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Abstract

:

Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic lung disease that is often fatal due to the formation of irreversible scar tissue in the distal areas of the lung. Although the pathological and radiological features of IPF lungs are well defined, the lack of insight into the fibrogenic role of fibroblasts that accumulate in distinct anatomical regions of the lungs is a critical knowledge gap. Fibrotic lesions have been shown to originate in the subpleural areas and extend into the lung parenchyma through processes of dysregulated fibroproliferation, migration, fibroblast-to-myofibroblast transformation, and extracellular matrix production. Identifying the molecular targets underlying subpleural thickening at the early and late stages of fibrosis could facilitate the development of new therapies to attenuate fibroblast activation and improve the survival of patients with IPF. Here, we discuss the key cellular and molecular events that contribute to (myo)fibroblast activation and subpleural thickening in IPF. In particular, we highlight the transcriptional programs involved in mesothelial to mesenchymal transformation and fibroblast dysfunction that can be targeted to alter the course of the progressive expansion of fibrotic lesions in the distal areas of IPF lungs.
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1. Introduction


Pulmonary fibrosis is a pathological endpoint in many chronic lung diseases and is associated with repetitive lung injury, involving mesenchymal cell dysfunction and unremitting collagen deposition [1,2,3]. A key event in the manifestation of unresolved fibrosis is the persistent activation of fibroblasts, which culminates in myofibroblast accumulation and the excessive production of collagen and another extracellular matrix (ECM) proteins in the pulmonary parenchyma [4,5]. Pulmonary fibrosis is a major cause of death, as the progressive distortion of alveolar architecture impairs gas exchange [6,7]. Pulmonary fibrosis plays a major role in disrupting lung function in several chronic lung diseases, including idiopathic pulmonary fibrosis (IPF) and systemic sclerosis [4,8,9,10]. The activation of fibroblasts and collagen deposition are also implicated in the pathological progression of multiple lung cancers, resulting in the increased invasion and metastasis of oncogenic cells in tumors [11,12]. Therefore, the development of effective therapeutics against pulmonary fibrosis is an urgent pursuit in diverse research areas.



IPF is a chronic lung disease of unknown etiology with progressive scarring of the lungs and one of the most common forms of interstitial lung disease (ILD). Mortality and morbidity are increasing worldwide, with rates that are substantially higher in older populations (over 65 years of age), especially men [13,14]. The incidence of IPF is approximately 2.8–9.3 in 100,000 per year, and the median survival after diagnosis is approximately 3–5 years [15,16]. Pirfenidone and nintedanib are two recent U.S. Food and Drug Administration (FDA)-approved drugs that delay the decline in lung function but appear to have limited impact on the survival of patients with IPF [17,18]. The failure to develop more effective treatments is due in part to a lack of knowledge regarding the molecular mechanisms of disease pathogenesis, including factors that induce and sustain fibroblast activation. In this review, we discuss the pathogenesis of IPF, focusing mainly on the initiation of fibrotic lesions in the distal regions of the lung, mesothelial-myofibroblast transformation (MMT), and the current progress in identifying molecular nodes that maintain fibrotic niches in IPF.




2. Histological Features of IPF


The histological manifestation of IPF is usual interstitial pneumonia (UIP), with three main diagnostic features: (i) a patchwork pattern defined as a heterogeneous alternation of normal and scarred lung areas, (ii) the presence of a honeycomb pattern located in the subpleural parenchyma, and (iii) the presence of fibroblast foci [19]. The temporal and spatial heterogeneity of the lesions in IPF is characterized by the close proximity and sharp transitions between normal lung and fibrotic lungs (Figure 1). Fibroblastic foci serve as the leading edge of fibrosis, and the honeycomb pattern is indicative of the late stages of pulmonary fibrosis [20,21]. The subpleural localization of scarring in IPF is so characteristic that it is an integral part of making the diagnosis [22]. High-resolution computed tomography (HRCT) scanning demonstrating basilar predominant, subpleural reticular, and honeycomb patterns in patients with a compatible medical history can obviate the need for biopsy.



At the cellular level, the participation of fibroblasts in disease progression is well established and includes the aberrant activation of myofibroblasts, which are marked by smooth muscle actin alpha expression, that secrete excessive amounts of ECM proteins such as collagen and fibronectin [23,24]. Other hallmarks of fibroblast activation include the proliferation of fibroblasts, which is predominately limited to the early or expanding areas of fibrotic lesions in the lung parenchyma, excessive migration and invasiveness, fibroblast-to-myofibroblast transformation, and resistance to apoptosis [25,26,27,28,29]. In the following section, we discuss the potential role of mesothelial cells in myofibroblast activation, which is critical for the initiation and maintenance of subpleural fibrotic lesions in IPF.




3. Mesothelial Origin of Myofibroblasts


In IPF, myofibroblasts distort lung architecture by depositing excess ECM. The source of myofibroblasts is being investigated by lineage tracing in injury models for pulmonary fibrosis. Although several studies have implicated resident fibroblasts as the main precursors of myofibroblasts [30,31,32], other cell populations such as epithelial cells, fibrocytes [33,34], and pericytes [35] have also been reported to contribute to myofibroblast transformation and the expansion of fibrotic lung lesions [36]. In the past, epithelial cells were frequently cited as a major source of myofibroblasts; however, many studies have disproved the epithelial-mesenchymal transformation theory [26,37]. In particular, Hardie et al. [38] evaluated the contribution of epithelial cells for transforming the growth factor alpha (TGFα)-induced fibrosis in vivo. After labeling epithelial cells with β-galactosidase using a clara cell secretory protein (CCSP)/Cre driver, minimal to no staining was observed in the fibrotic lesions. Similar conclusions were drawn from other studies that used different epithelial-specific Cre drivers. Rock et al. [26] employed the surfactant protein C (Sftpc)-CreERT2 driver to label type 2 alveolar epithelial cells (ACE2) with a red fluorescent protein (RFP) in an intratracheal bleomycin model. They demonstrated that ACE2 cells do not contribute to fibroblasts that accumulate in fibrotic lung lesions. Similar conclusions were reached using the Secretoglobin Family 1A Member 1 (Scgb1a1)-CreER driver, which labeled clara cells as well as a few scgb1a1 and sftpc dual positive cells and concluded that epithelial cells were not the source of myofibroblasts in bleomycin-induced pulmonary fibrosis. However, epithelial-mesenchymal crosstalk plays a crucial role in activating fibroblasts and may enhance fibroblast-to-myofibroblast transformation (FMT) processes by secreting paracrine factors [39]. Understanding the impact of epithelial cells on FMT holds promise for improving IPF management.



Published studies have demonstrated an increase in bone-marrow-derived mesenchymal cells called fibrocytes both in circulation and fibrotic lung lesions associated with the progression of fibrotic lung remodeling in IPF [36,40]. This led us to question whether fibrocytes could contribute to the myofibroblast pool in pulmonary fibrosis, as well as their role in the progression of the disease. In the TGFα-mouse model, we were unable to demonstrate that transfused green fluorescent protein (GFP)-labeled fibrocytes contributed to the stroma of the fibrotic lung lesion [41]. Instead, the study provided evidence for the paracrine activation of resident lung fibroblasts by fibrocytes, supporting the notion of resident lung fibroblasts as the primary source of stromal cells [41]. Similar conclusions have been drawn from studies in renal fibrosis models, which suggest only a minor role in its contribution to the myofibroblast pool [42]. Likewise, it has been postulated that the pericyte, a type of mesenchymal cell that lines the capillaries and venules, may also contribute to the myofibroblast pool. Pericytes markers include neural/glial antigen 2 (NG2) and platelet-derived growth factor β (PDGFRβ). To test whether pericytes are the source of myofibroblasts in the bleomycin model, Rock et al. [26] utilized two mouse strains, Ng2-CreER and forkhead boxJ1 (FoxJ1)-CreER, to lineage-label pericyte-like cells. The lineage-labeled cells were proliferated in response to bleomycin; nevertheless, there was no evidence of colocalization with alpha-smooth muscle actin (αSMA), suggesting that pericytes were not a major contributor tp myofibroblasts in the fibrotic regions. In contrast, Hung et al. [30] utilized fate-mapping strategies and found that the Foxd1-expressing pericytes transform into myofibroblasts during bleomycin-induced injury. Although foxd1-derived pericytes transform into myofibroblasts, they are not the major source of myofibroblasts that accumulate during bleomycin-induced fibrosis. The differences in the observations made by Rock et al. [26] and Hung et al. [30] may be attributable to the differences in the labeling efficiency or to heterogeneity among pericyte cell populations.



