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ARTICLE INFO ABSTRACT

Macrophages are pivotal cells involved in chronic inflammatory and autoimmune diseases. In fact, during these
diseases, activated macrophages may play a critical role, promoting the inflammation as well as mediating the
damage resolution. This dichotomy is referred to two end-stage phenotypes of macrophages, conventionally
known as M1 and M2, playing a pro-inflammatory and anti-inflammatory role, respectively. The M1 macro-
phages are the mainly subset involved during inflammatory processes, producing pro-inflammatory mediators.
Conversely, the M2 macrophages are proposed to contribute to the resolution phase of inflammation, when cells
with pro-resolving property are recruited and activated. In fact, this subset of macrophages may activate reg-
ulatory T lymphocytes, which play a critical role in the maintenance of peripheral tolerance and preventing the
occurrence of autoimmune diseases. On these bases, the polarization toward the M2 phenotype could play a
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therapeutic role for autoimmune diseases.
In this Review we discussed the characteristic of M1 and M2 macrophages, focusing on the immunoregulatory
role of M2 cells and their potential ability to control the inflammation and to promote the immunological

tolerance.

1. Introduction

Macrophages play a pivotal role in the innate immune system,
controlling phagocytosis, bacterial killing, producing cytokines and
presenting antigen(s) to naive T cells for the development of adaptive
immune response. Macrophages were identified for the first time by
Metchnikoff in 1883, when phagocytic mononuclear cells were ob-
served to be able to kill bacteria [1]. After that, the notion of macro-
phage activation was introduced by Mackaness [2] in the early 1960s,
investigating the host response to Listeria infection. Subsequently, the
macrophage activation was linked to T helper cells, typel (Thl) phe-
notype, for the first time by Nathan [3], showing that, the exposition of
macrophages to anti-microbial effect induces interferon-gamma (IFN-vy)
production and Th1 response.

Tissue-resident macrophages exhibit specific transcriptional profiles

and characteristics, depending on the specific tissue in which they re-
side [4], such as microglial cells in brain, Kupffer cells in liver, alveolar
macrophages in lung, osteoclasts in the bone and red-pulp macrophages
in spleen [5]. It is possible to recognize “prenatal” and “postnatal” es-
tablished macrophages. The first ones, the primitive macrophages, ap-
pear in the yolk sac around embryonic day 7 and disseminate following
the establishment of the blood circulation, throughout embryonic tis-
sues. These macrophages are quantitatively maintained in adulthood
through longevity and/or limited self-renewal. The “post-natal” estab-
lished macrophages mainly derive from circulating monocytes, which
may give rise to relatively short-lived, non-self-renewing tissue-resident
macrophages in organs [6]. During inflammation, monocytes are re-
cruited to inflamed sites and lymphoid tissues, where differentiate in
macrophages [7], playing an important role during both beginning and
resolution of inflammatory processes. In fact, although macrophages
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were initially thought to only promote inflammation, it was later as-
sessed that these cells play a role also to resolve the inflammation.
Macrophages may secrete factors promoting survival, repair [8-10],
proliferation of hepatocytes [11] as well as neurons, and skeletal
muscle-regeneration [12,13]. On these bases, the paradigm of M1 and
M2 has been proposed [14], suggesting the beneficial or the deleterious
effects of macrophages, dependent upon their state of activation, which
is, in turn, determined by the occupied tissue micro-environment. Of
note, the failure of inflammation resolution could lead to chronic in-
flammatory autoimmune diseases, such as Rheumatoid Arthritis (RA),
Colitis or Asthma, associated with irreversible tissue damage and sig-
nificant morbidity [15-17]. In this context, the understanding of the
molecular mechanisms that drive macrophages polarization toward an
anti-inflammatory and/or possible immune-regulatory phenotype could
open new perspectives and therapeutic strategies for autoimmune dis-
eases. However, important questions persist regarding how to relate the
macrophages plasticity in mediating inflammatory processes.

In this review, we aimed to describe the macrophages origin and
function, their differentiation in different subsets and their possible role
as regulatory cells, controlling the innate and adaptative immunity.

