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ABSTRACTLung fibrosis is a chronic lung disease with a high mortality rate with only twoapproved drugs (pirfenidone and nintedanib) to attenuate its progression. To datethere are no reliable biomarkers that can assess fibrosis development and/ortreatment effect for these two drugs. Osteoprotegerin (OPG) is used as a serum markerto diagnose liver fibrosis and we have found it may be applicable in lung fibrosis aswell. We therefore set out an ex vivo study to investigate the regulation of OPG in lungtissue to elucidate whether it tracks with fibrosis development and responds toantifibrotic treatment to assess its potential use as a biomarker.Control murine and human lung slices were incubated with transforming growth factorbeta-1 (TGFβ1) or interleukin-13 (IL-13) to induce early-stage fibrosis. Pirfenidone ornintedanib were added to evaluate OPG responses towards therapy. mRNAexpressions of OPG, collagen1α1 (Col1α1), fibronectin (Fn1) and plasminogenactivator inhibitor-1 (PAI-1) were measured by qPCR to assess fibrosis developmentand OPG protein production was measured by ELISA.OPG mRNA expression in murine lung slices was higher after 48 hours incubation andwith TGFβ1 or IL-13 stimulation and closely correlated with Fn1 and PAI-1 mRNAexpression. More OPG protein was released from TGFβ1- and IL13-stimulated murinelung slices and from fibrotic human lung slices than from the control slices. OPG releasewas lower from pirfenidone- and nintedanib-treated murine TGFβ-induced fibroticslices, and from pirfenidone-treated human fibrotic lung slices than from theirrespective controls.OPG can already be detected during early stage fibrosis development and responds,both in early- and late-stage fibrosis, to treatment with the two antifibrotic drugscurrently on the market for lung fibrosis. Therefore, OPG should be further investigatedas a potential biomarker for lung fibrosis and a potential surrogate marker fortreatment effect.
Keywords: precision-cut lung slices, lung fibrosis, osteoprotegerin, biomarker, woundhealing, fibronectin, PAI-1
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INTRODUCTIONLung fibrosis is a chronic lung disease that is characterized by deposition ofexcessive extracellular matrix (ECM) in lung parenchyma leading to organ malfunction,disruption of gas exchange, and death from respiratory failure 1,2. It has a high mortalityrate with an average survival after diagnosis of about 2-3 years 3,4. The etiology of lungfibrosis remains unclear but likely includes repeated injury to and therefore loss ofepithelial cells due to exposure to allergens, chemicals, radiation, and/orenvironmental particles, followed by a dysregulated wound repair response involvingfibroblasts and macrophages 2,3,5. To date there are no effective drugs to stop or reversefibrosis development, but two drugs have been approved by the FDA that can attenuateprogression of the disease: pirfenidone and nintedanib6–8. Unfortunately, thedevelopment of more and better drugs is hampered by the lack of easy-to-assess earlymarkers of fibrosis development and treatment responses.We recently described a novel marker called osteoprotegerin (OPG) that ishighly upregulated in lung tissue of patients with lung fibrosis and appears to beinvolved in regulating alveolar epithelial regeneration9. OPG is also known as tumornecrosis factor receptor superfamily member 11B (TNFRSF11B) and is a decoyreceptor for receptor activator for nuclear factor kappa-B ligand (RANKL) and tumornecrosis factor-related apoptosis-inducing ligand (TRAIL) 10. OPG is a key factor in theregulation of osteogenesis and is produced by osteoblasts to control osteoclastactivity11, but interestingly our recent studies indicate that through its capturing ofRANKL it can also inhibit alveolar epithelial repair9. It is produced and secreted by lungfibroblasts under the influence of the key profibrotic mediator transforming growthfactor beta (TGF) 9,12 . Studies in patients with liver fibrosis have shown that OPG isdetectable in serum and that is correlated with disease severity13–15 but for lungfibrosis the association of serum levels with disease severity are unclear 16. In addition,there is no data available if and how OPG secretion is affected by treatment with thetwo antifibrotic drugs currently on the market. We therefore set out to investigate theregulation of OPG early in the process of fibrosis development to elucidate whether ittracks with fibrosis development and responds to antifibrotic treatments to assess itspotential use as a biomarker.
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For these studies we used precision-cut lung slices because this model allowsus to study multicellular processes in lung tissue of both humans and experimentalanimals, without the influence of other organs (e.g. bone) on production of OPG. Lungslices contain all resident lung cells in their original environment and tissuearchitecture and, importantly, intercellular and cell-matrix interactions remain intactin these tissue slices 17. To model early processes of fibrosis development we incubatedmurine lung slices with either transforming growth factor beta-1 (TGFβ1) orinterleukin-13 (IL-13) as overexpression of both cytokines in lung tissue has beenshown to lead to development of lung fibrosis 18,19. To investigate whether OPGsecretion is affected by treatment with antifibrotic drugs pirfenidone and nintedaniband tracks with inhibition of fibrotic processes, we treated murine fibrotic lung slicesand slices from lungs of patients with end-stage lung fibrosis with pirfenidone andnintedanib.
MATERIALS AND METHODS

