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A B S T R A C T   

Systemic sclerosis (SSc, scleroderma), is an autoimmune rheumatic disease characterized by 
fibrosis of the skin and internal organs, and vasculopathy. Preventing fibrosis by targeting 
aberrant immune cells that drive extracellular matrix (ECM) over-deposition is a promising 
therapeutic strategy for SSc. Previous research suggests that M2 macrophages play an essential 
part in the fibrotic process of SSc. Targeted modulation of molecules that influence M2 macro-
phage polarization, or M2 macrophages, may hinder the progression of fibrosis. Here, in an effort 
to offer fresh perspectives on the management of scleroderma and fibrotic diseases, we review the 
molecular mechanisms underlying the regulation of M2 macrophage polarization in SSc-related 
organ fibrosis, potential inhibitors targeting M2 macrophages, and the mechanisms by which 
M2 macrophages participate in fibrosis.   

1. Introduction 

Systemic sclerosis (SSc), also termed scleroderma is an orphan disease characterized by autoimmunity, fibrosis of the skin and 
internal organs, and vasculopathy [1,2]. Various cell types are thought to be involved in the pathogenesis of SSc, Numerous in-
vestigations into inflammatory cells and their mediators have revealed that macrophages are crucial to the occurrence and progression 
of SSc fibrosis [3–5]. Skin biopsies have revealed increased infiltration of inflammatory cells, primarily CD14+ mono-
cytes/macrophages, in newly occurring SSc skin fibrosis [6]. In an independent cohort study, the gene expression signature associated 
with blood-derived human SSc macrophages was found to be enriched in SSc skin and was correlated with skin fibrosis [7]. Fibroblasts 
are key effector cells of the fibrotic response, and in limited cutaneous systemic sclerosis (lcSSc), the percentage of circulating fi-
broblasts is positively correlated with skin thickness [8], and the heterogeneity of gene expression in fibroblasts determines the 
functional Heterogeneity, which evolves with disease progression [9,10]. In vitro studies have shown that the coculture of SSc 
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macrophages with fibroblasts resulted in fibroblast activation [7]. Additionally, soluble CD163 (sCD163), a marker of M2 macro-
phages [11], is abundant in the circulation of patients with SSc [12], and the infiltration of CD163+ macrophages is upregulated in 
fibrotic skin and lungs [13,14]. This reveals an inextricable link between M2 macrophages and SSc fibrosis, and further study and 
discussion of M2 macrophages in SSc may provide new insights into the pathogenesis and therapeutic studies of SSc. 

2. SSc and M2 macrophages 

2.1. Overview of SSc 

SSc is a complex immune-mediated multi-organ connective tissue disease of unknown etiology. It is an extraordinary circumstance 
that primarily affects young and middle-aged women, severely damaging their quality of life and leading to disproportionate morbidity 
and mortality [15,16]. Furthermore, SSc contains a broad group of conditions with wildly differing clinical symptoms, natural his-
tories, treatment responses, and outcomes. There are currently no authorized disease-modifying therapies for SSc [17]. The patho-
genesis of SSc is not completely understood but contains a triad of hallmarks, including immune dysfunction, vasculopathy, and 
fibrosis [18]. Injury to endothelial cells (EC) is suggested as a key initiating event that causes vascular remodeling with capillary 
damage, intimal arteriole proliferation, and ultimately blood vessel occlusion [19]. The current model for SSc pathogenesis proposes 
that unknown etiologic factors initiated a chain of pathogenetic events in a genetically susceptible host, triggering microvascular 
injury marked by structural and functional endothelial cell abnormalities [20] (Fig. 1). It is widely assumed that SSc is driven by a 
complicated interaction of genetic and environmental factors. In individuals liable to epigenetic and genetic factors, certain envi-
ronmental factors may impair ECs, resulting in vascular remodeling, aberrant inflammation, and the progression of SSc [21]. In 
addition to environmental factors, autoimmune attacks of γδT cells and anti-endothelial cell antibodies (AECAs) contribute to the 
immune system-driven initial vascular injury [22]. EC dysfunction increases the production and release of a plethora of potent immune 
mediators, including chemokines, cytokines, polypeptide growth factors, and a variety of other substances [20]. In response to these 
mediators, immune cells are recruited from the bloodstream and bone marrow, generate a perivascular infiltrate, and secrete cytokines 
and growth factors, leading to prolonged inflammation [20]. The main cell type responsible for the excessive production of collagen 
and other extracellular matrix components, myofibroblasts, are activated by chronic inflammation, which results in tissue fibrosis 
[23]. 

2 2. Macrophage polarization 

It is noteworthy that macrophages can sense their microenvironment and change how they behave through phenotypic plasticity. 
Macrophages perform their duties by changing their phenotype in response to stimuli from the tissue around them. This plasticity, 
which is also referred to as M1/M2 macrophage polarization, is the outcome of a carefully orchestrated process that leads to the 
differential expression of surface markers, the production of particular factors, and the execution of biological activities. 

Macrophages are important cells that perform innate and adaptive immune functions and are found in almost all tissues. Classically 
activated macrophages (M1) and alternatively activated macrophages (M2) are the two main types of macrophages [24,25]. M1 
macrophages are induced by interferon-γ (IFN-γ) and lipopolysaccharide (LPS). M1 macrophages express co-stimulatory molecules 

Fig. 1. Overview of the pathogenesis of SSc. A complex interaction between the vasculature, immune cells, and fibroblasts triggers and reinforces 
the onset and progression of SSc, which in turn causes vasculopathy, inflammation, autoimmunity, and an excessive buildup of ECM. Genetic and 
environmental factors are responsible for aberrant ECs. Chemokines and cytokines generated by the aberrant ECs recruit leukocytes. Local fibro-
blasts, ECs, and fibrocytes are activated and differentiated as a result of the pro-fibrotic growth factors and cytokines secreted by activated T cells, B 
cells, and macrophages. DAMPs, damage-associated molecular patterns; ROS, reactive oxygen species. 
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CD80, CD86, and MHC class II molecules (MHC-II), and secrete high levels of pro-inflammatory cytokines and mediators, including 
interleukin-1β (IL-1β), IL-6, tumor necrosis factor-α (TNF-α), and inducible nitric oxide synthase (iNOS), etc. [26]. M1 macrophages are 
antigen-presenting cells, promoting inflammation and Th1 immune response in response to foreign pathogens and tumor cells while 
mediating reactive oxygen species (ROS)-induced tissue damage and impairing wound healing and tissue regeneration [26,27]. IL-4, 
IL-13, IL-10, transforming growth factor-β (TGF-β) immune complexes, complements, and apoptotic cells can all trigger M2 polari-
zation [24]. M2 macrophages are highly phagocytic, and they produce TGF-β, IL-10, vascular endothelial growth factor (VEGF), and 
other regulatory factors and reduce inflammation, improve wound healing, regulate the immune response and angiogenesis, and 
stimulate extracellular matrix (ECM) generation [28] (Fig. 2). M2 macrophages are classified as M2a [29,30], M2b [31–33], M2c [32, 
34], and M2d [35,36] (Fig. 2). 

