in starfish
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larvae in 1883 [1]. Macrophages development occur dur-
ing both early fetal development and adult life. They are
derived from the yolk sac and fetal liver, generating het-
erogenous long-lived tissue resident macrophages that
are widely distributed in different tissue and organs with
diverse functions and subsets. These include Kupffer
cells in the liver, microglial cells in the brain and alveo-
lar macrophages in the lung. In adult life, macrophages
are derived from bone marrow stem cells in response
to monocyte colony stimulating factor to form mono-
cytes (the precursor of macrophages), circulating in the
blood. After initiation of inflammation, they migrate to
inflammatory tissues and mature into macrophages and
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perform their function [2]. In this article, we are con-
cerned about alveolar macrophage in human and mice.
Alveolar macrophages reside in the inner surface of
the lung, accounting for 55% of lung immune cells, and
can differentiate to major subsets in response to differ-
ent stimuli. Unlike the second type of lung macrophage;
interstitial macrophages, which reside in the interstitial
areas of the lung, maintain homeostasis and induce tol-
erance for harmless antigens [3]. Generally, macrophages
perform distinct functions depending on the type of
exposed stimuli. IFN-y, which was formerly called mac-
rophage-activating factor, activates resting macrophages
to kill ingested microbes by the action of nitric oxide
(NO), reactive oxygen species and lysosomal enzymes.
This activation is called classical macrophage activation
as it was identified first and describes the classical path-
way of activation by Thl cells. They are known as M1
macrophages (named M1 to mirror Thl nomenclature).
IFN-y is mainly secreted by Thl cells; which is activated
by IL-12 secreted by activated macrophages; reflects the
synergism between Thl and M1 macrophages. Also, this
synergism occur through binding of macrophage mol-
ecules CD80/CD86 and CD40 with T cells’ CD28 and
CD40L, respectively [4]. By contrast, IL-4 and IL-13
activate resting macrophages to an alternative form of
macrophages, the so called alternative activated mac-
rophages (AAM) or M2 macrophage (named M2 to
mirror Th2 nomenclature), or anti-inflammatory mac-
rophages. M2 polarization antagonizes M1 polarization;
since IL-4 suppresses Thl and M1 polarization. M2 cells
antagonize the effects of M1 cells (mediated through
IL-10), and promote tissue repair, remodeling and wound
healing (through TGF-p and other factors) after inflam-
matory injury [4, 5]. This reflects the important role of
M2 macrophages as a natural feedback regulator of the
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inflammatory process in the form of termination and
repair.

Based on in vitro experiments, AAM are subdivided
into four distinct subtypes [4, 6-8] (Table 1), namely
M2a, M2b, M2c and M2d, depending on the nature of
inducing agent and the expressed markers. Whether all
subtypes are expressed in vivo, is still unclear [4, 7, 8].
In this review, we focus on human and mice M2a mac-
rophages, which is induced by IL-4 and IL-13, expressing
high CD206, Argl, Ym1, FIZZ1 and TGF-B, promot-
ing fibrosis and wound healing, so called wound healing
macrophage [4, 6-8].

Asthma: epidemiology and pathogenesis

Bronchial asthma is the most common chronic respira-
tory disease, with around 334 million people affected
worldwide, with higher prevalence in developed coun-
tries [9]. The most common form of asthma is due to
allergic stimuli, so called allergic or atopic asthma, while
other minor forms are caused by non-allergic stimuli
such as air pollution, cold, aspirin and exercise. How-
ever, the pathophysiologic processes of these types are
almost the same [10]. Allergic asthma is caused by imme-
diate hypersensitivity reaction (type I), which is initi-
ated by antigen exposure, activating specific Th2 cells
that produce IL-4, IL-5 and IL-13. Then, IL-4 stimulates
B cells to secrete IgE which binds to Fce receptors on
mast cells and basophils, leading to their degranulation
upon re-exposure to the same antigen. The degranula-
tion process results in the release of preformed biogenic
amines (histamine), granule enzymes and proteoglycans,
stimulating bronchoconstriction and increasing vascu-
lar permeability followed by the release of newly syn-
thesized lipid mediators (prostaglandin D2, leukotrienes
and platelet-activating factor), that stimulate further

Table 1 M2 subsets of macrophages, inducing stimuli, significant markers and functions

M2 subtype Inducing stimuli Signature markers Functions References
M2a? IL-4, IL.-13 and M-CSF CD206, Arg1,Ym1, FIZZ1 Anti-inflammatory and Wound healing [4,6-8]
IL-10, TGF-B
M2b TLR ligands + IL-1R agonist CD206, IL-1 B, IL-6, TNF-q, IL-125°"  Immuno-regulation and promoting infections
IL-10
M2c IL-10, Glucocorticoids, TGF- CD206, CD163, MerTK Efferocytosis and tissue remodeling
IL-10, TGF- B
Mm2d TLR+4adenosine A2A R ligands, IL-6  VEGF, IL.-10 Angiogenesis, Tumor growth
TGF-B

IL-12°% TNF-gto

@ M2a macrophage is induced by IL-4 and IL-13, expressing high CD206, Arg1, Ym1, FIZZ1 and TGF-B, promoting fibrosis and wound healing, so called wound healing
macrophage. M2b is stimulated by exposure to both immune complex and Toll like receptor (TLR) ligand or IL-1 receptor agonist. M2b is the only subtype that
secrets proinflammatory cytokines; IL-16, IL-6 and TNF-a, however it secrets low IL-12 (So not inducing Th1) and high anti-inflammatory IL-10, thus, performing some
immunoregulatory functions. M2c is induced by IL-10, glucocorticoids and TGF-, expressing high levels of innate receptors CD206, CD163 and the Mer receptor
tyrosine kinase (MerTK) which enable it to perform efferocytosis function (phagocytic clearance of dead cells). M2d is induced by combined exposure to TLR with
adenosine A2A receptor ligands, or by IL-6, expressing high vascular endothelial growth factor (VEGF) and IL-10, enabling it to induce angiogenesis and promote

tumor growth



Abdelaziz et al. J Transl Med (2020) 18:58

bronchoconstriction and vascular permeability with
chemotaxis of more inflammatory cells, in addition to
cytokines’ released by mast cells (TNF, IL-1, IL-4, IL-5,
IL-6, IL-13, CCL3, CCL4) that mediate late phase inflam-
matory reactions [9-11]. Concurrent to mast cells acti-
vation, eosinophils are activated by IL-5, which enhances
eosinophilic maturation from bone marrow cells, recruit-
ment to inflammatory sites and release of lipid mediators
like mast cells and basophils. All previous factors lead to
the characteristics of allergic asthma including airway
obstruction, airway hyperreactivity (AHR) to specific
stimuli, chronic infiltration and hypertrophy of bronchial
smooth muscle cells [10, 11].

Alternatively activated macrophages and allergic asthma

Since the macrophages are the predominant cells in the
lung during allergic asthma [12, 13], and IL-4 is the key
cytokine in both alternative activation of macrophages
and pathogenesis of asthma [14], elucidating the role of
M2a cells in asthma is a major concern. However, there
is a controversy about this role. Some studies suggest
that AAM increases the pathogenesis of asthma through
promotion of allergic inflammation and AHR. Also, it
induces airway remodeling through deposition of col-
lagen supported by the correlation between increased
M2 cells and severity of asthma, and by exacerbations
induced with adoptive transfer of M2 cells suggesting that
targeting them might be an efficient option for asthma
treatment [15—17]. Others think that AAM doesn’t have
a significant role in the developments of asthma, sup-
ported by a study showing that deletion of macrophage
IL-4Ra doesn’t affect the pathology of allergic asthma,
and increased M2 cell percentage in asthma is just an
association of increased Th2 response [18]. Therefore,

Table 2 M2a cell markers in human and mice
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further studies are required for better understanding of
the role of IL-4-induced AAM (M2a) in allergic asthma,
and these studies should involve elucidation of the roles
of specific M2 proteins in the pathogenesis of asthma,
which was already demanded in 2011 [19]. Since then,
no study emphasized the roles of M2a markers in allergic
asthma.

In this review, we elucidate the diverse roles of M2a
cells in the pathogenesis of asthma, through illustration
of how its significant markers react during development
of asthma. Some markers are not exclusive for mac-
rophages. However, as mentioned earlier; macrophages
are the predominant cells in asthma and thus their recep-
tors and cytokines are suggested as higher contributors
in asthma than other cells. Specifically, some macrophage
major transcription factors are involved in the polariza-
tion of Th2 cells. Therefore, we will focus on the role of
transcription factors in the induction of M2 polarization
only, not generally in asthma, to avoid the over-estima-
tion of transcription factors roles in the disease. Accord-
ing to markers’ nature, we divided M2a markers into six
categories (Table 2), to simplify discussions about their
roles in allergic asthma.