Murine Precision-cut Lung SlicesEight- to twelve-week old C57BL/6 male mice from Harlan (Horst, TheNetherlands) were kept in cages with a 12 hours of light/dark cycle and received foodand water ad libitum. The experiments were approved by the Institutional Animal Careand Use Committee of the University of Groningen (DEC6416AA).Precision-cut lung slices were prepared according to the method of Oenemaand co-workers20, with several modifications. Shortly, mice were anaesthetized withisoflurane/O2 (Nicholas Piramal, London, UK) and then sacrificed by exsanguinationvia the aorta abdominalis. The lungs were filled with low-melting temperature agarose(1.5%) (Sigma-Aldrich, Steinheim, Germany) in 0.9% NaCl through the cannulatedtrachea, and the lungs were directly transferred into ice-cold University of Wisconsinorgan preservation solution (UW-solution). Cores of lung tissue were made by using abiopsy-puncher with a 5-mm diameter. Slices, with a weight of about 5 mg (orthickness of 250-300 µm), were prepared from these cores with a Krumdieck tissueslicer (Alabama Research and Development, USA), which was filled with ice-coldKrebs-Henseleit Buffer supplemented with 25 mM D-glucose (Merck, Darmstadt,
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Germany), 25 mM NaHCO3 (Merck), 10 mM HEPES (MP Biomedicals, Aurora, OH),saturated with carbogen (95% O2/5% CO2) and adjusted to pH 7.4.After slicing, slices were incubated in a pre-warmed 12-well plate which wasfilled with 1.3 mL DMEM + Glutamax medium containing 4.5g/L D-glucose andpyruvate (Gibco® by Life Technologies, Grand Island, New York, USA) supplementedwith non-essential amino acid mixture (1:100), penicillin-streptomycin, 45 µg/mlgentamycin (Gibco® by Life Technologies, Grand Island, New York, USA) and 10% fetalcalf serum (FCS). After 1 hour of pre-incubation at 37 C in an O2/CO2-incubator (MCO-18M, Sanyo, USA) which was continuously shaken at a speed of 90 rpm and saturatedwith 80% O2 and 5% CO2, medium was refreshed. Slices were then incubated for 48hours in medium with or without several cytokines to mimic the fibrotic process, andwith or without antifibrotic compounds. Transforming growth factor-1 (TGFβ1, 5ng/ml) and interleukin-13 (IL-13, 10 ng/ml) were added to investigate their influenceon development of fibrosis and production of OPG, while 1 mM pirfenidone and 0.5 µMnintedanib were added as antifibrotic compounds. Medium and treatments wererefreshed after 24 hours. After 48 hours of incubation, culture medium and slices weresnap frozen into liquid nitrogen, and stored at -80 C until analysis.
Human Precision-cut Lung SlicesHuman fibrotic lung tissue was collected with informed consent from patientswith end-stage lung fibrosis undergoing lung transplantation at either the UniversityMedical Center Groningen (UMCG) or at the Erasmus Medical Center Rotterdam. InGroningen, the study protocol was consistent with the Research Code of the UniversityMedical Center Groningen and Dutch national ethical and professional guidelines(http://www.federa.org). In Rotterdam, the Medical Ethical Committee approved allprotocols followed in that center. Control lung tissue was obtained at the UMCG frompatients undergoing surgical resection for suspected carcinoma. During preparation,lung tissue was preserved in ice-cold University of Wisconsin organ preservationsolution (UW-solution). Cores of lung tissue of 5 mm were made and slices wereprepared from these cores with a Krumdieck tissue slicer and were incubated insupplemented DMEM medium, as described for murine slices. Pirfenidone (2.5 mM)was added as antifibrotic drug. Medium and treatments were refreshed after 24 hours.
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After 48 hours of incubation, culture medium and slices were snap frozen into liquidnitrogen, and stored at -80 C until analysis.
ELISA Murine and human OPG levels in slice incubation medium were measured usingELISA (cat #DY459 (murine), cat #DY805 (human), R&D Systems) according to theinstructions provided by the manufacturer. Total OPG in the medium was corrected forthe protein content of the slices, which was measured by Lowry (BIO-rad RC DC ProteinAssay, Bio Rad, Veenendaal, The Netherlands).
Quantitative Real-time PCRTotal mRNA was isolated from slices using a Maxwell® LEV simply RNACells/Tissue kit (Promega, Madison, WI). Final RNA concentrations were determinedusing Biotek Synergy HT (Biotek®, Winoosku, Vermont, USA). The conversion of RNAinto cDNA was performed by using a reverse transcriptase kit (Promega, Leiden, TheNetherlands) in a master-cycler gradient (25°C for 10 min, 45°C for 60 min, and 95°Cfor 5 min). Transcription levels of OPG, fibrosis-associated genes (collagen 1α1(Col1α1), fibronectin (Fn1), plasminogen activator inhibitor-1 (PAI-1))  weremeasured using a SensiMix™ SYBR kit (Bioline, Luckenwalde, Germany) or Taqman(Eurogentech, Maastricht, The Netherlands) and a 7900HT Real-Time RT-PCRsequence detection system (Applied Biosystems, Bleiswijk, The Netherlands) with 45cycles of 10 min 95°C, 15 sec at 95°C, and 25 sec at 60°C following with a dissociationstage (SYBR kit) or or with 40 cycles of 10 min at 95 °C, 15 s at 95 °C and 1 min at 60 °C(TaqMan).Gene expression was quantified using Ct values of the genes in the SDS 2.3software program (Applied Biosystems). mRNA expression in murine lung slices wasnormalized against 18s as housekeeping gene, while human lung slices werenormalized against GAPDH as housekeeping gene. Gene expression is shown as the foldinduction (2-ΔCt) in graphs. All primers, as listed in Table 1, were obtained from Sigma-Aldrich (Zwijndrecht, The Netherlands).
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Table 1. Sequences of primers
Primer Forward sequence Reverse sequence Probe