M2 macrophages facilitate wound healing, tissue repair, and remodeling after inflammatory injury (via factors such as TGF-β) and 
antagonize the action of macrophages (mediated by IL-10) [37,38]. This reflects the critical role of M2 macrophages as natural 
feedback regulators of the inflammatory process. The balance between M1 and M2 macrophages is critical for homeostasis. An 
increased M1/M2 macrophage ratio results in severe inflammation and tissue damage, and a decreased ratio leads to tissue and organ 
fibrosis [27]. 

High-throughput technologies such as single-cell sequencing technology are changing the classical definition of macrophage 
subpopulations [39,40]. There are a mushrooming number of classification markers for macrophage subpopulations, and there may be 
shared markers between subpopulations. The concept of mixed phenotypes begins budding. But currently, there are not many studies 
on mixed phenotypes in SSc, and future studies may focus more precisely on classified macrophage populations to reveal more distinct 
lineages of monocytes/macrophages and their role in fibrosis in SSc. 

2.3. M2 macrophages in SSc 

Macrophages are a heterogeneous class of cells that play a key role in inflammation and tissue repair, but abnormal activation of 
macrophages may lead to chronic inflammation and tissue fibrosis [41,42]. As described in the previous section, chronic inflammation 
is the main culprit of SSc tissue fibrosis, which has led researchers to associate macrophages with SSc fibrosis. An analysis of skin 
biopsy RNA sequencing data from 48 SSc patients and 33 matched healthy controls (HCs) showed that the most common upregulated 
signatures in SSc compared to HCs were M2 and M1 cells (96% and 94% of SSc patients, respectively) and that macrophage-type 
characteristic was associated with a higher modified Rodnan skin score (mRSS) [43]. CD163 is one of the marker genes of M2 mac-
rophages, plasma and urine samples from SSc patients contained significantly higher levels of sCD163 than HCs [44]; Compared to M1 
macrophages, M2 macrophages secrete a large number of pro-fibrotic molecules such as TGF-β and VEGF (Fig. 2), which makes us shift 
our focus to M2 macrophages. A recent study found elevated percentages of monocytes/macrophages in the mixed M1/M2 phenotype 
in peripheral blood of patients with SSc [45], which is related with SSc-related interstitial lung disease (SSc-ILD) [46]; However, Flow 
assay results from SSc patients and HCs circulating cell showed significantly elevated M1 and M2 macrophage surface markers 
compared to HCs, no difference when only M1 markers were detected [47]; Meanwhile, gene-gene interaction networks created based 

Fig. 2. Inducible factors, phenotypes, and functions of the different subtypes of macrophages. Natural macrophage (M0) differentiates to M1 and 
M2, which is driven by different inducible factors. The M2 macrophages are further classified as M2a, M2b, M2c, and M2d, relative to their secreted 
cytokine profiles and complex functions. CXCL-1, The chemokine (C-X-C motif) ligand-1; CCL-1, C–C motif chemokine ligand-1. 
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on three transcriptomic datasets from SSc skin biopsies showed that M2 macrophage activation is the core molecular process in the SSc 
molecular network [48]. Given the close association of M2 macrophages with SSc fibrosis, we summarize the inhibitors of M2 
macrophage polarization that ameliorate SSc and the role of M2 macrophages in SSc. 

3. Molecular mechanism and targeted therapy of M2 polarization in different organ fibrotic lesions 

3.1. Skin fibrosis 

The most prominent symptoms of SSc are skin fibrosis and hardness [49], The extent of skin involvement and its rate of progression 
is associated with internal organ involvement, dysfunction, and survival [50]. Multiple studies link SSc skin fibrosis with M2 mac-
rophages. N-acetylglucosamine aminotransferase V (GNT-V) is highly expressed in M2 macrophages in SSc skin samples, and knockout 
of GNT-V in bleomycin (BLM)-induced SSc mouse model dramatically reduced CD163+M2 macrophages, dermal thickness, and 
collagen 1α1 expression [51]. Compared with wild-type (WT) mice, BLM induced more severe skin fibrosis in Fli-1+/− mice, and 
macrophages in Fli-1+/− mice were treated with interleukin-4 (IL-4) or IL-13 stimulation with preferential differentiation to M2 
phenotype [52]. Levels of the transcriptional regulator IRF8 were significantly suppressed in monocytes from patients with diffuse 
cutaneous SSc and negatively correlated with the mRSS, and IRF8-silenced monocyte-derived macrophages displayed an M2 
phenotype and significantly Along with upregulating the mRNA and protein levels of pro-fibrotic factors and extracellular matrix 
components, IRF8 silencing also exhibited a pro-fibrotic trend in a BLM-induced fibrosis mouse model [53]. According to recent 
studies, some inhibitors of M2 polarization manifest antifibrotic functions (Table 1). 

3.2. Pulmonary fibrosis 

M2 macrophages are significantly upregulated in BLM-induced mouse models of pulmonary fibrosis, SSc-ILD, and idiopathic 
pulmonary fibrosis (IPF), and are closely related to fibrosis progression [46,63,64]. However, currently, no clinically applicable 
therapy targets M2 macrophages to suppress pulmonary fibrosis. In BLM-induced pulmonary fibrosis, recent studies have shown that 
inhibitors of M2 polarization alleviated fibrosis (Table 2). In this section, we have summarized the regulatory mechanisms and po-
tential inhibitors of M2 polarization in pulmonary fibrosis (Fig. 3). 

CpG-binding domain 2 (MBD2) and matrix metalloproteinase 28 (MMP28) are two proteins that promote M2 polarization in 
pulmonary fibrosis. MBD2 was significantly upregulated in both SSc-ILD and IPF, while MBD2 depletion attenuated BLM-induced lung 
fibrosis in mice and suppressed TGF-β production and M2 macrophage accumulation. Mechanistically, MDB2 selectively binds to the 
Ship promoter in macrophages, thereby suppressing Ship expression and heightening PI3K/Akt signaling to promote the macrophage 
M2 program [73]. MMP28 belongs to the matrix metalloproteinase family, and Mmp28− /− M2 macrophages had a lower degree of 
polarization than WT cells during the M2 polarization triggered by IL-4 and IL-13. Simultaneously, Mmp28− /− mice exhibited a 
reduced degree of fibrosis when BLM was induced [74]. 

Signal transducer and activator of transcription 3 (STAT3) and STAT6 are essential for the M2 program in macrophages. IL-4/IL-10 
stimulation shifts alveolar macrophages to M2 macrophages in patients with fibrotic ILD by inducing activation of STAT3 [75]; IL-6 
acts on IL-6 receptor alpha (IL-6Rα) bound to the surface membrane of macrophages, which activates STAT3 and promotes M2 po-
larization mediated by IL-4 and IL-13. Transient adenoviral IL-6 overexpression promotes M2-like macrophage accumulation and the 

Table 1 
Inhibitors of M2 polarization and their anti-fibrotic mechanisms in mouse models of skin fibrosis.  

Inhibitors Mechanisms References 

CX3CL1mAb Reduce the infiltration of M1 and M2 macrophages in the fibrotic skin as induced by TGF-β and CTGF. [54] 
DZ200 Suppress the expression of pro-inflammatory Th1, Th2, and Th17 cytokines and chemokines in BLM-induced fibrotic skin 

tissues, and inhibit the polarization of BMDMs to M1, and M2 macrophages. Regulate the TGF-β/Smad signaling pathway 
and relieve fibrosis. 

