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Abstract
Pulmonary fibrosis (PF) is a growing clinical problem, which can result in breathlessness or respiratory failure and has an average life expectancy of two years from diagnosis. Therapeutic options for PF are limited and there is therefore a significant unmet clinical need. The recent resurgent interest in macrophage biology has led to a new understanding of lung macrophage origins, biology and phenotypes. In this review, we discuss fibrotic mechanisms and focus on the role of macrophages during fibrotic lung disease. Data from both human and murine studies are reviewed, highlighting novel macrophage-orientated biomarkers for disease diagnosis and potential targets for future anti-fibrotic therapies. 

Lung Macrophages and Fibrosis, New Data Warrants a Fresh Look
[bookmark: _GoBack]Interstitial lung disease (see Glossary), is an umbrella term for over 200 parenchymal lung disorders, which share specific clinical, pathological and radiological features. A common feature of the ILDs is pulmonary fibrosis (PF), the progressive deposition of extracellular matrix and collagen within the interstitial space of the lung (Figure 1), which leads to impaired gas exchange, breathlessness and is often lethal. On the basis that pulmonary fibrosis fails to respond to corticosteroid therapy (with high dose corticosteroids combined with the immunosuppressive drug azathioprine, actually being deleterious in idiopathic pulmonary fibrosis, IPF) it has been argued that the fibrosing lung diseases, and especially IPF, are non-inflammatory [1]. This rather crude characterization of what defines inflammatory disease overlooks the complex roles played by immune cells in the wound healing process. The observation that diseases of immune dysregulation, such as rheumatoid arthritis, give rise to fibrosis indistinguishable from IPF combined with a more nuanced view of immune cell function is leading to a re-evaluation of the role played by inflammatory cells in the development of IPF and other fibrosing lung diseases. Macrophages are present in almost all tissues of the body and play crucial roles in development, metabolism and the maintenance of homeostasis. In the lung, resident macrophages are critically important sentinels that are integral to pulmonary host defence. Macrophages demonstrate remarkable plasticity and are capable of acquiring phenotypes which can both drive or resolve fibroproliferative responses to injury. Pulmonary macrophage populations divide into alveolar macrophages (AMs), strategically positioned in the airways, and interstitial macrophages (IMs), which are located within the lung parenchymal tissue [2]. A growing body of evidence supports a role for both AMs and IMs in the pathogenesis of pulmonary fibrosis. Recent advances have changed our understanding of macrophage phenotypes, origins and roles in disease. Numerous reports have shown that macrophages demonstrate a remarkable ability to adapt to the local environment and are capable of switching from one functional phenotype to another. Historically, studies have described the importance of ‘wound healing’ macrophage phenotypes in the development of fibrosis; however, new understanding of macrophage biology has driven modes of macrophage classification towards more complex models and away from the dichotomous inflammatory M1/repair M2 paradigm. Furthermore, our knowledge of the role that macrophages play in development has expanded. It is now clear that alveolar macrophages colonize the lung within the first few days of life and display remarkable self-renewal properties [3,4]. Indeed, rather than being replenished from circulating monocytes, as the prevailing dogma held, the predominant mechanism for macrophage renewal under homeostatic conditions is by expansion in situ [3]. Utilizing parabiosis studies, genetic ablation and adoptive transfer experiments, Hashimoto et al showed that in the steady state, murine lung macrophages maintain their population independently of circulating monocytes. Similarly, Guilliams et al used a parabiosis approach to show that circulating monocytes do not contribute to the AM populations pool during homeostasis [4]. As the prevalence of ILD and in particular IPF, is tightly linked to the ageing process, the notion that alveolar macrophages are long-lived cells may have profound implications for the treatment and diagnosis of the disease. It is currently unclear whether resident macrophages continue to replenish their populations by self-renewal in later life, or whether bone marrow derived precursors begin to seed tissue with increasing age or after injury. The distinction between recruited and resident macrophage populations may be particularly relevant to the pathogenesis of fibrosis, as the function and cytokine repertoire of recruited monocytes can vary greatly between resident and recruited macrophage populations. Indeed, in addition to resident myeloid populations of the lung, the lung interstitium is also patrolled by circulating monocytes under homeostatic conditions [5], which may become activated and contribute to fibrotic disease [6]. Monocyte derived cells, such as dendritic cells, monocyte derived macrophages and fibrocytes (Box 1), may also contribute to the ILDs.  This review focuses on how these populations might contribute to the fibrotic process; and particular emphasis will be placed on how current knowledge in the field may be exploited to develop macrophage-focused anti-fibrotic therapies and novel diagnostic biomarkers. 