Murine18s CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTACol1α1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCTFn1 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGAPAI-1 GCCAGATTTATCATCAATGACTGGG GGAGAGGTGCACATCTTTCTCAAAGOPG ACAGTTTGCCTGGGACCAAA CTGTGGTGAGGTTCGAGTGGTGFβ AGGGCTACCATGCCAACTTC GTTGGACAACTGCTCCACCTIL13Rα2 TGAAAGTGAAGACCTATGCTTT GACAAACTGGTACTATGAAAAT
HumanGAPDH ACCAGGGCTGCTTTTAACTCT GGTGCCATGGAATTTGCC TGCCATCAATGACCCCTTCACol1α1 CAATCACCTGCGTACAGAACGCC CGGCAGGGCTCGGGTTTC CAGGTACCATGACCGAGACGTGFn1 AGGCTTGAACCAACCTACGGATGA GCCTAAGCACTGGCACAACAGTTT ATGCCGTTGGAGATGAGTGGGAAPAI-1 CACGAGTCTTTCAGACCAAG AGGCAAATGTCTTCTCTTCCOPG CCTGGCACCAAAGTAAACGC TGCTCGAAGGTGAGGTTAGC

StatisticsResults are presented as box-and-whisker plots using the median and min/maxwhiskers including individual data points or as aligned before-after plots. All resultsobtained from more than 8 individual experiments were analyzed for its normality byusing D’Agostino & Pearson omnibus normality test. Datasets that did not have anormal distribution were log-transformed to obtain normality and if data were still notnormally distributed then nonparametric tests were used. All results that werenormally distributed, were analyzed by using a paired or unpaired Student’s t-test. Allresults that were not normally distributed or obtained from less than 8 individualexperiments were analyzed by Wilcoxon or Mann Whitney test for paired or unpaireddata, respectively. When comparing multiple groups, a parametric one-way ANOVAwith Holm-Sidak correction or non-parametric paired Friedman with Dunn’scorrection was performed depending on normality of the data. Correlations wereassessed by calculating the Pearson correlation coefficient. A p-value lower than 0.05(p<0.05) was considered as significant.
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RESULTS