M2a markers and allergic asthma

C-type lectin receptors

Mannose receptor C type 1 (MRC1, CD206)

Mannose receptor C type-1 (MRC1, CD206) are pattern
recognition receptors and member of the C-type lectin
receptor family expressed by macrophages and dendritic
cells. MRC1 recognizes some terminal sugars of micro-
organisms such as N-acetyl-pD-glucosamine, L-fucose
and D-mannose, that are not expressed by eukaryotic
cells. Therefore, these terminal sugars are considered

Category M2a markers Host expression in response to IL-4 References
Human Mice

C-type lectin receptors MRC1 (CD206) 4 v [20, 23, 24]

MGL (CD301) v v [6,7,26,29,30]
Enzymes Arg1 v [34-36]

TG-2 v v [23,43]
Secreted proteins FIZZ1 (RENTLA) v [23,50]

Ym?1 (CHI3L3) v [23,36]
Chemokine ligands CCL17,CCL22 v v [4,5,63]
Cytokines IL-10 v v [4,7,8,29]

TGF-B1 v v [4,5,8]

IL-TRA v v [5,102-104]
Signal transduction proteins and transcrip- ~ STAT6, KLF4, SOCS1, and IRF4 v v [23,126,130, 134]

tion factors

M2a markers; that are mentioned in this review; are divided into six major categories according to their nature. The host expression of human and mice is included
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pathogen-associated molecular patterns [20, 21]. This
recognition process is the first step in the phagocytosis of
bacteria, fungi, parasites, viruses, and allergens [21, 22].
MRC1 is a significant marker in alternative activation of
macrophages in both human and mice [20, 23, 24]. In
murine allergic asthma, MRC1 knockout mice display a
significant reduction in the uptake and clearance of aller-
gens by macrophages, together with exacerbated peri-
bronchial inflammation and goblet cell hyperplasia. In
addition, eosinophils numbers, levels of IL-4, IL-13 and
allergen-specific IgE also significantly increase. There-
fore, MRC1 has a protective role in allergic asthma which
is mediated by allergen uptake and clearance (Fig. 1), and
this function may be mediated through miR-511-3p; an
intronic miRNA encoded by both mouse and human
Mrcl/MRC1 genes [25].
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Macrophage galactose type C-type lectin receptors (MGL/
CD301)

Macrophage galactose type C-type lectin receptors
(MGL/CD301) are pattern recognition receptors that rec-
ognize terminal galactose antigens. MGL are expressed
on human (hMGL) and mice macrophages (mMGL),
but mice have two types namely 1 and 2 (mMGL1 and
mMGL2), with 60% homology between hMGL and
mMGL1 [26-28]. IL-4 upregulates their expression,
hence it is considered one of the M2a cell markers [6, 7,
26, 29, 30]. The role of MGL in allergic asthma is poorly
understood. However, many potent allergens that induce
asthma, have galactose terminals such as cockroach [31]
and cat [32] allergens. Therefore, further studies are
required to understand the role of MGL receptors in the
immune response to these allergens.
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Fig. 1 Protective and pathogenic proteins of human and murine M2a macrophages in allergic asthma. The protective proteins are the same in
human and mice, representing in MRC1 that mediate allergen clearance, and IL-1RA that suppresses eosinophilic inflammation, Th2 activation and
AHR, which induced by IL-1. The pathogenic proteins of human and mice are shared in three markers, TGM2 that induces eosinophilic inflammation,
CCL17 and CCL22 that induces Th2 mediated allergic inflammation, and TGF 31 that induce airway remodeling. Murine M2a macrophages have
another three unique pathogenic proteins, Arg1 that stimulate bronchoconstriction and airway remodeling, FIZZ1 that induces airway remodeling
and finally CHI3L3 that also induces Airway remodeling and eosinophilic inflammation
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Enzymes

Arginase-1 (Arg1)

Arginase-1 (Argl) is an enzyme that eliminates nitro-
gen by the hydrolysis of L-arginine into rL-ornithine and
urea, and is expressed in liver cells (human and mice)
[33]. Murine macrophages’ Argl is considered one of
the best described signature markers of AAM, unlike
human macrophage that do not express Argl in response
to Th2 cytokines [34—36]. L-arginine has two possible
metabolic pathways. The first is catalyzed by inducible
nitric oxide synthetase (iNOS) to NO and r-citrulline,
which are characteristic of classical activation of mac-
rophages. NO has a bronchodilator effect on airway
smooth muscle cells [34]. The second pathway is cata-
lyzed by Argl to L-ornithine as mentioned above. The
balance between iNOS and Argl is required to maintain
the normal muscle tone, and this explains a possible role
of elevated Argl expression during asthma and how it
stimulates bronchoconstriction [34, 37]. Thus, blocking
of arginase pathway has been developed as a therapeutic
target to direct L-arginine to iNOS pathway for the syn-
thesis of the more bronchodilator NO [38]. Moreover,
L-ornithine; the product of Argl pathway; is converted
by ornithine decarboxylase to putrescine, which is con-
verted by spermidine synthase and spermine synthase to
spermidine and spermine, respectively [37]. In allergic
asthma, the levels of L-ornithine derived polyamines are
elevated. They increase the AHR to allergen, while AHR
decreases with the treatment by inhibitors of polyamines’
synthesis [37]. Also, polyamines stimulate the contrac-
tion of smooth muscle cells through its effect on intracel-
lular calcium [39]. In addition, L-ornithine is converted
by ornithine aminotransferase to proline [40], a precur-
sor of collagen. Therefore, elevated proline induces col-
lagen depositions leading to airway remodeling [37, 41].
All these factors indicate the pathogenic roles of Argl in
murine allergic asthma.

Transglutaminase 2 (TGM2)

Transglutaminase 2 (TGM2) induces structural modifica-
tion of proteins by catalyzing the binding of low molecu-
lar weight primary amines. TGM2 is, also, involved in cell
adhesion, migration and extra-cellular matrix regulation.
TGM2 is synthesized in the cytoplasm of macrophages,
then transported to the cell surface to bind heparan pro-
teoglycans [42]. TGM2 is considered a new marker of IL-
4-induced macrophages in both human and mice [23, 43].
In asthma, TGM2 potentiates the enzymatic activity of
secreted phospholipase A2 (PLA2) group X (sPLA2-X),
which in turn regulates the production of inflammatory
cysteinyl leukotrienes (CysLT; eicosanoids) by mast cells
and eosinophils [44, 45]. A member of cysteinyl leukot-
rienes; CysLT E4 induces the recruitment of eosinophils
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and basophils to the inflammatory sites, increases airway
hyperresponsiveness and vascular permeability [46, 47].
In TGM2 knockout mice; the airway inflammation and
hyperresponsiveness are attenuated, eosinophilic recruit-
ment is reduced, and Th-2 differentiation and its main
cytokines (IL-4 and IL-13) are suppressed together with
the allergen-specific Ig-E. Also, the expression of IL-33
is decreased. In addition, the same findings are observed
in allergic asthma of normal mice when treated with the
TGM2 inhibitor (Cysteamine) [48]. These studies high-
light the significance of TGM2 as a pathogenic factor in
allergic asthma.

Secreted proteins

Found in inflammatory zone 1 (FIZZ1)

Found in inflammatory zone-1 (FIZZ1) is a cysteine
rich secreted protein known as resistin-like molecules
(RELMs) and resistin-like alpha (RETNLA) discovered
in 2000 [49]. FIZZ1 has no human homolog and is con-
sidered one of the signature markers of alternative activa-
tion of murine macrophages [23, 50]. FIZZ1 expression
is upregulated during murine allergic asthma [49], and
stimulates myofibroblasts hyperplasia in lung. Myofibro-
blasts are the major producers of Collagen Type I and
a-smooth muscle actin (a-SMA). Myofibroblasts hyper-
plasia leads to collagen deposition in bronchial walls,
therefore, inducing narrowing of airway passages and
limitation of air movements. This phenomenon is called
airway remodeling (Fig. 1) in asthma [51]. FIZZ1 knock-
out mice display a significant reduction in pulmonary
fibrosis when treated with bleomycin (fibrosis-inducing
agent). Conversely, FIZZ1 overexpression using a viral
vector, exacerbates pulmonary fibrosis, thus confirming
the profibrogenic role of FIZZ1 [52].

Chitinase 3-like 3 (CHI3L3, Ym1)

Chitinase 3-like 3 (CHI3L3); also called Yml; is a
secreted protein that lacks enzymatic activity of chitinase
(hence it is name) that hydrolyzes the glycosidic bond
in chitin; a polysaccharide component of fungal walls of
and helminths. Despite lacking the enzymatic activity
that can protect against pathogens, CHI3L3 can bind to
chitin with high affinity and may recognize a pathogen-
associated molecular pattern, although this role remains
unclear [53]. CHI3L3 is expressed only in mouse with
no human ortholog, and is considered one of the signa-
ture markers of murine AAM [23, 36]. In murine allergic
asthma, CHI3L3 is highly expressed, correlated to levels
of IL-4 and IL-13 [54], binds to carbohydrates e.g. hepa-
rin/heparan sulfate proteoglycan; which are major con-
tributors of pulmonary fibrosis (by stimulating TGF-$
signaling in fibroblasts) [55]. This suggests a possible role
of CHI3L3 in airway remodeling of allergic lung [56].
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Moreover, CHI3L3 recruits eosinophils to the inflam-
matory sites, and is considered as eosinophil chemotac-
tic factor [57, 58]. Furthermore, this recruitment may be
mediated through binding with heparan sulfate proteo-
glycan [59] suggesting the inflammatory and profibrotic
roles of CHI3L3 in murine allergic asthma.

