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Abstract

Inflammatory monocytes and resident tissue macrophages are key regulators of tissue repair, 

regeneration, and fibrosis. Following tissue injury, monocytes and macrophages undergo marked 

phenotypic and functional changes to play critical roles during the initiation, maintenance, and 

resolution phases of tissue repair. Disturbances in macrophage function can lead to aberrant repair, 

with uncontrolled inflammatory mediator and growth factor production, deficient generation of 

anti-inflammatory macrophages, or failed communication between macrophages and epithelial 

cells, endothelial cells, fibroblasts, and stem or tissue progenitor cells all contributing to a state of 

persistent injury, which may lead to the development of pathological fibrosis. In this review, we 

discuss the mechanisms that instruct macrophages to adopt pro-inflammatory, pro-wound healing, 

pro-fibrotic, anti-inflammatory, anti-fibrotic, pro-resolving, and tissue regenerating phenotypes 

following injury, and highlight how some of these mechanisms and macrophage activation states 

could be exploited therapeutically.

Introduction

Tissue repair and regeneration are critical biological processes that are fundamental to the 

survival of all living organisms (Das et al., 2015). When tissues are injured during infection 

or following toxic or mechanical injury, an inflammatory response is induced in response to 

damage-associated molecular patterns (DAMPs) and pathogen-associated molecular patterns 

(PAMPs) released by dead and dying cells and invading organisms, respectively (Zhang et 

al., 2010). These molecular triggers induce a complex inflammatory response that is 

characterized by the recruitment, proliferation, and activation of a variety of hematopoietic 

and non-hematopoietic cells including neutrophils, macrophages, innate lymphoid cells 

(ILCs), NK cells, B cells, T cells, fibroblasts, epithelial cells, endothelial cells, and stem 

cells that together make up the cellular response that orchestrates tissue repair (Wynn, 

2008). When the wound healing response is well organized and controlled, the inflammatory 

response resolves quickly and normal tissue architecture is restored. However, if the wound 

healing response is chronic or becomes dysregulated it can lead to the development of 
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pathological fibrosis or scarring, impairing normal tissue function and ultimately leading to 

organ failure and death (Wynn and Ramalingam, 2012). Therefore, wound-healing 

responses must be tightly regulated. Although many cell types are involved in tissue repair, 

because of their highly flexible programming (Mosser and Edwards, 2008), macrophages 

have been shown to exhibit critical regulatory activity at all stages of repair and fibrosis 

(Wynn and Barron, 2010). Consequently, because they represent potentially important 

therapeutic targets, there has been great deal of interest over the past few years in 

deciphering the contributions of the different macrophage populations that control the 

initiation, maintenance, and resolution of wound healing responses in different organ 

systems.

The distinct tissue macrophage populations that take up residence in many tissues of the 

body are mostly derived from the yolk sac during embryogenesis, with fetal liver and 

hematopoietic stem cells contributing macrophages to some but not all tissues at later time 

points (Epelman et al., 2014a; Epelman et al., 2014b; Gomez Perdiguero et al., 2015). These 

tissue macrophages play critical roles during development and also provide important 

trophic signals that support neighboring parenchymal tissues (Wynn et al., 2013). Thus, they 

are critically involved in normal tissue homeostasis. However, following tissue injury, large 

numbers of inflammatory monocytes, macrophage precursors, are recruited from the bone 

marrow via chemokine gradients and various adhesion molecules, with these recruited cells 

often exceeding the resident tissue macrophage population by many-fold (Davies et al., 

2013; Galli et al., 2011). The recruited and resident macrophage populations proliferate and 

also undergo marked phenotypic and functional changes in response to growth factors and 

cytokines released in the local tissue microenvironment (Jenkins et al., 2011; Jenkins et al., 

2013), with many recent studies identifying specialized and critically timed roles for 

different monocyte and macrophage activation states in tissue repair, regeneration, and 

fibrosis (Lech and Anders, 2013; Munoz-Canoves and Serrano, 2015; Murray and Wynn, 

2011; Novak et al., 2014; Sica and Mantovani, 2012).

Although early research investigating the contribution of macrophages to wound repair 

focused on their role as scavenger cells that phagocytize cellular debris, invading organisms, 

neutrophils, and other apoptotic cells following tissue injury (Peiser et al., 2002), it is now 

clear that monocytes and macrophages exhibit much more complex roles, not only in tissue 

repair but also in the mechanisms of fibrosis and tissue regeneration (Wynn et al., 2013). 

Macrophages are an important source of chemokines, matrix metalloproteinases, and other 

inflammatory mediators that drive the initial cellular response following injury (Wynn and 

Barron, 2010). Indeed, if macrophages are depleted early after injury, the inflammatory 

response is often greatly diminished (Duffield et al., 2005). However, their removal can also 

result in decreased wound debridement and lead to less efficient repair and regeneration 

(Zhang et al., 2012). After the early inflammatory phase subsides, the predominant 

macrophage population assumes a wound healing phenotype that is characterized by the 

production of numerous growth factors including PDGF, TGF-β1, IGF-1, and VEGF-α, that 

promote cellular proliferation and blood vessel development (Berse et al., 1992; Chujo et al., 

2009; Rappolee et al., 1988; Shimokado et al., 1985) (Willenborg et al., 2012). They also 

produce soluble mediators that stimulate local and recruited tissue fibroblasts to differentiate 

into myofibroblasts that facilitate wound contraction and closure as well as the synthesis of 
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extracellular matrix components (Murray and Wynn, 2011). The proliferation and expansion 

of neighboring parenchymal and stromal cells are also regulated by macrophages, and if the 

injury is severe, macrophages may activate additional stem cell and local progenitor cell 

populations that participate in repair. Thereafter, monocytes and/or macrophages exhibiting 

a mostly anti-inflammatory phenotype become the dominant population (Ramachandran et 

al., 2015). These macrophages respond to interleukin-10 (IL-10) and other inhibitory 

mediators, secrete a variety of anti-inflammatory mediators like IL-10 and TGF-β1, and 

express cell surface receptors like PD-L1 and PD-L2 that play major roles in suppressing the 

immune system and quieting the inflammation that if not controlled effectively, can lead to 

collateral cell death and ultimately delay the repair process (Khalil et al., 1989; Said et al., 

2010; Shouval et al., 2014; Zigmond et al., 2014). Thus, the different stages of tissue repair 

must be carefully regulated, with monocyte and macrophages of different phenotypes 

playing unique and critical roles at each stage. Indeed, disturbances at any point in the 

process can lead to aberrant repair, with uncontrolled inflammatory mediator and growth 

factor production, or deficiencies in the generation of inhibitory macrophages all 

contributing to the development of chronic wounds, which can ultimately contribute to the 

formation of pathological fibrosis (Figure 1).