A single sheet of cuboidal pleural mesothelial cells (PMCs) lines the lungs and expresses several epithelial and mesenchymal cell-specific genes, such as calretinin, cytokeratin, collagen, desmin, and vimentin, but not smooth muscle actin. Mesothelial cells can transform into myofibroblasts through the MMT process and may represent a novel source of myofibroblasts in the fibrotic lung [25,43,44,45,46]. Wilms tumor gene 1 (WT1) is a marker for mesothelial cells, and studies have shown that during embryonic development, the majority of lung resident fibroblasts are derived from the WT1-positive mesothelium [47] and populate the perivascular and peribronchial areas [48]. More recent studies have shown that certain tamoxifen-dependent Cre recombinase mouse models, such as CreERT2-driven recombination in Wilms tumor (WT1CreERT2) mice, are more reliable and reproducible than WT1CreEGFP reporter mice [34,47,49,50]. The use of WT1CreERT2 mice enabled the accurate labeling of WT1-positive mesothelial cells lining embryonic lungs, which were shown to ultimately give rise to mesenchymal cells of the lung parenchyma [47,49]. We demonstrated that WT1 is downregulated in the postnatal stages of lung development but is upregulated in mesothelial cells in IPF and in a mouse model of TGFα-induced pulmonary fibrosis [34]. Indeed, in vivo, postnatal mesothelial lung cells were transformed into myofibroblasts in TGFα/WT1CreERT2/mTmG reporter mice during TGFα-induced pulmonary fibrosis. They were found in the subpleural areas of fibrotic lungs but not in the peribronchial or adventitial regions [32]. However, PMCs did not transform into myofibroblasts during single-dose bleomycin-induced injury (or adeno transforming growth factor beta1 (TGFβ1)-induced pulmonary fibrosis) [49], which might be because bleomycin-driven fibrosis is transient and lacks subpleural lesions that are similar to IPF. Recent studies using cultured PMCs have provided evidence for MMT in the pathogenesis of pulmonary fibrosis. In particular, the TGFβ1/SMAD3 axis has been implicated in MMT and myofibroblast accumulation in the parenchyma of TGFβ1-injured lungs [51]. Although these studies suggest that MMT contributes to subpleural fibrosis, molecular insights are limited, and the role of MMT in the initiation and expansion of fibrotic lesions in the distal airways and other areas of the lung is unclear [25,43,45,52]. Future studies are needed to elucidate both upstream and downstream WT1 targets and the possible crosstalk between the WT1-driven gene networks and the TGFβ/SMAD pathway in myofibroblasts. Understanding the complex regulation of myofibroblast formation by TGFβ-dependent and TGFβ-independent pathways in the pathogenesis of subpleural fibrosis in pulmonary fibrosis is essential for developing more efficacious therapeutics for IPF.




4. Molecular Insights on Fibroblast Dysfunction in IPF


Early abnormalities and the most rapid progression of IPF are predominantly observed in the subpleural regions, highlighting the need to understand the molecular mechanisms of subpleural fibrosis [34,53,54]. We have focused on a set of subpleural molecules, such as WT1 and Sox9, that play a prominent role in activating fibroblasts and promoting fibrotic events such as proliferation, migration, differentiation, and survival [32,55].



Many studies in the fibrosis field have identified integrin αvβ6 as a master regulator of pro-fibrotic processes that are produced primarily by injured epithelial cells and macrophages but also fibroblasts, myofibroblasts, and neutrophils [56,57]. TGFβ exerts SMAD-mediated actions on ECM production, inflammation, and myofibroblast formation: particularly the accumulation of apoptosis-resistant cells in IPF [58,59]. Nonetheless, emerging in vitro and in vivo evidence indicates that non-TGFβ/SMAD signaling pathways also contribute to myofibroblast transformation and pulmonary fibrosis [32,55]. In the following subsection, we review the emerging molecular targets of (myo)fibroblast activation in pulmonary fibrosis.



4.1. WT1


WT1 is a zinc finger transcription factor that plays a crucial role in the development of multiple organs, including the lungs, heart, and kidneys, and regulates post-transcriptional modifications and RNA metabolism [60]. Mutations or loss of WT1 in embryonic stages is associated with severe developmental defects and embryonic lethality in mice [60,61]. Expression levels of WT1 are low in adult mouse lung mesothelial cells, but it is upregulated in both mesothelial and mesenchymal cells in IPF lung tissue [32,34,62]. In our study, WT1 loss or gain-of-function studies in primary fibroblasts were sufficient to modulate fibroproliferation, myofibroblast formation, and ECM production [32]. Moreover, the genetic loss of WT1 markedly reduced the expression of ECM genes, such as collagen type1 alpha1 (Col1α) and collagen type V alpha 1 (Col5α), and proliferative genes, such as gremlin 1 (Grem1), runt-related transcription factor-1 (Runx1), wnt family member-4 (Wnt4), insulin-like growth factor 1 (Igf1), cyclin B1 (Ccnb1), and E2F transcription factor 8 (E2f8). Our cell fate mapping strategy, based on the lineage-specific expression of αSMA reporter fibroblasts, demonstrated that WT1 overexpression by transduction was sufficient to induce fibroblast to myofibroblast transformation (FMT). The motif analysis and chromatin immunoprecipitation experiments indicated that WT1 binds directly to the promoter DNA sequence of αSMA to induce the differentiation of FMT [32]. This revealed a sophisticated mechanism by which WT1 regulates FMT processes, highlighting the key role of WT1 in IPF. Previously, WT1 was shown to maintain the mesenchymal cell phenotype by repressing epithelial genes such as Snail (Snail1) and E-cadherin (Cdh1) during embryonic stem cell differentiation [63]. Notably, the haploinsufficiency of WT1 was sufficient to attenuate fibroproliferation, myofibroblast accumulation, and collagen deposition in both TGFα- and bleomycin-induced pulmonary fibrosis in vivo [32]. Our new findings suggest that WT1-driven effects on fibroproliferation are non-cell-autonomous and may involve paracrine factors secreted by WT1-expressing cells [32]. These results highlight the need for a more detailed investigation into the molecular mechanisms of WT1-driven fibroblast activation and pulmonary fibrosis and whether the crosstalk between WT1 and the TGFβ/SMAD pathway regulates them. Identifying WT1 as a positive regulator of fibroblast activation suggests a new target for treating fibrotic lung diseases and possibly for regulating fibrosis in other organs.




4.2. Aurora Kinase B


Aurora kinase B (AurkB) is a mitotic serine/threonine kinase involved in various stages of the cell cycle [64,65]. This molecule is highly expressed in different types of cancer and contributes to tumor progression through the increased proliferation and survival of the cells [65]. In the fibrotic field, for the first time, we have shown that AurkB is highly upregulated in fibroblasts of the subpleural region in IPF and in two alternative pulmonary fibrotic mouse models [66]. Its expression in IPF fibroblasts is regulated by WT1, as demonstrated by knockdown (KD) and the overexpression of WT1, and its binding to the AurkB promoter was validated by chromatin immunoprecipitation and promoter-driven luciferase assays. KD studies in both IPF and TGFα lung fibroblasts have demonstrated a pathogenic role for AurkB in fibrogenesis by promoting fibroproliferation and survival. Specifically, AurkB KD showed a marked reduction in proliferative genes such as cyclin A2 (CCNA2) and polo-like kinase (Plk1) and impacted the expression of pro-apoptotic genes such as Bak, Bax, and Fas in fibrotic fibroblasts. Furthermore, the inhibition of AurkB activity using barasertib in vitro resulted in altered fibroblast activation processes, such as proliferation and apoptosis. Treatment with barasertib in both bleomycin and TGFα fibrotic models rescued mice from fibrosis by attenuating collagen deposition and proliferation in vivo [66]. This study shows that the WT1-AurkB axis is a critical driver of fibroproliferation and survival. Therefore, targeting AurkB therapeutically with barasertib may highlight its potential benefits in IPF.