Chemokines

CCL17 and CCL22

CCL17; also known as Thymus and activation-regulated
chemokine (TARC) [60]; and CCL22; also known as
macrophage-derived chemokine (MDC) [61]; are known
ligands of CCR4, which is highly expressed by Th2 cells
[5, 62]. Both CCL17 and CCL22 are considered human
and murine M2a markers [4, 5, 63]. They chemoattract
Th2 cells [64]. Their expression is upregulated in allergic
asthma together with CCR4 expression to recruit more
Th2 cells after allergen exposure [64, 65]. Also, CCL17
and CCL22 induce naive T cell differentiation into Th2
cells [66, 67], indicating the pathogenic role of CCL17
and CCL22 in allergic asthma (Fig. 1). In addition, CCR4
blockade decreases AHR, eosinophilia, Th2 cytokines
and their recruitment [64, 68] representing an effec-
tive target for asthma treatment. However, the block-
ade doesn’t completely abolish Th2 recruitment. CCR8
is thought to induces the recruitment [65]. However, in
CCRS deficient mice, Th2 cytokines and eosinophilia are
not affected [69], suggesting the superiority of CCR4 in
Th2 recruitment.

Cytokines

IL-10

IL-10 is a potent immunosuppressive cytokine that
is predominantly secreted by macrophages. It is,
also, secreted by Th2, T regulatory cells (Treg), T
cytotoxic, regulatory B lymphocytes, dendritic cells
(DC), monocytes and mast cells. Its activity is medi-
ated through IL-10 receptors, which belongs to type
II cytokine receptors that also include IFN recep-
tors. IL-10 suppresses macrophage MHCII, CD80 and
CD86 expression. Thus, M1 features including anti-
gen presentation, and secretion of proinflammatory
cytokines (IL-12, IL-1B and TNF-a) are suppressed,
which in turn inhibits Thl activation. Also, IL-10 is
the first known protein to inhibit IFN-y, and is consid-
ered a negative feedback regulator of macrophages [70,
71]. In addition, IL-10 is one of the significant markers
of M2a cells in human and mice [4, 7, 8, 29]. In aller-
gic asthma, IL-10 level is elevated in serum [72], but
decreases in bronchoalveolar lavage (BAL), which may
reflect the binding of IL-10 to its receptors [73]. This
suggestion is supported by increased IL-10 mRNA in
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BAL cells of asthmatic patients [74]. IL-10 is thought
to suppress Th2 cytokines [75-77]. This suppression
is mediated through induction of granzyme B that
causes Th2 cell death [77] and also through inhibition
of allergic antigen presenting functions and migration
of DC to local lymph nodes [78]. IL-10, also, decreases
eosinophilia [75-82] by suppressing their survival
[79] or by reducing IFN-y production; which amelio-
rates eosinophilic recruitment [75], and by suppressing
Th2 cytokines. In addition, the high levels of IL-10 in
serum of asthmatic patients are associated with lower
risk of asthmatic exacerbations [83]. Interestingly, ster-
oids exert some of their anti-inflammatory activity
through stimulation of IL-10 secretion [73, 84]. Also,
allergen-specific immunotherapy inhibits AHR and
airway inflammation through IL-10 and Treg cells [85].
IL-10 suppresses total IgE [77, 80], although it doesn’t
affect allergen-specific IgE [80, 81], despite suppress-
ing IL-4 (the main inducer of IgE), which indicates
that IL-4 might be less important in the late phase of
the IgE production [80]. Surprisingly, IL-10 knockout
mice have no or weak AHR in response to allergen [82,
86], which is supported by reconstitution of AHR upon
increased expression of IL-10 [86]. This reaction might
be a result of exaggerated inflammatory response to
different exogenous stimuli in the absence of IL-10
[80]. Furthermore, IL-10 treatment induces AHR to
allergen together with suppression of eosinophilia,
which are paradoxical responses, due to the role of
eosinophil in induction of AHR. However, this role is a
controversial. Interestingly, this AHR might be a result
of suppression of IFN-y, which stimulates smooth
muscle relaxation through B adrenergic receptors, or
because IL-10 stimulates monocyte chemoattractant
protein-1, which in turn induces histamine release
from mast cells and basophils, leading to increased
bronchial contractile activities [76]. In contrast to
these finding, intratracheal administration of IL-10
ameliorates allergic AHR [81]. So, the precisive rela-
tionship between IL-10 and AHR together with IL-10
direct action on smooth muscle cells and indirect
action through stimulation of other mediators, needs
further studies. Another surprising finding about IL-10
role in allergic asthma, is the induction of airway fibro-
sis through IL-13/STAT6 pathway or increased TGF-f
production, with mucus hypersecretion [87]. Finally,
IL-10 has pleiotropic functions in critical features of
asthma (ameliorate airway inflammation, induce AHR
and remodeling), coupled with different regulators of
its expression and actions, which raise the controversy,
and make the interpretation account for additional
challenges. Therefore, further studies of the roles of
IL-10 in asthma are required, taking in consideration,
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the impact and cross talk of other regulators, for better
understanding of IL-10 roles in allergic asthma.

TGF-B1

TGEF-P1 is member of TGF-f family that was first identi-
fied as a tumor growth factor in vivo. This family includes
three proteins; TGF-B1, TGF-p2 and TGF-3. TGF-P1 is
produced mainly by immune cells such as macrophages,
Treg, eosinophils and many other cell types. TGF-B1
receptor is formed of two different proteins (TGF-BRI
and TGEF-BRII). Their binding stimulates phosphoryla-
tion of SMAD2 and SMAD3 transcription factors, which
translocate to the nucleus and bind to the promotor of
target genes [88, 89]. TGF-B1 inhibits M1 polarization
[90], and is considered a marker of M2a cells in both
human and mice [4, 5, 8]. Also, it controls the differen-
tiation of Treg and Th17 cells [88, 89], stimulates IgA
secretion by B cells, and promotes collagen synthesis and
angiogenesis, which contribute to both tissue repair and
fibrotic diseases [88]. TGF-P1 ensures normal branching
and cellular differentiation of the lung during embryonic
development [89].

In allergic asthma, TGF-Bl1 airway expression is
increased [91-93] and correlates with the severity of
asthma [93]. The actual impact of TGF-f1 on Th2 cells
and eosinophils in allergic asthma is not well established.
Some studies revealed that TGF-$1 neutralizing antibody
diminished Th2 response together with eosinophilic infil-
tration [94], while others didn’t detect any correlation
between TGF-B1 and Th2-mediated eosinophilic inflam-
mation [91]. However, the main action of TGF-P1 is the
induction of fibrosis and airway remodeling. TGF-B1 is
considered one of the potent inducers of epithelial-mes-
enchymal transition (EMT), which promote myofibro-
blasts derived from bronchial epithelial cells, mediated
through phosphorylated SMAD3 signaling pathway [95,
96]. Myofibroblasts express a-SMA, which mediate the
contractile activity of fibroblastic cells, in addition to
their production of collagen types I, III, IV and V [97].
Moreover, TGF-P1 increases contractility, migration
and proliferation of airway smooth muscle cells [95, 98].
Therefore, it is not surprising that TGF-f1 correlates with
the airway narrowing and limitation of air movements in
asthmatic patients [91]. Thus, the potent contributions
of TGF-P1 in airway remodeling and pulmonary fibrosis,
make it an effective target to attenuate these effects by
either specific microRNA [96] or specific inhibitors [99].

Interleukin-1 receptor antagonist (IL-1RA)

Interleukin-1 receptor antagonist (IL-1RA) is an anti-
inflammatory cytokine and a member of the IL-1
cytokine family. It has 30% structural homology with
IL-1B and 19% with IL-1la. IL-1RA binds to the same
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receptors (type I and type II IL-1R), but without activat-
ing any signal transductions (biologically inactive). Thus,
it inhibits IL-1 actions. IL-1RA is the first detected natu-
ral cytokine inhibitor [100, 101]. There are two structural
forms of IL-1RA; secretory and intracellular; both are
produced by macrophages, while all other cells produce
only one form except fibroblasts that produce both [101].