Fibrotic Lung Disorders: a Diverse Group of Devastating Diseases
While the exact pathological mechanisms underpinning the initiation and progression of pulmonary fibrosis are poorly understood the condition is known to arise in the context of a number of diverse diseases and as the consequence of specific environmental or iatrogenic exposures [7]. Idiopathic pulmonary fibrosis (IPF) is the most common fibrosing lung disease accounting for almost 5,000 deaths each year in the UK, with a median survival from diagnosis of only 3 years [8]. As suggested by its name, the aetiology of IPF is unknown, however, genetic factors combined with lifetime exposure to dusts are important contributory factors in the development of the disease: Other frequently encountered causes of progressive pulmonary fibrosis include; connective tissue disease (CTD), chronic hypersensitivity pneumonitis, asbestosis and other pneumoconioses, sarcoidosis and exposure to drugs such as bleomycin, amiodarone and methotrexate. Although these conditions tend to have a more indolent disease course than IPF they are, nonetheless, associated with considerable morbidity and a marked reduction in life expectancy [9].
The pathogenesis of pulmonary fibrosis is not well understood. Based on evidence primarily derived from individuals with IPF, fibrosis appears to arise as a consequence of an aberrant wound healing response occurring due to repetitive alveolar injury in genetically susceptible individuals [10]. One in twenty cases of pulmonary fibrosis occur in individuals with one or more affected first-degree relatives [11]. Large-scale genome wide association studies (GWAS), conducted in both familial and sporadic pulmonary fibrosis, have indicated that specific genetic polymorphisms, in genes associated with mucins, epithelial integrity, host defense, collagen processing and cellular senescence, are important in determining individual susceptibility to developing IPF [11-15]. Meanwhile, epidemiological and pre-clinical studies have identified dust exposure and past viral infection as important contributory environmental factors in determining individual risk of developing disease [11,16]. In vitro and in vivo studies have highlighted the abnormal and persistent activation of multiple pathways involved in the normal wound healing response as being integral to the development of progressive extracellular matrix deposition and architectural destruction of the lung, which characterizes IPF. Whilst the pathogenesis of other fibrosing lung diseases is less well described, a growing body of evidence points to these conditions demonstrating the same aberrant activation of wound healing pathways and imbalance of pro- and anti-fibrotic mediators. However, in these non-IPF fibrosing lung diseases there are some clues as to the upstream mechanisms which initiate and drive the development of fibrosis. In CTD and chronic hypersensitivity pneumonitis immune dysregulation and granulomatous inflammation respectively, are the earliest features of disease and thus presumably act as the triggers which initiate the development of pulmonary fibrosis. One of the key-initiating events in the pathogenesis of lung fibrosis appears to be necrosis and/or apoptosis of alveolar epithelial cells [17-21]. A consistent finding in IPF patients is necrosis of alveolar epithelial cells concomitant with areas of basement membrane denudation [17,18]; these areas of damage often overlie fibroblastic foci [19]. Apoptotic alveolar epithelial cells have been described at sites adjacent to fibroblastic foci in IPF patients [20,22]. In mice, bleomycin induced fibrosis may be ameliorated by inhibition of epithelial cell death, using an angiotensin-converting enzyme inhibitor [21]. 

Pulmonary Macrophage Sub-Types
Resident Lung Populations in the Healthy Lung
In the healthy lung, at least two macrophage populations exist; AMs and IMs may be distinguished by their unique combination of surface marker expression (in particular, their differential expression of the integrins CD11b and CD11c), localization within the lung and functional phenotype (Table 1). AMs are located in the airway space and express high levels of CD11c and low levels of CD11b [2]. Conversely, IMs reside in the lung parenchyma, highly express CD11b and have low surface expression of CD11c [2]. AMs inhabit a unique position at the interface between the pulmonary mucosa and the external environment, where they directly sense immunological stimuli and perform a crucial role in maintaining immune tolerance. AMs play a central role in the recycling of surfactant molecules, produced by alveolar epithelial cells. During embryonic development, the fetal lung has been shown to contain both yolk-sac derived fetal macrophages and fetal liver derived monocytes [4,23-26]. Guilliams et al showed that after adoptive transfer into the lungs of neonatal mice, fetal monocytes, but not fetal macrophages, acquired a mature AM phenotype [4]. Subsequently, this work was confirmed using depletion and fate- mapping models of both yolk sac and fetal liver macrophages, respectively [26,27]. AMs are long lived cells and under homeostatic conditions or after cell depletion, repopulation of AM populations occurs by in situ proliferation, rather than replenishment from the bone marrow [3,4,28]. However, whether fetal liver monocytes arise from yolk sac erythro-myeloid progenitors [27], or fetal hematopoietic stem cells [29], is still under investigation . The observation that lung macrophages are long-lived cells, which are not replaced from the circulation and are shaped by their local environment may have profound consequences for our view of pulmonary disease and in particular, lung fibrosis.  A lifetime of exposure to environmental stimuli  (‘inflammageing’), may result in the establishment of circulating monocyte-derived lung macrophage populations, with distinct phenotypic characteristics in comparison to healthy, early life AM populations [30]. In addition to the homeostatic role played by AMs in the lung, IMs also contribute to this balance and produce high levels of IL-10 [31,32].  Schulz et al demonstrated that the IM compartment contains cells of both yolk sac macrophage and bone marrow derived monocyte origin. However, the contribution of BM-derived monocytes to this population is still debated [5,33]. 