4.3. Heat Shock Protein 90


Heat shock protein 90 (HSP90) is an important molecule that has been extensively studied in organ fibrosis [67,68,69,70,71,72,73,74,75]. Its overexpression in subpleural compartments is implicated in the pathogenesis of pulmonary fibrosis, resulting in the regulation of key cellular processes apart from its chaperone activity [72]. HSP90AA and HSP90AB are the two isoforms of HSP90 that are well-studied in the context of fibrosis. They have common ATPase activity but also unique binding partners due to the lack of N-terminal signal peptides in HSP90AA. Under pathophysiological conditions, preferential binding to their partners allows them to perform different functions. Our laboratory and others have shown the pro-fibrotic activity of HSP90AB, which is able to regulate proliferation, ECM production, and myofibroblast transformation [72,76]. The KD of intracellular HSP90AB, but not HSP90AA, also attenuated pro-fibrotic genes such as col1α1, col5α1, and αSMA. However, both isoforms play important roles in fibroblast migration. Recently, Bellaye et al. [76] showed the synergistic role of HSP90AA and HSP90AB in myofibroblast transformation and survival. They demonstrated that HSP90AA was elevated in IPF, and its release into circulation was regulated by mechanical stress. The secreted HSP90AA signals via the lipoprotein receptor-related protein 1 (LRP1) and intracellular HSP90AB are essential to the stabilization of LRP1 and to amplify the HSP90AA-induced signal, thus regulating myofibroblast transformation. This indicates that both forms are pathogenic when expressed at higher levels than those under basal conditions. The authors also demonstrated that the ectopic treatment of fibroblasts with HSP90AA promotes αSMA expression independent of the TGFβ pathway, suggesting a spatio-temporal function of different isoforms. Currently, more than 10 HSP90 inhibitors that belong to multiple drug classes are in the advanced stages of clinical trials for cancer [77,78]. Most of these are small molecules that are derivatives of geldanamycin and block the activity of both isoforms. 17-N-allylamino-17-demethoxygeldanamycin (17-AAG) and 17-demethoxy-17-[[2-(dimethylamino) ethyl] amino]-geldanamycin (17-DMAG) bind to the ATP-binding pocket and change the conformation of the protein, leading to proteasomal degradation. In our study, we treated fibroblasts with 17-AAG to block the intracellular HSP90AA and HSP90AB forms, which attenuated fibroblast activation and TGFβ-induced myofibroblast transformation. Moreover, the pharmacological inhibition of HSP90 with 17-AAG or 17-DMAG in a pulmonary fibrosis model has attenuated ongoing and established fibrosis, highlighting the potential benefits of HSP90 inhibition in IPF [72,79]. In a study by Bellaye et al. [76], HS-30, a non-permeable HSP90 inhibitor, was used to target the extracellular HSP90AA in precision-cut lung slices. The authors demonstrated the effects by inhibiting the extracellular HSP90 AA form, suggesting the unique features of different isoforms. However, characterization of the extracellular HSP90AA inhibitory effects in the pulmonary fibrosis models is necessary to shed light on how HSP90 functions. Nevertheless, the emergence of a growing body of evidence suggests that HSP90 is an important target with the potential for future therapies in pulmonary fibrosis.




4.4. Sox9


Sox9 belongs to the SOX family of proteins that are characterized by the highly conserved high mobility group (HMG) domain of sex-determining region Y (Sry) proteins [80]. Sox9 is selectively expressed by epithelial progenitor cells to modulate branching morphogenesis in the lung and the organized deposition of collagen as a part of cartilage formation in multiple organs, melanocyte differentiation, and male gonad development [81,82,83,84,85]. The dysregulation of Sox9 has been shown to be associated with the development of different types of cancer [86] and fibrosis in multiple organs, including the lung, kidney, heart, and liver [55,87,88,89]. Our recent findings showed the aberrant Sox9 overexpression in fibroblasts that accumulate in the subpleural, peribronchial, and fibrotic foci of IPF lungs [55]. This was further validated by the upregulation of Sox9 in distal lung fibroblasts derived from IPF lungs and in TGFα-overexpressing mice with severe fibrotic lung disease. The promoter-driven luciferase assay suggests the direct binding of WT1 to the Sox9 promoter in the presence of TGFα, which, consistent with the upregulation of Sox9 in the lung fibroblasts of IPF patients, is positively regulated by the TGFα-WT1 axis. The loss of Sox9 in IPF fibroblasts is sufficient to attenuate the expression of fibrosis-associated genes such as ECM genes and genes associated with mesenchymal cell differentiation and growth. Similarly, the overexpression of Sox9 in fibroblasts resulted in the upregulation of pro-fibrotic growth factors such as TGFβ1, IL-6, IL-13, and IL-17, but the mechanisms underlying Sox9-driven fibrosis in the early and late stages of fibrosis are yet to be determined. Hence, studying Sox9-driven molecular networks and signaling pathways is a promising approach for identifying potential therapeutic candidates for IPF and other fibrotic diseases. A recent study by Jiang et al. [90] demonstrated that the vascular endothelial growth factor (VEGF) receptor 2 (kinase insert domain receptor (KDR)) loss mediated Sox9 overexpression in airway mucous metaplasia in asthma and cystic fibrosis (CF) patients. These new findings further support the potential role of Sox9 in the pathogenesis of other chronic lung diseases with dysregulated epithelia and mesenchyme.




4.5. Other Key Regulators of (Myo)fibroblast Activation in Pulmonary Fibrosis


Fox head box M1 (Foxm1) is a well-known cell cycle regulator that belongs to a family of transcription factors characterized by forkhead DNA binding domains. It acts downstream of the phosphoinositol-3-kinase (PI3K)-AKT signaling cascade. Penke et al. showed the upregulation of FOXM1 in fibroblasts isolated from the IPF lung [91]. The fibroblast-specific deletion of FOXM1 resulted in a reduced expression of several profibrotic genes such as αSMA, connective tissue growth factor (CTGF), Col1α1, and Tgfβ1. Fibroblast-specific Foxm1 deleted mice were also protected against bleomycin-induced fibrosis [91]. Recent studies have also demonstrated how FOXM1 suppression inhibits fibroblast differentiation to myofibroblasts during pulmonary fibrosis [92,93,94,95]. Another Fox protein called FOXL1 was found to be elevated in IPF lungs, potentially contributing to fibroblast accumulation in fibrotic lung lesions by activating TAZ (transcriptional coactivator with PDZ-binding motif) and YAP (Yes-associated protein) cascades and the PDGF axis via PDGFRα (platelet-derived growth factor receptor-α) [96].



Dock2 (Dedicator of cytokinesis 2) is an evolutionarily conserved guanine nucleotide exchange factor that activates Rac and regulates leukocyte migration and activation. Qian et al. reported elevated levels of Dock2 and colocalization with αSMA in the thickened pleura of nonspecific pleuritis patients [97]. The study also showed that the TGF-β is responsible for DOCK2 expression in human pleural mesothelial cells (PMCs) through meso MT processes. Furthermore, DOCK2 knockdown attenuated the expression of profibrotic genes such as αSMA, Col1A1, and fibronectin1. They also demonstrated that Tgfβ–induced MesoMT and Dock2 overexpression modulated Snail expression via Smad3 in PMCs [97]. In another study, elevated DOCK2 expression was observed in fibroblasts isolated from IPF and the bleomycin model [97]. The authors also showed that TGFβ–induced DOCK2 overexpression is dependent on both SMAD and ERK signaling.