More osteoprotegerin as well as other fibrosis-associated markerswere higher

after TGFβ1 stimulation as compared to controlTo study early onset of fibrosis development, we incubated murine lung sliceswith and without TGFβ1 and quantified mRNA expressions levels of several fibrosismarkers after 48 hours of incubation. We found that OPG mRNA levels in murine lungslices (Figure 1a) were significantly higher after 48 hours of incubation, which wasaccompanied by higher Col1α1 (Figure 1c) and Fn1 (Figure 1d) mRNA levels.Furthermore, incubation of slices with TGFβ1 resulted in an even higher OPG mRNAlevel (Figure 1a) and protein excretion (Figure 1b) and corresponded withsignificantly higher expression of Fn1 (Figure 1d) and PAI-1 (Figure 1e).
Osteoprotegerin exhibits a more sensitive response towards IL-13 stimulation in

murine lung slices than other fibrosis markersIn addition to TGFβ1, we also investigated the effect of IL-13, anotherprofibrotic cytokine, on murine lung slices. As depicted in Figure 2a and b, OPG mRNAand protein levels were higher after IL-13 stimulation as compared to untreated lungslices, similar to the effect of TGFβ1 on murine lung slices. IL-13 did not induceexpression of the three other fibrosis markers tested in this study, i.e. Col1α1, Fn1 andPAI-1 (Figures 2c, d, e).
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Figure 1. Responses of murine lung slices to incubation and treatment with TGFβ1. Osteoprotegerin(OPG) mRNA expression was significantly higher after 48 hours of incubation than freshly cut slices andexpressed at even higher levels with TGFβ1 treatment (a), and this was accompanied by higher OPGprotein excretion (b). Collagen 1α1 (Col1α1) mRNA expression was significantly higher after 48 hoursof incubation as compared to freshly cut slices and showed no extra response towards TGFβ1 treatment(c). The mRNA expression of fibronectin (Fn1) was significantly higher after 48 hours of incubation thanfreshly cut slices and even higher with TGFβ1 treatment (Figure 1d). Plasminogen activator inhibitor-1(PAI-1) expression was not higher after 48 hours of incubation, but significantly higher with TGFβ1stimulation (Figure 1e). Groups were compared using a one-way ANOVA with Holm-Sidak correction formultiple testing, p<0.05 was considered significant.
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Figure 2. Responses of murine lung slices to treatment with IL-13. Osteoprotegerin (OPG) mRNA (a) andprotein expression (b) were significantly (or near-significantly) higher after IL-13 stimulation. IL-13 didnot induce expressions of collagen 1a1 (Col1α1, c), fibronectin (Fn1, d) or plasminogen activatorinhibitor-1 (PAI-1, e) mRNA. Groups were compared using a paired Wilcoxon test, p<0.05 wasconsidered significant.
To investigate the mechanism behind IL13-stimulated OPG production, we alsomeasured mRNA expression of TGFβ and interleukin 13 receptor alpha 2 (IL13Rα2) inIL-13 stimulated murine lung slices. We found that IL-13 did not lead to higher TGFβmRNA expression (Figure 3a), but did significantly induce IL13Rα2 mRNA expression(Figure 3b). We further treated IL13-stimulated murine lung slices with galunisertib,an inhibitor of TGFβ receptor 1 kinase, and measured OPG mRNA expression and OPGprotein excretion. As depicted in Figure 3c and Figure 3d, galunisertib treatment
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resulted in significantly lower OPG mRNA expression and induced a trend towardslower OPG protein excretion by IL13-stimulated murine lung slices.