2. The medullar mononuclear phagocyte system

The mononuclear phagocyte system (MPS), originating from bone
marrow progenitor cells, is composed by monocytes, macrophages, and
dendritic cells (DCs); these cells are characterized by phenotypic and
functional overlaps [18-20]. This system plays physiological and pa-
thological roles, in which peripheral blood monocytes move to the
tissues where they differentiate into mature macrophages or DCs.
Monocytes arise from common bone marrow common myeloid pro-
genitor cells (CMPs) [19,20]. The differentiation process of monocytes
is driven by different cytokines, mainly granulocytes macrophages
colony-stimulating factor (GM-CSF) and macrophage colony stimu-
lating factor (M-CSF). The GM-CSF induces the differentiation of
monocytes into DCs and, under the influence of M-CSF and GM-CSF,
monocytes become macrophages [18,19].

3. Monocytes

The term monocyte identifies a blood cell of the MPS lineage.
Previously known as agranulocytes, these cells are the largest sized cells
in MPS, containing typical horseshoe-shaped nucleus in their cyto-
plasm. [21]. Monocytes correspond to 10% of leukocytes in human
blood. Physiologically, monocytes circulate in the blood, bone marrow,
and spleen [21,22]. In bone marrow, the monocytes derive from myelo-
monocytic stem cells, which give rise to more direct precursors like
monoblasts and pro-monocytes. These cells may proliferate and dif-
ferentiate toward monocyte subsets [23,24]. Monocytes are tradition-
ally known as the second line of defence cells, after neutrophils, in the
innate immune system. In early studies, they were identified based on
glass adherence and morphology and, in clinical haematology, on
physical properties of these cells, including light scatter [25]. In the
spleen, the monocytes are characterized by specific markers, including
CD11bM8" and (CD90, B220, CD49b, NK1.1, Ly-6G, F4/80, I-Ab,
CD11¢)'°". On these bases, human monocytes are traditionally divided
into three phenotypically and functionally distinct populations ac-
cording to differences in expression of CD14 and CD16 encoding for the
lipopolysaccharide receptor and the low affinity FC gamma receptor
(FCGR3), respectively. Classical (CD14* *CD16~) monocytes account
for 80-90% of human blood monocytes, intermediate (CD14*CD16%)
monocytes comprise ~2-5% and the nonclassical (CD14~CD16™ ™)
monocytes account for the remaining 2-10% [26,27]. The Nomen-
clature Committee of the International Union of Immunologic Societies
(Berlin, Germany) has recently approved a new nomenclature of
monocytes in humans accordingly [28]. Classical and intermediate
monocyte subsets display inflammatory properties, whereas the
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nonclassical monocyte subset demonstrates patrolling behaviour along
blood vessel walls, responding to viral infection [28]. The number of
circulating blood monocytes may strongly increase within minutes by
stress or exercise followed by a rapid return to baseline levels. In in-
flammation, monocytes in response to proinflammatory stimuli move to
inflamed sites and lymphoid tissues. Monocytes neutralize pathogens
and toxic molecules, engulf dead, damaged, and exogenous cells, se-
crete cytokines and differentiate to macrophages and DCs [29,30].

4. Macrophages origin and definition

The macrophages are large cells present in all tissues. They may
clear cellular debris and pathogens, present antigens to T cells, and
produce cytokines to alert cells about ongoing damage and later pro-
mote tissue healing. Presently, we define macrophages by their function
(phagocytosis, immunity), specific markers (F4/80, CD64, MertK),
morphology (phagosome inclusions) and location in specific tissues. In
addition, the macrophages are very plastic and dynamic cells. When
activated, macrophages morphology and protein expression may ra-
pidly change, and these cells may migrate to sites of inflammation
[31-33]. Recent studies have shown that macrophages may develop
from embryonic leukocyte precursors without the need for a monocyte
intermediate, as illustrated for some tissue-resident macrophage pools
[34]. Bone marrow-derived macrophages may infiltrate most tissues,
contributing to the maintenance of the macrophage pool [35]. These
cells may be effected by surrounding microenvironmental stimuli and
signals responsible to their phenotype polarization [36,37].