Overall, the studies highlighted here suggest that a comprehensive understanding of both cellular and molecular mechanisms underlying fibrosis in the distal areas of the lung is critical for the development of new therapies against IPF. Fibroblasts and myofibroblasts are the primary targets to attenuate excessive ECM deposition in severe fibrotic lung diseases. These cells display significant heterogeneity, which is evidenced by the differential expression of markers such as Thy1 and differences in their lipid content, cytoskeletal composition, and cytokine profile. Multiple single-cell RNA sequencing (scRNA-seq) studies from both humans and mice have demonstrated morphologically and functionally distinct fibroblasts from IPF compared to normal lungs. The list of fibroblast populations includes myofibrogenic mesenchymal fibroblasts (Axin+), mesenchymal alveolar niche (Axin2+PDGFR+), fibroblasts (Lgr6+), fibroblasts involved in alveolar differentiation (Lgr5+), collagen-producing (Cthrc1+), profibrotic mesenchymal cells (PDGFRbhi) and pleural ECM-producing fibroblasts (Has1hi) [24,31,98,99,100]. Our recent studies using preclinical models and the immunostaining of IPF lungs have demonstrated the accumulation of myofibroblasts that express high levels of profibrotic transcription factors, including WT1 and Sox9, in the fibrotic lesions of IPF [32,34,55,99,101]. The accumulation of these profibrotic populations was further validated in recent scRNA-seq studies (Figure 2). Habermann et al. reported multiple fibroblast subtypes, including HAS1-positive fibroblasts, that expressed WT1 and were selectively accumulated in subpleural fibrotic lesions of IPF (Habermann et al., 2020a). Our studies showed the accumulation of Sox9-positive fibroblasts in both subpleural fibrotic lesions and the peri-bronchial fibrotic lesions of IPF lungs (Figure 2).








Author Contributions


Study conception and design: S.K.M., F.X.M. and P.R.G.; data collection: P.R.G., H.H.E. and P.S.; draft manuscript preparation: S.K.M., F.X.M., P.R.G., H.H.E., V.O. and P.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the National Heart Lung and Blood Institute (1R01 HL134801 and 1R01 HL157176).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare that they have no conflict of interest to report regarding the present study.




References


	



Herzog, E.L.; Mathur, A.; Tager, A.M.; Feghali-Bostwick, C.; Schneider, F.; Varga, J. Review: Interstitial lung disease associated with systemic sclerosis and idiopathic pulmonary fibrosis: How similar and distinct? Arthritis Rheumatol. 2014, 66, 1967–1978. [Google Scholar] [CrossRef]

	



White, E.S.; Mantovani, A.R. Inflammation, wound repair, and fibrosis: Reassessing the spectrum of tissue injury and resolution. J. Pathol. 2013, 229, 141–144. [Google Scholar] [CrossRef]

	



Kolb, M.; Vasakova, M. The natural history of progressive fibrosing interstitial lung diseases. Respir. Res. 2019, 20, 57. [Google Scholar] [CrossRef]

	



Sontake, V.; Gajjala, P.R.; Kasam, R.K.; Madala, S.K. New therapeutics based on emerging concepts in pulmonary fibrosis. Expert Opin. Ther. Targets 2019, 23, 69–81. [Google Scholar] [CrossRef]

	



Hinz, B.; Phan, S.H.; Thannickal, V.J.; Prunotto, M.; Desmouliere, A.; Varga, J.; De Wever, O.; Mareel, M.; Gabbiani, G. Recent developments in myofibroblast biology: Paradigms for connective tissue remodeling. Am. J. Pathol. 2012, 180, 1340–1355. [Google Scholar] [CrossRef]

	



Wynn, T.A.; Ramalingam, T.R. Mechanisms of fibrosis: Therapeutic translation for fibrotic disease. Nat. Med. 2012, 18, 1028–1040. [Google Scholar] [CrossRef]

	



Blackwell, T.S.; Tager, A.M.; Borok, Z.; Moore, B.B.; Schwartz, D.A.; Anstrom, K.J.; Bar-Joseph, Z.; Bitterman, P.; Blackburn, M.R.; Bradford, W.; et al. Future Directions in Idiopathic Pulmonary Fibrosis Research: An NHLBI Workshop Report. Am. J. Respir. Crit. Care Med. 2013, 189, 214–222. [Google Scholar] [CrossRef]

	



Thannickal, V.J.; Toews, G.B.; White, E.S.; Lynch, J.P., 3rd; Martinez, F.J. Mechanisms of pulmonary fibrosis. Annu. Rev. Med. 2004, 55, 395–417. [Google Scholar] [CrossRef]

	



Wang, Y.; Yella, J.; Chen, J.; McCormack, F.X.; Madala, S.K.; Jegga, A.G. Unsupervised gene expression analyses identify IPF-severity correlated signatures, associated genes and biomarkers. BMC Pulm. Med. 2017, 17, 133. [Google Scholar] [CrossRef]

	



Noble, P.W.; Barkauskas, C.E.; Jiang, D. Pulmonary fibrosis: Patterns and perpetrators. J. Clin. Investig. 2012, 122, 2756–2762. [Google Scholar] [CrossRef]

	



Samarelli, A.V.; Masciale, V.; Aramini, B.; Colo, G.P.; Tonelli, R.; Marchioni, A.; Bruzzi, G.; Gozzi, F.; Andrisani, D.; Castaniere, I.; et al. Molecular Mechanisms and Cellular Contribution from Lung Fibrosis to Lung Cancer Development. Int. J. Mol. Sci. 2021, 22, 12179. [Google Scholar] [CrossRef]

	



Li, Y.; Jiang, D.; Liang, J.; Meltzer, E.B.; Gray, A.; Miura, R.; Wogensen, L.; Yamaguchi, Y.; Noble, P.W. Severe lung fibrosis requires an invasive fibroblast phenotype regulated by hyaluronan and CD44. J. Exp. Med. 2011, 208, 1459–1471. [Google Scholar] [CrossRef]

	



Marshall, D.C.; Salciccioli, J.D.; Shea, B.S.; Akuthota, P. Trends in mortality from idiopathic pulmonary fibrosis in the European Union: An observational study of the WHO mortality database from 2001–2013. Eur. Respir. J. 2018, 51, 1701603. [Google Scholar] [CrossRef]

	



Hutchinson, J.P.; McKeever, T.M.; Fogarty, A.W.; Navaratnam, V.; Hubbard, R.B. Increasing global mortality from idiopathic pulmonary fibrosis in the twenty-first century. Ann. Am. Thorac. Soc. 2014, 11, 1176–1185. [Google Scholar] [CrossRef]

	



Hutchinson, J.; Fogarty, A.; Hubbard, R.; McKeever, T. Global incidence and mortality of idiopathic pulmonary fibrosis: A systematic review. Eur. Respir. J. 2015, 46, 795–806. [Google Scholar] [CrossRef]

	



Harari, S.; Caminati, A.; Madotto, F.; Conti, S.; Cesana, G. Epidemiology, survival, incidence and prevalence of idiopathic pulmonary fibrosis in the USA and Canada. Eur. Respir. J. 2017, 49, 1601504. [Google Scholar] [CrossRef]

	



Richeldi, L.; du Bois, R.M.; Raghu, G.; Azuma, A.; Brown, K.K.; Costabel, U.; Cottin, V.; Flaherty, K.R.; Hansell, D.M.; Inoue, Y.; et al. Efficacy and safety of nintedanib in idiopathic pulmonary fibrosis. N. Engl. J. Med. 2014, 370, 2071–2082. [Google Scholar] [CrossRef]

	



Noble, P.W.; Albera, C.; Bradford, W.Z.; Costabel, U.; Glassberg, M.K.; Kardatzke, D.; King, T.E., Jr.; Lancaster, L.; Sahn, S.A.; Szwarcberg, J.; et al. Pirfenidone in patients with idiopathic pulmonary fibrosis (CAPACITY): Two randomised trials. Lancet 2011, 377, 1760–1769. [Google Scholar] [CrossRef]

	