The Role of Lung Macrophage Populations During Fibrosis
Macrophages are critical regulators of fibrosis, and are often found in close proximity to collagen-producing myofibroblasts and can secrete numerous pro-fibrotic soluble mediators, chemokines and matrix metalloproteases. In the normal injury-repair response macrophages readily acquire a phenotype which promotes fibroproliferation. AMs in particular have been shown to be involved in ECM processing through secretion of matrix metalloproteases [34] or by direct uptake of collagen [35]. Indeed, AMs isolated from mice and IPF patients, respectively, cultured ex vivo with  hyaluronan, a product of ECM degradation, respond by secreting neutrophil chemoattractants [36]. IMs are ideally positioned in the parenchyma to influence pulmonary fibrotic processes, however, there is a dearth of data regarding their role in human lung fibrosis. Investigations into the role of lung macrophage populations during fibrotic disease have largely relied on histological examination of the diseased lung to identify novel markers of macrophage activation, combined with mechanistic studies in animal models. Many of these models recapitulate key features of the disease and the most commonly utilized of these is the bleomycin model. Systemic or intra-tracheal instillation of bleomycin results in an acute lung injury which is associated with inflammation, apoptosis of the alveolar epithelium, loss of epithelial barrier function and an ensuing fibroproliferative phase resulting in excess collagen deposition [37]. Inhalation of inorganic particles such as asbestos or silica, and hapten-induced fibrosis utilizing FITC are also well-characterized models leading to fibrosis. In mice, during the fibrotic phase of the bleomycin model, IMs have been shown to acquire a pro-fibrotic phenotype, characterized by elevated expression of the M2 marker, CD206 (also known as mannose receptor) [38,39]. In contrast to resident IMs, non-resident, CD11b+ infiltrating macrophages are derived from Ly6Chi monocytes and have been shown to drive pulmonary fibrosis, induced by repetitive administration of diphtheria toxin (DT) to human DT receptor-positive mice, resulting in alveolar epithelial cell-specific injury [40]. The MCP-1/CCR2 signaling pathway has been shown to play an important role in the recruitment of monocytes to the lung; CCR2-deficient mice or animals mice treated with MCP-1 neutralizing antibodies MCP-1, have significantly fewer mononuclear phagocytes in a model of bronchiolitis obliterans syndrome [41]. In one study, depletion of Ly6Chi circulating monocytes by systemic administration of liposomal clodronate resulted in reduced fibrotic responses in mice as well as the number of M2 macrophages. By contrast, adoptive transfer of these cells into recipient mice with established, bleomycin induced fibrosis, exacerbated the disease [6].  Together, these data indicate that both circulating monocytes and resident lung macrophages play key roles in the pathogenesis of pulmonary fibrosis.

A Re-evaluation of the M1/M2 Paradigm
Further to the IM/AM delineation, lung macrophage populations have also been classified according to their activation status. Similar to the Th1/Th2 paradigm, macrophages have been characterised as M1 (also termed classically activated) or M2 (or  alternatively activated). However, in the context of pulmonary fibrosis, the description of macrophages as terminally differentiated M1/M2 cells may lack usefulness since the extent of activation is likely to be dynamic and dependent on the disease context. Multiple markers of macrophage activation have been shown to be up-regulated during pulmonary fibrosis and roles for both M1 and M2 macrophage subtypes have been described. M1 macrophages develop under the influence of the transcription factor interferon regulatory factor (IRF)-5, produce pro-inflammatory cytokines and mediate resistance to pathogens and contribute to tissue destruction [42]. Macrophage cell–specific deletion of IRF5 in mice, resulted in fibrotic responses in adipose tissue of animals maintained on a high fat diet [43]. It is well known that M1 macrophages contribute to host defense against intracellular pathogens by generating reactive nitric oxide (NO) viainducible nitric oxide synthase (iNOS) and through the production proinflammatory cytokines such as IL-1β, IL-12β, IL-23 and TNFα. Conversely, M2 macrophages may be induced by a broad array of mediators such as IL-4, IL-13, TGF-β and IL-10 [44] and are implicated in the aberrant wound-healing cascade during fibrosis, as they produce pro-fibrotic cytokines, their numbers are elevated during fibrotic disease and they are capable of recruiting fibrocytes [45,46]. Although the M1/M2 paradigm is convenient in certain situations, this nomenclature has limited usefulness when considering the disease state in the lung, as during disease states pulmonary macrophages may co-express markers of M1/M2 activation [47]. These date indicate that resident lung macrophages are highly plastic and may exist on a sliding scale of activation states, rather then being terminally differentiated distinct lineages. Reflecting this, a recent consensus paper recommended the adaption of a macrophage nomenclature which more fully reflects the in vitro stimulus driving activation eg M(IL-4), M(IL-10), M(IFN-γ) and M(LPS) [44]. A proposed model, which incorporates the spectrum  of macrophage activation, extends the M1/M2 paradigm and encompasses ontogeny and the signals to which macrophages are exposed to in their specific microenvironments [48,49]. However, it remains unclear whether the polarization of lung macrophage populations observed during fibrosis are persistent or transient activation states, or whether they reflect fibrosis-specific functional heterogeneity; understanding how the states arise and dissecting the role of specific markers during the disease are key to developing novel biomarkers or therapeutic strategies. 