Research over the past few years has focused on identifying and characterizing the various 

macrophage populations that regulate the different stages of tissue repair (Duffield et al., 

2013). Specifically, the role of resident tissue macrophages versus recruited monocytes has 

become an important area of research, as there is accumulating evidence that different 

monocyte and macrophage populations play distinct and non-redundant roles in tissue 

repair, fibrosis, and regeneration (Gundra et al., 2014; Vannella et al., 2014). The 

mechanisms that instruct macrophages to adopt pro-inflammatory, pro-wound healing, pro-

fibrotic, anti-inflammatory, anti-fibrotic, pro-resolving, and tissue regenerating properties in 

various organ systems has also been the subject of intensive research (Kluth, 2007; Mitchell 

et al., 2002). It also remains unclear whether an individual macrophage (local or recruited) is 

capable of adopting all of these attributes at different times in response to signals found in 

the local tissue microenvironment or whether there are truly distinct functional subsets of 

monocytes and macrophages that are hard-wired to regulate these different and often 

opposing activities. This review focuses on recent findings that have advanced our 

understanding of the role of monocytes and resident tissue macrophages in wound repair, 

tissue regeneration, and fibrosis.

Evidence that distinct macrophage phenotypes regulate tissue injury and 

repair

Using a transgenic CD11b-DTR mouse to selectively deplete CD11bhi macrophages at 

different stages in a reversible model of liver injury induced by carbon tetrachloride, 

Duffield and colleagues have shown that if macrophages are depleted after CCL4 

chemokine exposure is terminated, the liver is less capable of restoring normal tissue 

architecture because matrix degradation is substantially impaired. In contrast, if CD11bhi 

macrophages are depleted during ongoing CCL4 exposure, liver injury is reduced. These 

studies are important because they suggest functionally distinct CD11b+ macrophages 
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regulate the injury and recovery phases of tissue repair (Duffield et al., 2005). Recent studies 

have suggested that yolk sac-derived resident tissue macrophages and monocytes recruited 

from the bone marrow play distinct roles during the different stages of repair in some 

organs. For example, although genetic fate mapping studies have confirmed the majority of 

macrophages in the adult heart are derived from yolk sac and fetal progenitors, CCR2+ 

monocyte-derived cells are the dominant macrophages driving the early inflammatory 

response in cardiac tissues following injury (Epelman et al., 2014a). In contrast, embryonic-

derived resident cardiac macrophages are the critical cells promoting recovery (Lavine et al., 

2014). The latter studies show that resident tissue macrophages induce cardiomyocyte 

proliferation and blood vessel development following injury. Consequently, when monocyte 

recruitment to the adult heart is suppressed following injury, the embryonic population of 

macrophages is largely preserved, resulting in reduced inflammation and accelerated repair. 

Thus, recruited bone marrow derived monocytes exhibit tissue destructive activity while 

embryonic-derived resident tissue populations facilitate the resolution of inflammation and 

instruct tissue repair in the heart.

Distinct pro-inflammatory and wound healing macrophage phenotypes have also been 

observed in models of spinal cord injury and repair, with the functionally distinct 

macrophage populations recruited to the site of tissue injury by unique chemokine gradients. 

In the spinal cord, a pro-inflammatory Ly6chiCX3CR1lo monocyte population homes to sites 

of tissue injury in a CCR2 and CCL2 dependent manner, while the reparative 

Ly6cloCx3Cr1hi population travels along a distinct path guided by VCAM-1, VLA-4 and 

CD73, adhesion proteins and endothelial cell surface enzymes involved in leukocyte 

extravasation (Shechter et al., 2013). These authors have found that the route of monocyte 

and macrophage entry to the central nervous system also provides additional instructional 

signals to shape the unique functional activities of the recruited cells.

Similar studies conducted in other tissues identified regenerating islet-derived 3 beta 

(Reg3β) as an essential regulator of macrophage trafficking to cardiac tissues following 

injury (Lorchner et al., 2015). Using a mass spectrometry secretome approach, these authors 

have found that damaged cardiomyocytes release large amounts of Reg3β in response to the 

cytokine Oncostatin M produced by inflammatory monocytes and neutrophils. Reg3β 

recruits the reparative macrophage subset that facilitates the removal of neutrophils that 

would otherwise trigger extensive matrix degradation, delayed collagen deposition, and 

cardiac rupture. Thus, a critical feed-forward loop between injured cardiomyocytes, 

inflammatory monocytes, and reparative macrophages facilitates tissue healing. Korf-

Klingebiel et al. have carried out a similar bioinformatics secretome analysis in humans and 

identified a macrophage-derived growth factor encoded by an open reading frame on 

chromosome 19 (C19orf10) that induces cardiac myocyte survival and angiogenesis 

following acute myocardial infarction (MI) (Korf-Klingebiel et al., 2015). The study has 

shown this growth factor is also critical for tissue repair following acute myocardial 

infarction (MI) and is likely produced by the same reparative macrophage population 

described by (Lorchner et al).

There is also evidence in some tissues that a single population of monocytes can both be 

pro-inflammatory and pro-repair, suggesting that in situ conversion rather than recruitment 
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of the pro-reparative Ly6C- subset is critical in some settings. For example, Activin-A, a 

protein that instructs oligodendrocyte differentiation during central nervous system (CNS) 

remyelination, has been recently identified as an important macrophage-derived reparative 

mediator. Following CNS demyelination, microglia and peripherally derived inflammatory 

macrophages switch from a pro-inflammatory or classically activated M(IFN-γ) phenotype 

to a pro-repair or alternatively-activated M(IL-4)-like phenotype as repair commences, and 

intra-lesional M(IL-4) cell depletion substantially delayed oligodendrocyte differentiation 

(Miron et al., 2013). In this case, both the microglia and recruited macrophages switch to the 

reparative Activin-A producing phenotype, suggesting that recruited and resident 

populations may both participate in repair in some tissues. Similar findings have also been 

reported in models of liver injury, with IL-4, IL-10, and phagocytosis playing critical roles 

in the conversion of inflammatory monocytes into cells exhibiting a reparative phenotype 

(Dal-Secco et al., 2015; Ramachandran et al., 2012).