[55] 

Paquinimod Induce the differentiation of M2 macrophages into M1 macrophages, reduce the reactivity of TGF-β and increase the 
production of autoantibodies in the fibrotic mouse model (Tsk-1), thereby reducing the number of myofibroblasts and the 
degree of fibrosis. 

[56] 

HPH-15 Resist the phosphorylation of Smad3 in human skin fibroblasts induced by TGF-β and inhibit the expression of α-SMA, 
COL1A2, FN1, and CTGF. improve the infiltration of M1 and M2 macrophages, in the BLM-induced fibrosis model, and 
prevent and effectively improve formed skin fibrosis. 

[57] 

WKYMVm Improve the infiltration of M2 macrophages in the skin and reduce the levels of TNF-α and IFN-γ. [58] 
Glycyrrhizin Inhibit the expression of Th2-related cytokines, thereby reducing the polarization and infiltration of M2 macrophages in 

BLM-induced fibrotic skin. Inhibit the activation of TGF-β-dependent dermal fibroblasts, thereby reducing the BLM-induced 
fibrosis effect. 

[59] 

Tocilizumab Neutralize IL-6 and resist IL-6-induced M2 macrophage production. [60,61] 
Rolipram and 

apremilast 
Rolipram and apremilast are phosphodiesterase 4 (PDE4) inhibitors. Inhibition of PDE4 suppresses the release of pro- 
fibrotic cytokines and the differentiation of M2 macrophages, thereby reducing the activation of fibroblasts and the release 
of collagen. 

[62] 

CX3CL1, Fractalkine/CX3C chemokine ligand 1; CTGF, connective tissue growth factor; DZ200, a reversible S-adenosyl-L-homocysteine hydrolase 
(SAHH) inhibitor; BMDMs, bone marrow-derived macrophages; HPH-15, histidine-pyridine-histidine ligand derivative; α-SMA, alpha-smooth muscle 
actin; COL1A2, collagen type I alpha 2; FN1, fibronectin 1. 
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development of fibrotic lung disease [76]. C/EBP homologous protein (CHOP) [77], spliceosome associated factor 1 (Sart1) [78], Cu, 
Zn-superoxide dismutase (Cu, Zn-SOD) [79], and long non-coding RNA (lncRNA)-MM2P [80] promote M2 polarization and 
BLM-induced fibrosis via STAT6 activation. CHOP is an endoplasmic reticulum (ER) stress marker. Loss of CHOP protected mice from 
lung injury and fibrosis induced by BLM and increased the expression of suppressors of cytokine signaling 1 (SOCS1) and SOCS3. 
SOCS1 and SOCS3 restrict M2 macrophage polarization and attenuate TGF-β1 expression in alveolar lavage fluid by repressing 
STAT6/PPAR-γ signaling. CHOP− /- and BLM-induced WT mice developed equal degrees of fibrosis after clearing macrophages with 
neutral chlorophosphate liposomes, suggesting that CHOP causes pulmonary fibrosis by promoting M2 polarization [77]. Sart1 also 
promotes M2 polarization by activating STAT6/PPAR-γ, and siRNA-loaded liposomes targeting Sart1 significantly attenuate M2 
macrophage polarization by blocking the STAT6/PPAR-γ signaling axis. Simultaneously, intratracheal administration of siRNA-loaded 
liposomes targeting Sart1 significantly suppressed BLM-induced pulmonary fibrosis [78]. By redox-regulating, a crucial cysteine in 
STAT6, Cu, Zn-SOD modulates H2O2 levels that modulate M2 gene expression at the transcriptional level, polarizing macrophages to 
an M2 phenotype. Additionally, Cu, Zn-SOD overexpression in mice causes a pro-fibrotic environment and accelerates the progression 
of pulmonary fibrosis [79]. Long non-coding RNAs (lncRNAs) are involved in the regulation of immune cell differentiation and 
function. The only lncRNA that was upregulated during M2 polarization and downregulated in M1 macrophages, according to the 
results of the lncRNA chip analysis of the M2 macrophage polarization model, was lncRNA-MM2P. Furthermore, inhibiting 
lncRNA-MM2P blocks cytokine-driven M2 polarization and represses the proangiogenic function of M2 macrophages by decreasing 
STAT6 phosphorylation [80]. 

It is believed that STAT6 acetylation is a crucially important negative regulatory mechanism that prevents macrophage M2 

Table 2 
Inhibitors of M2 polarization in models of pulmonary fibrosis and their anti-fibrotic mechanisms.  

Inhibitors Mechanisms References 

JAK inhibitors Down-regulate polarization markers (CD86, MHC-II, TLR4) and inflammatory cytokines (CXCL10, IL-6, TNF-α), and 
restrict the activation of M2 macrophages. 

[65] 

Nintedanib Impair the polarization of monocytes towards M2 and reduce the number of M2 macrophages. [66] 
Pirfenidone Reduce the expression of M2 markers and the release of TGF-β1 from M2 alveolar macrophages and attenuate the 

proliferation of lung fibroblasts from the culture supernatant of M2 alveolar macrophages. 
[67] 

Schisandra Suppress the polarization of AM to M2 macrophages by inhibiting the TGF-β1/Smad pathway. [68] 
Microcystin-LR Inhibit the endoplasmic reticulum stress response (Accumulation of misfolded proteins in the endoplasmic 

reticulum. This condition is called endoplasmic reticulum stress. The endoplasmic reticulum stress of macrophages 
in the lung may be beneficial to the polarization of M2 macrophages [69,70]) mediated by glucose regulatory protein 
78 (GRP78). 

[71] 

Imatinib-loaded gold 
nanoparticles 

Induce apoptosis in lung fibroblasts, inhibit their proliferation and viability and effectively limit IL-8 production, AM 
viability, and M2 polarization. 

[72] 

JAK, Janus kinase; MHC-II, MHC class II; TLR4, Toll-like receptor 4; CXCL10, C-X-C motif ligand 10. 

Fig. 3. Mechanisms of M2 polarization in pulmonary fibrosis. Signal transducer and activator of transcription 3 (STAT3) and STAT6 are the most 
important participants in M2 polarization. Cytokines or other molecules drive M2 polarization by activating STAT3 and STAT6. MDB2, CpG binding 
domain 2; Start1, spliceosome associated factor 1; Cu, Zn-SOD, Cu, Zn-superoxide dismutase; Chop, C/EBP homologous protein; PPAR-γ, peroxisome 
proliferator-activated receptor-γ. 
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polarization. By accelerating the CREB-binding protein (CBP)’s ubiquitination at Lys119, Trim24, an E3 ligase connected to CBP, 
makes it easier for CBP to bind to STAT6. Trim24 loss reduces STAT6 acetylation in both mouse and human macrophages, which in 
turn promotes M2 polarization [81]. This study was not performed in a pulmonary fibrosis model, nevertheless, it is a novel addition to 
the M2 macrophage polarization mechanism. 

Taken together, these studies offer a possible therapeutic target for hindering the accelerated progression of pulmonary fibrosis and 
offer novel treatments, such as the intratracheal administration of siRNA-loaded liposomes. In the future, siRNA-loaded liposomes may 
become the mainstream therapy for targeting pathogenic factors. 

