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ABSTRACTFibrosis is a chronic disease that is characterized by excessive extracellular matrixdeposition and is usually only detected at a late stage when the organ is alreadyseverely damaged. Therefore, it is highly important to have reliable and easy-to-assessearly biomarkers. Osteoprotegerin (OPG) has been postulated to be a serum marker ofadvanced fibrosis in lung, liver and kidney. Little is known about the regulation of OPGin early fibrosis in these organs and its response to treatment.Therefore, we aimed at studying expression and production of OPG in early- and late-stage fibrosis in various organs and its response to treatment with an antifibrotic drugusing murine and human precision-cut tissue slices.Tissue slices of murine lung, liver, kidney and colon were incubated with and withoutTGFβ1 and/or galunisertib, a TGFβ receptor 1 kinase inhibitor, to study OPGproduction and expression in relation to fibrotic responses. OPG levels were measuredin plasma of mice with unilateral ureteral obstruction (UUO) and in mice deficient forMDR2, and slices of UUO-kidney and MDR2-/- -liver were treated with galunisertib.OPG levels were also measured in incubation medium of healthy and fibrotic humanlung, liver and kidney slices, as well as in incubation medium of galunisertib-treatedhuman tissue slices.Murine lung, liver, kidney and colon tissue slices all expressed OPG mRNA and this washigher after 48 h of incubation than directly after slicing. TGFβ1 treatment resulted inmore OPG mRNA expression in all organs and more OPG production in lung, liver andkidney but not colon slices as compared to untreated slices. This higher OPGproduction could be inhibited with galunisertib in all organ slices. OPG plasma levelswere higher in UUO and MDR2-/- mice than in control mice. OPG protein levels werelower after galunisertib treatment of both UUO fibrotic kidney and MDR2-/- fibroticliver slices. More OPG was also secreted from human fibrotic tissue slices than fromcontrols, and galunisertib-treated human fibrotic tissue slices released less OPG thanuntreated slices. These results indicate that OPG production is upregulated both inearly- and late-stage fibrosis and is responsive to TGFβ1-inhibition treatment offibrosis. The next steps should include testing OPG as a blood-based biomarker forearly-onset organ fibrosis and/or as a marker of treatment effect in patients.
Keywords: early-stage fibrosis, osteoprotegerin, marker, precision-cut tissue slices
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INTRODUCTIONFibrosis is characterized by excessive deposition of extracellular matrix (ECM)in tissue, leading to organ malfunction and even death1. To date, besidestransplantation, there are only few therapies to slow the fibrotic process and nopossibilities to stop or reverse fibrosis2–5.One of the challenges in treating and studying chronic diseases such as fibrosisis the lack of suitable (early) diagnostic methods and markers to detect the slow andlong-term progression of this disease. Therefore, most fibrotic conditions in patientsare detected at a late-stage when the organ is already severely damaged. Until nowbiopsies and/or high resolution computed tomography are the only reliable diagnosticmethods to accurately stage organ fibrosis6. However, these have a high burden and ittherefore important to have reliable and easy-to-assess biomarkers to detect organfibrosis preferably also in an earlier stage.Osteoprotegerin (OPG) is a secreted protein that belongs to the tumor necrosisfactor (TNF) receptor superfamily and is expressed in various organs. It functions as adecoy receptor for several ligands including nuclear factor B ligand (RANKL), TNF-related apoptosis-inducing ligand (TRAIL), heparin, and glycosaminoglycan7–9. OPG isbest known for its regulation of bone extracellular matrix10. However, our recentstudies showed that OPG levels in fibrotic lung11 and cirrhotic liver tissue12 weresignificantly higher than in control lung and liver tissue, respectively. OPG has alsobeen found to be associated with chronic kidney disease in hypertensive patients andwith kidney damage13. Another study has shown that OPG is overexpressed by colonicepithelium during active colonic inflammatory bowel disease14, which is of interestbecause inflammation appears to be the central driving force behind colonic fibrosis15.These results suggested that OPG is linked to fibrosis in multiple organs.OPG is a soluble protein and can be detected in blood and urine as was shownin patients with cirrhotic livers16 and chronic kidney disease9,17–19, respectively. OPGserum levels also correlated with the severity of liver and kidney fibrosis. In addition,urinary OPG from chronic kidney disease patients was higher than from healthyvolunteers19. These results support the study of OPG as an easy access biomarker fororgan fibrosis and further studies into the applicability of OPG as a biomarker for organfibrosis seem warranted.
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In this study we, therefore, used murine precision-cut tissue slices of lung, liver,kidney and colon incubated with TGFβ1 to investigate OPG in relation to onset offibrosis in different organs. Furthermore, we used galunisertib, a TGFβ-receptor type Ikinase inhibitor, to investigate OPG as marker of treatment success in both human andmurine slices.
MATERIALS AND METHODS