An M(IL-4) population of macrophages is also thought to play a critical role in wound repair 

following nematode invasion (Chen et al., 2012a). Using a helminth infection model in 

which parasitic nematode larvae cause significant hemorrhaging and inflammation, Chen 

and colleagues have found that IL-17 serves as a major pathogenic inflammatory mediator 

during parasite migration through the lung, with subsequent IL-4R signaling in macrophages 

driving insulin-like growth factor 1 (IGF-1) and IL-10 production, which together contribute 

to the rapid resolution of the IL-17-induced damage. Here again, macrophage conversion 

from a pro-inflammatory to anti-inflammatory phenotype has been hypothesized to promote 

lung healing following acute pathogen-induced injury, which is consistent with studies that 

identified critical but divergent roles for type-1 and type-2 cytokine responses in tissue 

repair (Sandler et al., 2003).

Subsequent studies by Vannella and colleagues have identified distinct roles for resident and 

recruited alternatively activated macrophages (M(IL-4)) in the pathogenesis of 

schistosomiasis, a disease characterized by chronic granulomatous inflammation and 

development of hepatic fibrosis (Vannella et al., 2014). In these studies, IL-4Rαflox/delta 

mice were crossed with Lyz2-cre mice to generate mice with a conditional deletion of the 

IL-4 receptor in tissue macrophages. Because LysM is expressed at high amounts in mature 

tissue macrophages but is expressed at much lower amounts in recruited monocytes, the 

conditional mutant provides a tool to dissect the contributions of resident versus recruited 

M(IL-4)-like cells. In these studies, Lyz2hiF4/80+CD11b+ mature tissue macrophages have 

been identified as the critical M(IL-4) population suppressing inflammation in the liver, 

while LyzloF4/80+CD11b+ monocytes expressing high amounts of arginase-1 were largely 

responsible for the inhibition of fibrosis during chronic infection. These studies are of 

interest because they suggest unique roles for different populations of IL-4 and/or IL-13-

activated inflammatory monocytes and resident tissue macrophages in the resolution of 

inflammation, tissue repair, and fibrosis.

Together, the preceding studies, which encompass various organ systems and experimental 

models, nicely illustrate the distinct and often opposing roles of inflammatory monocytes 

and resident tissue macrophages in tissue repair. They also demonstrate how the timely 
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conversion of monocytes and macrophages from a pro-inflammatory to a reparative 

phenotype plays a decisive role in wound healing and tissue regenerative responses.

Pro-inflammatory macrophages exacerbate tissue injury

Interest in elucidating the signaling pathways and distinct macrophage populations that 

sustain tissue damaging inflammatory responses has grown substantially over the past few 

years, as a better understanding of these mechanisms will likely guide the development of 

therapeutics for inflammatory and fibrotic diseases (Han et al., 2013; Xu et al., 2012; Xu et 

al., 2015). For example, an exciting recent study by Jay and colleagues has shown that 

macrophages expressing triggering receptor expressed on myeloid cells 2 (TREM2) are 

required for the development of Alzheimer’s disease (AD) (Jay et al., 2015). Inflammatory 

Ly6c+ macrophages express TREM2 at high amounts, and when TREM2 activity is 

genetically deleted, the Ly6c+ population is virtually eliminated, resulting in reduced 

inflammation and ameliorated amyloid and tau pathologies. Thus, TREM2 has been 

identified as an important instructional signal in inflammatory macrophage development, 

suggesting it may represent a therapeutic target in neurodegenerative diseases like AD.

Therapeutic strategies that reduce the accumulation of tissue destructive infiltrating blood 

monocytes may also hold promise for diseases associated with severe or persistent 

inflammation. For example, although axonal repair following traumatic spinal cord injury is 

dependent upon the rapid development of reparative macrophages (Shechter et al., 2013), 

sustained recruitment of inflammatory blood derived macrophages can facilitate extensive 

secondary axonal dieback and delay the reparative process substantially. Using a radiation 

chimera model to distinguish bone marrow-derived cells from microglia, Evans and 

colleagues have determined that the vast majority of accumulated cells in spinal cord injury 

are derived from the blood, and CX3CR1+ macrophages but not CCR2+ monocytes were 

tightly associated with axonal dieback (Evans et al., 2014). Thus, therapeutic targeting of the 

CX3CR1+ subset may accelerate repair and reduce secondary axonal injury following 

traumatic spinal cord injury. Studies in the liver, however, identified a critical pro-injury 

role for CCR2+ monocytes, suggesting that blocking CCR2 may prove beneficial in the 

treatment of pathological inflammation in the liver (Mitchell et al., 2009). Factors that 

prevent accumulating tissue monocytes from converting from a pro-inflammatory to 

reparative phenotype can also impair healing. Two such factors are TNF-α, which blocks 

phagocytosis-mediated conversion of inflammatory macrophages to the reparative M(IL-4)-

like phenotype, and iron, which accumulates in local injury-associated macrophages and 

supports TNF-α production (Kroner et al., 2014). Thus, iron accumulation and sustained 

TNF production by inflammatory macrophages can further delay tissue repair following 

injury.

Repair of vascular tissues is also impacted by mechanisms that maintain inflammatory 

macrophage numbers or prevent their conversion to a reparative anti-inflammatory 

phenotype. As observed for TNF-α in models of spinal cord injury, secretion of the 

inflammatory cytokine IL-1β by macrophages has been shown to be a major driver in the 

pathogenesis of atherosclerosis. Investigating a murine model of atherosclerosis, Warnatsch 

and colleagues have found that cholesterol crystals act both as priming and danger signals 
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for IL-1β production (Warnatsch et al., 2015). Cholesterol crystals trigger neutrophils to 

release extracellular traps (NETs), which prime local macrophages to transcribe immature 

IL-1β, with cholesterol crystals serving a second role as a danger signal that activates 

inflammasomes, which process immature IL-1β for secretion. Thus, cholesterol and other 

sterile inflammatory signals contribute to the sustained activation of inflammatory 

macrophages, which disrupt normal tissue homeostasis and impede vascular repair. 

Sustained IL-1β production through NLRP3 inflammasome activation in macrophages has 

also been shown to be a major driver of persistent inflammation and fibrosis in other tissues 

as well, including the liver during chronic hepatitis C virus infection (Negash et al., 2013). 

Thus, therapeutic strategies that suppress NLRP3, IL-1β, and TNF-α activity may contribute 

to tissue repair following infection, injury, or sterile inflammation by reducing the negative 

impacts of sustained pro-inflammatory cytokine production by macrophages.

Macrophage necroptosis, a form of programmed necrosis characterized by the death of 

inflammatory cells has been recently identified as a key signal maintaining microbial 

induced type 1 inflammation. Here, programmed “suicide” of infected Kupffer cells triggers 

significant monocyte recruitment and anti-microbial type 1 immunity (Bleriot et al., 2015). 