IL-1RA is one of M2a cell markers in both human and
mice [5, 102-104]. In allergic asthma, IL-1 stimulates
eosinophilic inflammation through induction of their
recruitment by VCAM-1 expression [105, 106]. Also, it
increases Ig-E dependent eosinophilic activation [107].
IL-1 activates Th2 cells with production of higher IL-4
(stimulates more Ig-E), IL-5 (induces eosinophilia) and
IL-13, which also exacerbate AHR [108]; Fig. 1. This
activation is mediated through IL-1 induction of OX40
(CD134) expression on T cells [109]. Moreover, IL-1
stimulates the secretion of platelet-derived growth fac-
tor which induces fibroblast proliferation and subse-
quent collagen synthesis, resulting in airway remodeling
[110]. Indeed, all these actions of IL-1 are inhibited by
IL-1RA, through its ability to bind to IL-1R and competi-
tively inhibits the binding of IL-1. This inhibition is con-
firmed in IL-1RA knockout asthmatic mice, where Th2
cell activation and AHR are increased significantly com-
pared with wild type [108]. In addition, the high levels of
IL-1RA in asthmatic patients are associated with lower
risk of asthmatic exacerbations [83]. Interestingly, glu-
cocorticoids exert some of its action through inhibition
of IL-1 secretion together with upregulation of IL-1RA
expression [111, 112], which indicates the protective role
of IL-1RA in asthma and its efficiency as a candidate for
asthma treatment [113]. However, the use of recombinant
IL-1RA as a therapy is limited with its short half-life and
the fact that IL-1 is 100-1000 times more potent than
IL-1RA, indicating the need for higher doses of IL-1RA
to inhibit IL-1 actions, which may be accompanied with
undesirable side effects [114, 115]. To overcome these
limitations, the use of recombinant Adeno-virus express-
ing human IL-1RA is applied, through single intranasal
administration in asthmatic mice, which proved its effi-
ciency in ameliorating AHR and eosinophilic infiltration
[116].

Macrophage signal transduction proteins and transcription
factors

We prefer to discuss the role of macrophage signal trans-
duction proteins and transcription factors in allergic
asthma through general potentiation of M2 cell charac-
teristics. Since major transcription factors are, also, con-
trolling Th2 cell polarization as STAT6 [117, 118], IRF4
[119, 120] and SOCSI1 [121], we are concerned in this
section with their role in macrophage polarization only,
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not generally in allergic asthma. Eventually, the transcrip-
tion factors will contribute to the previously mentioned
roles of other markers in asthma.

STAT6

STAT®6 is a macrophage transcription factor and member
of the STAT family that includes seven members (STAT1
to 4, 5a, 5b and STAT®). This family; together with non-
receptor tyrosine kinase called JAK family; comprise
the signal transduction pathway for type I and type II
cytokine receptors [122, 123]. Binding of IL-4 or IL-13
to their receptors on macrophages activates JAK, which
in turn phosphorylates the tyrosine residue on of IL-4Ra
or IL-13Ra. This phosphorylation leads to recruitment of
monomeric STAT6, which binds through its Src homol-
ogy 2 (SH2) to phosphorylated tyrosine. Therefore,
STAT6 and JAK are close to each other, the latter phos-
phorylates STAT6. The phosphorylated SH2 domain of
monomeric STAT6 can bind to adjacent SH2 domain of
another STAT6, forming a dimeric STAT6 that migrates
to the nucleus, binds to specific promoters, inducing M2
genes transcription in human and mice [23, 122, 124].
Moreover, STAT6 activates Kriippel-like factor 4 (KLF4)
that performs a crucial role in M2 cell polarization as dis-
cussed below.

Kriippel-like factor 4 (KLF4)

Kriippel-like factor 4 (KLF4); also called gut-enriched
Kriippel-like factor or GKLF; is a DNA-binding tran-
scription factor that contains conserved zinc fingers.
It regulates various cellular processes such as differen-
tiation, growth and proliferation. KLF4 was extensively
studied particularly after 2006, since it was one of four
factors required for pluripotent stem cells induction
[125]. KLF4 is upregulated in macrophages in response
to IL-4 in both human and mice [23, 126]. KLF4 and
STAT®6 activate each other, then activated KLF4 induces
RNase and deubiquitinase activities of monocyte che-
moattractant protein induced protein (MCPIP), which
stimulates reactive oxygen species production. The latter
causes endoplasmic reticulum (ER) stress and autophagy
required for M2 cell polarization and upregulation of
its markers. In addition, activated KLF4 stimulates the
multifaceted factor peroxisome proliferator-activated
receptor Y (PPARYy) that regulates fatty acids metabolism
inducing aerobic respiration, which is necessary for M2
cell differentiation [127]. Moreover, MCPIP inhibits M1
polarization through inhibition of NF-«xB pathway [127,
128].

Suppressor of Cytokine Signaling 1 (SOCS1)
Suppressor of Cytokine Signaling-1 (SOCS1) is a mem-
ber of SOCS proteins that are responsible for negative
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feedback regulation of JAK-STAT signaling pathways,
which transduces the signals from type I and II cytokines
receptors. SOCS1 binds to phosphorylated STATs and
JAKs, then, the tightly associated E3 ligases ubiquitinate
the JAKs and STATs targeting them for degradation by
proteasome [129]. SOCS1 is expressed in both human
and mice macrophages in response to IL-4 stimulation
[23, 130]. SOCS1 suppresses IEN-y induced JAK2/STAT1
pathway and TLR/NF-«B signaling, which in turn lead to
inhibition of M1 cell activation [129, 131]. On the other
hand, micro RNA-155 (miR-155) binds to and degrades
SOCS1 in M1 polarized macrophages [132, 133]. Moreo-
ver, SOCS1 is a crucial factor for M2 cell polarization, by
enhancing PI3K activity, which is responsible for M2 cell
characteristics including suppressed response to IFN-y/
LPS and high Argl:iNOS activity ratio [129-131].

Interferon regulatory factor 4 (IRF4)

Interferon regulatory factor 4 (IRF4) is a transcription
factor that belongs to the IRF family, which includes nine
members. This family is involved in macrophage polari-
zation [134]. IRF4 is upregulated in macrophages by IL-4
in both human and mice [23, 134]. Stimulated IRF4 recip-
rocally activates the histone demethylase Jumonji domain
containing-3 (Jmjd3). The latter removes the methyla-
tion of histone H3 Lys4 (H3K4) and histone H3 Lys 27
(H3K27) that mediate silencing of M2 marker genes.
Thus, this methylation removal induces expression of M2
marker genes such as Argl, MRC1, Yml and FIZZ1. It,
also, inhibits the polarization of M1 cells [134].

Some studies suggested that targeting macrophage
transcription factors might ameliorate murine asthmatic
inflammation through suppression of M2 cell polariza-
tion, which was performed by using specific inhibitor
(protostemonine) that inhibits STAT6, KLF4 and IRF4.
This reflected the critical role of M2 cells in asthma
[135]. However, their evidences are not enough to prove
the efficiency of targeting M2 cells in treatment of—nor
their role in asthma, because STAT6 is also a crucial
transcription factor for Th2 cell polarization [117, 118].
In addition, IRF4 controls Th2 polarization [119, 120].
Thus, the suppressive effect of protostemonine in asthma
was mediated through inhibition of Th2 differentiation
mainly. So, further studies are required for elucidat-
ing the specific roles of M2 transcription factors in the
pathogenesis and treatment of asthma.

The above data show that human and murine M2a
macrophages can mediate their protective function in
allergic asthma through MRC1 and IL-1RA proteins. At
the same time, Human M?2a cells could have a patho-
genic role through TGM2, CCL17, CCL22 and TGFp1.
However, murine M2a cells pathogenic functions are
mediated through unique molecules as Argl, FIZZ1 and
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CHI3L3 plus the previously mentioned human mediators
(TGM2, CCL17, CCL22 and TGEFf1). Therefore, we think
that AAM is a double-edged sword in allergic asthma.

Summary, conclusion and recommendations

The expressed proteins of IL-4 activated alveolar mac-
rophages perform diverse functions in allergic asthma,
ranging between protective and pathogenic roles (Fig. 1).
This balanced function not necessarily represent the non-
significance of AAM in allergic asthma, but both pro-
tective and pathogenic molecules are important during
developments of asthma. Therefore, targeting the general
polarization of M2 cells, whether with more activation
or inhibition, is not an efficient option for asthma treat-
ment. However, selective induction of the expression
of one or more of the protective molecules, or selective
suppression of one or more of the pathogenic molecules,
using viral vectors or other methods, represents an effec-
tive mechanism for asthma control and treatment. Thus,
we recommend further studies that focus on increas-
ing the selective expression of protective M2a proteins
such as MRC1 and IL-1RA. Also, we recommend selec-
tive suppression of pathogenic M2a proteins e.g. TGM2,
CCL17/CCL22, TGF-B1, and murine Argl, FIZZ1 and
CHI3L3, for the future developments of effective thera-
pies for allergic asthma.

Abbreviations

a-SMAa: Smooth muscle actin; AAM: Alternatively activated macrophages;
AHR: Airway hyperresponsiveness; Arg1: Arginase-1; BAL: Bronchoalveolar
lavage; CHI3L3/Ym1: Chitinase 3-like 3; FIZZ1: Found in inflammatory zone 1;
IRF4: Interferon regulatory factor 4; KLF4: Kriippel-like factor 4; MGL/CD301:
Macrophage galactose type C-type lectin receptors; MRC1/CD206: Mannose
receptor C type 1; SOCS1: Suppressor of Cytokine Signaling 1; Treg: T regula-
tory cells; TGM2: Transglutaminase 2.