3.3. Cardiac fibrosis 

The most common cause of death in SSc patients is now cardiomyopathy, surpassing cancer in this regard. An autopsy of 
myocardial histology in patients with SSc with no clinical symptoms of cardiac involvement revealed that all patients had cardio-
myopathy [82]. Abnormal fibrosis of the myocardial tissue is a prominent aspect of SSc cardiac performance; however, symptoms may 
not be detected for a long period. Cardiac insufficiency, such as lower ventricular ejection fraction caused by systolic and diastolic 
dysfunction, occurs late in SSc. Myocardial fibrosis in SSc affects the ventricular walls and impairs the relaxation of myocardial tissue 
during diastole [83]. Previous studies have shown that M2 macrophages are actively involved in myocardial fibrosis caused by other 
diseases. Excessive M2 macrophage infiltration in the atrial tissue of patients with atrial fibrillation is positively correlated with 
myocardial fibrosis and collagen gene expression [84]. M2 macrophages are involved in the progression of hypertrophic cardiomy-
opathy (HCM). Inhibition of M2 macrophage polarization effectively reduces the degree of cardiac fibrosis [85]. These findings suggest 
that M2 macrophages play a role in cardiac fibrosis. Future studies may find evidence that M2 macrophages are involved in cardiac 
fibrosis in SSc. 

4. Mechanisms of M2 macrophage regulation of fibrosis 

One of the key causes of excessive matrix accumulation is the survival of metabolically active, apoptosis-resistant myofibroblasts.α- 
SMA-expressing myofibroblasts are derived from a variety of stromal progenitor cell types, such as fibroblasts, pericytes, and ECs [17]. 
Fibroblast subtypes defined based on differential expression of gene modules and signaling pathways, pointing to diverse functions 
including skin maintenance, ECM remodeling, fibrosis, and immune regulation [9], fibroblast crosstalk with other cells, may lead to its 
transition to a profibrotic subtype. Research has shown that M2 macrophages promote fibrosis by driving epithelial-mesenchymal 
transition (EMT) and fibroblast-myofibroblast transition (FMT) through the secretion of fibrogenic mediators, particularly TGF-β1. 
The TGF-β/Smad and Wnt/β-catenin signaling pathways are essential in the progression of M2 macrophage-induced fibrosis (Fig. 4). 

Fig. 4. Mechanisms of M2 macrophage regulation of fibrosis. M2 macrophages produce and secrete pro-fibrotic cytokines or proteins, which 
activate TGF-β/Smad signaling or Wnt/β-catenin to facilitate the epithelial-mesenchymal transition and fibroblast-myofibroblast transition. Non- 
coding RNAs, including lncRNAs and miRNAs, also contribute to fibrosis in which M2 macrophages are involved. 
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4.1. Driving EMT 

EMT is a phenotypic transformation of differentiated epithelial cells into myofibroblasts capable of producing ECM, and it is widely 
regarded as an essential component of fibrogenesis following tissue injury [86]. EMT and its intermediate states have recently been 
identified as crucial drivers of argan fibrosis and tumor progression. Recent research has suggested that M2 macrophages are closely 
linked to EMT [71,87]. 

TGF-β is a multifunctional cytokine that is essential for fibrosis induction. Overexpression of TGF-β causes EMT, ECM deposition, 
and cancer-associated fibroblast formation, leading to fibrotic diseases and cancer. The development of fibrosis depends heavily on 
TGF-β and its associated molecules [88]. In vitro experiments demonstrated that M2 macrophages produce a large quantity of TGF-β, 
upregulate α-SMA expression, and decrease E-cadherin expression in lung epithelial cells. In this process, the TGF-β/Smad2 signaling 
pathway is activated, and it is repressed after treatment with TGF receptor inhibitors and EMT is blocked [87,89]. Other molecules 
activated by TGF-β are also involved in the EMT. LncRNAs are important signal transduction regulators that act on various patterns. By 
competitively binding to the miR-200 family, lncRNA-ATB triggers EMT in various malignancies. TGF-β induces lncRNA-ATB 
expression in pulmonary epithelial cells and induces EMT. lncRNA-ATB acts as a miR-200c sponge to diminish the repressive effect 
of miR-200c on ZEB1, which is a mesenchymal marker [90]. ZEB1 regulates E-cadherin expression and EMT by repressing many master 
regulators of epithelial polarity [91]. Thus, the mechanism by which M2 macrophages promote EMT is, at least in part, due to the 
activation of TGF-β/Smad signaling. 

4.2. Driving FMT 

Fibroblast activation is the final step in the pathophysiology of SSc. A substantial number of α-SMA-positive myofibroblasts produce 
excessive ECM in the involved organs, resulting in fibrosis and sclerosis [92]. Myofibroblasts are key effector cells in ECM remodeling 
in SSc-related fibrosis, and FMT is widely recognized as the major pathological feature of multiple organ fibrosis. By driving FMT, M2 
macrophages promote the progression of fibrosis in the lesion organs. 

TGF-β and PDGF, which are generated and secreted by M2 macrophages, are critical pro-fibrotic cytokines involved in fibroblast 
activation. TGF-β stimulates the expression of DNA methyltransferase 1 (DNMT1) and DNMT3A in fibroblasts in a Smad-dependent 
manner in fibrotic skin of patients with SSc and suppresses SOCS3 through promoter methylation. Downregulation of SOCS3 acti-
vates STAT3, thereby promoting the conversion of fibroblasts to myofibroblasts, collagen release, and fibrosis in vitro and in vivo [93]. 
Besides TGF-β, platelet-derived growth factor-CC (PDGF-CC) secreted by M2 macrophages can upregulate α-SMA in the dermis, which 
is a classical symbol of myofibroblasts [94]. M2 macrophages also express high levels of Wnt7a, which induces the activation of the 
Wnt/β-catenin signaling pathway, leading to lung resident mesenchymal stem cells (LR-MSC) differentiating into myofibroblasts; 
conversely, blocking the Wnt/β-catenin signaling pathway inhibits BLM-induced pulmonary fibrosis [63]. miRNAs are 
post-transcriptional repressors of gene function and are small non-coding RNAs of approximately 22 nucleotides [95]. Exosomal 
miR-328 downregulates FAM13A, a susceptibility gene for chronic obstructive pulmonary disease. Exosomes derived from M2 
macrophage that overexpress miR-328 exacerbate pulmonary fibrosis by silencing FAM13A [96]. The proteins secreted by M2 mac-
rophages may also play a role in fibroblast regulation. S100a4, also known as fibroblast-specific protein 1 (FSP-1), was once thought to 
be a fibroblast marker that promotes lung fibroblast proliferation and activation [97]. 