However, at the same time, Kupffer cell death promotes a type 2 response involving the 

hepatocyte-derived alarmin IL-33 and basophil-derived IL-4, which quickly converts the 

monocyte-derived macrophages to an M(IL-4)-like phenotype that restores liver homeostasis 

and replenishes the depleted Kupffer cell population. Resident tissue macrophages and 

Kupffer cells have also been shown to play a key role in the liver following acetaminophen-

induced acute liver failure (AALF) in mice and humans. During AALF, a marked increase 

in inflammatory macrophages is observed in areas of hepatic necrosis while circulating 

monocytes are generally reduced, with the lowest amounts observed in patients developing 

adverse outcomes (Antoniades et al., 2012). The resident tissue macrophages are thought to 

quickly convert to a pro-resolution tissue repair phenotype during AALF, so expanding their 

numbers through local proliferation or recruitment from the monocyte pool has been 

hypothesized to be a critical determinant controlling survival following severe liver injury. 

In support of this conclusion, recent studies of AALF and partial hepatectomy in mice 

showed that by expanding the number of resident tissue macrophages and recruited 

monocytes exhibiting a reparative anti-inflammatory phenotype, colony-stimulating factor 

1-Fc treatment holds promise as a therapeutic strategy following acute liver injury 

(Stutchfield et al., 2015).

Regulation and function of pro-fibrotic macrophages

Although approaches that either reduce the numbers of inflammatory macrophages 

exhibiting an M(IFN-γ) skew phenotype or increase the numbers of reparative anti-

inflammatory M(IL-4)-like macrophages have been shown to accelerate the repair of many 

tissues, persistent activation or sustained recruitment of the M(IL-4)-like cells has also been 

hypothesized to contribute to the development of pathological fibrosis (Wynn and 

Ramalingam, 2012). Nevertheless, to date, most mechanistic studies of fibrosis have focused 

on the role of inflammatory macrophages, with many fewer studies actually investigating the 

specific contributions of M(IL-4)-like macrophages in repair and fibrosis. Using several 

elegant in vivo strategies to globally deplete monocytes and macrophages, Gibbons and 
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colleagues have concluded that macrophages are critically required for the development of 

bleomycin induced pulmonary fibrosis (Gibbons et al., 2011). Although the reduction in 

fibrosis in macrophage-depleted mice is associated with decreases in the expression of 

several markers of alternative macrophage activation including Ym1 and Arginase-1, the 

depletion strategies used were not specific to the M(IL-4) subset as circulating Ly6Chi 

inflammatory monocytes were also depleted. Therefore it is difficult to conclude definitively 

whether fibrosis is dependent on M(IL-4) cells, although adoptive transfer studies suggest 

this was likely the case.

In models of idiopathic pulmonary fibrosis, the pro-fibrotic function of macrophages has 

also been attributed to their production and activation of the pro-fibrotic cytokine TGF-β1 

(Murray et al., 2011). Fibrosis is typically associated with impaired angiogenesis and 

sustained development of local tissue hypoxia, with hypoxia-inducible factor-1a (HIF-1a), a 

transcription factor that functions as a master regulator of oxygen homeostasis directly 

implicated in TGF-β1-driven fibrogenesis (Ueno et al., 2011). Indeed, silencing of HIF-1a 

expression markedly decreases TGFβ1 production in alveolar macrophages and attenuates 

the development of bleomycin-induced fibrosis, confirming a critical role for TGF-β1-

producing macrophages in the development of fibrosis in response to bleomycin.

Nevertheless, some studies have suggested that fibrosis can also develop in a TGF-β1-

independent manner (Kaviratne et al., 2004), with the type 2 cytokine IL-13 playing a 

dominant role in many settings (Wynn, 2007). However, the contribution of macrophages to 

the development and maintenance of IL-13-dependent fibrosis is less clear as macrophages 

are not thought to be a major source of IL-13 (Wynn, 2004). To investigate the role of 

macrophages in a model of IL-13 driven fibrosis, Borthwick and colleagues have employed 

CD11b-DTR mice and depleted CD11b+ monocytes and macrophages at different time 

points in three models of type-2 cytokine-driven disease (Borthwick et al., 2015). Here, 

monocyte and macrophage but not dendritic cell depletion during the maintenance and 

resolution phases caused a profound decrease in inflammation, fibrosis, and type 2 gene 

expression in the tissues but not in secondary lymphoid organs, suggesting that macrophages 

are critical to the maintenance of type 2 inflammation in the injured lung. In support of this 

conclusion, local tissue macrophages were identified as a critical source of the CD4+ T 

helper-2 (Th2) cell recruiting chemokines CCL1 and CCL22. Related studies have also 

identified the chemokine receptor CCR8 as a major mediator of macrophage recruitment to 

injured liver, with CCL1-directed migration controlling the recruitment of classical 

inflammatory monocytes that promote TGF-β1-dependent fibrosis induced by CCL4 or bile 

duct ligation (Heymann et al., 2012). Thus, in addition to producing important pro-fibrotic 

mediators like TGF-β1 (Figure 2), monocytes and macrophages can also promote fibrosis 

indirectly by orchestrating local inflammatory reactions that maintain fibrotic responses or 

by blocking the emergence of pro-resolution pathways (Borthwick et al., 2015; Ehling et al., 

2014; Mitchell et al., 2009).

In addition to producing pro-fibrotic mediators and facilitating the recruitment of 

inflammatory cells, macrophages have also been shown to directly enhance the survival and 

activation of myofibroblasts, the key extracellular matrix (ECM) producing cells in all 

organs. Pradere and colleagues showed that hepatic macrophages enhance myofibroblast 
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survival by stimulating nuclear factor kappa B (NF-κb) activity in fibroblasts, which is 

critical for the development of liver fibrosis (Pradere et al., 2013). In vivo depletion studies 

have suggested that mononuclear phagocytes are critical to the activation of myofibroblasts, 

although further details on the source and phenotype of the pro-fibrotic macrophage 

population are unclear. They determined that pro-fibrotic macrophage function is highly 

dependent on TNF-α and IL-1β-induced survival but not activation of hepatic stellate cells 

in vitro and in vivo. In contrast, macrophage-derived galectin-3, a beta-galactoside-biding 

lectin that is markedly upregulated in progressive renal fibrosis was critical for the 

conversion of fibroblasts to the pro-fibrotic phenotype (Henderson et al., 2008). Thus, 

macrophages exhibiting a pro-fibrotic phenotype participate in the activation and expansion 

of ECM-producing myofibroblasts via multiple mechanisms.