Acknowledgements
Not applicable.

Research involving human participants and/or animals
Not applicable.

Informed consent
Not applicable.

Authors’ contributions

MHA and HX Had the idea, MHA, JW, WC and WH searched the literature,
CJ, KDK and AV analyzed the data, MHA, SFA, AS, ZS and SW drafted the
manuscript, and SFA and HX critically revised the work. All authors read and
approved the final manuscript.

Funding

This work was supported by grants from the National Natural Science Founda-
tion of China (81771756), Social development project of Jiangsu Province
(grant no. BE2016716). The funding bodies has no role in the design of the
study and collection, analysis, and interpretation of data and in writing the
manuscript.

Availability of data and materials
All data pertinent to this manuscript are included herein

Page 9 of 12

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Department of Immunology, School of Medicine, Jiangsu University, Zhenji-
ang 212013, Jiangsu, China. 2 Department of Microbiology and Immunology,
Faculty of Medicine, Minia University, Minia 61511, Egypt. > Division of Phar-
maceutical Microbiology, Department of Pharmaceutics and Pharmaceutical
Technology, Taif University, College of Pharmacy, Taif 21974, Kingdom of Saudi
Arabia. * Department of Microbiology & Immunology, School of Medicine,
Assiut University, Assiut 71515, Egypt.

Received: 30 November 2019 Accepted: 30 January 2020
Published online: 05 February 2020

References

1. Gordon S.The macrophage: past, present and future. Eur J Immunol.
2007;37(Supp! 1):59-17.

2. Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. Nat
Rev Immunol. 2005;5:953-64.

3. Jiang Z, Zhu L. Update on the role of alternatively activated mac-
rophages in asthma. J Asthma Allergy. 2016;9:101-7.

4. Colin S, Chinetti-Gbaguidi G, Staels B. Macrophage phenotypes in
atherosclerosis. Immunol Rev. 2014:262:153-66.

5. Martinez FO, Helming L, Gordon S. Alternative activation of mac-
rophages: an immunologic functional perspective. Annu Rev Immunol.
2009;27:451-83.

6. KubotaT, Inoue M, Kubota N, Takamoto |, Mineyama T, lwayama K,
Tokuyama K, Moroi M, Ueki K, Yamauchi T. Downregulation of mac-
rophage Irs2 by hyperinsulinemia impairs IL-4-indeuced M2a-subtype
macrophage activation in obesity. Nat Commun. 2018;9:4863.

7. Hesketh M, Sahin KB, West ZE, Murray RZ. Macrophage phenotypes
regulate scar formation and chronic wound healing. Int J Mol Sci.
2017;18:E1545.

8. Roszer T. Understanding the mysterious M2 macrophage through
activation markers and effector mechanisms. Mediat Inflamm.
2015;2015:816460.

9. Papi A, Brightling C, Pedersen SE, Reddel HK. Asthma. Lancet.
2018;391:783-800.

10. Kim HY, DeKruyff RH, Umetsu DT. The many paths to asthma:
phenotype shaped by innate and adaptive immunity. Nat Immunol.
2010;11:577-84.

11. Galli SJ, Tsai M, Piliponsky AM. The development of allergic inflamma-
tion. Nature. 2008;454:445-54.

12. Fehervari Z. Alveolar macrophages in asthma. Nat Immunol. 2014;16:64.

13. LeeYG, Jeong JJ, Nyenhuis S, Berdyshev E, Chung S, Ranjan R, Kar-
purapu M, Deng J, Qian F, Kelly EA, et al. Recruited alveolar mac-
rophages, in response to airway epithelial-derived monocyte chemoat-
tractant protein 1/CCl2, regulate airway inflammation and remodeling
in allergic asthma. Am J Respir Cell Mol Biol. 2015;52:772-84.

14. Wenzel S, Ford L, Pearlman D, Spector S, Sher L, Skobieranda F, Wang
L, Kirkesseli S, Rocklin R, Bock B, et al. Dupilumab in persistent asthma
with elevated eosinophil levels. N Engl J Med. 2013;368:2455-66.

15. Moreira AP, Cavassani KA, Hullinger R, Rosada RS, Fong DJ, Murray L,
Hesson DP, Hogaboam CM. Serum amyloid P attenuates M2 mac-
rophage activation and protects against fungal spore-induced allergic
airway disease. J Allergy Clin Immunol. 2010;126(712-721):e717.

16. Ford AQ, Dasgupta P, Mikhailenko I, Smith EM, Noben-Trauth N, Keegan
AD. Adoptive transfer of IL-4Ralpha+ macrophages is sufficient to
enhance eosinophilic inflammation in a mouse model of allergic lung
inflammation. BMC Immunol. 2012;13:6.



Abdelaziz et al. J Trans| Med

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34

35.

36.

37.

(2020) 18:58

Girodet PO, Nguyen D, Mancini JD, Hundal M, Zhou X, Israel E, Cernadas
M. Alternative macrophage activation is increased in asthma. Am J
Respir Cell Mol Biol. 2016;55:467-75.

Nieuwenhuizen NE, Kirstein F, Jayakumar J, Emedi B, Hurdayal R,
Horsnell WG, Lopata AL, Brombacher F. Allergic airway disease is unaf-
fected by the absence of IL-4Ralpha-dependent alternatively activated
macrophages. J Allergy Clin Immunol. 2012;130(743-750):e748.
Murray PJ, Wynn TA. Protective and pathogenic functions of mac-
rophage subsets. Nat Rev Immunol. 2011;11:723-37.

Gordon S, Martinez FO. Alternative activation of macrophages: mecha-
nism and functions. Immunity. 2010,32:593-604.

Martinez-Pomares L. The mannose receptor. J Leukoc Biol.
2012,92:1177-86.

Emara M, Royer PJ, Abbas Z, Sewell HF, Mohamed GG, Singh S, Peel S,
Fox J, Shakib F, Martinez-Pomares L, Ghaemmaghami AM. Recognition
of the major cat allergen Fel d 1 through the cysteine-rich domain

of the mannose receptor determines its allergenicity. J Biol Chem.
2011;286:13033-40.

Martinez FO, Helming L, Milde R, Varin A, Melgert BN, Draijer C, Thomas
B, Fabbri M, Crawshaw A, Ho LP, et al. Genetic programs expressed in
resting and IL-4 alternatively activated mouse and human mac-
rophages: similarities and differences. Blood. 2013;121:e57-69.

Stein M, Keshav S, Harris N, Gordon S. Interleukin 4 potently enhances
murine macrophage mannose receptor activity: a marker of alternative
immunologic macrophage activation. J Exp Med. 1992;176:287-92.
ZhouY, Do DC, Ishmael FT, Squadrito ML, Tang HM, Tang HL, Hsu MH,
QiuL, Li C, Zhang Y, et al. Mannose receptor modulates macrophage
polarization and allergic inflammation through miR-511-3p. J Allergy
Clin Immunol. 2018;141(350-364):e358.

Raes G, Brys L, Dahal BK, Brandt J, Grooten J, Brombacher F, Vanham

G, Noel W, Bogaert P, Boonefaes T, et al. Macrophage galactose-type
C-type lectins as novel markers for alternatively activated macrophages
elicited by parasitic infections and allergic airway inflammation. J
Leukoc Biol. 2005;77:321-7.

Dupasquier M, Stoitzner P, Wan H, Cerqueira D, van Oudenaren A,
Voerman JS, Denda-Nagai K, Irimura T, Raes G, Romani N, Leenen PJ. The
dermal microenvironment induces the expression of the alternative
activation marker CD301/mMGL in mononuclear phagocytes, inde-
pendent of IL-4/IL-13 signaling. J Leukoc Biol. 2006;80:838-49.

Zizzari IG, Napoletano C. MGL receptor and immunity: when the ligand
can make the difference. J Immunol Res. 2015;2015:450695.

Biswas SK, Mantovani A. Macrophage plasticity and interaction

with lymphocyte subsets: cancer as a paradigm. Nat Immunol.
2010;11:889-96.

Huang SC, Everts B, Ivanova Y, O'Sullivan D, Nascimento M, Smith AM,
Beatty W, Love-Gregory L, Lam WY, O'Neill CM, et al. Cell-intrinsic lysoso-
mal lipolysis is essential for alternative activation of macrophages. Nat
Immunol. 2014;15:846-55.

Do DC, Yang S, Yao X, Hamilton RG, Schroeder JT, Gao P.N-glycan

in cockroach allergen regulates human basophil function. Immun
Inflamm Dis. 2017;5:386-99.

Kelly LA, Erwin EA, Platts-Mills TA. The indoor air and asthma: the role of
cat allergens. Curr Opin Pulm Med. 2012;18:29-34.

Ballantyne LL, Sin YY, Al-Dirbashi QY, Li X, Hurlbut DJ, Funk CD. Liver-
specific knockout of arginase-1 leads to a profound phenotype similar
to inducible whole body arginase-1 deficiency. Mol Genet Metab Rep.
2016;9:54-60.