5. Conclusion 

In summary, M2 polarization is the culprit and is at least partly responsible for the progression of SSc fibrosis. Pro-fibrotic cytokines 
produced and secreted by M2 macrophages drive both EMT and FMT, both of which contribute to the progression of fibrosis. Un-
derstanding the mechanisms of M2 polarization in SSc and how M2 macrophages are involved in fibrosis could provide new options for 
fibrosis treatment. Studies carried out on fibrosis in animal models have found that anti-M2 polarization and infiltration could 
effectively alleviate fibrosis, suggesting that anti-M2 macrophage strategies could offer promising strategies for treating SSc fibrosis 
and other fibrosis-related disorders. 
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[28] T. Rőszer, Understanding the mysterious M2 macrophage through activation markers and effector mechanisms, Mediat. Inflamm. 2015 (2015), 816460. 
[29] L. Li, K. Wei, Y. Ding, P. Ahati, H. Xu, H. Fang, H. Wang, M2a macrophage-secreted CHI3L1 promotes extracellular matrix metabolic imbalances via activation of 

IL-13Rα2/MAPK pathway in rat intervertebral disc degeneration, Front. Immunol. 12 (2021), 666361. 
[30] M.J. White, R.H. Gomer, Trypsin, tryptase, and thrombin polarize macrophages towards a pro-fibrotic M2a phenotype, PLoS One 10 (9) (2015), e0138748. 
[31] R. Yang, Y. Liao, L. Wang, P. He, Y. Hu, D. Yuan, Z. Wu, X. Sun, Exosomes derived from M2b macrophages attenuate DSS-induced colitis, Front. Immunol. 10 

(2019) 2346. 
[32] W. Hu, G. Li, J. Lin, W. Dong, F. Yu, W. Liu, Y. Wu, W. Hao, X. Liang, M2 macrophage subpopulations in glomeruli are associated with the deposition of IgG 

subclasses and complements in primary membranous nephropathy, Front. Med. 8 (2021), 657232. 
[33] L.X. Wang, S.X. Zhang, H.J. Wu, X.L. Rong, J. Guo, M2b macrophage polarization and its roles in diseases, J. Leukoc. Biol. 106 (2) (2019) 345–358. 
[34] C. Lee, H. Jeong, H. Lee, M. Hong, S.Y. Park, H. Bae, Magnolol attenuates cisplatin-induced muscle wasting by M2c macrophage activation, Front. Immunol. 11 

(2020) 77. 

M. Hu et al.                                                                                                                                                                                                             

http://refhub.elsevier.com/S2405-8440(23)03413-8/sref1
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref1
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref1
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref1
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref1
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref2
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref2
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref3
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref4
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref4
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref4
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref5
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref6
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref6
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref7
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref7
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref8
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref8
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref9
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref9
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref9
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref9
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref10
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref10
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref11
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref11
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref12
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref13
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref13
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref14
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref14
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref14
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref15
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref16
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref16
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref17
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref18
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref19
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref19
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref20
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref20
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref21
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref21
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref22
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref23
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref24
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref24
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref24
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref25
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref26
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref26
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref27
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref28
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref29
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref29
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref30
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref31
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref31
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref32
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref32
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref33
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref34
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref34


Heliyon 9 (2023) e16206

9

[35] D.A. Chistiakov, Y.V. Bobryshev, N.G. Nikiforov, N.V. Elizova, I.A. Sobenin, A.N. Orekhov, Macrophage phenotypic plasticity in atherosclerosis: the associated 
features and the peculiarities of the expression of inflammatory genes, Int. J. Cardiol. 184 (2015) 436–445. 

[36] C.J. Ferrante, G. Pinhal-Enfield, G. Elson, B.N. Cronstein, G. Hasko, S. Outram, S.J. Leibovich, The adenosine-dependent angiogenic switch of macrophages to an 
M2-like phenotype is independent of interleukin-4 receptor alpha (IL-4Rα) signaling, Inflammation 36 (4) (2013) 921–931. 

[37] S. Colin, G. Chinetti-Gbaguidi, B. Staels, Macrophage phenotypes in atherosclerosis, Immunol. Rev. 262 (1) (2014) 153–166. 
[38] F.O. Martinez, L. Helming, S. Gordon, Alternative activation of macrophages: an immunologic functional perspective, Annu. Rev. Immunol. 27 (2009) 451–483. 
[39] C. Morse, T. Tabib, J. Sembrat, K.L. Buschur, H.T. Bittar, E. Valenzi, Y. Jiang, D.J. Kass, K. Gibson, W. Chen, A. Mora, P.V. Benos, M. Rojas, R. Lafyatis, 

Proliferating SPP1/MERTK-expressing macrophages in idiopathic pulmonary fibrosis, Eur. Respir. J. 54 (2) (2019). 
[40] D. Aran, A.P. Looney, L. Liu, E. Wu, V. Fong, A. Hsu, S. Chak, R.P. Naikawadi, P.J. Wolters, A.R. Abate, A.J. Butte, M. Bhattacharya, Reference-based analysis of 

lung single-cell sequencing reveals a transitional profibrotic macrophage, Nat. Immunol. 20 (2) (2019) 163–172. 
[41] S.Y. Kim, M.G. Nair, Macrophages in wound healing: activation and plasticity, Immunol. Cell Biol. 97 (3) (2019) 258–267. 
[42] A. Kimball, M. Schaller, A. Joshi, F.M. Davis, A. denDekker, A. Boniakowski, J. Bermick, A. Obi, B. Moore, P.K. Henke, S.L. Kunkel, K.A. Gallagher, Ly6C(Hi) 

blood monocyte/macrophage drive chronic inflammation and impair wound healing in diabetes mellitus, Arterioscler. Thromb. Vasc. Biol. 38 (5) (2018) 
1102–1114. 

[43] B. Skaug, D. Khanna, W.R. Swindell, M.E. Hinchcliff, T.M. Frech, V.D. Steen, F.N. Hant, J.K. Gordon, A.A. Shah, L. Zhu, W.J. Zheng, J.L. Browning, A.M. 
S. Barron, M. Wu, S. Visvanathan, P. Baum, J.M. Franks, M.L. Whitfield, V.K. Shanmugam, R.T. Domsic, F.V. Castelino, E.J. Bernstein, N. Wareing, M.A. Lyons, 
J. Ying, J. Charles, M.D. Mayes, S. Assassi, Global skin gene expression analysis of early diffuse cutaneous systemic sclerosis shows a prominent innate and 
adaptive inflammatory profile, Ann. Rheum. Dis. 79 (3) (2020) 379–386. 

[44] C. Frantz, S. Pezet, J. Avouac, Y. Allanore, Soluble CD163 as a potential biomarker in systemic sclerosis, Dis. Markers 2018 (2018), 8509583. 
[45] M.E. Mohamed, R.M. Gamal, M.A. El-Mokhtar, A.T. Hassan, H.S.M. Abozaid, A.M. Ghandour, A.I.S. Abdelmoez, H.A. Yousef, E.H. El-Hakeim, Yasmine 

S. Makarem, A. Abdellatif Awad, Peripheral cells from patients with systemic sclerosis disease co-expressing M1 and M2 monocyte/macrophage surface 
markers: relation to the degree of skin involvement, Hum. Immunol. 82 (9) (2021) 634–639. 