Animal experimentsMale C57BL/6 mice and FVB mice (both 8-12 weeks old weighing 20 - 30 grams)were obtained from Harlan (Horst, The Netherlands) and Jackson Laboratory (JacksonLaboratory, Bar Harbor, ME, USA), respectively. All mice were housed with permanentaccess to water and food in a temperature-controlled room with a 12 h dark/light cycleregimen. The Institutional Animal Care and Use Committee of the University ofGroningen (DEC6416AA and DEC6427A) and the Animal Ethical Committee of theRhineland Palatinate approved the use of all animals in these studies.To induce kidney fibrosis, C57BL/6 mice were subjected to unilateral ureteralobstruction. Mice were anesthetized with isoflurane/O2 (Nicholas Piramal, London,UK) and the left ureter was ligated. After 3 days, mice were sacrificed and the ligated(UUO) kidney was collected20,21.MDR2-/- mice are genetically modified FVB mice (which were bred inhomozygosity at the Institute of Translational Immunology at Mainz UniversityMedical Center) that spontaneously develop liver fibrosis. These were used to studyOPG in relation to liver fibrosis. Genetically unmodified FVB mice were used ascontrols. Seven days before sacrifice the MDR2-/- mice were injected subcutaneouslywith 500 μl of 20 wt-% control microspheres (prepared from multi-block co-polymers[PCL-PEG-PCL]/[PLLA]) dispersed in 0.4% carboxymethyl cellulose (CMC, Aqualonhigh Mw, Ashland, pH 7.0-7.4) as a control group for another experiment22. Thistreatment was not expected to influence OPG levels.
Murine precision-cut tissue slicesMice were anaesthetized with isoflurane/O2 (Nicholas Piramal, London, UK) andthen sacrificed by exsanguination via the aorta abdominalis. Precision-cut tissue slices
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of the lung, liver, kidney and colon were prepared according to the method of Oenemaet al.23, Westra et al.24, Stribos et al.25 and Iswandana et al.26, respectively. Corepreparation, preservation medium and incubation medium of each organ are describedin Table 1. The tissue and cores of each organ were incubated in preservation mediumbefore the slicing process. Slices were prepared from these cores with a Krumdiecktissue slicer (Alabama Research and Development, USA), which was filled with ice-coldKrebs-Henseleit Buffer supplemented with 25 mM D-glucose (Merck, Darmstadt,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.Immediately after preparation, slices were incubated in 1.3 mL (or 500 μL forcolon) pre-warmed incubation medium (Table 1) in 12-wells plates (or 24-wells platefor colon). Tissue slices were incubated at 37 ⁰C in an incubator (MCO-18M, Sanyo,USA) with an atmosphere of 80% O2 and 5% CO2, which was continuously shaken at aspeed of 90 rpm25. The slices were incubated for 48 h in medium with or without 5ng/mL TGFβ1 and with or without 10 µM galunisertib (Selleckchem, Munich,Germany). Culture medium was refreshed after 24 h. The concentration of TGFβ124,25or galunisertib27 applied in this study has previously been found optimal for inducingfibrosis or inhibiting TGFβ1-induced induction of fibrosis-associated markers26,respectively. After 48 h of incubation, slices were collected, snap frozen into liquidnitrogen and stored at -80 ⁰C until analysis. Incubation medium was collected andstored in -20 ⁰C until analysis.
Human precision-cut tissue slicesThe experimental protocols of human tissues were approved by the MedicalEthical Committee of the University Medical Center Groningen and Erasmus MedicalCenter Rotterdam according to Dutch legislation and the Code of Conduct for dealingresponsibly with human tissue in the context of health research (www.federa.org),refraining the need of written consent for ‘further use’ of coded-anonymous humantissue. The source of human tissue is described in Table 2 and the demographic ofhuman tissue donor is describe in Table 3.
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Table 1. Preparation and incubation conditions for precision-cut tissue slicesof various organs
Organ Core preparation Preservation

Medium Incubation Medium

Lung Lungs were inflated with1.5% (w/v) low-meltingtemperature agarose(Sigma-Aldrich, Steinheim,Germany) in 0.9% NaCl at37 °C, and transferred intoice-cold UW-solution untilsolidified. Cores of inflatedlung were prepared using a5-mm diameter biopsy-punch