Pauleau AL, Rutschman R, Lang R, Pernis A, Watowich SS, Murray PJ.
Enhancer-mediated control of macrophage-specific arginase | expres-
sion. J Immunol. 2004;172:7565-73.

Munder M, Eichmann K, Modolell M. Alternative metabolic states in
murine macrophages reflected by the nitric oxide synthase/arginase
balance: competitive regulation by CD4+ T cells correlates with Th1/
Th2 phenotype. J Immunol. 1998;160:5347-54.

Raes G, Van den Bergh R, De Baetselier P, Ghassabeh GH, Scotton C,
Locati M, Mantovani A, Sozzani S. Arginase-1 and Ym?1 are markers for
murine, but not human, alternatively activated myeloid cells. J Immu-
nol. 2005;174:6561 (author reply 6561-6562).

North ML, Grasemann H, Khanna N, Inman MD, Gauvreau GM,

Scott JA. Increased ornithine-derived polyamines cause airway

38.

39.

40.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Page 10 of 12

hyperresponsiveness in a mouse model of asthma. Am J Respir Cell Mol
Biol. 2013;48:694-702.

Maarsingh H, Zaagsma J, Meurs H. Arginase: a key enzyme in the patho-
physiology of allergic asthma opening novel therapeutic perspectives.
Br J Pharmacol. 2009;158:652-64.

Nilsson BO, Hellstrand P. Effects of polyamines on intracellular calcium
and mechanical activity in smooth muscle of guinea-pig taenia coli.
Acta Physiol Scand. 1993;148:37-43.

Ginguay A, Cynober L, Curis E, Nicolis I. Ornithine aminotransferase,

an important glutamate-metabolizing enzyme at the crossroads of
multiple metabolic pathways. Biology (Basel). 2017;6:E18.

Scott JA, Grasemann H. Arginine metabolism in asthma. Immunol
Allergy Clin North Am. 2014;34:767-75.

Belkin AM. Extracellular TG2: emerging functions and regulation. FEBS J.
2011;,278:4704-16.

Yamaguchi M, Zacharia J, Laidlaw TM, Balestrieri B. PLA2G5 regulates
transglutaminase activity of human IL-4-activated M2 macrophages
through PGE2 generation. J Leukoc Biol. 2016;100:131-41.

Hallstrand TS, Chi EY, Singer AG, Gelb MH, Henderson WR Jr. Secreted
phospholipase A2 group X overexpression in asthma and bronchial
hyperresponsiveness. Am J Respir Crit Care Med. 2007;176:1072-8.
Hallstrand TS, Wurfel MM, Lai Y, Ni Z, Gelb MH, Altemeier WA, Beyer RP,
Aitken ML, Henderson WR. Transglutaminase 2, a novel regulator of
eicosanoid production in asthma revealed by genome-wide expression
profiling of distinct asthma phenotypes. PLoS ONE. 2010;5:e8583.
Gauvreau GM, Parameswaran KN, Watson RM, O'Byrne PM. Inhaled
leukotriene E(4), but not leukotriene D(4), increased airway inflamma-
tory cells in subjects with atopic asthma. Am J Respir Crit Care Med.
2001;164:1495-500.

Lee TH, Woszczek G, Farooque SP. Leukotriene E4: perspective on the
forgotten mediator. J Allergy Clin Immunol. 2009;124:417-21.

Oh K, Seo MW, Lee GY, Byoun OJ, Kang HR, Cho SH, Lee DS. Airway
epithelial cells initiate the allergen response through transglutaminase
2 by inducing IL-33 expression and a subsequent Th2 response. Respir
Res. 2013;14:35.

Holcomb IN, Kabakoff RC, Chan B, Baker TW, Gurney A, Henzel W, Nel-
son C, Lowman HB, Wright BD, Skelton NJ, et al. FIZZ1, a novel cysteine-
rich secreted protein associated with pulmonary inflammation, defines
a new gene family. EMBO J. 2000;19:4046-55.

Raes G, De Baetselier P, Noel W, Beschin A, Brombacher F, Hassanzadeh
GhG. Differential expression of FIZZ1 and Ym1 in alternatively versus
classically activated macrophages. J Leukoc Biol. 2002;71:597-602.
Dong L, Wang SJ, Camoretti-Mercado B, Li HJ, Chen M, Bi WX. FIZZ1
plays a crucial role in early stage airway remodeling of OVA-induced
asthma. J Asthma. 2008;45:648-53.

LiuT, Yu H, Ullenbruch M, Jin H, Ito T, Wu Z, Liu J, Phan SH. The in vivo
fibrotic role of FIZZ1 in pulmonary fibrosis. PLoS ONE. 2014;9:e88362.
Shuhui L, Mok YK, Wong WS. Role of mammalian chitinases in asthma.
Int Arch Allergy Immunol. 2009;149:369-77.

Zhao J, Zhu H, Wong CH, Leung KY, Wong WS. Increased lungkine and
chitinase levels in allergic airway inflammation: a proteomics approach.
Proteomics. 2005;5:2799-807.

Haeger SM, Yang Y, Schmidt EP. Heparan sulfate in the developing,
healthy, and injured lung. Am J Respir Cell Mol Biol. 2016;55:5-11.
Webb DC, McKenzie AN, Foster PS. Expression of the Ym2 lectin-
binding protein is dependent on interleukin (IL)-4 and IL-13 signal
transduction: identification of a novel allergy-associated protein. J Biol
Chem. 2001,276:41969-76.

Rosenberg HF, Dyer KD, Foster PS. Eosinophils: changing perspectives in
health and disease. Nat Rev Immunol. 2013;13:9-22.

Zhao J, Lv Z, Wang F, Wei J, Zhang Q, Li S, Yang F, Zeng X, Wu X, Wu
Z.Ym1, an eosinophilic chemotactic factor, participates in the brain
inflammation induced by Angiostrongylus cantonensis in mice. Parasi-
tol Res. 2013;112:2689-95.

Ge XN, Bastan |, Ha SG, Greenberg YG, Esko JD, Rao SP, Sriramarao P.
Regulation of eosinophil recruitment and allergic airway inflammation
by heparan sulfate proteoglycan (HSPG) modifying enzymes. Exp Lung
Res. 2018;44:98-112.

Imai T, Baba M, Nishimura M, Kakizaki M, Takagi S, Yoshie O. The T cell-
directed CC chemokine TARC is a highly specific biological ligand for CC
chemokine receptor 4. J Biol Chem. 1997;272:15036-42.



Abdelaziz et al. J Trans| Med

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

(2020) 18:58

Imai T, Chantry D, Raport CJ, Wood CL, Nishimura M, Godiska R, Yoshie
O, Gray PW. Macrophage-derived chemokine is a functional ligand for
the CC chemokine receptor 4. J Biol Chem. 1998;273:1764-8.

Banfield G, Watanabe H, Scadding G, Jacobson MR, Till SJ, Hall DA, Rob-
inson DS, Lloyd CM, Nouri-Aria KT, Durham SR. CC chemokine receptor
4 (CCR4) in human allergen-induced late nasal responses. Allergy.
2010,65:1126-33.

Butti E, Bergami A, Recchia A, Brambilla E, Del Carro U, Amadio S, Cat-
talini A, Esposito M, Stornaiuolo A, Comi G, et al. IL4 gene delivery to the
CNS recruits regulatory T cells and induces clinical recovery in mouse
models of multiple sclerosis. Gene Ther. 2008;15:504-15.

Perros F, Hoogsteden HC, Coyle AJ, Lambrecht BN, Hammad H. Block-
ade of CCR4 in a humanized model of asthma reveals a critical role

for DC-derived CCL17 and CCL22 in attracting Th2 cells and inducing
airway inflammation. Allergy. 2009;64:995-1002.

Panina-Bordignon P, Papi A, Mariani M, Di Lucia P, Casoni G, Bellettato
C, Buonsanti C, Miotto D, Mapp C, Villa A, et al. The C-C chemokine
receptors CCR4 and CCR8 identify airway T cells of allergen-challenged
atopic asthmatics. J Clin Invest. 2001;107:1357-64.

Pilette C, Francis JN, Till SJ, Durham SR. CCR4 ligands are up-regulated in
the airways of atopic asthmatics after segmental allergen challenge. Eur
Respir J. 2004,23:876-84.

Ait Yahia S, Azzaoui |, Everaere L, Vorng H, Chenivesse C, Marquillies P,
Duez C, Delacre M, Grandjean T, Balsamelli J, et al. CCL17 production by
dendritic cells is required for NOD1-mediated exacerbation of allergic
asthma. Am J Respir Crit Care Med. 2014;189:899-908.

Zhang Y, WuY, Qi H, Xiao J, Gong H, Zhang Y, Xu E, Li S, Ma D, Wang Y,
et al. A new antagonist for CCR4 attenuates allergic lung inflammation
in a mouse model of asthma. Sci Rep. 2017,7:15038.