Macrophages are also important producers of matrix metalloproteinases (MMPs), enzymes 

that degrade all kinds of ECM proteins, with some MMPs serving as essential drivers of 

fibrosis. For example, Mmp12 is a macrophage-secreted elastase that is highly induced by 

IL-13 in the lung and liver during the development of IL-13-dependent fibrosis. Mmp12−/− 

mice have been shown to develop reduced pulmonary and hepatic fibrosis in response to S. 

mansoni eggs, with the decreased fibrotic response associated with increased expression of 

the ECM-degrading MMPs: Mmp2, Mmp9, and Mmp13 (Madala et al., 2010). These 

findings suggest that IL-13 promotes fibrosis, at least in part, by increasing macrophage 

metalloelastase activity, which in turn reduces the activity of matrix degrading 

metalloproteinases. Mmp12 activity is also increased in CCL4 and thioacetamide-induced 

liver fibrosis, but in these models Mmp12 activity had either no effect or led to slightly 

decreased fibrosis (Pellicoro et al., 2012). Thus, macrophage-derived Mmp12 exhibits 

contrasting roles in models of IL-13 and TGF-β1-driven fibrosis.

Finally, Knipper and colleagues have investigated a model of skin repair and showed that 

collagen fibril assembly following injury is also highly dependent on M(IL-4) macrophages 

(Knipper et al., 2015). In the absence of IL-4Rα or the M(IL-4)-associated gene Retnla 

(Relm-alpha), induction of lysyl hydroxylase 2 (LH2), an enzyme that directs persistent pro-

fibrotic collagen cross-links, is greatly diminished in injured skin. Thus, in addition to 

producing several important wound healing and pro-fibrotic mediators, M(IL-4) 

macrophages also regulate the 3-dimensional structure and size of collagen fibrils during 

repair.

Protective roles for anti-inflammatory and anti-fibrotic macrophages

Numerous studies have also focused on identifying and characterizing the mechanisms that 

drive macrophages to exhibit anti-inflammatory and anti-fibrotic activity, as these 

phenotypes are thought to be critical to the resolution of most wound healing responses. The 

immunoregulatory cytokine IL-10 is produced by a variety of cell types including Th2 cells, 

regulatory T (Treg) cells, and macrophages and is known to function as a critical anti-

inflammatory mediator (Saraiva and O’Garra, 2010). However, the relative importance of 

IL-10 secretion versus IL-10 signaling in macrophages has been previously unclear. Two 

recent papers have addressed this question in models of mucosal healing by performing 

adoptive transfer studies and generating mice with genetic deletions of IL-10 or the IL-10 
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receptor alpha chain in macrophages. Shouval and colleagues showed that IL-10R signaling 

in innate immune cells is critical for the maintenance of anti-inflammatory activity in the 

intestine, with IL-10R signaling in anti-inflammatory macrophages preventing the 

development of colitis (Shouval et al., 2014). They have shown that development of early 

onset inflammatory bowel disease (IBD) in IL-10R-deficient patients is also associated with 

major defects in the generation and function of anti-inflammatory macrophages. Using mice 

harboring IL-10 or IL-10 receptor mutations in resident intestinal chemokine receptor 

CX3CR1-expressing macrophages, Zigmond et al. obtained complimentary findings that 

showed macrophage-derived IL-10 is dispensable for gut homeostasis and maintenance of 

colonic Treg cells (Zigmond et al., 2014). In contrast, loss of IL-10 receptor expression was 

shown to impair the conditioning of monocyte-derived macrophages and resulted in 

spontaneous development of colitis. Together, these studies identify IL-10 receptor signaling 

in CX3CR1hi intestinal macrophages as the critical factor controlling intestinal 

inflammation. A similar role for IL-10R signaling in macrophages has been recently 

generated in a model of corneal lymphangiogenesis. In these studies, development of 

lymphangiogenesis is exacerbated in both Il10−/− and Stat3fl/fl lysozyme M cre expressing 

mice, suggesting that IL-10 and Stat3-mediated signaling in myeloid cells is critical to the 

prevention of disease (Hos et al., 2015). Together, these studies suggest an ongoing dialogue 

between IL-10 responsive anti-inflammatory macrophages and other IL-10 producing cells 

like Treg cells and Th2 cells is critical to the maintenance of immune homeostasis in 

mucosal tissues.

Although the resolution of inflammation is often associated with the expansion of IL-10 

induced anti-inflammatory macrophages, other mechanisms have also been shown to trigger 

anti-inflammatory macrophage function. For example, De Nardo and colleagues have 

investigated the mechanisms by which high-density lipoprotein (HDL) protects against 

atherosclerosis and identified the transcriptional regulator ATF3 as an HDL-inducible target 

gene in macrophages that down regulates Toll-like receptor-induced pro-inflammatory 

cytokine production (De Nardo et al., 2014). The transcription factor Nr4a1 has also recently 

shown to suppress autocrine norepinephrine production in macrophages, which is known to 

regulate the severity of experimental autoimmune encephalitis (EAE), a mouse model of 

multiple sclerosis (Shaked et al., 2015). Lack of Nr4a1 in myeloid cells leads to enhanced 

norepinephrine production, accelerated infiltration of leukocytes into the CNS, and disease 

exacerbation in vivo. The metabolic controller, orphan nuclear receptor estrogen-related 

receptor alpha (NR3B1), has been also identified as an important negative regulator of TLR-

induced inflammation (Yuk et al., 2015). NR3B1 regulates anti-inflammatory macrophage 

function by inducing Tnfaip3 transcription and controlling metabolic reprogramming in 

macrophages. IL-4 and IL-13 have also been shown to induce miR-142-5p and 

downregulate miR-130a-3p in macrophages, which sustains Stat6 activation and pro-fibrotic 

gene expression (Su et al., 2015). Finally, N-3 polyunsaturated fatty acids, which exhibit 

substantial anti-inflammatory in vivo, confer important cardio protective effects by 

inhibiting macrophage-mediated activation of cardiac fibroblasts. Thus, a variety of 

mechanisms, besides IL-10, are involved in the development of macrophages with pro-

wound healing and anti-inflammatory activity.
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The effector mechanisms by which anti-inflammatory macrophages regulate tissue-

damaging inflammation have also been a topic of intensive research. For example, a recent 

study by Westphalen and colleagues has identified a specialized population of sessile 

alveolar macrophages (AMs) that protects the lung from tissue damaging inflammation by 

directly communicating immunosuppressive signals to neighboring epithelium (Westphalen 

et al., 2014). These AMs are attached to the alveolar wall and form connexin 43 (Cx43)-

containing gap junction channels with the epithelium. Following LPS-induced inflammation 

they directly transmit immunosuppressive signals through synchronized Ca2+ waves using 

the epithelium as the conducting pathway. Bourdonnay and colleagues have also identified 

trans-cellular delivery of vesicular suppressor of cytokine signaling (SOCS) proteins as 

another unique form of intercommunication between AMs and epithelial cells, a mechanism 

that also plays important roles in the resolution of inflammation in the lung (Bourdonnay et 

al., 2015). They have shown that AMs secrete SOCS1 and -3 exosomes and microparticles, 

respectively, which are taken up by alveolar epithelial cells leading to the suppression of 