Ice-cold University ofWisconsin organpreservation solution(UW-solution)
DMEM + Glutamax mediumcontaining 4.5g/L D-glucoseand pyruvate (Gibco, NewYork, USA) supplementedwith non-essential aminoacid mixture (1:100),penicillin-streptomycin, 45µg/ml gentamycin (Gibco)and 10% fetal calf serum 23

Liver Cores of liver wereprepared using a 5-mmdiameter biopsy-punch Ice-cold UW-solution Williams' Medium E +GlutaMAX (Gibco)supplemented with 14 mMGlucose (Merck, Darmstadt,Germany) and 50 μg/mlgentamycin (Gibco)24
Kidney No core preparation. Wholekidney was directly put incore-holder of Krumdiecktissue slicer

Ice-cold UW-solution William's E medium withGlutaMAX (Gibco)containing 10 μg/mLciprofloxacin and 2.7 g/l D-(+)-Glucose solution(Sigma-Aldrich, SaintLouis)25
Colon Colon was filled with 3%(w/v) agarose in 0.9% NaClat 37 °C and subsequentlyembedded in an ice-cold ofagarose core-embeddingunit. Embedded colon wasdirectly put in core-holderof Krumdieck tissue slicer

Ice-coldsupplemented Krebs-Henseleit Buffersaturated withcarbogen (95%O2/5% CO2) andadjusted to pH 7.4.

Williams' Medium E +GlutaMAX (Gibco)supplemented with 14 mMGlucose (Merck), 50 μg/mlgentamycin (Gibco) and 2.5μg/ml fungizone(amphotericin B; Invitrogen,Scotland)26
Preparation and incubation conditions of human slices were the same asdescribed for murine slices (Table 1). Before the preparation of human slices, the lung,liver and kidney tissue were incubated in ice-cold University of Wisconsin organpreservation solution (UW-solution) while ileum was preserved in ice-coldsupplemented Krebs-Henseleit Buffer at pH 7.4. Healthy human lung was inflated with3% (w/v) low-melting temperature agarose (Sigma-Aldrich, Steinheim, Germany) in0.9% NaCl before the core was prepared, while from the fibrotic human lung, coreswere punched without the inflating step. Cores of the human lung, liver and kidney
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were made by using a 5-mm diameter biopsy-punch. Human ileum was cleaned byflushing Krebs-Henseleit Buffer through the lumen and the muscle layer was removedbefore cores were prepared using 3 % (w/v) agarose in 0.9 % NaCl at 37°C andembedded in an agarose core-embedding unit.
Table 2. The surgical waste material source of human tissue for precision-cut tissueslices of various organs

Organ Fibrotic tissue Control tissueLung Explanted end-stage fibroticlung Unaffected part of surgical resectionfor suspected carcinomaLiver Explanted cirrhotic liver Surgical excess material from thereduced-size donor liver fortransplantationKidney Explanted fibrotic kidneys Unaffected part of kidney of anexplanted kidneysIleum Fibrotic part from ileocecalresection procedure Unaffected part of ileum fromileocecal resection procedure
Table 3. Demographic of human tissue donor

Organ Information Fibrotic tissue Control tissueLung Gender 5 males, 1 female maleAge 57 – 64 years old unknownReason of surgicalprocedure Idiophatic pulmonaryfibrosis; fibrotic nonspecificinterstitial pneumonia Lung carcinoma
Kidney Gender 3 females, 1 male 4 malesAge 27 – 43 years old 56 – 80 years oldNephrectomy side 2 right, 2 left side 3 right, 1 left sideCreatinine beforenephrectomy(μmol/L) 124 – 627 81 - 100

Reason of surgicalprocedure Rejected afunctional kidney Renal cell carcinomaIleum Gender 3 females 3 femalesAge 32 – 64 years old 32 – 64 years oldReason of surgicalprocedure Colitis (stenosis) Colitis (stenosis)
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ELISA Murine and human OPG levels in slice incubation medium and mouse plasmawere measured using ELISA (cat #DY459 (mouse), cat #DY805 (human), R&DSystems) according to the instructions provided by the manufacturer. Total OPG in themedium was corrected for the protein content of the slices, which was measured byLowry (BIO-rad RC DC Protein Assay, 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). Conversion of RNA intocDNA 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). For murine slices, transcription levels of OPG and fibrosis-associatedmarkers collagen 1α1 (Col1α1), α-smooth muscle actin (αSMA), fibronectin (Fn1),plasminogen activator inhibitor-1 (PAI-1) were measured by using a SensiMix™ SYBRkit (Bioline, Taunton, MA) and the 7900HT Real-Time RT-PCR sequence detectionsystem (Applied Biosystems, Bleiswijk, The Netherlands) with 45 cycles of 10 min 95°C, 15 sec at 95 °C, and 25 sec at 60 °C following with a dissociation stage.