5. Macrophage function

During inflammation, the microenvironment is characterized by
inflammatory mediators secreted by different population of infiltrated
lymphocytes and tissue resident parenchymal cells. The interaction
among these cells and the secreted molecules may induce a specific
macrophage phenotype and, consequently, may influence their func-
tions. Inflammation starts with a protective role, with the aim to re-
move the pathogens, to promote the tissue repair/wound healing and to
establish memory, for a faster and specific future immune response.
After arrival of polymorphonuclear neutrophils (PMNs), in the case of
non-specific inflammation, or eosinophils, in response to allergens,
macrophages eliminate microorganisms via intracellular and/or extra
cellular killing mechanisms. During resolution phase, PMNs and eosi-
nophils are replaced by phagocytosing macrophages. The major de-
terminant of this shift, between PMNs and macrophages, is the inter-
action between interleukin- (IL-) 6 with its receptor. This interaction
induces a chemokine shift, suppressing PMNs recruitments and pro-
moting monocytes influx [38,39]. Furthermore, the macrophages may
play an active role during the clearance of dead cells. Local cell death
occurs in many ways including autophagy, excitotoxicity, pyroptosis,
necrosis, necroptosis and caspase-mediated apoptosis [38-41]. Once
the leucocytes are near to the end of its life, they release chemo-at-
tractants, which signal their whereabouts to mononuclear phagocytes
[42]. Apoptotic cells express or loss antigens that facilitate their rapid
recognition and clearance by macrophages. In fact, apoptotic cells lose
CD31 and CD47, which play a repellent role for phagocytes and upre-
gulate phospholipids, nucleotides and phosphatidylserines, which pro-
mote the phagocytosis [38,43,44]. Macrophages play a central role also
in both adaptative and innate immunity, due their ability as antigen
presenting cells (APCs), that activate adaptive immunity, leading to
priming of T and B cells. In addition, macrophages may control the
effector T-cell behaviour and differentiation, inducing Th17, with
proinflammatory function, or regulatory T cells (Tregs), with immune
regulatory function, respectively [45].
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6. Macrophage polarization

Different macrophages subsets are described, based on the produc-
tion of specific molecules, expression of cell surface markers, and bio-
logic activities [37,46,47]. Polarized macrophages may be classified in
two main groups: classically activated macrophages (M1), which drive
proinflammatory responses, and alternatively activated macrophages
(M2), which control immune regulation and tissue remodelling. M2
macrophages may be further sub-classified in M2a, M2b, M2c and M2d
based on resultant transcriptional changes after the exposure of dif-
ferent stimuli [36,37,46,48-50]. The stimulation-dependent polariza-
tion controls specific functions and phenotypes of macrophages: i. when
exposed to the so-called M1 stimuli, macrophages acquire a pro-in-
flammatory phenotype, activating and producing proinflammatory
molecules; ii. when exposed to M2 stimuli, macrophages acquire an
anti-inflammatory phenotype, over-expressing mannose receptor, re-
sponsible to increase of clearance of mannosylated ligands, over-
expression of histocompatibility complex type II (MHC II) and reduc-
tion of pro-inflammatory cytokines production [48,51,52]. On these
bases, the M1/M2 macrophages paradigm was proposed, identifying
two end-stage phenotypes with opposite functions. Recently, this
paradigm has been revised, supporting the notion that, there is a con-
tinuum of intermediate phenotypes between these two apparent end-
stage opposite ones [14,46,53-55] (Fig. 1).