Chung CD, Kuo F, Kumer J, Motani AS, Lawrence CE, Henderson WR

Jr, Venkataraman C. CCR8 is not essential for the development of
inflammation in a mouse model of allergic airway disease. J Immunol.
2003;170:581-7.

Moore KW, de Waal Malefyt R, Coffman RL, O'Garra A. Interleukin-10 and
the interleukin-10 receptor. Annu Rev Immunol. 2001;19:683-765.
Saraiva M, O'Garra A. The regulation of IL-10 production by immune
cells. Nat Rev Immunol. 2010;10:170-81.

Zhang YL, Luan B, Wang XF, Qiao JY, Song L, Lei RR, Gao WX, Liu .
Peripheral blood MDSCs, IL-10 and IL-12 in children with asthma and
their importance in asthma development. PLoS ONE. 2013;8:e63775.
Borish L, Aarons A, Rumbyrt J, Cvietusa P, Negri J, Wenzel S. Interleu-
kin-10 regulation in normal subjects and patients with asthma. J Allergy
Clin Immunol. 1996;97:1288-96.

Robinson DS, Tsicopoulos A, Meng Q, Durham S, Kay AB, Hamid Q.
Increased interleukin-10 messenger RNA expression in atopic allergy
and asthma. Am J Respir Cell Mol Biol. 1996;14:113-7.

Grunig G, Corry DB, Leach MW, Seymour BW, Kurup VP, Rennick DM.
Interleukin-10 is a natural suppressor of cytokine production and
inflammation in a murine model of allergic bronchopulmonary asper-
gillosis. J Exp Med. 1997;185:1089-99.

van Scott MR, Justice JP, Bradfield JF, Enright E, Sigounas A, Sur S. IL-10
reduces Th2 cytokine production and eosinophilia but augments
airway reactivity in allergic mice. Am J Physiol Lung Cell Mol Physiol.
2000;278:L667-74.

Coomes SM, Kannan'Y, Pelly VS, Entwistle LJ, Guidi R, Perez-Lloret J,
Nikolov N, Muller W, Wilson MS. CD4(+) Th2 cells are directly regulated
by IL-10 during allergic airway inflammation. Mucosal Immunol.
2017;10:150-61.

Nakagome K, Dohi M, Okunishi K, Komagata Y, Nagatani K, Tanaka R,
Miyazaki J, Yamamoto K. In vivo IL-10 gene delivery suppresses airway
eosinophilia and hyperreactivity by down-regulating APC func-

tions and migration without impairing the antigen-specific systemic
immune response in a mouse model of allergic airway inflammation. J
Immunol. 2005;174:6955-66.

Takanaski S, Nonaka R, Xing Z, O'Byrne P, Dolovich J, Jordana M. Inter-
leukin 10 inhibits lipopolysaccharide-induced survival and cytokine
production by human peripheral blood eosinophils. J Exp Med.
1994;180:711-5.

Tournoy KG, Kips JC, Pauwels RA. Endogenous interleukin-10 sup-
presses allergen-induced airway inflammation and nonspecific airway
responsiveness. Clin Exp Allergy. 2000;30:775-83.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

Page 11 of 12

Fu CL, Chuang YH, Chau LY, Chiang BL. Effects of adenovirus-expressing
IL-10 in alleviating airway inflammation in asthma. J Gene Med.
2006;8:1393-9.

Wilson MS, Elnekave E, Mentink-Kane MM, Hodges MG, Pesce JT,
Ramalingam TR, Thompson RW, Kamanaka M, Flavell RA, Keane-

Myers A, et al. IL-13Ralpha2 and IL-10 coordinately suppress airway
inflammation, airway-hyperreactivity, and fibrosis in mice. J Clin Invest.
2007;117:2941-51.

Akiki Z, Rava M, Diaz Gil O, Pin I, le Moual N, Siroux V, Guerra S,

Chamat S, Matran R, Fito M, et al. Serum cytokine profiles as predic-
tors of asthma control in adults from the EGEA study. Respir Med.
2017;125:57-64.

Gupta A, Dimeloe S, Richards DF, Chambers ES, Black C, Urry Z, Ryanna
K, Xystrakis E, Bush A, Saglani S, Hawrylowicz CM. Defective IL-10
expression and in vitro steroid-induced IL-17A in paediatric severe
therapy-resistant asthma. Thorax. 2014;69:508-15.

Bohm L, Maxeiner J, Meyer-Martin H, Reuter S, Finotto S, Klein M, Schild
H, Schmitt E, Bopp T, Taube C. IL-10 and regulatory T cells cooperate

in allergen-specific immunotherapy to ameliorate allergic asthma. J
Immunol. 2015;194:887-97.

Makela MJ, Kanehiro A, Borish L, Dakhama A, Loader J, Joetham A, Xing
Z, Jordana M, Larsen GL, Gelfand EW. IL-10 is necessary for the expres-
sion of airway hyperresponsiveness but not pulmonary inflammation
after allergic sensitization. Proc Natl Acad Sci USA. 2000;97:6007-12.
Lee CG, Homer RJ, Cohn L, Link H, Jung S, Craft JE, Graham BS, Johnson
TR, Elias JA. Transgenic overexpression of interleukin (IL)-10 in the lung
causes mucus metaplasia, tissue inflammation, and airway remod-
eling via IL-13-dependent and -independent pathways. J Biol Chem.
2002;277:35466-74.

Li MO, Wan YY, Sanjabi S, Robertson AK, Flavell RA. Transforming growth
factor-beta regulation of immune responses. Annu Rev Immunol.
2006;24:99-146.

DeVries A, Vercelli D. Of pleiotropy and trajectories: does the TGF-beta
pathway link childhood asthma and chronic obstructive pulmonary
disease? J Allergy Clin Immunol. 2018;141:1992-6.

Werner F, Jain MK, Feinberg MW, Sibinga NE, Pellacani A, Wiesel P, Chin
MT, Topper JN, Perrella MA, Lee ME. Transforming growth factor-beta

1 inhibition of macrophage activation is mediated via Smad3. J Biol
Chem. 2000;275:36653-8.

Brown SD, Baxter KM, Stephenson ST, Esper AM, Brown LA, Fitzpat-

rick AM. Airway TGF-betal and oxidant stress in children with severe
asthma: association with airflow limitation. J Allergy Clin Immunol.
2012;129(388-396):396.€381-8.

Jonakowski M, Ziolo J, Kocwin M, Przemecka M, Mokros L, Panek M, Sze-
mraj J, Kuna P. Role of IL-15 in the modulation of TGF-betal-mediated
inflammation in asthma. Exp Ther Med. 2017;14:4533-40.

Hung CH, Wang CC, Suen JL. Altered pattern of monocyte differentia-
tion and monocyte-derived TGF-betal in severe asthma. Sci Rep.
2018;8:919.

WeiY, Zhang Z, Wang F, Zhou S. Assessment of tumor growth factor-
betal neutralizing antibody in the treatment of allergic rhinitis and
asthma. Exp Ther Med. 2018;15:649-56.

Lachapelle P, Li M, Douglass J, Stewart A. Safer approaches to therapeu-
tic modulation of TGF-beta signaling for respiratory disease. Pharmacol
Ther.2018;187:98-113.

Yang ZC, Qu ZH, Yi MJ, Shan YC, Ran N, Xu L, Liu XJ. MiR-448-5p inhibits
TGF-betal-induced epithelial-mesenchymal transition and pulmonary
fibrosis by targeting Six1 in asthma. J Cell Physiol. 2019;234:8804-14.
Hinz B. Formation and function of the myofibroblast during tissue
repair. J Invest Dermatol. 2007;127:526-37.

Huang N, Liu K, Liu J, Gao X, Zeng Z, Zhang Y, Chen J. Interleukin-37
alleviates airway inflammation and remodeling in asthma via inhibiting
the activation of NF-kappaB and STAT3 signalings. Int Immunopharma-
col. 2018;55:198-204.

Liang X, Wang J, Chen W, Ma X, Wang Y, Nagao N, Weng W, Huang J, Liu
J.Inhibition of airway remodeling and inflammation by isoforskolin in
PDGF-induced rat ASMCs and OVA-induced rat asthma model. Biomed
Pharmacother. 2017;95:275-86.

Arend WP. Interleukin 1 receptor antagonist A new member of the
interleukin 1 family. J Clin Invest. 1991,88:1445-51.



Abdelaziz et al. J Trans| Med

101.

102.

103.

104.

105.

106.

110.

111,

114.

118.

(2020) 18:58

Arend WP. Interleukin-1 receptor antagonist. Adv Immunol.
1993,54:167-227.

Pechkovsky DV, Prasse A, Kollert F, Engel KM, Dentler J, Luttmann

W, Friedrich K, Muller-Quernheim J, Zissel G. Alternatively activated
alveolar macrophages in pulmonary fibrosis-mediator production and
intracellular signal transduction. Clin Immunol. 2010;137:89-101.

Rao AJ, Nich C, Dhulipala LS, Gibon E, Valladares R, Zwingenberger S,
Smith RL, Goodman SB. Local effect of IL-4 delivery on polyethylene
particle induced osteolysis in the murine calvarium. J Biomed Mater Res
A.2013;101:1926-34.