Macrophage Derived Molecular Targets for the Treatment of ILD
Markers of Macrophage Activation
As noted, the description of macrophage phenotypes according to the M1/M2 paradigm has limited usefulness in terms of describing macrophage biology. Nonetheless, multiple studies have described markers of macrophage activation during lung fibrosis and this knowledge presents opportunities for the development of diagnostic markers or therapies. In order to understand the mechanisms and functional consequences of the phenotypic heterogeneity of macrophages during fibrosis numerous studies have focused on markers of alternative activation, which have been associated with wound healing phenotypes. For example, Arginase (Arg)-1 is a critical component of arginine metabolism in mice, where it aids in nitrogen elimination by catalyzing the hydrolysis of arginine to ornithine; a precursor molecule required for the synthesis of collagen. Arg1 is highly expressed in murine macrophages and is regulated by Th2 cytokines such as IL-4 and IL-13, in vivo [50]. Arg1 competes with the enzyme inducible nitric oxide synthase (iNOS), expressed in M1 macrophages and is therefore considered a marker of M2 phenotype [50]. Expression of Arg1 is significantly enhanced in bleomycin-exposed mice [51,52], during the early stages of the murine model of silicosis [53] and is elevated in AMs of IPF patients, in comparison to healthy controls [54]. However, in some situations Arg1-expressing macrophages may act as inhibitors of fibrosis. Mice selectively deficient Arg1 macrophages compartment have enhanced mortality and exhibit increased liver fibrosis following infection with the Schistosoma mansoni parasite [55]. Similarly, CD206, is markedly enhanced in AMs of IPF patients [56], in murine models of silicosis [53] and murine bleomycin induced fibrosis implicating CD206-expressing macrophages in the pathogenesis of the disease [38,39]. However, CD206 may act as a negative regulator of inflammatory cytokine production in AMs, since either blockade with synthetic ligands or gene silencing with small interfering RNA of human mannose receptor in AMs, promotes TNF-α release in response to Pneumocystis infection [57]. Found in inflammatory zone (Fizz)-1, also known as resistin-like molecule (relm)-α belongs to the Fizz/relm family, a class of cysteine-rich secreted proteins. Fizz1 is upregulated on macrophages in response to IL-4 and has been used as a marker of macrophage polarisation [58]. Fizz1 deficient mice exhibit ameliorated pulmonary fibrosis after treatment with bleomycin, impaired lung fibroblast activation and reduced recruitment of bone marrow-derived cells to the lung [59]. However, overexpression of fizz1 in the lung epithelium does not significantly alter airway inflammation or fibrosis compared to control mice during particle or chemical induced disease [60], and relm-α deficient mice have worsened fibrotic responses after challenge with S. mansoni [61]. Together, the somewhat contradictory functional roles of M2 markers during fibrosis suggest that tissue macrophages play distinct roles in complex pathologic conditions, and conform to a predominant phenotype depending on the specific stage of injury and/or repair. 
CCL18, (also known as macrophage inflammatory protein-4, dendritic cell chemokine-1 or pulmonary and activation-regulated chemokine, PARC) is a macrophage-derived chemokine involved in lymphocyte, monocyte and DC recruitment [62]. As CCL18 is predominantly expressed by macrophages conforming to the M2 phenotype, several groups hypothesized that lung macrophage-derived CCL18 is directly involved in the pathogenesis of fibrotic lung disease (ILD) by driving collagen production in the lung [63-65]. Levels of CCL18 are elevated in BAL and AMs of ILD patients and AM-derived CCL18 has been shown to drive collagen production from human fibroblasts [63,66]. Moreover, levels of CCL18 correlate negatively with lung function [63] and are considered predictive of acute exacerbations during ILD [66]. CCL18 may therefore prove to be a potential therapeutic target for the treatment of ILDs and/or as a prognostic indicator. 
Chitinase 3–like 1 (CHI3L1) may be central to the role of CCL18 in the fibrotic process. CHI3L1 is elevated in the BAL of IPF patients compared to normal controls and is expressed on pulmonary macrophages, concomitant with CCL-18 and iNOS [65]. In the bleomycin murine model of fibrosis, CHI3L1 has been shown to play a protective role during the establishment of the disease injury by reducing inflammatory responses and a pathogenic, profibrotic role in the repair phase, characterized by M2 macrophage activation, fibroblast proliferation, and lung matrix deposition [65]. In addition, lung-specific transgenic expression of CCL-18 in mice leads to the induction of CHI3L1 protein expression and in CHI3L1-deficient mice, Th2-driven fibrosis is ameliorated whereas Th1 inflammation is enhanced in vivo [67]. Furthermore, elevated serum and BAL CHI3L1 levels are associated with shorter survival time in IPF Patients [68]. Taken together, these data indicate that targeting the CHI3L1-CCL18 axis might be considered in the treatment and/or diagnosis of ILDs.