7. Pro-inflammatory M1 macrophages

Macrophages differentiate into M1 type, when stimulated with M1
stimuli, which are grouped according to their ability to induce in-
flammatory response [48]. Three main M1 stimuli are recognized, in-
cluding IFN-y, major parts of the pathogens profile such as lipopoly-
saccharide (LPS), and GM-CSF. Recently, other stimuli have been
proposed in inducing pro-inflammatory properties such as tumor ne-
crosis factor (TNF), IL-1 and IL-6 [37]. Interestingly, although the
consequent pro-inflammatory phenotype is the same, different sources,
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roles and signalling pathways of M1 stimuli are pointed out. In fact,
IFN-y controls cytokines receptor (CSF2RB, IL-15 receptor alpha, IL-
2RA, and IL-6R), cell activation markers (CD36, CD38, CD69, and
CD97), and cell adhesion molecules (intercellular adhesion molecule 1
[ICAM1], integrin alpha L [ITGAL], ITGA4, ITGbeta-7 [B7], mucin 1
[MUC1], and ST6 beta-galactosamide alpha-2,6-sialyltranferase 1
[SIAT1]) [48,56]. LPS activates the inflammasomes, by mechanisms,
which are dependent or independent of toll-like receptor-4 (TLR-4)
[57,58]. GM-CSF induces IL-6, IL-8, G-CSF, M-CSF, TNF, IL-1b, CD14,
Fc fragment of IgG, high affinity Ia (FCgR1A) and nuclear receptor
subfamily 1, group H, member 3 [NR1H3]) [59]. Classically, pro-in-
flammatory M1 macrophages secrete a number of cytokines, including
TNF, IL-1B, IL-6, IL-12, IL-23 as well as of chemokines, including CCL5,
CCL8, CXCL12, CXCL4 [18]. Furthermore, M1 macrophages produce
nitric oxide (NO), via an increased synthesis of induced nitric oxide
synthase (iNOS) [18]. M1 macrophages may also contribute to the
tissue demolition and tumoricidal activity, promoting Thl immune
responses [60,61]. On these bases, an over-activation of M1 cells has
been proposed to be involved in pathogenic mechanisms of several
inflammatory, autoimmune and chronic diseases, including RA, Crohn's
disease, Diabetes, Multiple Sclerosis, and Autoimmune Hepatitis
[47,62-67].

8. Anti-inflammatory M2 macrophages

Macrophages differentiate into M2 type, when stimulated with M2
stimuli, which are grouped mainly due to their ability to antagonize
inflammatory responses [48]. This group of stimuli includes very dif-
ferent molecules that span four levels of response and, in fact, M2
macrophages are sub-classified into 4 subtypes, including M2a, M2b,
M2c and M2d. These cells are further identified based on expression
markers: CD200R, CD206, CD163, arginase-1, STAT-3 and IL-10. The
differentiation of M2a macrophages is a response to IL-4 and IL-13;
their pivotal function is to inhibit M1 genes during tissue repair
[68,69]. The M2b macrophages are polarized by combined immune

Monocyte
E:;\;_Y’ IL-4 Immune complexes Glucocorticoids B IL-6
GM:CSF IL-13 LPS, IL-1 TGF-B, IL-10, CCL13 Adenosine A2a
M2a M2b M2c Ma2d

TNF, IL-1p, IL-6, TGF-B IL-10 IL-10 IL-10
IL-12, IL-23 Arginase IL-12 Inhibition TGF-B TGF-B
CCLS5, CCLS, . ) . ) VEGF .
CXCL12 DEBRIS REGULATORY REGULATORY PRO-ANGIOGENIC
CXCL4. NO REMOVAL MACROPHAGE MACROPHAGE ACTIVITY

(M1 deactivated)

Pro-INFLAMMATION

Anti-INFLAMMATION

Fig. 1. Macrophage classification and polarization. Monocytes undergo polarization depending on received stimuli. M1 stimuli include IFN-y, LPS and GM-CSF,
which induce pro-inflammatory M1 macrophages differentiation. The anti-inflammatory M2 macrophages are classified in M2a, M2b, M2c, M2d depending on
received stimuli. IL-4 and IL-13 induce M2a macrophages, their pivotal function is to inhibit M1 genes and to remove of debris during tissue repair. Inmunocomplex,
LPS and IL-1 promote M2b macrophages, that play a regulatory ability. Glucocorticoids, TGF-B, IL-10 and CCL13 induce the deactivation of M1 macrophages, which
consequently acquire a regulatory activity, probably by TGF-$ production. Finally, IL-6 and adenosine A2a promote M2d macrophages, playing a pro-angiogenic

activity.
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complexes that comprehend TLR and/or IL-1 receptor agonist [70,71];
they may play an immunoregulatory activity, although M2b polariza-
tion could promote the persistence of infection [36,72-74]. M2c mac-
rophages are induced by glucocorticoids and transforming growth
factor beta (TGF-B), these are referred as deactivated macrophages;
they release large amounts of IL-10 and pro-fibrotic TGF-f, playing an
efficient phagocytosis of apoptotic cells [75,76]. M2d macrophages are
activated in response to IL-6 and A2 adenosine receptor (A2R) agonist
[75,77-79]; they are characterized by high IL-10, TGF-$ and vascular
endothelial growth factor (VEGF) as well as by low IL-12, TNF and IL-
1B production [73,78-80].