Figure 3. Responses of murine lung slices to IL-13 stimulation and galunisertib treatment. IL-13 did notlead to higher TGFβ mRNA expression (a) but did result in significantly higher interleukin 13 receptoralpha 2 mRNA expression (IL13Rα2) (b). Galunisertib treatment of IL13-stimulated murine lung slicesresulted in significantly lower osteoprotegerin (OPG) mRNA expression (c) and a trend towards lowerOPG protein excretion (d) compared to IL-13 stimulation alone. Groups were compared using aWilcoxon test, p<0.05 was considered significant.
Osteoprotegerin expression strongly correlates with Fn1 and PAI-1 expression in

TGFβ1-stimulated murine lung slices and less so in IL-13-stimulated slicesTo investigate whether or not expression of OPG correlates with other fibrosismarkers, we compared OPG mRNA expression with mRNA expressions of each of theother fibrosis marker from the same experiments. We also compared OPG mRNAexpression with the OPG released in the medium from the same experiments to analyzethe correlation between mRNA and protein expression.For TGFβ1-stimulated lung slices, there were strong positive correlationsbetween OPG mRNA expression and secreted OPG protein in slice medium (Figure 4a),Fn1 mRNA expression (Figure 4e) and PAI-1 mRNA expressions (Figure 4g), but notwith Col1α1 mRNA expression (Figure 4c).
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Figure 4. Correlations of OPG mRNA expression with OPG protein excretion and with the expression ofother fibrosis markers (Col1α1, Fn1, and PAI-1) in murine lung slices stimulated with TGFβ1 (a, c, e, g)and IL-13 (b, d, f, h). Correlations were tested using a Pearson test and presented as log data. p<0.05 wasconsidered significant
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For IL-13-stimulated lung slices, OPG mRNA expression only showed a trendtowards a positive correlation with PAI-1 mRNA expression (Figure 4h) and asignificant positive correlation with OPG secretion in slice medium (Figure 4a).
More osteoprotegerin was released from human fibrotic lung than from slices of

control lung tissueSimilar to our findings in murine lung slices, more OPG was released fromcontrol human lung slices that were incubated with TGFβ1 for 48 hours than fromuntreated slices (Figure 5a). In addition, slices made from fibrotic human tissuereleased more OPG in during 48 hours of incubation than slices made from control lungtissue (Figure 5b). We also checked whether or not expression of OPG mRNAcorrelated with expression of fibrosis markers Col1α1, Fn1, and PAI-1 and found onlya trend towards a positive correlation with Col1α1 (r=0.51, p=0.09) and Fn1expression (r=0.53, p=0.07) (data in supplementary data Figures 1a-d).

Figure 5. More osteoprotegerin was released from TGFβ1-stimulated human control lung slices thanfrom the unstimulated slices, n=1 (a). After 48 hours of incubation, human fibrotic lung slices releasedmore OPG than the human control lung slices (b).
Osteoprotegerin release responds to antifibrotic treatment in murine and human

fibrotic lung slicesWe investigated whether OPG release would be affected by treatment withpirfenidone or nintedanib using TGFβ1-stimulated murine lung slices and humanfibrotic lung slices, respectively. Incubating human fibrotic lung slices with 2.5 mMpirfenidone or murine lung slices with 0.5 µM nintedanib, did not affect the viability ofslices (no changes in ATP content with treatment, data not shown). However, in the
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case of murine lung slices, treatment with 2.5 mM pirfenidone resulted in a significantloss of viability (data not shown). Therefore, for murine lung slices we used pirfenidoneat a concentration of 1 mM, which did not result in significantly lower viability scores.Treatment of TGFβ-stimulated murine lung slices with 1 mM pirfenidoneresulted in a trend towards lower OPG levels in culture medium (Figure 6a). Similarto murine slices, treatment of human fibrotic lung slices with 2.5 mM pirfenidone alsoresulted in a trend towards lower OPG protein excretion into culture medium (Figure