Stat activation (Figure 3). Delivery of SOCS proteins is actively inhibited in response to 

cigarette smoke, suggesting that it is a modifiable response during the initiation and 

resolution of inflammatory responses. In addition to communicating anti-inflammatory 

signals directly to epithelial cells, macrophages also regulate communication in the 

epidermis. Knuever and colleagues have shown that myeloid cell-restricted insulin and 

IGF-1 receptor deficiency protects mice from skin inflammation by decreasing pro-

inflammatory cytokine production from epidermal cells (Knuever et al., 2015). Monocyte 

and macrophage-derived IGF-1 has also been identified as a critical factor in skeletal muscle 

repair (Tonkin et al., 2015). Finally, anti-inflammatory macrophages also regulate the 

development and maintenance of IL-10 and TGF-β1 producing Treg cells, which contribute 

to the resolution of tissue-damaging inflammatory responses in multiple tissues (Soroosh et 

al., 2013).

Although macrophages activated by type-2 cytokines are often linked with tissue repair 

because they can antagonize the function of pro-inflammatory M(IFN-γ) macrophages that 

exacerbate tissue damage (Campbell et al., 2013; Kratochvill et al., 2015), recent studies 

have suggested that they can also exhibit potent anti-fibrotic activity, particularly when the 

tissue repair response becomes chronic. Indeed, mechanistic studies investigating the role of 

M(IL-4)-skewed macrophages in chronic models of fibrosis and cancer have suggested they 

slow the progression of fibrosis and augment cancer progression and metastasis by 

suppressing local CD4+ T cells responses and reducing ECM production by myofibroblasts 

(Ostuni et al., 2015; Pesce et al., 2009). In tumors and granulomas, M(IL-4)-skewed 

macrophages are tightly associated with other inflammatory cells and actively compete with 

neighboring T cells and myofibroblasts for the amino acids L-arginine and L-ornithine, 

which become depleted in areas of hypoxia, yet they are critically required for the 

maintenance of local T cell proliferation and myofibroblast activation (Hesse et al., 2000; 

Pesce et al., 2009). Thus, nutrient competition between local tissue macrophages and 

neighboring immune cells has been identified as an additional potent immunosuppressive 

mechanism employed by regulatory macrophages (Murray et al., 2015). Interestingly, the 

cytokines IL-6, IL-10, and IL-21 have all been found to enhance IL-4 receptor expression on 

macrophages, and contribute to the development of anti-inflammatory and anti-fibrotic 
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macrophage function following stimulation with IL-4 or IL-13 (Lang et al., 2002; Mauer et 

al., 2014; Pesce et al., 2006). Consequently, a variety of cytokines, signaling pathways, and 

mechanisms collaborate to drive the recruitment, differentiation, and expansion of 

macrophages that control the resolution of chronic inflammatory and fibrotic responses.

Therapeutic manipulation of macrophage function in repair and fibrosis

Because macrophages serve as both drivers and regulators of disease, therapeutic strategies 

that reduce the number or function of pro-inflammatory or pro-fibrotic macrophages or 

boost the activity of anti-inflammatory, anti-fibrotic, pro-resolving, or pro-wound healing 

macrophages are actively being investigated in several pre-clinical and clinical studies. One 

relatively straightforward way to manipulate macrophage function is to regulate their 

numbers by targeting CSF1 and CSF-1R signaling, as CSF1 is critically required for the 

differentiation of myeloid progenitors into heterogeneous populations of monocytes and 

macrophages (Hume and MacDonald, 2012). It also regulates their migration, proliferation, 

function, and survival. Thus, overexpressing or inhibiting CSF1 signaling can substantially 

alter macrophage density and function. Consequently, CSF-1 protein, antibodies against the 

ligand and receptor, and inhibitors of CSF-1R kinase activity are all being tested in various 

disease models and more recently clinical trials have also been initiated. MacDonald and 

colleagues have found that anti-CSF-1R Ab treatment primarily depletes the maturation and 

replacement of resident monocytes and tissue macrophages but does not affect the numbers 

of pro-inflammatory monocytes (MacDonald et al., 2010). Consequently, they have 

hypothesized it might have little impact on the maintenance of inflammatory disease. 

Nevertheless, anti-CSF-1R therapy has been recently shown to reduce cutaneous and 

pulmonary chronic graft-versus-host disease (Alexander et al., 2014). Stutchfield and 

colleagues also have shown that CSF1-Fc therapy could be used to expand the numbers of 

protective tissue macrophages in models of acute liver injury and partial hepatectomy 

(Stutchfield et al., 2015). Therapeutic strategies that target important monocyte and 

macrophage recruiting chemokine or chemokine receptors have also emerged as possible 

therapeutic targets (Baeck et al., 2012; Baeck et al., 2014; Chen et al., 2015b; Wehr et al., 

2014). Serum amyloid P, a member of the pentraxin family, has been shown to inhibit the 

accumulation of pro-fibrotic macrophages in the lungs of mice following bleomycin 

exposure, suggesting it might be developed as a therapeutic strategy for IPF (Murray et al., 

2011). Alendronate inhalation into the lungs has also been shown to ameliorate emphysema 

in mice by inducing apoptosis of alveolar macrophages (Ueno et al., 2015). Adoptive 

transfer and transplantation techniques employing bone marrow-derived and pulmonary 

macrophages are also being investigated as strategies to increase the number of restorative 

macrophages (Suzuki et al., 2014; Thomas et al., 2011). Thus, several distinct therapeutic 

approaches that lead to changes in the number of macrophages are being investigated.