[46] A.C. Trombetta, S. Soldano, P. Contini, V. Tomatis, B. Ruaro, S. Paolino, R. Brizzolara, P. Montagna, A. Sulli, C. Pizzorni, V. Smith, M. Cutolo, A circulating cell 
population showing both M1 and M2 monocyte/macrophage surface markers characterizes systemic sclerosis patients with lung involvement, Respir. Res. 19 
(1) (2018) 186. 

[47] S. Soldano, A.C. Trombetta, P. Contini, V. Tomatis, B. Ruaro, R. Brizzolara, P. Montagna, A. Sulli, S. Paolino, C. Pizzorni, V. Smith, M. Cutolo, Increase in 
circulating cells coexpressing M1 and M2 macrophage surface markers in patients with systemic sclerosis, Ann. Rheum. Dis. 77 (12) (2018) 1842–1845. 

[48] J.M. Mahoney, J. Taroni, V. Martyanov, T.A. Wood, C.S. Greene, P.A. Pioli, M.E. Hinchcliff, M.L. Whitfield, Systems level analysis of systemic sclerosis shows a 
network of immune and profibrotic pathways connected with genetic polymorphisms, PLoS Comput. Biol. 11 (1) (2015), e1004005. 

[49] D. Singh, A.K. Parihar, S. Patel, S. Srivastava, P. Diwan, M.R. Singh, Scleroderma: an insight into causes, pathogenesis and treatment strategies, Pathophysiology 
26 (2) (2019) 103–114. 

[50] P.J. Clements, E.L. Hurwitz, W.K. Wong, J.R. Seibold, M. Mayes, B. White, F. Wigley, M. Weisman, W. Barr, L. Moreland, T.A. Medsger Jr., V.D. Steen, R. 
W. Martin, D. Collier, A. Weinstein, E. Lally, J. Varga, S.R. Weiner, B. Andrews, M. Abeles, D.E. Furst, Skin thickness score as a predictor and correlate of 
outcome in systemic sclerosis: high-dose versus low-dose penicillamine trial, Arthritis Rheum. 43 (11) (2000) 2445–2454. 

[51] A. Kato, M. Yutani, M. Terao, A. Kimura, S. Itoi, H. Murota, E. Miyoshi, I. Katayama, Oligosaccharide modification by N-acetylglucosaminyltransferase-V in 
macrophages are involved in pathogenesis of bleomycin-induced scleroderma, Exp. Dermatol. 24 (8) (2015) 585–590. 

[52] T. Taniguchi, Y. Asano, K. Akamata, S. Noda, T. Takahashi, Y. Ichimura, T. Toyama, M. Trojanowska, S. Sato, Fibrosis, vascular activation, and immune 
abnormalities resembling systemic sclerosis in bleomycin-treated Fli-1-haploinsufficient mice, Arthritis Rheumatol. 67 (2) (2015) 517–526. 

[53] Y. Ototake, Y. Yamaguchi, M. Asami, N. Komitsu, A. Akita, T. Watanabe, M. Kanaoka, D. Kurotaki, T. Tamura, M. Aihara, Downregulated IRF8 in monocytes and 
macrophages of patients with systemic sclerosis may aggravate the fibrotic phenotype, J. Invest. Dermatol. 141 (8) (2021) 1954–1963. 

[54] V.H. Luong, A. Utsunomiya, T. Chino, L.H. Doanh, T. Matsushita, T. Obara, Y. Kuboi, N. Ishii, A. Machinaga, H. Ogasawara, W. Ikeda, T. Kawano, T. Imai, 
N. Oyama, M. Hasegawa, Inhibition of the progression of skin inflammation, fibrosis, and vascular injury by blockade of the CX(3) CL1/CX(3) CR1 pathway in 
experimental mouse models of systemic sclerosis, Arthritis Rheumatol. 71 (11) (2019) 1923–1934. 

[55] Z. Zhang, Y. Wu, B. Wu, Q. Qi, H. Li, H. Lu, C. Fan, C. Feng, J. Zuo, L. Niu, W. Tang, DZ2002 ameliorates fibrosis, inflammation, and vasculopathy in 
experimental systemic sclerosis models, Arthritis Res. Ther. 21 (1) (2019) 290. 

[56] M. Stenström, H.C. Nyhlén, M. Törngren, D. Liberg, B. Sparre, H. Tuvesson, H. Eriksson, T. Leanderson, Paquinimod reduces skin fibrosis in tight skin 1 mice, an 
experimental model of systemic sclerosis, J. Dermatol. Sci. 83 (1) (2016) 52–59. 

[57] V.H. Luong, T. Chino, N. Oyama, T. Matsushita, Y. Sasaki, D. Ogura, S.I. Niwa, T. Biswas, A. Hamasaki, M. Fujita, Y. Okamoto, M. Otsuka, H. Ihn, M. Hasegawa, 
Blockade of TGF-β/Smad signaling by the small compound HPH-15 ameliorates experimental skin fibrosis, Arthritis Res. Ther. 20 (1) (2018) 46. 

[58] G.T. Park, Y.W. Kwon, T.W. Lee, S.G. Kwon, H.C. Ko, M.B. Kim, J.H. Kim, Formyl peptide receptor 2 activation ameliorates dermal fibrosis and inflammation in 
bleomycin-induced scleroderma, Front. Immunol. 10 (2019) 2095. 

[59] T. Yamashita, Y. Asano, T. Taniguchi, K. Nakamura, R. Saigusa, S. Miura, T. Toyama, T. Takahashi, Y. Ichimura, A. Yoshizaki, M. Trojanowska, S. Sato, 
Glycyrrhizin ameliorates fibrosis, vasculopathy, and inflammation in animal models of systemic sclerosis, J. Invest. Dermatol. 137 (3) (2017) 631–640. 

[60] S. Kitaba, H. Murota, M. Terao, H. Azukizawa, F. Terabe, Y. Shima, M. Fujimoto, T. Tanaka, T. Naka, T. Kishimoto, I. Katayama, Blockade of interleukin-6 
receptor alleviates disease in mouse model of scleroderma, Am. J. Pathol. 180 (1) (2012) 165–176. 

[61] L.I. Sakkas, Spotlight on tocilizumab and its potential in the treatment of systemic sclerosis, Drug Des. Dev. Ther. 10 (2016) 2723–2728. 
[62] C. Maier, A. Ramming, C. Bergmann, R. Weinkam, N. Kittan, G. Schett, J.H.W. Distler, C. Beyer, Inhibition of phosphodiesterase 4 (PDE4) reduces dermal 

fibrosis by interfering with the release of interleukin-6 from M2 macrophages, Ann. Rheum. Dis. 76 (6) (2017) 1133–1141. 
[63] J. Hou, J. Shi, L. Chen, Z. Lv, X. Chen, H. Cao, Z. Xiang, X. Han, M2 macrophages promote myofibroblast differentiation of LR-MSCs and are associated with 

pulmonary fibrogenesis, Cell Commun. Signal. 16 (1) (2018) 89. 
[64] T. Nouno, M. Okamoto, K. Ohnishi, S. Kaieda, M. Tominaga, Y. Zaizen, M. Ichiki, S. Momosaki, M. Nakamura, K. Fujimoto, J. Fukuoka, S. Shimizu, Y. Komohara, 

T. Hoshino, Elevation of pulmonary CD163(+) and CD204(+) macrophages is associated with the clinical course of idiopathic pulmonary fibrosis patients, 
J. Thorac. Dis. 11 (9) (2019) 4005–4017. 