Katzenstein, A.-L.A.; Mukhopadhyay, S.; Myers, J.L. Erratum to “Diagnosis of usual interstitial pneumonia and distinction from other fibrosing interstitial lung diseases” [Hum Pathol 39 (2008) 1275–1294]. Hum. Pathol. 2008, 39, 1562–1581. [Google Scholar] [CrossRef]

	



Aburto, M.; Herráez, I.; Iturbe, D.; Jiménez-Romero, A. Diagnosis of idiopathic pulmonary fibrosis: Differential diagnosis. Med. Sci. 2018, 6, 73. [Google Scholar] [CrossRef]

	



Yamaguchi, M.; Hirai, S.; Tanaka, Y.; Sumi, T.; Miyajima, M.; Mishina, T.; Yamada, G.; Otsuka, M.; Hasegawa, T.; Kojima, T.; et al. Fibroblastic foci, covered with alveolar epithelia exhibiting epithelial-mesenchymal transition, destroy alveolar septa by disrupting blood flow in idiopathic pulmonary fibrosis. Lab. Investig. 2017, 97, 232–242. [Google Scholar] [CrossRef]

	



Cavazza, A.; Rossi, G.; Carbonelli, C.; Spaggiari, L.; Paci, M.; Roggeri, A. The role of histology in idiopathic pulmonary fibrosis: An update. Respir. Med. 2010, 104, S11–S22. [Google Scholar] [CrossRef]

	



Klingberg, F.; Hinz, B.; White, E.S. The myofibroblast matrix: Implications for tissue repair and fibrosis. J. Pathol. 2013, 229, 298–309. [Google Scholar] [CrossRef]

	



Tsukui, T.; Sun, K.H.; Wetter, J.B.; Wilson-Kanamori, J.R.; Hazelwood, L.A.; Henderson, N.C.; Adams, T.S.; Schupp, J.C.; Poli, S.D.; Rosas, I.O.; et al. Collagen-producing lung cell atlas identifies multiple subsets with distinct localization and relevance to fibrosis. Nat. Commun. 2020, 11, 1920. [Google Scholar] [CrossRef]

	



Mubarak, K.K.; Montes-Worboys, A.; Regev, D.; Nasreen, N.; Mohammed, K.A.; Faruqi, I.; Hensel, E.; Baz, M.A.; Akindipe, O.A.; Fernandez-Bussy, S. Parenchymal trafficking of pleural mesothelial cells in idiopathic pulmonary fibrosis. Eur. Respir. J. 2012, 39, 133–140. [Google Scholar] [CrossRef]

	



Rock, J.R.; Barkauskas, C.E.; Cronce, M.J.; Xue, Y.; Harris, J.R.; Liang, J.; Noble, P.W.; Hogan, B.L. Multiple stromal populations contribute to pulmonary fibrosis without evidence for epithelial to mesenchymal transition. Proc. Natl. Acad. Sci. USA 2011, 108, E1475–E1483. [Google Scholar] [CrossRef]

	



Jones, M.G.; Fabre, A.; Schneider, P.; Cinetto, F.; Sgalla, G.; Mavrogordato, M.; Jogai, S.; Alzetani, A.; Marshall, B.G.; O’Reilly, K.M. Three-dimensional characterization of fibroblast foci in idiopathic pulmonary fibrosis. JCI Insight 2016, 1, e86375. [Google Scholar] [CrossRef]

	



Wolters, P.J.; Collard, H.R.; Jones, K.D. Pathogenesis of idiopathic pulmonary fibrosis. Annu. Rev. Pathol. 2014, 9, 157. [Google Scholar] [CrossRef]

	



Xia, H.; Bodempudi, V.; Benyumov, A.; Hergert, P.; Tank, D.; Herrera, J.; Braziunas, J.; Larsson, O.; Parker, M.; Rossi, D. Identification of a cell-of-origin for fibroblasts comprising the fibrotic reticulum in idiopathic pulmonary fibrosis. Am. J. Pathol. 2014, 184, 1369–1383. [Google Scholar] [CrossRef]

	



Hung, C.; Linn, G.; Chow, Y.H.; Kobayashi, A.; Mittelsteadt, K.; Altemeier, W.A.; Gharib, S.A.; Schnapp, L.M.; Duffield, J.S. Role of lung pericytes and resident fibroblasts in the pathogenesis of pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2013, 188, 820–830. [Google Scholar] [CrossRef]

	



Zepp, J.A.; Zacharias, W.J.; Frank, D.B.; Cavanaugh, C.A.; Zhou, S.; Morley, M.P.; Morrisey, E.E. Distinct mesenchymal lineages and niches promote epithelial self-renewal and myofibrogenesis in the lung. Cell 2017, 170, 1134–1148.e10. [Google Scholar] [CrossRef]

	



Sontake, V.; Kasam, R.K.; Sinner, D.; Korfhagen, T.R.; Reddy, G.B.; White, E.S.; Jegga, A.G.; Madala, S.K. Wilms’ tumor 1 drives fibroproliferation and myofibroblast transformation in severe fibrotic lung disease. JCI Insight 2018, 3, e121252. [Google Scholar] [CrossRef]

	



Andersson-Sjoland, A.; de Alba, C.G.; Nihlberg, K.; Becerril, C.; Ramirez, R.; Pardo, A.; Westergren-Thorsson, G.; Selman, M. Fibrocytes are a potential source of lung fibroblasts in idiopathic pulmonary fibrosis. Int. J. Biochem. Cell Biol. 2008, 40, 2129–2140. [Google Scholar] [CrossRef]

	



Sontake, V.; Shanmukhappa, S.K.; DiPasquale, B.A.; Reddy, G.B.; Medvedovic, M.; Hardie, W.D.; White, E.S.; Madala, S.K. Fibrocytes Regulate Wilms Tumor 1-Positive Cell Accumulation in Severe Fibrotic Lung Disease. J. Immunol. 2015, 195, 3978–3991. [Google Scholar] [CrossRef]

	



Marriott, S.; Baskir, R.S.; Gaskill, C.; Menon, S.; Carrier, E.J.; Williams, J.; Talati, M.; Helm, K.; Alford, C.E.; Kropski, J.A. ABCG2pos lung mesenchymal stem cells are a novel pericyte subpopulation that contributes to fibrotic remodeling. Am. J. Physiol.-Cell Physiol. 2014, 307, C684–C698. [Google Scholar] [CrossRef]

	



Moeller, A.; Gilpin, S.E.; Ask, K.; Cox, G.; Cook, D.; Gauldie, J.; Margetts, P.J.; Farkas, L.; Dobranowski, J.; Boylan, C.; et al. Circulating fibrocytes are an indicator of poor prognosis in idiopathic pulmonary fibrosis. Am. J. Respir. Crit. Care Med. 2009, 179, 588–594. [Google Scholar] [CrossRef]

	



Yamada, M.; Kuwano, K.; Maeyama, T.; Hamada, N.; Yoshimi, M.; Nakanishi, Y.; Kasper, M. Dual-immunohistochemistry provides little evidence for epithelial–mesenchymal transition in pulmonary fibrosis. Histochem. Cell Biol. 2008, 129, 453–462. [Google Scholar] [CrossRef]

	



Hardie, W.D.; Hagood, J.S.; Dave, V.; Perl, A.K.; Whitsett, J.A.; Korfhagen, T.R.; Glasser, S. Signaling pathways in the epithelial origins of pulmonary fibrosis. Cell Cycle 2010, 9, 2769–2776. [Google Scholar] [CrossRef]

	



Hewlett, J.C.; Kropski, J.A.; Blackwell, T.S. Idiopathic pulmonary fibrosis: Epithelial-mesenchymal interactions and emerging therapeutic targets. Matrix Biol. 2018, 71–72, 112–127. [Google Scholar] [CrossRef]

	



Maharaj, S.; Shimbori, C.; Kolb, M. Fibrocytes in pulmonary fibrosis: A brief synopsis. Eur. Respir. Rev. 2013, 22, 552–557. [Google Scholar] [CrossRef]