De Paoli F, Eeckhoute J, Copin C, Vanhoutte J, Duhem C, Derudas B,
Dubois-Chevalier J, Colin S, Zawadzki C, Jude B, et al. The neuron-
derived orphan receptor 1 (NOR1) is induced upon human alternative
macrophage polarization and stimulates the expression of markers of
the M2 phenotype. Atherosclerosis. 2015;241:18-26.

Rosenwasser LJ. Biologic activities of IL-1 and its role in human disease.
J Allergy Clin Immunol. 1998;102:344-50.

Broide DH, Campbell K, Gifford T, Sriramarao P. Inhibition of eosinophilic
inflammation in allergen-challenged, IL-1 receptor type 1-deficient
mice is associated with reduced eosinophil rolling and adhesion on
vascular endothelium. Blood. 2000;95:263-9.

Baskar P, Pincus SH. Selective regulation of eosinophil degranulation by
interleukin 1 beta. Proc Soc Exp Biol Med. 1992;199:249-54.

Nakae S, Komiyama Y, Yokoyama H, Nambu A, Umeda M, Iwase M,
Homma |, Sudo K, Horai R, Asano M, Iwakura Y. IL-1 is required for
allergen-specific Th2 cell activation and the development of airway
hypersensitivity response. Int Immunol. 2003;15:483-90.

Nakae S, Asano M, Horai R, Sakaguchi N, Iwakura Y. IL-1 enhances T cell-
dependent antibody production through induction of CD40 ligand and
OX40 on T cells. J Immunol. 2001;167:90-7.

Schmidt JA, Mizel SB, Cohen D, Green I. Interleukin 1, a potential regula-
tor of fibroblast proliferation. J Immunol. 1982;128:2177-82.

Levine SJ, Benfield T, Shelhamer JH. Corticosteroids induce intracellular
interleukin-1 receptor antagonist type | expression by a human airway
epithelial cell line. Am J Respir Cell Mol Biol. 1996;15:245-51.

Sousa AR, Trigg CJ, Lane SJ, Hawksworth R, Nakhosteen JA, Poston RN,
Lee TH. Effect of inhaled glucocorticoids on IL-1 beta and IL-1 receptor
antagonist (IL-1 ra) expression in asthmatic bronchial epithelium.
Thorax. 1997;52:407-10.

Hakonarson H, Herrick DJ, Serrano PG, Grunstein MM. Autocrine role of
interleukin 1beta in altered responsiveness of atopic asthmatic sensi-
tized airway smooth muscle. J Clin Invest. 1997,99:117-24.

Arend WP, Welgus HG, Thompson RC, Eisenberg SP. Biological proper-
ties of recombinant human monocyte-derived interleukin 1 receptor
antagonist. J Clin Invest. 1990,85:1694~7.

Fischer E, Marano MA, Barber AE, Hudson A, Lee K, Rock CS, Hawes

AS, Thompson RC, Hayes TJ, Anderson TD, et al. Comparison between
effects of interleukin-1 alpha administration and sublethal endotox-
emia in primates. Am J Physiol. 1991,261:R442-52.

Wang CC, Fu CL, Yang YH, Lo YC, Wang LC, Chuang YH, Chang DM,
Chiang BL. Adenovirus expressing interleukin-1 receptor antagonist
alleviates allergic airway inflammation in a murine model of asthma.
Gene Ther. 2006;13:1414-21.

Zhu J, Guo L, Watson CJ, Hu-Li J, Paul WE. Stat6 is necessary and suffi-
cient for IL-4’s role in Th2 differentiation and cell expansion. J Immunol.
2001;166:7276-81.

Maier E, Duschl A, Horejs-Hoeck J. STAT6-dependent and -independent
mechanisms in Th2 polarization. Eur J Immunol. 2012;42:2827-33.

119.

120.

122.

123.

124.

125.

126.

127.

128.

129.

130.

133.

Page 12 of 12

Rengarajan J, Mowen KA, McBride KD, Smith ED, Singh H, Glimcher LH.
Interferon regulatory factor 4 (IRF4) interacts with NFATc2 to modulate
interleukin 4 gene expression. J Exp Med. 2002;195:1003-12.

Lohoff M, Mittrucker HW, Prechtl S, Bischof S, Sommer F, Kock S, Ferrick
DA, Duncan GS, Gessner A, Mak TW. Dysregulated T helper cell differen-
tiation in the absence of interferon regulatory factor 4. Proc Natl Acad
Sci USA. 2002;99:11808-12.

Daegelmann C, Herberth G, Roder S, Herbarth O, Giese T, Kramer U,
Behrendt H, Borte M, Heinrich J, Emmrich F, Lehmann I. Association
between suppressors of cytokine signalling, T-helper type 1/T-helper
type 2 balance and allergic sensitization in children. Clin Exp Allergy.
2008;38:438-48.

Heim MH. The Jak-STAT pathway: cytokine signalling from the receptor
to the nucleus. J Recept Signal Transduct Res. 1999;19:75-120.

O'Shea JJ, Holland SM, Staudt LM. JAKs and STATs in immunity, immu-
nodeficiency, and cancer. N Engl J Med. 2013;368:161-70.

Goenka S, Kaplan MH. Transcriptional regulation by STAT6. Immunol
Res. 2011,50:87-96.

Ghaleb AM, Yang VW. Kruppel-like factor 4 (KLF4): what we currently
know. Gene. 2017,611:27-37.

Wang K, Zhou W, Cai Q, Cheng J, Cai R, Xing R. SUMOylation of KLF4
promotes IL-4 induced macrophage M2 polarization. Cell Cycle.
2017;16:374-81.

Kapoor N, Niu J, Saad Y, Kumar S, Sirakova T, Becerra E, Li X, Kolattukudy
PE. Transcription factors STAT6 and KLF4 implement macrophage
polarization via the dual catalytic powers of MCPIP. J Immunol.
2015;194:6011-23.

Liao X, Sharma N, Kapadia F, Zhou G, Lu Y, Hong H, Paruchuri K,
Mahabeleshwar GH, Dalmas E, Venteclef N, et al. Kruppel-like factor 4
regulates macrophage polarization. J Clin Invest. 2011;121:2736-49.
Zhou D, Chen L, Yang K, Jiang H, Xu W, Luan J. SOCS molecules: the
growing players in macrophage polarization and function. Oncotarget.
2017;8:60710-22.

Whyte CS, Bishop ET, Ruckerl D, Gaspar-Pereira S, Barker RN, Allen JE,
Rees AJ, Wilson HM. Suppressor of cytokine signaling (SOCS)1 is a key
determinant of differential macrophage activation and function. J
Leukoc Biol. 2011;90:845-54.

Yoshimura A, Naka T, Kubo M. SOCS proteins, cytokine signalling and
immune regulation. Nat Rev Immunol. 2007;7:454-65.

Zhang Y, Mei H, Chang X, Chen F, Zhu Y, Han X. Adipocyte-derived
microvesicles from obese mice induce M1 macrophage phenotype
through secreted miR-155. J Mol Cell Biol. 2016;8:505-17.

Ma C,Wang Y, Shen A, Cai W. Resveratrol upregulates SOCS1 production
by lipopolysaccharide-stimulated RAW264.7 macrophages by inhibiting
miR-155. Int J Mol Med. 2017;39:231-7.

Chistiakov DA, Myasoedova VA, Revin VV, Orekhov AN, Bobryshev
YV.The impact of interferon-regulatory factors to macrophage
differentiation and polarization into M1 and M2. Immunobiology.
2018;223:101-11.

SongY,Wu, Li X, ShenY, Ding Y, Zhu H, Liu F, Yu K, Sun L, Qian F.
Protostemonine attenuates alternatively activated macrophage

and DRA-induced asthmatic inflammation. Biochem Pharmacol.
2018;155:198-206.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Alternatively activated macrophages; a double-edged sword in allergic asthma
	Abstract 
	Background: 
	Body: 
	Conclusions: 

	Background
	Macrophages: development, polarization and subsets
	Asthma: epidemiology and pathogenesis
	Alternatively activated macrophages and allergic asthma

	M2a markers and allergic asthma
	C-type lectin receptors
	Mannose receptor C type 1 (MRC1, CD206)
	Macrophage galactose type C-type lectin receptors (MGLCD301)

	Enzymes
	Arginase-1 (Arg1)
	Transglutaminase 2 (TGM2)

	Secreted proteins
	Found in inflammatory zone 1 (FIZZ1)
	Chitinase 3-like 3 (CHI3L3, Ym1)

	Chemokines
	CCL17 and CCL22

	Cytokines
	IL-10
	TGF-β1
	Interleukin-1 receptor antagonist (IL-1RA)

	Macrophage signal transduction proteins and transcription factors
	STAT6
	Krüppel-like factor 4 (KLF4)
	Suppressor of Cytokine Signaling 1 (SOCS1)
	Interferon regulatory factor 4 (IRF4)


	Summary, conclusion and recommendations
	Acknowledgements
	References