Another way to enhance the therapeutic potential of macrophages is to specifically target or 

alter their function. For example, Cao and colleagues have shown that macrophages 

modified ex vivo by IL-10 and TGF-β stimulation could be used to ameliorate inflammation, 

pathological structural changes, and functional decline during kidney injury (Cao et al., 

2010). Zheng et al. generated a similar protective population by polarizing isolated 

macrophages with IL-4 and IL-13 and then adoptively transferring the stimulated cells into 
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mice with pancreatic and renal injuries (Zheng et al., 2011). Indeed, pancreatic beta cell 

renewal following bile duct injury is tightly regulated by M(IL-4) macrophages expressing 

TGF-β1 (Xiao et al., 2014). IL-25, which promotes type-2 cytokine production and M(IL-4) 

macrophage development, has also been shown to protect mice from kidney disease (Cao et 

al., 2011). Lentiviral-mediated delivery of IL-10 to macrophages also represents a promising 

strategy to induce and sustain macrophage polarization towards a restorative anti-

inflammatory phenotype in vivo (Boehler et al., 2014).

Altering key macrophage transcription factors that stabilize or induce particular phenotypes, 

as Jay et al. did in a model of Alzheimer’s disease, also holds promise for inflammatory and 

fibrotic diseases (Jay et al., 2015). The transcription factor IRF5 has also been implicated in 

the polarization of macrophages towards an inflammatory phenotype that can impair wound 

repair and promote persistent inflammation. Thus, reducing IRF5 activity could be used to 

increase the number of anti-inflammatory and pro-wound healing macrophages, as was 

demonstrated recently in models of obesity and insulin resistance (Dalmas et al., 2015). 

Rapamycin, which blocks mTOR signaling in macrophages and myofibroblasts, has also 

been shown to ameliorate kidney fibrosis in mice (Chen et al., 2012b). MicroRNAs may also 

be used to target key transcription factors in macrophages, transforming them from highly 

activated tissue destructive macrophages into cells resembling a normal quiescent phenotype 

(Ponomarev et al., 2011). Finally, by mimicking the anti-inflammatory effects of apoptotic 

cell, phosphatidlyserine-presenting liposomes have also been used to induce reparative 

IL-10 and TGFβ1-producing cardiac macrophages (Harel-Adar et al., 2011).

Macrophages in Tissue Regeneration

Although macrophages play key regulatory roles during tissue injury and repair, the resident 

tissue macrophage populations that reside in nearly all tissues of the body also control 

normal tissue homeostasis and organ regeneration (Wynn et al., 2013). In fact, a recent cell 

depletion study reveals that macrophages are critically required for full limb regeneration in 

adult salamanders, but surprisingly, wound closure following limb amputation is much less 

dependent on macrophages (Godwin et al., 2013). Macrophages were however critical to the 

clearance of senescent cells (Yun et al., 2015). Therefore, elucidating the mechanisms by 

which macrophages create a regeneration-permissive environment may reveal strategies for 

the regeneration of injured organs in adult mammals.

Aurora and colleagues have recently employed a similar macrophage depletion strategy in 

mice and determined that macrophages provide critical signals that drive angiogenesis and 

tissue regeneration following myocardial infarction (MI) in neonatal hearts, which are 

capable of complete regeneration, but only during the earliest days of gestation (Aurora et 

al., 2014). In the absence of macrophages, however, neonates lose the ability to regenerate 

myocardia and form fibrotic scars similar to those seen in older animals following an infarct. 

Interestingly, the beneficial effects of mesenchymal stem cells (MSCs) in adult MI also 

appear to be dependent on macrophages (Ben-Mordechai et al., 2013), with MSC’s 

primarily serving a regulatory role by shifting local macrophages from a pro-inflammatory 

M(IFN-γ) phenotype to a tissue regenerative phenotype similar to M(IL-4) macrophages 

(Cho et al., 2014). Multi-potent adult progenitor cells have also been shown to exhibit 
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similar M(IL-4) polarizing activity, leading to a reduction in macrophage mediated axonal 

dieback in spinal cord injury (Busch et al., 2011). M(IL-4) cells, in turn, establish an anti-

inflammatory environment that is more accommodating to the survival and growth of both 

mesenchymal stem cells and progenitor populations in injured tissues, suggesting a mutually 

beneficial feed-back loop exists between anti-inflammatory macrophages and stem cell 

populations that drive tissue regeneration (Freytes et al., 2013; Mounier et al., 2013). 

Therefore, differences in the number of MSCs and other progenitor cells in neonates and 

adults and/or alterations in the dialogue between stem cells and macrophages can have major 

impacts on tissue regeneration following injury and in aging.

A complex dialogue between macrophages and several other cell types is also required for 

the regeneration of peripheral nerves. Similar to neonatal hearts, the peripheral nervous 

system displays remarkable regenerative ability in that it can fully repair a completely 

severed nerve. An exciting study by Cattin and colleagues show that blood vessels play a 

critical role in nerve regeneration by serving as guides or tracks for the regenerative nerve 

cells to grow along (Cattin et al., 2015). The multi-cellular process is initiated by injury 

induced hypoxia, which is sensed by local tissue macrophages that then secrete VEGF-α to 

induce a polarized vasculature that relieves the hypoxia, but at the same time it creates a 

path for proliferating Schwann cells to migrate across to reconnect the nerve. Thus, VEGF-α 

production by macrophages was identified as an indispensable mechanism in nerve 

regeneration.

In addition to stimulating blood vessel development (Ehling et al., 2014), monocytes and 

macrophages produce a variety of additional mediators that regulate the renewal and 

function of local tissue progenitor cells that are critical to tissue regeneration. For example, 

London and colleagues have identified a population of monocyte-derived macrophages 

producing IL-10 that is required for progenitor cell renewal and neuroprotection in the 

injured adult murine retina (London et al., 2011). IL-10 also plays a central role in switching 

muscle macrophages from a pro-inflammatory to reparative phenotype that promotes muscle 

regeneration (Deng et al., 2012). Nevertheless, studies with Il4rαf/fLyz2cre mice has 

questioned the overall importance of anti-inflammatory M(IL-4)-like macrophages in 

muscle regeneration (Goh et al., 2013; Heredia et al., 2013). However, recent studies have 

also questioned whether the Lyz2-cre mouse is an adequate tool to dissect the roles of 

M(IL-4)-like monocytes/macrophages in vivo (Vannella et al., 2014). Wnt signaling in 

macrophages has also been identified as a critical pathway driving parenchymal regeneration 

in models of liver injury. Following hepatocyte cell death, macrophage engulfment of 

hepatocyte debris induces Wnt3a, which leads to canonical Wnt signaling in nearby hepatic 

progenitor cells that facilitates their specification to hepatocytes (Boulter et al., 2012). 