	



Madala, S.K.; Edukulla, R.; Schmidt, S.; Davidson, C.; Ikegami, M.; Hardie, W.D. Bone marrow-derived stromal cells are invasive and hyperproliferative and alter transforming growth factor-alpha-induced pulmonary fibrosis. Am. J. Respir. Cell Mol. Biol. 2014, 50, 777–786. [Google Scholar] [CrossRef] [PubMed]

	



Lin, S.L.; Kisseleva, T.; Brenner, D.A.; Duffield, J.S. Pericytes and perivascular fibroblasts are the primary source of collagen-producing cells in obstructive fibrosis of the kidney. Am. J. Pathol. 2008, 173, 1617–1627. [Google Scholar] [CrossRef] [PubMed]

	



Zolak, J.S.; Jagirdar, R.; Surolia, R.; Karki, S.; Oliva, O.; Hock, T.; Guroji, P.; Ding, Q.; Liu, R.M.; Bolisetty, S.; et al. Pleural mesothelial cell differentiation and invasion in fibrogenic lung injury. Am. J. Pathol. 2013, 182, 1239–1247. [Google Scholar] [CrossRef]

	



Liu, F.; Yu, F.; Lu, Y.-Z.; Cheng, P.-P.; Liang, L.-M.; Wang, M.; Chen, S.-J.; Huang, Y.; Song, L.-J.; He, X.-L. Crosstalk between pleural mesothelial cell and lung fibroblast contributes to pulmonary fibrosis. Biochim. Et Biophys. Acta (BBA)-Mol. Cell Res. 2020, 1867, 118806. [Google Scholar] [CrossRef] [PubMed]

	



Karki, S.; Surolia, R.; Hock, T.D.; Guroji, P.; Zolak, J.S.; Duggal, R.; Ye, T.; Thannickal, V.J.; Antony, V.B. Wilms’ tumor 1 (Wt1) regulates pleural mesothelial cell plasticity and transition into myofibroblasts in idiopathic pulmonary fibrosis. FASEB J. 2014, 28, 1122–1131. [Google Scholar] [CrossRef]

	



Tucker, T.; Tsukasaki, Y.; Sakai, T.; Mitsuhashi, S.; Komatsu, S.; Jeffers, A.; Idell, S.; Ikebe, M. Myocardin is Involved in Mesothelial-Mesenchymal Transition of Human Pleural Mesothelial Cells. Am. J. Respir. Cell Mol. Biol. 2019, 61, 86–96. [Google Scholar] [CrossRef]

	



Que, J.; Wilm, B.; Hasegawa, H.; Wang, F.; Bader, D.; Hogan, B.L. Mesothelium contributes to vascular smooth muscle and mesenchyme during lung development. Proc. Natl. Acad. Sci. USA 2008, 105, 16626–16630. [Google Scholar] [CrossRef]

	



Batra, H.; Antony, V.B. The pleural mesothelium in development and disease. Front. Physiol. 2014, 5, 284. [Google Scholar] [CrossRef]

	



von Gise, A.; Stevens, S.M.; Honor, L.B.; Oh, J.H.; Gao, C.; Zhou, B.; Pu, W.T. Contribution of Fetal, but Not Adult, Pulmonary Mesothelium to Mesenchymal Lineages in Lung Homeostasis and Fibrosis. Am. J. Respir. Cell Mol. Biol. 2016, 54, 222–230. [Google Scholar] [CrossRef]

	



Rudat, C.; Kispert, A. Wt1 and epicardial fate mapping. Circ. Res. 2012, 111, 165–169. [Google Scholar] [CrossRef]

	



Nasreen, N.; Mohammed, K.A.; Mubarak, K.K.; Baz, M.A.; Akindipe, O.A.; Fernandez-Bussy, S.; Antony, V.B. Pleural mesothelial cell transformation into myofibroblasts and haptotactic migration in response to TGF-beta1 in vitro. Am. J. Physiol. Lung Cell. Mol. Physiol. 2009, 297, L115–L124. [Google Scholar] [CrossRef] [PubMed]

	



Chen, L.-J.; Ye, H.; Zhang, Q.; Li, F.-Z.; Song, L.-J.; Yang, J.; Mu, Q.; Rao, S.-S.; Cai, P.-C.; Xiang, F. Bleomycin induced epithelial–mesenchymal transition (EMT) in pleural mesothelial cells. Toxicol. Appl. Pharmacol. 2015, 283, 75–82. [Google Scholar] [CrossRef] [PubMed]

	



Kropski, J.A.; Pritchett, J.M.; Zoz, D.F.; Crossno, P.F.; Markin, C.; Garnett, E.T.; Degryse, A.L.; Mitchell, D.B.; Polosukhin, V.V.; Rickman, O.B.; et al. Extensive phenotyping of individuals at risk for familial interstitial pneumonia reveals clues to the pathogenesis of interstitial lung disease. Am. J. Respir. Crit. Care Med. 2015, 191, 417–426. [Google Scholar] [CrossRef] [PubMed]

	



DePianto, D.J.; Chandriani, S.; Abbas, A.R.; Jia, G.; N’Diaye, E.N.; Caplazi, P.; Kauder, S.E.; Biswas, S.; Karnik, S.K.; Ha, C.; et al. Heterogeneous gene expression signatures correspond to distinct lung pathologies and biomarkers of disease severity in idiopathic pulmonary fibrosis. Thorax 2015, 70, 48–56. [Google Scholar] [CrossRef] [PubMed]

	



Gajjala, P.R.; Kasam, R.K.; Soundararajan, D.; Sinner, D.; Huang, S.K.; Jegga, A.G.; Madala, S.K. Dysregulated overexpression of Sox9 induces fibroblast activation in pulmonary fibrosis. JCI Insight 2021, 6, e152503. [Google Scholar] [CrossRef]

	



Saini, G.; Porte, J.; Weinreb, P.H.; Violette, S.M.; Wallace, W.A.; McKeever, T.M.; Jenkins, G. αvβ6 integrin may be a potential prognostic biomarker in interstitial lung disease. Eur. Respir. J. 2015, 46, 486–494. [Google Scholar] [CrossRef]

	



Xie, H.; Jiao, Y.; Zhou, X.; Liao, X.; Chen, J.; Chen, H.; Chen, L.; Yu, S.; Deng, Q.; Sun, L. Integrin αvβ6 contributes to the development of intestinal fibrosis via the FAK/AKT signaling pathway. Exp. Cell Res. 2022, 411, 113003. [Google Scholar] [CrossRef]

	



Larson-Casey, J.L.; Deshane, J.S.; Ryan, A.J.; Thannickal, V.J.; Carter, A.B. Macrophage Akt1 kinase-mediated mitophagy modulates apoptosis resistance and pulmonary fibrosis. Immunity 2016, 44, 582–596. [Google Scholar] [CrossRef]

	



Fernandez, I.E.; Eickelberg, O. New cellular and molecular mechanisms of lung injury and fibrosis in idiopathic pulmonary fibrosis. Lancet 2012, 380, 680–688. [Google Scholar] [CrossRef]

	



Wilm, B.; Munoz-Chapuli, R. The Role of WT1 in Embryonic Development and Normal Organ Homeostasis. Methods Mol. Biol. 2016, 1467, 23–39. [Google Scholar] [CrossRef]

	



Chau, Y.Y.; Hastie, N.D. The role of Wt1 in regulating mesenchyme in cancer, development, and tissue homeostasis. Trends Genet. 2012, 28, 515–524. [Google Scholar] [CrossRef] [PubMed]

	



Luzina, I.G.; Salcedo, M.V.; Rojas-Pena, M.L.; Wyman, A.E.; Galvin, J.R.; Sachdeva, A.; Clerman, A.; Kim, J.; Franks, T.J.; Britt, E.J.; et al. Transcriptomic evidence of immune activation in macroscopically normal-appearing and scarred lung tissues in idiopathic pulmonary fibrosis. Cell. Immunol. 2018, 325, 1–13. [Google Scholar] [CrossRef] [PubMed]