[65] A. Lescoat, M. Lelong, M. Jeljeli, C. Piquet-Pellorce, C. Morzadec, A. Ballerie, S. Jouneau, P. Jego, L. Vernhet, F. Batteux, O. Fardel, V. Lecureur, Combined anti- 
fibrotic and anti-inflammatory properties of JAK-inhibitors on macrophages in vitro and in vivo: perspectives for scleroderma-associated interstitial lung 
disease, Biochem. Pharmacol. 178 (2020), 114103. 

[66] J. Huang, C. Maier, Y. Zhang, A. Soare, C. Dees, C. Beyer, U. Harre, C.W. Chen, O. Distler, G. Schett, L. Wollin, J.H.W. Distler, Nintedanib inhibits macrophage 
activation and ameliorates vascular and fibrotic manifestations in the Fra2 mouse model of systemic sclerosis, Ann. Rheum. Dis. 76 (11) (2017) 1941–1948. 

[67] M. Toda, S. Mizuguchi, Y. Minamiyama, H. Yamamoto-Oka, T. Aota, S. Kubo, N. Nishiyama, T. Shibata, S. Takemura, Pirfenidone suppresses polarization to M2 
phenotype macrophages and the fibrogenic activity of rat lung fibroblasts, J. Clin. Biochem. Nutr. 63 (1) (2018) 58–65. 

[68] Z. Guo, S. Li, N. Zhang, Q. Kang, H. Zhai, Schisandra inhibit bleomycin-induced idiopathic pulmonary fibrosis in rats via suppressing M2 macrophage 
polarization, BioMed Res. Int. 2020 (2020), 5137349. 

[69] A. Burman, H. Tanjore, T.S. Blackwell, Endoplasmic reticulum stress in pulmonary fibrosis, Matrix Biol. 68–69 (2018) 355–365. 
[70] J. Oh, A.E. Riek, S. Weng, M. Petty, D. Kim, M. Colonna, M. Cella, C. Bernal-Mizrachi, Endoplasmic reticulum stress controls M2 macrophage differentiation and 

foam cell formation, J. Biol. Chem. 287 (15) (2012) 11629–11641. 
[71] J. Wang, L. Xu, Z. Xiang, Y. Ren, X. Zheng, Q. Zhao, Q. Zhou, Y. Zhou, L. Xu, Y. Wang, Microcystin-LR ameliorates pulmonary fibrosis via modulating CD206(+) 

M2-like macrophage polarization, Cell Death Dis. 11 (2) (2020) 136. 

M. Hu et al.                                                                                                                                                                                                             

http://refhub.elsevier.com/S2405-8440(23)03413-8/sref35
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref35
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref36
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref36
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref37
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref38
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref39
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref39
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref40
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref40
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref41
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref42
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref42
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref42
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref43
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref43
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref43
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref43
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref44
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref45
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref45
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref45
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref46
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref46
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref46
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref47
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref47
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref48
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref48
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref49
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref49
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref50
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref50
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref50
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref51
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref51
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref52
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref52
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref53
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref53
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref54
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref54
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref54
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref55
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref55
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref56
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref56
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref57
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref57
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref58
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref58
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref59
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref59
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref60
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref60
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref61
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref62
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref62
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref63
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref63
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref64
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref64
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref64
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref65
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref65
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref65
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref66
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref66
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref67
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref67
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref68
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref68
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref69
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref70
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref70
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref71
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref71


Heliyon 9 (2023) e16206

10

[72] V. Codullo, E. Cova, L. Pandolfi, S. Breda, M. Morosini, V. Frangipane, M. Malatesta, L. Calderan, M. Cagnone, C. Pacini, L. Cavagna, H. Recalde, J.H.W. Distler, 
M. Giustra, D. Prosperi, M. Colombo, F. Meloni, C. Montecucco, Imatinib-loaded gold nanoparticles inhibit proliferation of fibroblasts and macrophages from 
systemic sclerosis patients and ameliorate experimental bleomycin-induced lung fibrosis, J. Contr. Release 310 (2019) 198–208. 

[73] Y. Wang, L. Zhang, G.R. Wu, Q. Zhou, H. Yue, L.Z. Rao, T. Yuan, B. Mo, F.X. Wang, L.M. Chen, F. Sun, J. Song, F. Xiong, S. Zhang, Q. Yu, P. Yang, Y. Xu, J. Zhao, 
H. Zhang, W. Xiong, C.Y. Wang, MBD2 serves as a viable target against pulmonary fibrosis by inhibiting macrophage M2 program, Sci. Adv. 7 (1) (2021). 

[74] S.A. Gharib, L.K. Johnston, I. Huizar, T.P. Birkland, J. Hanson, Y. Wang, W.C. Parks, A.M. Manicone, MMP28 promotes macrophage polarization toward M2 
cells and augments pulmonary fibrosis, J. Leukoc. Biol. 95 (1) (2014) 9–18. 

[75] D.V. Pechkovsky, A. Prasse, F. Kollert, K.M. Engel, J. Dentler, W. Luttmann, K. Friedrich, J. Müller-Quernheim, G. Zissel, Alternatively activated alveolar 
macrophages in pulmonary fibrosis-mediator production and intracellular signal transduction, Clin. Immunol. 137 (1) (2010) 89–101. 

[76] E.A. Ayaub, A. Dubey, J. Imani, F. Botelho, M.R.J. Kolb, C.D. Richards, K. Ask, Overexpression of OSM and IL-6 impacts the polarization of pro-fibrotic 
macrophages and the development of bleomycin-induced lung fibrosis, Sci. Rep. 7 (1) (2017), 13281. 

[77] Y. Yao, Y. Wang, Z. Zhang, L. He, J. Zhu, M. Zhang, X. He, Z. Cheng, Q. Ao, Y. Cao, P. Yang, Y. Su, J. Zhao, S. Zhang, Q. Yu, Q. Ning, X. Xiang, W. Xiong, C. 
Y. Wang, Y. Xu, Chop deficiency protects mice against beomycin-induced pulmonary fibrosis by attenuating M2 macrophage production, Mol. Ther. 24 (5) 
(2016) 915–925. 

[78] T. Pan, Q. Zhou, K. Miao, L. Zhang, G. Wu, J. Yu, Y. Xu, W. Xiong, Y. Li, Y. Wang, Suppressing Sart1 to modulate macrophage polarization by siRNA-loaded 
liposomes: a promising therapeutic strategy for pulmonary fibrosis, Theranostics 11 (3) (2021) 1192–1206. 

[79] C. He, A.J. Ryan, S. Murthy, A.B. Carter, Accelerated development of pulmonary fibrosis via Cu,Zn-superoxide dismutase-induced alternative activation of 
macrophages, J. Biol. Chem. 288 (28) (2013) 20745–20757. 