Table 4. Mouse primers of fibrosis-associated  markers
Primer Forward sequence Reverse sequence18s CTTAGAGGGACAAGTGGCG ACGCTGAGCCAGTCAGTGTAGAPDH ACAGTCCATGCCATCACTGC GATCCACGACGGACACATTGβ-actin ATCGTGCGTGACATCAAAGA ATGCCACAGGATTCCATACCCol1α1 TGACTGGAAGAGCGGAGAGT ATCCATCGGTCATGCTCTCTαSMA ACTACTGCCGAGCGTGAGAT CCAATGAAAGATGGCTGGAAFn1 CGGAGAGAGTGCCCCTACTA CGATATTGGTGAATCGCAGAPAI-1 GCCAGATTTATCATCAATGACTGGG GGAGAGGTGCACATCTTTCTCAAAGOPG ACAGTTTGCCTGGGACCAAA CTGTGGTGAGGTTCGAGTGG

Output data were analyzed using SDS 2.3 software (Applied Biosystems) and Ctvalues were normalized to housekeeping gene 18s RNA (lung and kidney), β-actin(liver), and GAPDH (colon) and relative gene expression was calculated as 2-ΔCt. In the
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graphs comparing expression levels of OPG in the different organs we used 2-Ct of OPGand did not correct for housekeeping gene levels. All primers were obtained fromSigma-Aldrich (Zwijndrecht, The Netherlands), and are listed in Table 4.
StatisticsStatistics were performed using GraphPad Prism 6. Groups were comparedusing unpaired Mann Whitney U or paired Wilcoxon test. Multiple groups werecompared by a non-parametric paired Friedman or unpaired Kruskal-Wallis test withDunn’s correction. Correlations were assessed by calculating the Spearman correlationcoefficient. P<0.05 was considered significant. Data are presented as box-and-whiskerplots using the median and min/max whiskers including individual data points or asaligned before-after plots.
RESULTSTo study regulation of OPG in early fibrogenesis in different organs, weincubated mouse tissue slices for 48 h with and without TGFβ1 and quantified OPGmRNA and protein levels before and after incubation. First we compared basal OPGmRNA expression levels in the different organs at the start of incubation (0 h). Liverand kidney slices expressed the lowest amount of OPG mRNA, while lung and colonexpressed more (Figure 1).

Figure 1. OPG mRNA expression levels in lung, liver, kidney and colon slices at time t=0 h (n=4). mRNAlevel is expressed as 2-Ct. Groups were compared using a Kruskal-Wallis test with Dunn’s correction formultiple testing, p<0.05 was considered significant.



Chapter 4

116

After 48 h of incubation, mRNA expression levels of OPG in all organ slicesshowed a clear trend towards higher levels than at 0 h in all experiments. Due to thelow number (n=4) of replicates these differences were not significant. (Figure 2).

Figure 2. OPG mRNA expression levels in mouse lung (a), liver (b), kidney (c), and colon (d) slices at thestart of incubation and after 48 h of incubation. Groups were compared using a Wilcoxon test, p<0.05was considered significant.
OPG mRNA expression at 48 h of incubation (Figure 3a) was accompanied bydetectable OPG excretion in culture medium of all types of tissue (Figure 3b). Thisexcretion correlated well with the OPG mRNA expression levels in these organs(Spearman r= 0.74, p<0.0001, Figure 3c). As found for the 0 h time point, liver andkidney slices expressed the lowest amount of OPG mRNA and protein, with more beingproduced by lung and colon slices.
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Figure 3. OPG mRNA expression in mouse lung, liver, kidney, and colon slices after 48 h of incubation.mRNA level is expressed as 2-Ct (a). OPG protein release from mouse lung, liver, kidney, and colon slicesinto incubation medium after 48 h of incubation (b). OPG mRNA and protein production correlate wellwhen all organs were combined (Spearman r = 0.74 and p < 0.0001) (c). Groups were compared using aKruskal-Wallis test with Dunn’s correction for multiple testing. Correlation was tested using a Spearmantest. p<0.05 was considered significant.
We subsequently induced the onset of fibrosis in these murine organ slices byadding profibrotic stimulus of TGFβ1 during incubation, which resulted in higherexpression of OPG mRNA in lung, liver, kidney and colon slices than in the control slices(Figures 4a, 4c, 4e, 4g). This higher mRNA expression after TGFβ1 treatment wasmatched with higher OPG protein excretion by lung, liver and kidney slices (Figures