Pro-Inflammatory Mediators
A dysregulation in the Th1/Th2 balance exists during fibrotic lung disease and numerous studies have attempted to leverage this knowledge, in particular with regards to pro-inflammatory, Th1 cytokines. Indeed, evidence suggests, that pro-inflammatory cytokines, produced by AMs during aberrant wound healing contribute to fibrotic processes in the lung [2]. For instance, transforming growth factor (TGF)-β may play pleiotropic roles in the regulation of macrophage function during fibrotic disease, since there is a complex interplay of receptor-interactions and Smad complexes that allows for significant diversity in TGF-β family responses depending on the immunological context [69,70]. Lung tissue-resident macrophages express TGF-β under homeostatic conditions and influence the generation of regulatory T-cells in mice [71]. Moreover, numerous studies have reported elevated BAL levels of TGF-β during pulmonary fibrosis, including in patients suffering from IPF [72], sarcoidosis patients with altered lung function [73] and silicosis [74]. Overexpression of active TGF-β1 in murine lungs results in progressive pulmonary fibrosis [75] and TGF-β producing pulmonary macrophages appear to be critical in this process since macrophage depletion ameliorates the disease [76]. Conditional deletion of TGFβR-II in alveolar epithelial cells [77], or fibroblasts [78], protects against the disease in murine models. In contrast to the pathogenic role of TGF-β during fibrotic lung responses, basal activity of the pathway is required to maintain alveolar integrity and homeostasis; TGF-β deficient mice are not viable and those with the disrupted gene display developmental abnormalities, spontaneous inflammatory cell response and necrosis, resulting in organ failure and early death [79]. Deletion of TGF-β downstream signaling molecules, such as SMAD3, results in age-related airway enlargement with concomitant elevation in the levels of lung matrix metalloproteinases in mice [75], and expression of TGF-β responsive elements, such as  SMAD2/3, correlate with fibrotic disease progression in a murine model [80]. Mice deficient in the β-galactoside–binding lectin Galectin-3 exhibit reduced TGF-β-mediated lung fibrosis, myofibroblast activation and epithelial-mesenchymal transtition (EMT) in alveolar epithelial cells [81]. Indeed, Galectin-3 has been shown to be a useful diagnostic marker of pulmonary fibrosis [81-83], including IPF and sarcodoisis. Furthermore, AMs from IPF patients express higher levels of the protein compared to healthy controls [84]. As TGF-β may play opposing roles in fibrotic disease concerns remain regarding its use to treat ILD. However, numerous approaches for TGF-blockade, including inhibitors of TGF-β activation via integrins, including STX-100 (Biogen Idec, Weston, MA, USA), a humanised monoclonal antibody against αVβ6, an activator of TGF-β, currently in phase 2 clinical trials (NCT01371305). 
Data from murine models suggest that tumour necrosis factor (TNF)-α blockade may be useful for the treatment of fibrotic lung disease. Development of fibrosis in mice induces the expression of TNF-α [85] and blockade ameliorates fibrosis [86]. Fazzi et al have shown, using human and murine cell lines, that macrophages from different sources have altered responses to silica, and macrophages that do not apoptose in response to challenge generate more TNF-α and less mitochondrial ROS [87]. Redente et al found that recombinant TNF-α, delivered therapeutically during bleomycin induced fibrosis in mice, accelerated the resolution of the disease, via an alteration in pulmonary macrophage phenotype [88]. In addition, using TNF-α transgenic mice, Fujita et al showed that TNF-α is protective during TGF-β induced fibrosis [89]. There is therefore strong evidence to suggest that TNF-α plays opposing roles in pulmonary fibrotic disease, depending on the stage of the fibrotic process, and unfortunately complicating its use for the treatment of ILD. A randomized, double-blind trial in subjects with clinically progressive IPF receiving etanercept, a soluble TNF-α receptor, found that treatment had no affect on lung function or quality of life endpoints; however, a decreased rate of disease progression was observed and the treatment was well tolerated [90]. 
IL-1β, or interleukin-1 receptor accessory protein (IRAP), is elevated in AMs of patients with ILD, including IPF, sarcoidosis, and asbestosis [91-93] and furthermore, multiple studies have described IL-1β or IL-1βR polymorphisms in patients with fibrosing lung disease [94-96]. In murine models, administration of recombinant IL-1β or transient overexpression in the lungs recapitulates many of the salient features of bleomycin induced fibrosis and this process is at least partially dependent on IL-17A [97,98]. Using IL-17 deficient mice, Wilson et al demonstrated that both bleomycin and IL-1β-induced pulmonary fibrosis, respectively, are dependent on IL-17A [97]. Furthermore, utilising an anti-mouse IL-1β monoclonal antibody, Guo et al showed that neutralization of IL-1β in the murine silica induced fibrosis model reduces fibrotic disease [99]. 