	



Martinez-Estrada, O.M.; Lettice, L.A.; Essafi, A.; Guadix, J.A.; Slight, J.; Velecela, V.; Hall, E.; Reichmann, J.; Devenney, P.S.; Hohenstein, P.; et al. Wt1 is required for cardiovascular progenitor cell formation through transcriptional control of Snail and E-cadherin. Nat. Genet. 2010, 42, 89–93. [Google Scholar] [CrossRef]

	



Nigg, E.A. Mitotic kinases as regulators of cell division and its checkpoints. Nat. Rev. Mol. Cell Biol. 2001, 2, 21–32. [Google Scholar] [CrossRef] [PubMed]

	



Fu, J.; Bian, M.; Jiang, Q.; Zhang, C. Roles of Aurora kinases in mitosis and tumorigenesis. Mol. Cancer Res. 2007, 5, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Kasam, R.K.; Ghandikota, S.; Soundararajan, D.; Reddy, G.B.; Huang, S.K.; Jegga, A.G.; Madala, S.K. Inhibition of Aurora Kinase B attenuates fibroblast activation and pulmonary fibrosis. EMBO Mol. Med. 2020, 12, e12131. [Google Scholar] [CrossRef]

	



Fu, Y.; Xu, X.; Huang, D.; Cui, D.; Liu, L.; Liu, J.; He, Z.; Liu, J.; Zheng, S.; Luo, Y. Plasma Heat Shock Protein 90alpha as a Biomarker for the Diagnosis of Liver Cancer: An Official, Large-scale, and Multicenter Clinical Trial. EBioMedicine 2017, 24, 56–63. [Google Scholar] [CrossRef] [PubMed]

	



Abu-Elsaad, N.M.; Serrya, M.S.; El-Karef, A.M.; Ibrahim, T.M. The heat shock protein 90 inhibitor, 17-AAG, attenuates thioacetamide induced liver fibrosis in mice. Pharmacol. Rep. 2016, 68, 275–282. [Google Scholar] [CrossRef]

	



Tomcik, M.; Zerr, P.; Pitkowski, J.; Palumbo-Zerr, K.; Avouac, J.; Distler, O.; Becvar, R.; Senolt, L.; Schett, G.; Distler, J.H. Heat shock protein 90 (Hsp90) inhibition targets canonical TGF-beta signalling to prevent fibrosis. Ann. Rheum. Dis. 2014, 73, 1215–1222. [Google Scholar] [CrossRef]

	



Caceres, R.A.; Chavez, T.; Maestro, D.; Palanca, A.R.; Bolado, P.; Madrazo, F.; Aires, A.; Cortajarena, A.L.; Villar, A.V. Reduction of cardiac TGFbeta-mediated profibrotic events by inhibition of Hsp90 with engineered protein. J. Mol. Cell. Cardiol. 2018, 123, 75–87. [Google Scholar] [CrossRef]

	



Taipale, M.; Jarosz, D.F.; Lindquist, S. HSP90 at the hub of protein homeostasis: Emerging mechanistic insights. Nat. Rev. Mol. Cell Biol. 2010, 11, 515–528. [Google Scholar] [CrossRef] [PubMed]

	



Sontake, V.; Wang, Y.; Kasam, R.K.; Sinner, D.; Reddy, G.B.; Naren, A.P.; McCormack, F.X.; White, E.S.; Jegga, A.G.; Madala, S.K. Hsp90 regulation of fibroblast activation in pulmonary fibrosis. JCI Insight 2017, 2, e91454. [Google Scholar] [CrossRef] [PubMed]

	



Colunga Biancatelli, R.M.L.; Solopov, P.; Gregory, B.; Catravas, J.D. HSP90 Inhibition and Modulation of the Proteome: Therapeutical Implications for Idiopathic Pulmonary Fibrosis (IPF). Int. J. Mol. Sci. 2020, 21, 5286. [Google Scholar] [CrossRef]

	



Wong, M.Y.; Doan, N.D.; DiChiara, A.S.; Papa, L.J.; Cheah, J.H., 3rd; Soule, C.K.; Watson, N.; Hulleman, J.D.; Shoulders, M.D. A High-Throughput Assay for Collagen Secretion Suggests an Unanticipated Role for Hsp90 in Collagen Production. Biochemistry 2018, 57, 2814–2827. [Google Scholar] [CrossRef] [PubMed]

	



Noh, H.; Kim, H.J.; Yu, M.R.; Kim, W.Y.; Kim, J.; Ryu, J.H.; Kwon, S.H.; Jeon, J.S.; Han, D.C.; Ziyadeh, F. Heat shock protein 90 inhibitor attenuates renal fibrosis through degradation of transforming growth factor-beta type II receptor. Lab. Investig. 2012, 92, 1583–1596. [Google Scholar] [CrossRef] [PubMed]

	



Bellaye, P.S.; Shimbori, C.; Yanagihara, T.; Carlson, D.A.; Hughes, P.; Upagupta, C.; Sato, S.; Wheildon, N.; Haystead, T.; Ask, K.; et al. Synergistic role of HSP90alpha and HSP90beta to promote myofibroblast persistence in lung fibrosis. Eur. Respir. J. 2018, 51, 1700386. [Google Scholar] [CrossRef] [PubMed]

	



Park, H.K.; Yoon, N.G.; Lee, J.E.; Hu, S.; Yoon, S.; Kim, S.Y.; Hong, J.H.; Nam, D.; Chae, Y.C.; Park, J.B.; et al. Unleashing the full potential of Hsp90 inhibitors as cancer therapeutics through simultaneous inactivation of Hsp90, Grp94, and TRAP1. Exp. Mol. Med. 2020, 52, 79–91. [Google Scholar] [CrossRef]

	



Sidera, K.; Patsavoudi, E. HSP90 inhibitors: Current development and potential in cancer therapy. Recent Pat. Anti-Cancer Drug Discov. 2014, 9, 1–20. [Google Scholar] [CrossRef]

	



Sibinska, Z.; Tian, X.; Korfei, M.; Kojonazarov, B.; Kolb, J.S.; Klepetko, W.; Kosanovic, D.; Wygrecka, M.; Ghofrani, H.A.; Weissmann, N.; et al. Amplified canonical transforming growth factor-beta signalling via heat shock protein 90 in pulmonary fibrosis. Eur. Respir. J. 2017, 49, 1501941. [Google Scholar] [CrossRef]

	



Wan, H.; Han, K.; Jiang, Y.; Zou, P.; Zhang, Z.; Wang, Y. Genome-Wide Identification and Expression Profile of the Sox Gene Family During Embryo Development in Large Yellow Croaker, Larimichthys crocea. DNA Cell Biol. 2019, 38, 1100–1111. [Google Scholar] [CrossRef]

	



Rockich, B.E.; Hrycaj, S.M.; Shih, H.P.; Nagy, M.S.; Ferguson, M.A.; Kopp, J.L.; Sander, M.; Wellik, D.M.; Spence, J.R. Sox9 plays multiple roles in the lung epithelium during branching morphogenesis. Proc. Natl. Acad. Sci. USA 2013, 110, E4456–E4464. [Google Scholar] [CrossRef]

	



Bi, W.; Deng, J.M.; Zhang, Z.; Behringer, R.R.; de Crombrugghe, B. Sox9 is required for cartilage formation. Nat. Genet. 1999, 22, 85–89. [Google Scholar] [CrossRef] [PubMed]

	



Danopoulos, S.; Alonso, I.; Thornton, M.E.; Grubbs, B.H.; Bellusci, S.; Warburton, D.; Al Alam, D. Human lung branching morphogenesis is orchestrated by the spatiotemporal distribution of ACTA2, SOX2, and SOX9. Am. J. Physiol. Lung Cell. Mol. Physiol. 2018, 314, L144–L149. [Google Scholar] [CrossRef] [PubMed]

	



Gonen, N.; Lovell-Badge, R. The regulation of Sox9 expression in the gonad. Curr. Top. Dev. Biol. 2019, 134, 223–252. [Google Scholar] [CrossRef]