Regenerative macrophages also facilitate skeletal muscle regeneration by directly targeting 

myogenic precursor cells (MPCs). Saclier and colleagues demonstrated in vitro that through 

the differential secretion of cytokines and growth factors, anti-inflammatory macrophages 

strongly promote MPC differentiation by increasing their commitment into differentiated 

myocytes and mature myotubes (Saclier et al., 2013). Pro-inflammatory macrophages, in 

contrast, inhibit myogenic precursor fusion. Thus pro-inflammatory and anti-inflammatory 
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macrophages have direct effects on stem cell fate, leading to substantial impacts on tissue 

regeneration.

Although effective wound repair and tissue regeneration is often associated with the 

preferential expansion of local tissue macrophages exhibiting an anti-inflammatory 

phenotype, when the injury is locally severe or chronic, additional inflammatory monocytes 

may also be required to restore normal tissue architecture. For example, Chen and 

colleagues have shown that CCL2 is released from neighboring hair follicles when hairs are 

plucked, leading to the rapid recruitment of TNF-α secreting inflammatory macrophages, 

which accumulate near the plucked hair and provide key signals to local stem cells that 

facilitate the regeneration of new hair follicles (Chen et al., 2015a). In this case, recruitment 

of pro-inflammatory macrophages is critical to the initiation of the stem cell response that 

facilitated new hair growth. Nevertheless, the rapid conversion of these pro-inflammatory 

TNF-α producing macrophages to an anti-inflammatory IL-10 and TGF-β1 producing 

phenotype appears to be critical to the long-term survival of stem and progenitor cell 

populations in most tissues (Freytes et al., 2013; Heredia et al., 2013; Lemos et al., 2015). 

Thus, to facilitate effective organ regeneration and prevent fibrosis, the monocyte and 

macrophage response must be finely tuned.

Future Directions

As illustrated in this review, monocytes and macrophages are recruited and activated by 

several distinct mechanisms and assume many functional characteristics that are critical to 

tissue injury and repair. Although pro-inflammatory and anti-inflammatory macrophages are 

the two most frequently investigated phenotypes in studies of wound repair, fibrosis and 

tissue regeneration, macrophages exhibiting pro-wound healing, pro-fibrotic, anti-fibrotic, 

pro-resolving, and tissue regenerating characteristics are also commonly mentioned in the 

literature. As highlighted here, there is evidence that these macrophage activation states are 

not always mutually exclusive. Nevertheless, it remains unclear if some functional subsets 

represent distinct populations or whether they are simply subtle variants of pro-

inflammatory and anti-inflammatory macrophages. Thus, in future work, it will be important 

to include as many distinguishing characteristics about the macrophages being studied as 

possible (Murray et al., 2014), including cell surface markers and gene expression analyses 

that reveal transcriptional and epigenetic profiles, as this will increase our ability to compare 

findings between research groups and expand our understanding of the unique contributions 

of the different macrophage populations and activation states during tissue injury and repair 

in multiple organ systems. A more uniform macrophage nomenclature will also become 

increasingly important as the number of clinical trials that are based on manipulating 

monocyte and macrophage function will likely increase substantially over the next few 

years.
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Fig. 1. Mechanisms driving major macrophage activation phenotypes in tissue repair, 
regeneration, and fibrosis
In many tissues the resident tissue macrophage population is derived from the yolk sac and 

fetal liver during development but are complimented by inflammatory monocytes recruited 

from the bone marrow following injury. The recruited and resident macrophages undergo 

marked phenotypic and functional changes in response to DAMPs, PAMPs, growth factors, 

cytokines, and other mediators released in the local tissue microenvironment, with the 

dominant phenotypic variants depicted here regulating inflammation, tissue repair, 

regeneration, and resolution. Macrophages produce a variety of factors that stimulate the 

proliferation, differentiation, and activation of fibroblasts, epithelial cells, endothelial cells, 

and stem and progenitor cells that facilitate tissue repair. During the later stages of the repair 

process, they assume a regulatory pro-resolving phenotype that ensures the tissue damaging 

inflammatory response is suppressed and normal tissue architecture is restored. If the 

process is not controlled effectively, persistent inflammation and/or maladaptive repair 

processes can lead to tissue destructive fibrosis. In some cases, the recruited monocytes seed 

the tissues and adopt a resident macrophage phenotype, however the mechanisms that 

restore tissue homeostasis are still under debate. Damage associated molecular patterns 

(DAMPs), PAMPs (pathogen associated molecular patterns), Regulatory T cells (Treg), 

interferon-regulatory factor 5 (IRF5), nitric oxide synthase 2 (NOS2), Liver X receptor 

(LXR), Amphiregulin (AREG), Arginase-1 (Arg1), interferon regulatory factor 4 (IRF4), 

peroxisome proliferator-activated receptor gamma (PPARγ), fibroblast growth factor (FGF), 
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galectin-3 (GAL-3), transforming growth factor (TGF), Immune complex (IC), 

glucocorticoid receptor (GR), transcription factor ATF3, silencers of cytokine signaling 

(SOCS).
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Fig. 2. Cytokine and macrophage-mediated mechanisms of fibrosis
Inflammatory responses that develop following tissue injury are associated with the 

production of a variety of inflammatory mediators like IFN-γ and TNF-α that promote 

classical macrophage activation. TGF-β1 is then produced by macrophages as a regulatory 

feedback mechanism to facilitate the resolution of the pro-inflammatory response. TGF-β1 

also triggers fibroblast activation and development of ECM-producing myofibroblasts that 

facilitate repair and drive fibrosis. The anti-inflammatory cytokine IL-13, produced by a 

variety of cell types including type 2 innate lymphoid cells, eosinophils, basophils, and 

CD4+ Th2 cells, also serves as a major driver of tissue repair and fibrosis by inducing TGF-

β1, by directly targeting myofibroblast function, and by promoting the development of 

restorative M(IL-4)-like macrophages that facilitate the recruitment of IL-13-producing 

leukocytes to sites of tissue injury.
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Fig. 3. Anti-inflammatory signaling by macrophages
Alveolar macrophages transmit key signals to neighboring cells that help facilitate the 

resolution of inflammation in the lung. A) After LPS inhalation, a specialized population of 

sessile alveolar macrophages attached to the alveolar wall form gap junction channels with 

the epithelium, which suppress inflammation by transmitting Ca2+ waves to epithelial cells 

that result in the phosphorylation of the pro-survival kinase Akt. B) Alveolar macrophages 

can also dampen inflammation by secreting SOCS1 or SOCS3 proteins in vesicles that are 

taken up by alveolar epithelial cells. Delivery of SOCS subsequently inhibits epithelial 

STAT activation, leading to the suppression of pro-inflammatory mediator production.
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