Taking together all these observations, the M2 macrophages gen-
erally play an anti-inflammatory and immune regulatory role and their
activation is induced by parasites, fungal cells, immune complex,
complements, apoptotic cells and allergic reaction [72,81]. They are
characterized by high phagocytosis capacity, secreting extracellular
matrix (ECM) components, angiogenic and chemotactic factors [82, 83,
84] and promoting the wound healing [85,86]. M2 macrophages are
also characterized by the production of anti-inflammatory and reg-
ulatory cytokines, such as IL-4, IL-33 [87], IL-10, IL-1 receptor an-
tagonist (IL-1RA) and TGF-f3 [88,89]. Interestingly, the TGF-3 produc-
tion is one of the most important function for M2 phenotype
development and its activity, arresting NO production [53,90] and
promoting Treg cells differentiation [91], through the TGF-3/SMAD
signalling pathway [92-94].

9. M2 macrophages with regulatory activity

Inflammation is characterized by an induction phase, with strong
immune activation and a resolution phase, in which the damage is
eliminated, and the tissue integrity is restored. During resolution phase,
the macrophages phenotype switches in pro-resolving, in M2 one [60].
This switch toward M2 macrophage function, may be supported by
different cells, such as eosinophils [15,95] and tissue resident group 2
innate lymphoid cells (ILC2), which have been implicated in host type 2
immune responses. It has been shown that ILC2 cells promote the
maintenance of alternatively activated M2 macrophages, producing IL-
4 and IL-13. Under combined exposure to TLR agonists and/or IL-1R
agonists, M2 subtype may acquire regulatory function, changing in M2b
phenotype, that express CCL1, TNF, CD86 and IL-6, high levels of IL10
and low levels of IL-12 [36,46,49,96-98] (Fig. 2). Several further fac-
tors, such as posttranscriptional regulators, signalling molecules and
transcriptional factors, have been found to play pivotal roles in the
control of M2b macrophages polarization [36]. miRNAs, which are
short noncoding RNAs playing a key role in immune and inflammatory
responses, are modulated in M2b macrophages. In fact, it has been

M2b M2c
Markers CCL1 CXCL13
IL-10 high CD206
IL-12 low CD163
TNF-a IL-10
CDS86 TGF-B
IL-6 MerTK

Fig. 2. Markers of M2 macrophages with regulatory function. M2 subtype may
acquire regulatory functions, changing in M2b phenotype, that express CCL1,
TNF, CD86 and IL-6, high levels of IL-10 and low levels of IL-12. Another subset
of M2 macrophages with possible regulatory function could be M2c macro-
phages, which express CXCL13, CD206, CD163, IL-10, TGF- and MerTK.
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shown that the radiations may induce miR-222 [99] and its upregula-
tion may promote M2b polarization by increasing the expression of
CCL1. Furthermore, many studies showed that M2b macrophages are
crucial players in immune tolerance, in fact, these cells may secrete IL-
10, and inhibit IL-12 that stimulates M1 phenotype [37,46,100,101].

Another subset of M2 macrophages with possible regulatory func-
tion could be M2c macrophages, which express CXCL13, CD206,
CD163, IL-10, TGF-B and MerTK [48-50,75] (Fig. 2). The M2c macro-
phages produce TGF-B and IL-10. In fact, TGF-f may play an im-
munoregulatory role, promoting Treg cells, playing a crucial role in
maintaining peripheral tolerance [45,102]. While the role of M1 and
M2 macrophages, during the development of Th1 and Th2 responses, is
well characterized, the M2 macrophages role in the modulation of Treg
cells remains to be defined [91], especially which subset of M2 mac-
rophages interact with Treg cells. However, concerning their function
role, it has been shown that M2 macrophages, in the cancer environ-
ment, could promote the differentiation of CD4+ CD25- T cells into
activated Treg cells. In turn, these generated Treg cells skew the dif-
ferentiation of monocytes toward M2 macrophages, through the IL-10
and TGF-P pathways [103], forming a positive-feedback loop. In fact,
Tregs cells may direct monocytes differentiation toward an M2 subsets,
promoting the increased expression of the mannose receptor CD206 and
the hemoglobin scavenger receptor CD163, the increased production of
CCL18 and IL-1Ra, and the reduced production of proinflammatory
cytokines/chemokines [104]. Taking together, the consequent M2
macrophages-Treg cells loop contribute to immunosuppression, by re-
lease of molecules and/or through a cell-cell mechanism [105].