	



Passeron, T.; Valencia, J.C.; Bertolotto, C.; Hoashi, T.; Le Pape, E.; Takahashi, K.; Ballotti, R.; Hearing, V.J. SOX9 is a key player in ultraviolet B-induced melanocyte differentiation and pigmentation. Proc. Natl. Acad. Sci. USA 2007, 104, 13984–13989. [Google Scholar] [CrossRef]

	



Grimm, D.; Bauer, J.; Wise, P.; Kruger, M.; Simonsen, U.; Wehland, M.; Infanger, M.; Corydon, T.J. The role of SOX family members in solid tumours and metastasis. Semin. Cancer Biol. 2020, 67, 122–153. [Google Scholar] [CrossRef] [PubMed]

	



Athwal, V.S.; Pritchett, J.; Martin, K.; Llewellyn, J.; Scott, J.; Harvey, E.; Zaitoun, A.M.; Mullan, A.F.; Zeef, L.A.H.; Friedman, S.L.; et al. SOX9 regulated matrix proteins are increased in patients serum and correlate with severity of liver fibrosis. Sci. Rep. 2018, 8, 17905. [Google Scholar] [CrossRef] [PubMed]

	



Lacraz, G.P.A.; Junker, J.P.; Gladka, M.M.; Molenaar, B.; Scholman, K.T.; Vigil-Garcia, M.; Versteeg, D.; de Ruiter, H.; Vermunt, M.W.; Creyghton, M.P.; et al. Tomo-Seq Identifies SOX9 as a Key Regulator of Cardiac Fibrosis During Ischemic Injury. Circulation 2017, 136, 1396–1409. [Google Scholar] [CrossRef]

	



Athwal, V.S.; Pritchett, J.; Llewellyn, J.; Martin, K.; Camacho, E.; Raza, S.M.; Phythian-Adams, A.; Birchall, L.J.; Mullan, A.F.; Su, K.; et al. SOX9 predicts progression toward cirrhosis in patients while its loss protects against liver fibrosis. EMBO Mol. Med. 2017, 9, 1696–1710. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, M.; Fang, Y.; Li, Y.; Huang, H.; Wei, Z.; Gao, X.; Sung, H.K.; Hu, J.; Qiang, L.; Ruan, J.; et al. VEGF receptor 2 (KDR) protects airways from mucus metaplasia through a Sox9-dependent pathway. Dev. Cell 2021, 56, 1646–1660.e5. [Google Scholar] [CrossRef] [PubMed]

	



Penke, L.R.; Speth, J.M.; Dommeti, V.L.; White, E.S.; Bergin, I.L.; Peters-Golden, M. FOXM1 is a critical driver of lung fibroblast activation and fibrogenesis. J. Clin. Investig. 2018, 128, 2389–2405. [Google Scholar] [CrossRef] [PubMed]

	



Gu, X.; Han, Y.-Y.; Yang, C.-Y.; Ji, H.-M.; Lan, Y.-J.; Bi, Y.-Q.; Zheng, C.; Qu, J.; Cheng, M.-H.; Gao, J. Activated AMPK by metformin protects against fibroblast proliferation during pulmonary fibrosis by suppressing FOXM1. Pharmacol. Res. 2021, 173, 105844. [Google Scholar] [CrossRef] [PubMed]

	



Bisserier, M.; Milara, J.; Abdeldjebbar, Y.; Gubara, S.; Jones, C.; Bueno-Beti, C.; Chepurko, E.; Kohlbrenner, E.; Katz, M.G.; Tarzami, S. AAV1. SERCA2a gene therapy reverses pulmonary fibrosis by blocking the STAT3/FOXM1 pathway and promoting the SNON/SKI axis. Mol. Ther. 2020, 28, 394–410. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Li, Y.; Ma, D.; Liu, Y.; Xu, Q.; Cheng, D.; Li, G.; Ni, C. ALKBH5 promotes lung fibroblast activation and silica-induced pulmonary fibrosis through miR-320a-3p and FOXM1. Cell. Mol. Biol. Lett. 2022, 27, 1–17. [Google Scholar] [CrossRef] [PubMed]

	



Im, J.; Lawrence, J.; Seelig, D.; Nho, R.S. FoxM1-dependent RAD51 and BRCA2 signaling protects idiopathic pulmonary fibrosis fibroblasts from radiation-induced cell death. Cell Death Dis. 2018, 9, 584. [Google Scholar] [CrossRef] [PubMed]

	



Miyashita, N.; Horie, M.; Suzuki, H.I.; Saito, M.; Mikami, Y.; Okuda, K.; Boucher, R.C.; Suzukawa, M.; Hebisawa, A.; Saito, A. FOXL1 regulates lung fibroblast function via multiple mechanisms. Am. J. Respir. Cell Mol. Biol. 2020, 63, 831–842. [Google Scholar] [CrossRef]

	



Guo, X.; Adeyanju, O.; Sunil, C.; Mandlem, V.; Olajuyin, A.; Huang, S.; Chen, S.-Y.; Idell, S.; Tucker, T.A.; Qian, G. DOCK2 contributes to pulmonary fibrosis by promoting lung fibroblast to myofibroblast transition. Am. J. Physiol.-Cell Physiol. 2022, 323, C133–C144. [Google Scholar] [CrossRef]

	



Lee, J.-H.; Tammela, T.; Hofree, M.; Choi, J.; Marjanovic, N.D.; Han, S.; Canner, D.; Wu, K.; Paschini, M.; Bhang, D.H. Anatomically and functionally distinct lung mesenchymal populations marked by Lgr5 and Lgr6. Cell 2017, 170, 1149–1163.e12. [Google Scholar] [CrossRef]

	



Habermann, A.C.; Gutierrez, A.J.; Bui, L.T.; Yahn, S.L.; Winters, N.I.; Calvi, C.L.; Peter, L.; Chung, M.I.; Taylor, C.J.; Jetter, C.; et al. Single-cell RNA sequencing reveals profibrotic roles of distinct epithelial and mesenchymal lineages in pulmonary fibrosis. Sci. Adv. 2020, 6, eaba1972. [Google Scholar] [CrossRef]

	



Xie, T.; Wang, Y.; Deng, N.; Huang, G.; Taghavifar, F.; Geng, Y.; Liu, N.; Kulur, V.; Yao, C.; Chen, P. Single-cell deconvolution of fibroblast heterogeneity in mouse pulmonary fibrosis. Cell Rep. 2018, 22, 3625–3640. [Google Scholar] [CrossRef]

	



Ghandikota, S.; Sharma, M.; Ediga, H.H.; Madala, S.K.; Jegga, A.G. Consensus Gene Co-Expression Network Analysis Identifies Novel Genes Associated with Severity of Fibrotic Lung Disease. Int. J. Mol. Sci. 2022, 23, 5447. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 24 02850 g001 550] 





Figure 1. Representative images of Movat Pentachrome-stained distal areas of normal and IPF lungs. Highlighted dashed region in low magnification (Scale bar, 1500 µm) images represents the high magnification (Scale bar, 200 µm) images that show the prominent subpleural thickening and fibrotic foci that accumulate in the distal areas of the alveolar parenchyma of IPF lungs compared to normal lungs. Pentachrome staining highlights collagen (yellow color), muscle (red color), and elastic fibers (black to blue color) in mature fibrotic lesions of IPF. Arrowhead is used to highlight the fibrotic foci. 
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Figure 2. Accumulation of WT1- and Sox9-positive or Sox9-positive fibroblasts in IPF. WT1-mediated Sox9 upregulation in mesothelium and fibroblasts induces accumulation of fibroblasts that are positive for both WT1 and Sox9 in subpleural fibrotic lesions. Additionally, we observed accumulation of Sox9 positive fibroblasts that are negative for WT1 in peribronchial fibrotic lung lesions. Both WT1 and Sox9 expressing fibroblasts can transform to myofibroblasts resulting in progressive accumulation in fibrotic lesions of IPF lungs (right) compared to normal lungs (left). 
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