Type-2 Cytokines
As allergic respiratory diseases, such as asthma are characterized by airway remodeling and extracellular matrix deposition, it is perhaps unsurprising that several of the archetypal Th2 cytokines play key roles in the development of lung fibrosis.  Underlining the multifaceted role and the spectrum of activation of macrophages during fibrosing lung disease, macrophages may also produce and respond to, type-2 cytokines during fibrosis. For example IL-10 inhibits the synthesis of pro-inflammatory cytokines, such as TNF-α, IL-6, and IL-12, but may also inhibit macrophage activity via suppression of iNOs and ROS [100]. AMs respond to IL-10 and express IL-10R, furthermore it has been shown, using knock-in mutations in murine bone marrow derived macrophages, that IL-10 selectively inhibits macrophage gene transcription in a STAT3-dependant manner [101]. Macrophage derived IL-10 functions in an autocrine manner, as transgenic mice overexpressing IL-10 under the control of the CD68 promoter have impaired macrophage function, as assessed by reduced responsiveness to systemic administration of LPS [102]. IL-10 may play a central role in the pathogenesis of pulmonary fibrotic disease as levels of IL-10 have been shown to be higher in the BAL of asbestosis patients [103], sarcoidosis patients [104,105] and in AMs of IPF patients [106]. Murine models have demonstrated that IL-10 may be protective during fibrotic lung responses, as systemic  IL-10 gene delivery attenuates  disease in the murine bleomycin model [107]. Global-IL-10 knock-out mice are also protected from silica or bleomycin induced fibrosis [108]. However, the mechanism is unclear since Kradin et al found that IL-10 controlled the inflammatory but not fibrotic response to bleomycin [109].
Although originally described as a molecule secreted by activated T-cells, IL-13 has been implicated in pathogenesis of pulmonary fibrosis and IL-13 producing alveolar macrophages have been described in patients with pulmonary fibrosis [110].  IL-13 may promote fibrosis by regulating the gene expression of profibrotic molecules, such as procollagen and TGF-β, via IL-13Rα2 [111]. Furthermore, increased quantities of IL-13 have been detected in bronchoalveolar lavage (BAL) of IPF patients [110]. Using CD11b-diphtheria toxin receptor (DTR) mice, Borthwick et al showed that lung macrophages play a critical role in the induction and maintenance of IL-13-dependent lung fibrosis in response to S. mansoni infection [112]. The identification of group 2 innate lymphoid cells ILC (ILC2) cells, as a major source of IL-13, may provide new insights into the development of fibrotic disease. ILC2 cells preferentially localize at the interface between the host and the environment, respond to cytokines such as IL-25 and IL-33. Recent reports have described potential interactions for macrophages with the IL33-ILC2-IL-13 axis during fibrotic processes in mice [113-115]. IL-33 is expressed at homeostasis by epithelial cells but can be induced in murine macrophages after administration of bleomycin [113]. Luzina et al found that while IL-33 deficient mice were unaffected by bleomycin induced fibrosis, administration of recombinant IL-33 augmented fibrotic responses [114]. IL-33 induces M2 macrophage polarization and furthermore, IL-33 mediated, ILC2-driven fibrotic responses are macrophage dependent as depletion of AMs using liposomal clodronate ameliorated both bleomycin-induced and recombinant IL-33–exacerbated bleomycin induced lung fibrosis, respectively, in mice [113]. Furthermore macrophages express the IL-33 receptor T1/ST2 and secrete IL-13 in response to stimulation with IL-33 in vitro [115]. Taken together, these data indicate that the type-2 axis appears to play a role in the pathogenesis of pulmonary fibrosis. Therefore, blockade of type-2 processes, may represent new opportunities for intervention in fibrotic lung disease.

Cell-Based Therapies
AMs therefore appear to be a critical component of the pulmonary fibrotic response and manipulation of macrophage function during the disease may present an attractive therapeutic strategy. Indeed, recent data has highlighted the intriguing possibility that macrophage transplantation therapy may be a feasible approach to managing lung diseases in which macrophages play a significant role. Pulmonary macrophage transplantation therapy has been shown to be effective in murine models of alveolar proteinosis [116,117].  Transferred AMs engraft and persist long-term in the lung without the need for immunosuppression and are viable for at least nine months post transfer [117]. Interestingly, transferred bone marrow progenitors engraft in the alveolar space and acquire an AM phenotype [116]. Moreover, transferred macrophages have also been shown to ameliorate LPS-induced lung inflammation [118]. However, as macrophages are highly plastic and may be shaped by the immediate immunological niche, it remains to be seen whether naïve transferred macrophages would maintain a tolerogenic state without prior genetic manipulation during the fibrotic process. 