In this context, conflicting results are reported about the expression
of Forkhead box P3 (Foxp3) [106,107], a well-recognized specific
transcription factor for regulatory cells, in M2 macrophages. Recently,
it has been reported that the TGF-f, VEGF and TLR ligands stimulations
could promote the expression of FoxP3 in F4/80+ cells, a lineage of
macrophages [108,109]. In the same work, the Authors also reported
that FoxP3+ macrophages could play an immune regulatory role, by
the production of soluble factors, such as PGE2, arginase-2, Arg-2, IL-1a
and could stimulate the cells death by increasing the expression of
TRAIL, CD200r, LAG3 [109]. Although this report of macrophage ex-
pression of Foxp3 raised a lot of interest in the scientific community,
this report was subsequently retracted by the same institute [109].
After that, another paper investigated the role of Foxp3 + macrophages
in the pathogenesis of atherosclerosis using experimental mouse model.
However, the Authors were unable to replicate the presence of
CD11b + F4/80+ macrophages expressing Foxp3 and noted that the
Foxp3 positive staining was most likely an artefact, attributable to
autofluorescence [110]. Recently, it has been shown that Foxp3 may be
expressed in kidney tumor-associated macrophages, and the depletion
of Foxp3+ cells reduced the frequency of M2 macrophages. Although
functional and mechanistic insight needs to be performed, to reveal
whether macrophages-expressed Foxp3 have immunosuppressive ac-
tivity, these cells could be an interesting candidate to improve therapies
for tumors containing M2 infiltrating macrophages [111].

10. M2 regulatory activity in autoimmune diseases, the model of
RA

A growing body of evidence suggests the pathogenic involvement of
macrophages in autoimmune diseases, showing an imbalance in M1/
M2 ratio. In fact, a reduced frequency of anti-inflammatory M2 mac-
rophages or a prolonged activation of M1 macrophages could lead to
inflammation and autoimmunity development [67,112]. However,
conflicting results are available in literature concerning this topic
[17,113,114], suggesting further studies.

RA is a common autoimmune disease, exhibiting a remarkable level
of inflammatory chronicity [15]. It is characterized by synovial in-
flammation, joint damage and systemic features [16,115-119]. The
pannus formation and synovial hyperplasia are the main aspects of RA,



P. Di Benedetto, et al.

Lymphocytes
Recruitment

Macrophages Derived
Osteoclasts

Activated

Neutrophils Chondrocytes

Autoimmunity Reviews 18 (2019) 102369

M1 MACROPHAGES POLARIZATION AND
CHRONIC INFLAMMATION

Inflamed
Synovial
Membrane

Fig. 3. M1 macrophages polarization during RA. Neutrophils are the first effector cells at site of inflammation. They release TNF and IFN-y responsible to monocytes
differentiation toward M1 cells. The latter promotes leucocytes recruitment to the inflamed joint. Furthermore, M1 macrophages produce TNF, IL-1, IL-6, IL-12 and
IL-23, promoting synovial fibroblasts proliferation, osteoclast and chondrocytes activation, leading to joint destruction.

due an inflammatory cellular infiltrate of several cell types (neu-
trophils, macrophages, fibroblasts, T-cells, and dendritic cells) in the
synovial tissue [60]. In this context, neutrophils are the first effector
cells, that facilitate the inflammatory process and macrophages, re-
sident in synovial tissue, may promote osteoclastogenesis [120]. It has
been reported that the 68% of macrophages like synoviocytes from
synovial fluid of RA patients are M1 macrophages [121], playing a pro-
inflammatory role (Fig. 3).