[80] J. Cao, R. Dong, L. Jiang, Y. Gong, M. Yuan, J. You, W. Meng, Z. Chen, N. Zhang, Q. Weng, H. Zhu, Q. He, M. Ying, B. Yang, LncRNA-MM2P identified as a 
modulator of macrophage M2 polarization, Cancer Immunol. Res. 7 (2) (2019) 292–305. 

[81] T. Yu, S. Gan, Q. Zhu, D. Dai, N. Li, H. Wang, X. Chen, D. Hou, Y. Wang, Q. Pan, J. Xu, X. Zhang, J. Liu, S. Pei, C. Peng, P. Wu, S. Romano, C. Mao, M. Huang, 
X. Zhu, K. Shen, J. Qin, Y. Xiao, Modulation of M2 macrophage polarization by the crosstalk between Stat6 and Trim24, Nat. Commun. 10 (1) (2019) 4353. 

[82] P. Venalis, G. Kumánovics, H. Schulze-Koops, A. Distler, C. Dees, P. Zerr, K. Palumbo-Zerr, L. Czirják, Z. Mackevic, I.E. Lundberg, O. Distler, G. Schett, J. 
H. Distler, Cardiomyopathy in murine models of systemic sclerosis, Arthritis Rheumatol. 67 (2) (2015) 508–516. 

[83] A. Kahan, G. Coghlan, V. McLaughlin, Cardiac complications of systemic sclerosis, Rheumatology 48 (Suppl 3) (2009) iii45–i48. 
[84] C.J. Watson, N. Glezeva, S. Horgan, J. Gallagher, D. Phelan, K. McDonald, M. Tolan, J. Baugh, P. Collier, M. Ledwidge, Atrial tissue pro-fibrotic M2 macrophage 

marker CD163+, gene expression of procollagen and B-type natriuretic peptide, J. Am. Heart Assoc. 9 (11) (2020), e013416. 
[85] Z. Wang, Y. Xu, M. Wang, J. Ye, J. Liu, H. Jiang, D. Ye, J. Wan, TRPA1 inhibition ameliorates pressure overload-induced cardiac hypertrophy and fibrosis in 

mice, EBioMedicine 36 (2018) 54–62. 
[86] L. Hu, M. Ding, W. He, Emerging therapeutic strategies for attenuating tubular EMT and kidney fibrosis by targeting Wnt/β-catenin signaling, Front. Pharmacol. 

12 (2021), 830340. 
[87] L. Wang, Y. Zhang, N. Zhang, J. Xia, Q. Zhan, C. Wang, Potential role of M2 macrophage polarization in ventilator-induced lung fibrosis, Int. Immunopharm. 75 

(2019), 105795. 
[88] D. Peng, M. Fu, M. Wang, Y. Wei, X. Wei, Targeting TGF-β signal transduction for fibrosis and cancer therapy, Mol. Cancer 21 (1) (2022) 104. 
[89] L. Zhu, X. Fu, X. Chen, X. Han, P. Dong, M2 macrophages induce EMT through the TGF-β/Smad2 signaling pathway, Cell Biol. Int. 41 (9) (2017) 960–968. 
[90] Y. Liu, Y. Li, Q. Xu, W. Yao, Q. Wu, J. Yuan, W. Yan, T. Xu, X. Ji, C. Ni, Long non-coding RNA-ATB promotes EMT during silica-induced pulmonary fibrosis by 

competitively binding miR-200c, Biochim. Biophys. Acta, Mol. Basis Dis. 1864 (2) (2018) 420–431. 
[91] T. Shirakihara, M. Saitoh, K. Miyazono, Differential regulation of epithelial and mesenchymal markers by deltaEF1 proteins in epithelial mesenchymal transition 

induced by TGF-beta, Mol. Biol. Cell 18 (9) (2007) 3533–3544. 
[92] Y. Asano, The pathogenesis of systemic sclerosis: an understanding based on a common pathologic cascade across multiple organs and additional organ-specific 

pathologies, J. Clin. Med. 9 (9) (2020). 
[93] C. Dees, S. Pötter, Y. Zhang, C. Bergmann, X. Zhou, M. Luber, T. Wohlfahrt, E. Karouzakis, A. Ramming, K. Gelse, A. Yoshimura, R. Jaenisch, O. Distler, 

G. Schett, J.H. Distler, TGF-β-induced epigenetic deregulation of SOCS3 facilitates STAT3 signaling to promote fibrosis, J. Clin. Invest. 130 (5) (2020) 
2347–2363. 

[94] J.E. Glim, F.B. Niessen, V. Everts, M. van Egmond, R.H. Beelen, Platelet derived growth factor-CC secreted by M2 macrophages induces alpha-smooth muscle 
actin expression by dermal and gingival fibroblasts, Immunobiology 218 (6) (2013) 924–929. 

[95] P. Nelson, M. Kiriakidou, A. Sharma, E. Maniataki, Z. Mourelatos, The microRNA world: small is mighty, Trends Biochem. Sci. 28 (10) (2003) 534–540. 
[96] M.Y. Yao, W.H. Zhang, W.T. Ma, Q.H. Liu, L.H. Xing, G.F. Zhao, microRNA-328 in exosomes derived from M2 macrophages exerts a promotive effect on the 

progression of pulmonary fibrosis via FAM13A in a rat model, Exp. Mol. Med. 51 (6) (2019) 1–16. 
[97] W. Zhang, S. Ohno, B. Steer, S. Klee, C.A. Staab-Weijnitz, D. Wagner, M. Lehmann, T. Stoeger, M. Königshoff, H. Adler, S100a4 is secreted by alternatively 

activated alveolar macrophages and promotes activation of lung fibroblasts in pulmonary fibrosis, Front. Immunol. 9 (2018) 1216. 

M. Hu et al.                                                                                                                                                                                                             

http://refhub.elsevier.com/S2405-8440(23)03413-8/sref72
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref72
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref72
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref73
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref73
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref74
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref74
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref75
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref75
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref76
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref76
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref77
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref77
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref77
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref78
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref78
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref79
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref79
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref80
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref80
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref81
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref81
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref82
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref82
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref83
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref84
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref84
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref85
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref85
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref86
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref86
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref87
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref87
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref88
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref89
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref90
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref90
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref91
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref91
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref92
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref92
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref93
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref93
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref93
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref94
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref94
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref95
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref96
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref96
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref97
http://refhub.elsevier.com/S2405-8440(23)03413-8/sref97

	M2 macrophage polarization in systemic sclerosis fibrosis: pathogenic mechanisms and therapeutic effects
	1 Introduction
	2 SSc and M2 macrophages
	2.1 Overview of SSc
	2 2 Macrophage polarization
	2.3 M2 macrophages in SSc

	3 Molecular mechanism and targeted therapy of M2 polarization in different organ fibrotic lesions
	3.1 Skin fibrosis
	3.2 Pulmonary fibrosis
	3.3 Cardiac fibrosis

	4 Mechanisms of M2 macrophage regulation of fibrosis
	4.1 Driving EMT
	4.2 Driving FMT

	5 Conclusion
	Author contribution statement
	Data availability statement
	Declaration of competing interest
	Acknowledgments
	References