Concluding remarks
The role of macrophages in respiratory biology has seen renewed interest over the past few years. In the airway and lung microenvironment, macrophages appear to play key roles in homeostatic regulation as well as during the development of inflammation and fibrosis in individuals with ILDs. Pulmonary macrophages and/or macrophage products are intricately involved at each of the key stages of the fibrotic process. Work using ILD patient samples has clearly shown that macrophages are dysregulated during ILD and murine models have served to clarify the functional relevance of these observations. The current challenge is to leverage these insights in order to determine whether macrophage-directed therapies present a viable novel therapeutic strategy. Blockade of macrophage products, cellular transfer therapies or combinations of these may prove fruitful and provide novel avenues of investigation and provide opportunities to meet the clinical need that these debilitating diseases present. Future research should focus on elucidating the involvement of specific lung macrophage populations in the mechanisms of fibrotic lung disorders, aiming to provide new insights into the development of macrophage-directed therapeutic targets and diagnostic tools.

Figure legends
Figure 1. Tissue Localization of Pulmonary Macrophages During the Development of Lung Fibrosis. A) The normal, healthy lung with normal lung architecture. Alveolar macrophages (AMs) are located in the airway space. Interstitial macrophages (IMs) reside in the lung parenchyma. B) The fibrotic lung with normal and fibrotic regions and subepithelial fibroblastic foci consisting of fibroblasts and myofibroblasts. Activated macrophages are ideally placed to influence these processes in the parenchyma and alveolar space. 

Figure 2. Macrophage Derived Molecular Targets for the Treatment of ILD. Macrophage-driven, immune-regulated pathways appear to be central to all stages of the fibrotic process. Modulation of macrophages may therefore provide excellent opportunities for therapeutic intervention particularly with inhaled compounds. This cartoon summarizes potential macrophage-specific therapeutic targets for the treatment of fibrotic lung disease. Abbreviations: IL, interleukin; TNF, tumor necrosis factor; TGF, transforming growth factor; Arg, arginase; FIZZ, found in inflammatory zone; IRF, interferon regulatory factor; GM-CSF, granulocyte-macrophage colony stimulation factor. 

Glossary
Interstitial lung disease: A term for over 200 parenchymal lung disorders, which share specific clinical, pathological (histological) and radiological features. These disorders are typically characterized by inflammation, an altered lung interstitium, which often includes fibrosis.  

Pulmonary fibrosis: The progressive deposition of extracellular matrix and collagen within the interstitial space of the lung. The most common fibrotic lung disease is idiopathic pulmonary fibrosis and as suggested by its name, the disease has an unknown aetiology. However, PF is known to arise in the context of a number of diverse diseases and as the consequence of specific environmental or iatrogenic (as a result of drug treatment) exposures.

Chronic hypersensitivity pneumonitis: Also known as extrinsic allergic alveolitis, a complex granulomatous, inflammatory disease of the lungs affecting both the airways and the lung parenchyma. CHP is a caused by the inhalation of antigenic organic particles or fumes.

Pneumoconioses: Lung diseases associated with inhalation of mineral dusts, many of which occur due to work-place exposure.

Asbestosis: Fibrotic lung disease brought by exposure the asbestos; asbestosis causes pathologic and radiographic changes, which are indistinguishable from IPF.

Sarcoidosis:  A granulomatous disease that mainly affects the lungs and intra-thoracic lymph nodes (however, virtually any organ can be affected). 

Bleomycin: An antitumor antibiotic, which has the potential side effect resulting in life-threatening interstitial pulmonary fibrosis in up to 10% of patients receiving the drug. Bleomycin is used in the prototypical experimental model of lung fibrosis.

Amiodarone: An antiarrhythmic agent used for various types of cardiac dysrhythmias. Associated side-effects of amiodarone include interstitial lung disease due to cytotoxicity or by promoting autoimmunity.

Methotrexate: An effective treatment for inflammatory diseases, recommended as a first line disease modifying treatment for rheumatoid arthritis, psoriatic arthritis, psoriasis and for both the treatment of Crohn’s disease.

Granulomatous inflammation: Cell-mediated reaction to persistent and nondegradable agents such as fungal, mycobacterial, parasitic and bacterial infections, resulting in the formation a focal chronic inflammatory tissue response, termed a granuloma.

Surfactant: A lipid-protein film, secreted by type-II epithelial cells, which lines the respiratory surface of mammalian lungs.

Bronchiolitis obliterans syndrome: A form of chronic lung allograft dysfunction as a result of lung transplantion, characterized by progressive airflow obstruction and peribronchiolar leukocyte recruitment leading to airway fibrosis.