6b). Lower levels of OPG protein excretion from pirfenidone-treated murine lungslices were not accompanied by lower levels of Col1α1 or Fn1 mRNA expression(Figures 6c, 6e), but was accompanied by a trend towards lower mRNA expression ofPAI-1 as compared to lung slices only stimulated with TGFβ1 (Figure 6g). In contrast,lower OPG protein excretion from pirfenidone-treated human lung slices was notaccompanied by lower mRNA expressions of Col1α1, Fn1, and PAI-1 as compared tountreated slices (Figures 6d, 6f, 6h).Similar to the effects of pirfenidone, nintedanib treatment of TGFβ-stimulatedmurine lung slices also resulted in lower OPG mRNA expression (Figure 7a) OPGprotein excretion (Figure 7b) albeit not significantly due to the low number ofreplicates. These lower levels of OPG mRNA and protein excretion after nintedanibtreatment were accompanied by lower mRNA expression of Fn1 (Figure 7d), but notCol1α1 (Figure 7c) and PAI-1 (Figure 7e).
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Figure 6. Effect of pirfenidone on OPG protein excretion and several fibrosis-associated markers inTGFβ1-stimulated murine and human fibrotic lung slices. Pirfenidone treatment resulted in (near-)significant lower OPG secretion from TGFβ1-stimulated murine lung slices (a) and from human fibroticlung slices (b). Pirfenidone treatment of TGFβ1-stimulated murine lung slices did not affect Col1α1 (c),or Fn1 (e) mRNA but did result in a trend towards lower PAI-1 mRNA (g). Pirfenidone treatment ofhuman fibrotic lung slices did not affect these fibrosis-associated markers significantly. Groups werecompared using a paired Wilcoxon test, p<0.05 was considered significant.
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Figure 7. Effects of nintedanib on TGFβ1-stimulated murine lung slices. Nintedanib treatment of TGFβ1-stimulated murine lung slices resulted in trends towards lower mRNA expression of OPG (a) and Fn1(d), lower OPG protein secretion (b), and exhibited no effects on mRNA expression of Col1α1 (c) andPAI-1 (e). Groups were compared using a Wilcoxon test, p<0.05 was considered significant.
DISCUSSIONOur study has shown that the slicing procedure itself triggers a repair orregenerative response, which was indicated by higher Col1α1 and Fn1 mRNAexpressions and was accompanied by higher production of OPG. In addition, promotingfibrosis by incubating with TGFβ1 aggravates this repair response with even higherproduction of OPG. These data suggest that OPG is part of normal wound repair and
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also tracks with ‘wound repair gone wrong’ when developing into fibrosis.Interestingly, OPG expression also responded to pirfenidone and nintedanib treatment(the two antifibrotic drugs currently on the market for treatment of IPF), even whenother fibrosis-associated markers did not respond (yet), making it a potential sensitivesurrogate marker for treatment effect.OPG was initially studied for its role in bone turnover in which it prevents boneresorption and stimulates production of extracellular matrix in cartilage21. However,in recent years, an increasing number of studies have shown correlations between OPGand several fibrotic conditions including liver, vascular, cardiac, kidney and intestinalfibrosis 22-299,22–29. This study, and our own previous study 9, have now shown this alsoappears the case for wound healing and fibrosis in lung tissue. How OPG actuallyinfluences wound repair and fibrosis is still an open question, but a study by Hao et al.suggests an interaction between TRAIL, OPG, and collagen-producing cells 30. UsingOPG -/- mice, they showed activation of matrix metalloproteinases without acompensatory increase in collagen synthesis leading to lower collagen deposition inheart tissue and development of left ventricle dilatation. This was accompanied byincreased expression of TRAIL and a higher level of apoptosis in heart tissue,suggesting an association between TRAIL, OPG, and collagen-producing cells inphysiological tissue remodeling. We have previously shown fibroblasts andmyofibroblasts to be important producers of OPG 9,12 and these cells are also key cellsin collagen production 31,32. Combined these findings indicate that OPG may protect(myo)fibroblasts from TRAIL-induced apoptosis and can thereby contribute to bothphysiological wound healing and fibrosis.Interestingly, there appears to be no direct interaction of OPG with collagenproduction as OPG mRNA expression did not correlate with Col1α1 mRNA expression,while it did correlate with Fn1 and PAI-1. Little is known about interactions betweenFn1, PAI-1 and OPG, however, a study by Vial et al showed that PAI-1 stimulates Fn1matrix assembly by disrupting the interaction between αvβ5 and vitronectin that thenstimulates activation of α5β1 integrin, which increases the rate of Fn1polymerization33. OPG has been shown to bind to αv integrins as well and maytherefore have a stimulating effect on these interactions 34.
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As we have shown before, OPG expression in lung tissue is clearly controlled byTGFβ, the master regulator of fibrotic responses 9,12,23. To get more insight into theregulation of OPG expression, we also studied the effect of IL-13, a fibrosis-associatedcytokine, on murine lung slices. Previous studies have shown that IL-13 plays animportant role in the development of lung fibrosis 35–37. However, unlike TGFβ1, IL-13stimulation of murine lung slices did not induce mRNA expression of Col1α1, Fn1 andPAI-1, while it did induce production of OPG mRNA and protein. This inductionappeared to be solely dependent on TGFβ1 as co-treatment with galunisertib, a TGFβreceptor-I kinase inhibitor, could completely block the OPG-inducing effect of IL-13.Our previous studies in liver have shown that IL-13 can induce OPG through IL-13receptor α2 (IL13Rα2)-induced TGFβ production 12. In these lung studies we did findhigher expression of IL13Rα2 after treatment with IL-13, but not a concomitantincrease in TGFβ expression, which is in contrast with the clear inhibitory effect ofgalunisertib on IL-13-induced OPG production. This may be caused by a difference inkinetics of the different mRNA transcripts studied as we did find a trend towards acorrelation between PAI-1 and OPG mRNA expression after IL-13 stimulation.Importantly, we found that OPG was also released by human lung slices. Bothslices from lung tissue of a patient with normal lung function as well as slices from lungtissue of patients with lung fibrosis secreted OPG, with the latter releasing far higheramounts of it than slices of control lung tissue. The OPG production by control lungtissue could also be increased by stimulating with TGFβ1, suggesting similar pathwaysin mice and men. Due to limited availability of lung tissue from patients with normallung function, we only obtained one sample for this study and these studies shouldtherefore be extended for definite conclusions. Our results, however, do confirm thepossibility of studying OPG as a marker of lung fibrosis in a clinical setting. Theadvantage of using OPG as marker of remodeling and fibrosis over other extracellularmatrix proteins is that OPG is a soluble protein that can easily be measured in blood orculture media. Our results show a strong correlation between mRNA and protein levelsof OPG. Higher OPG mRNA expression was always accompanied by higher OPGreleased from lung tissue slices. Serum OPG could therefore mirror what happens inlung tissue and should be investigated as a marker for lung fibrosis or for progressionof fibrotic disease in clinical practice.