M2 macrophages, producing anti-inflammatory cytokines, pro-
moting tissue remodelling and playing an immunoregulatory function,
may improve the RA. In fact, some studies have used M2 polarizing
cytokines, like IL-10, as therapeutic target, showing that IL-10-treated
animals exhibited a reduced development of joint inflammation
[122,123]. Furthermore, IL-10 gene therapy, targeted to macrophages,
reprogrammed the macrophages phenotype from a predominantly M1
(pro-inflammatory) to M2 (anti-inflammatory) phenotype, preventing
the joint damage associated with adjuvant-induced arthritis [124]. In
this context, it has been proposed that a M2c polarization, induced by
both M-CSF and IL-10, would be a desirable condition to counteract the
autoimmune diseases, as suggested by the possible therapeutic utility of
M-CSF and IL-10 [76]. Different additional strategies are currently ex-
ploring the possibility to increase M2 macrophages, to control in-
flammation during autoimmune diseases, mostly in animal models of
RA, such as mesenchymal stem cells (MSCs), IL-9, IL-35 and Sema-3A
(Fig. 4). Interestingly among the M2 stimuli, MSCs have been sug-
gested. The immuno-regulatory properties of these cells were linked to
their ability to polarize M1 macrophages toward an M2 phenotype, in
collagen-induced arthritis (CIA) mice [125]. Furthermore, it has been
shown that IL-9 may be a cytokine involved in arthritis resolution
[126]. IL-9 could act as an autocrine growth factor for ILC2s, cells with
pro-resolving properties, by promotion of M2 macrophages differ-
entiation and Treg cells activation [127]. IL-35, produced by Treg cells,
was also proposed in promoting the conversion of M1 to M2

macrophages [128] and in attenuating collagen induced arthritis in
mice [129]. Of note, Teng et al., using in vitro culture of macrophages
with Sema3A recombinant protein, showed that Sema3A inhibited LPS/
IFN-y induced M1 polarization of macrophages, whereas promoted IL-4
induced M2 polarization. This finding suggested the possibility that
Sema3A could be used as a macrophages editor for the therapeutic
purpose of RA [130], although further in vivo experiments are neces-
sary. In this context, a growing body of data suggested that semaphorins
are involved in the regulation of the immune system, the so called
“immune semaphorins”, being involved in all phases of both normal
and pathological immune responses [131,132]. Interestingly, Sema3A
is of importance for its regulatory properties, thus downregulating the
over-activity of both T and B cell autoimmunity [133].

Taking together these observations, new strategies targeting mac-
rophages and their polarization could open the way for new therapeutic
perspectives for the management of autoimmune diseases.

11. Conclusion

In conclusion, macrophages are pivotal cells of innate immunity and
are also indispensable players in organ development, tissue turnover,
and regeneration [134]. The naive macrophages may polarize to dif-
ferentiate toward either M1 or M2 macrophages, the balance of acti-
vation and inhibition of different M1 and M2 phenotypes may con-
tribute to the development of many autoimmune diseases. In this
context, the immune-modulatory role of M2 macrophages is still matter
of debate. Probably, M2 macrophages could promote and activate Treg
cells, after release of cytokines and growth factors, thus resolving the
inflammatory process. On these bases, a better understanding of pa-
thobiology of M2 macrophages may suggest new therapeutic perspec-
tive, to improve the management of autoimmune diseases.
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M2 MACROPHAGES POLARIZATION AND
IMMUNOREGULATORY EFFECTS

IMMUNOREGULATORY
EFFECTS

ARTHRITIS
RESOLUTION

Sema3A

Fig. 4. Therapeutic perspective and M2 polarization during RA. M2 macrophages may play a therapeutic role during RA, promoting an anti-inflammatory and
immuno-regulatory activity. In experimental models of RA, it has been shown that IL-9 overexpression may play an anti-inflammatory role, promoting ILC2 cells,
responsible to M2 macrophages differentiation. The latter plays an anti-inflammatory activity promoting the neutrophils removal. Furthermore, M2 macrophages
release TGF-f3, that may induce Treg cells recruitment. Another molecule, with potential therapeutic role for RA, is Sema3A, contributing to M2 macrophages

differentiation.
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