Box 1
Fibrocytes, a Sub-Population of Macrophages?
Fibrocytes are fibroblast-like cells, that circulate in the peripheral blood and are capable of producing connective tissue proteins such as vimentin and collagens I and III. As fibrocytes express monocyte surface markers, such as CD14, CD11b and the leukocyte marker CD45, it has been suggested that they are derived fromthe monocyte/macrophage lineage [119]. Mature fibrocytes express markers of both hematopoietic and stromal cells and participate in the formation of fibrotic lesions in diseases, such as pulmonary fibrosis by virtue of their ability to secrete collagen I, III and fibronectin [120]. Several mediators have been shown to control fibrocyte differentiation from monocytes including the pentraxin (PTX) family members PTX1-3 [121,122] and Toll-Like Receptor (TLR)-2 ligands[123]. Fibrocytes are absent in the healthy lung but have been detected in the bronchoalveolar lavage (BAL) of patients with IPF and systemic sclerosis (SSc) [124] and numbers of fibrocytes correlate with disease progression in IPF [125]. Dosing of with pirfenidone, the first anti-fibrotic drug tested specifically for use in IPF, during bleomycin exposure in mice reduces fibrosis correlating with reduced fibrocyte numbers [126]. Interestingly, even after fibrocyte-specific deletion of collagen I in mice, fibrocytes express detectable intracellular levels of the protein, suggesting that these cells are capable of collagen uptake [127]; these data indicate that fibrocytes may play a role in the procollagen clearance or in the turnover of degraded collagen I. However, a consensus is lacking as to whether fibrocytes represent a distinct, fibroblast-precursor, lineage or whether, as seems more likely, they are in fact a sub-set of monocyte derived macrophages [128].  Since tissue fibrocytes are derived from CD14+ cells and display numerous overlapping characteristics with monocyte-derived macrophages including collagen deposition, it is likely that they are a phenotypic variant of the monocyte derived macrophage compartment; again underlining the extent of macrophage plasticity. It therefore appears that during fibrosis, rather than promoting repair, fibrocytes may play a detrimental role, although their precise involvement and phenotypic lineage is yet to be established. Fibrocytes may have some diagnostic value during ILD, however this utility requires some validation.
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Trends
In the healthy lung, at least two macrophage populations exist; alveolar macrophages (AMs) and interstitial macrophages (IMs), which may be distinguished by their unique combination of surface marker expression. A third population of monocyte-derived macrophages (MDMs) may be recruited during inflammatory responses.

Lung resident macrophages are long-lived cells, derived from embryonic precursors and replenish their populations by self-renewal under homeostatic conditions.

It is becoming increasingly apparent that that the M1/M2 paradigm lack usefulness when considering the disease state in the lung. In fact, macrophages often co-express markers of M1/M2 activation indicating that these cells are highly plastic and may exist on a sliding scale of activation states rather than being terminally differentiated distinct lineages.

Multiple macrophage derived phenotypic markers, cytokines and products have been suggested a possible targets for intervention during fibrotic lung disease. 


Outstanding questions
Do macrophages drive fibrosis in the lung or are they shaped by the local environment? Macrophages are particularly plastic and adapt readily to their local niche. However macrophages readily acquire a phenotype which promotes fibroproliferation. Determining whether macrophages are drivers of fibrosis, or merely respond to the local environment is critical to understanding fibrotic lung disease.

How do resident macrophage populations change with age? Rather than being replenished from circulating monocytes, as the prevailing dogma holds, the predominant mechanism for resident lung macrophage population is by self-renewal under homeostatic conditions.  It is currently unclear whether resident macrophages continue to replenish their populations by self-renewal in later life, or whether bone marrow derived precursors begin to seed tissue with increasing age or after injury. As the prevalence of ILD and in particular IPF, is tightly linked to the ageing process, the mechanism of macrophage renewal in the ageing lung may be important to understanding the disease.

What is the relative contribution of resident and recruited macrophages during lung fibrosis? As IMs reside in the lung parenchyma, they are therefore in an ideal position to influence pulmonary fibrotic processes. However, there is a lack of data examining their role in human ILD and during the fibrotic processes in general. 

What is the contribution of MDMs to lung fibrosis? In contrast to resident AM and IMs, non-resident CD11b+ monocyte derived macrophages (MDMs) are derived from Ly6Chi monocytes and are recruited during fibrosis. Although AMs, IMs and MDMs display altered phenotypes during PF and are presumed to play a role during the disease, there is a lack of direct evidence demonstrating that these cell-types are necessary for driving the disease.

Is macrophage activation during lung fibrosis persistent or a transient? It remains unclear whether the polarization of lung macrophage populations observed during fibrosis are persistent or transient activation states, or whether they reflect fibrosis-specific functional heterogeneity; understanding how these states arise and dissecting the role of specific markers during disease subtypes will be key to developing novel biomarkers and/or therapeutic strategies.

Are lung fibrocytes a distinct lineage of pro-fibrotic cells? Fibroblast-like cells, termed fibrocytes, may also play a significant role in pulmonary fibrotic disease. Are these cells a distinct lineage of pro-fibrotic cells or a monocyte-derived sub-group of macrophages? 

Does macrophage activation reflect fibrosis-specific functional heterogeneity? As the Interstitial lung diseases comprise over 200 parenchymal lung disorders there is a pressing need for novel diagnostic markers to distinguish between diseases. Numerous macrophage activation markers have been shown to be altered during fibrosis. Understanding how these states arise and dissecting the role of specific markers during the disease are thus required to develop novel therapeutic strategies.
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