Osteoprotegerin is an early marker of the fibrotic process and
of antifibrotic treatment responses in ex vivo lung fibrosis

103

In the interest of clinical applicability of OPG as a marker for treatment effects,we further investigated whether OPG production is affected by treatment withantifibrotic drugs. Pirfenidone and nintedanib were used in this study since they havebeen proven to slow down lung function decline due to fibrosis and were thusapproved by the FDA for IPF treatment 6–8. We found that OPG mRNA and proteinproduction were indeed inhibited by both drugs in TGFβ1-stimulated murine andfibrotic human lung slices, even though expressions of fibrosis-associated ECMmarkers were not (yet) affected. The reason for this discrepancy is unclear but may berelated to different kinetics of mRNA transcripts. The half-life of OPG mRNA wasdescribed to be around 4 hours 38, whereas Col1a1 mRNA was shown to have a half-life between 12-24 hours depending on the type of fibroblast studied39. As many in

vitro, in vivo, and clinical studies have shown pirfenidone and nintendanib can inhibitextracellular matrix production 40–46, our results reinforce the notion that OPG may bean early marker of treatment effect as OPG production was already inhibited beforeother markers are affected both in experimental early and late fibrotic disease.
CONCLUSIONOPG seems to be part of normal wound repair and also tracks with ‘wound repairgone wrong’ when developing into fibrosis. Its expression closely correlates with Fn1and PAI-1 mRNA suggesting interactions between these genes during fibrogenesis. AsOPG can easily be measured in serum it is an interesting candidate to furtherinvestigate as a potential biomarker for fibrotic disorders of the lung. OPG expressionalso responds to pirfenidone and nintedanib, therefore also making it a potentialsurrogate marker for treatment effect.
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SUPPLEMENTARY DATA

Supplemental Figure 1. Correlations of OPG mRNA expression with the expression of other fibrosismarkers: Col1α1 (a), Fn1 (b), PAI-1 (c) in fibrotic human lung slices. Correlations were tested using aPearson test and presented as log data. p<0.05 was considered significant
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