4b, 4d, 4f). Due to the low n of the experiments for lung, kidney and colon thisdifference was not significant, but all experiments showed the similar trend of moreOPG after TGFβ1. In addition to OPG mRNA expression and protein excretion, severalfibrosis-associated markers such as Fn1 and PAI-1 were also expressed at higher levelsin TGFβ1-stimulated lung (Figures 5c, 5d), liver (Figures 5g, 5h) and kidney slices(Figures 5k, 5l). Col1α1 mRNA expression was relatively higher in TGFβ1-stimulated
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lung and liver slices (Figures 5a, 5e), while αSMA was only higher in TGFβ1-stimulated kidney slices (Figure 5j). However, TGFβ1 treatment of colon slices onlyresulted in trend towards higher expression of Col1α1 and PAI1 mRNA (Figure 5m,

5p).

Figure 4. OPG mRNA expression in and OPG released by precision-cut slices from lung (a, b), liver (c, d),kidney (e, f) and colon (g, h) slices with or without TGFβ1 treatment. Groups were compared using aWilcoxon test, p<0.05 was considered significant.
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Figure 5. mRNA levels of fibrosis-associated markers Col1α1, αSMA, Fn1, and PAI-1 expressed in lung(a-d), liver (e-h), kidney (i-l) and colon (m-p) with or without TGFβ1. Groups were compared using aWilcoxon test, p<0.05 was considered significant.
To investigate if higher or lower OPG mRNA expression was associated withhigher or lower expression of fibrosis-associated markers, correlations werecalculated using combined results from the multiple experiments on lung, liver, kidneyand colon slices. As depicted in Figure 6, OPG mRNA expression correlatedsignificantly with fibrosis-associated markers Col1α1, αSMA, Fn1, and PAI-1. Inaddition, OPG protein excretion from those organs also significantly correlated withαSMA, Fn1, and PAI-1, but not with Col1α1.To further investigate whether or not these correlations were similar for eachtype of organ, we also investigated correlations of OPG mRNA expression and fibrosis-associated markers per organ. Table 5 and Supplemental Figure 1 show that, inmouse lung slices OPG mRNA expression was only significantly correlated with Fn1and PAI-1 mRNA expression but not with Col1α1 and αSMA mRNA expression.  In liverand kidney slices, OPG mRNA expression was significantly correlated with mRNAexpression of all fibrosis-associated markers (Col1α1, αSMA, Fn1, and PAI-1) (Table 5,

Supplemental Figure 2 and Supplemental Figure 3). In colon slices, OPG mRNAexpression was significantly correlated with PAI-1 mRNA expression only and not withCol1α1, aSMA, and Fn1 mRNA expression. (Table 5, Supplemental Figure 4).
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Figure 6. Correlations between mRNA level (2-Ct) of OPG and fibrosis-associated markers expression ofCol1α1 (a), αSMA (c), Fn1 (e), PAI-1 (g) in tissue slices of lung, liver, kidney and colon. Correlationsbetween OPG protein excretion and fibrosis-associated markers expression of Col1α1 (b), αSMA (d), Fn1(f), PAI-1 (h) in tissue slices of lung, liver, kidney and colon. Correlations were tested using a Spearmantest and presented as log data. p<0.05 was considered significant.
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Table 5. Correlation between OPG mRNA expression from tissue slices withfibrosis-associated markers in various organs
Organs Fibrosis-

associated
markers

mRNA OPG expression
Spearman
correlation
coefficient (r)

Correlation
p-value

Lung Col1α1 0.24 0.36αSMA -0.33 0.21
Fn1 0.81 0.0002
PAI1 0.78 0.0006

Liver Col1α1 0.75 < 0.0001
αSMA 0.64 0.0002
Fn1 0.61 0.0006
PAI1 0.65 0.0002

Kidney Col1α1 0.92 < 0.0001
αSMA 0.71 0.003
Fn1 0.93 < 0.0001
PAI1 0.94 < 0.0001

Colon Col1α1 0.17 0.59αSMA - 0.52 0.16Fn1 0.43 0.17
PAI1 0.91 0.0001

To investigate whether or not antifibrotic treatment is accompanied by a lowerOPG mRNA expression and protein excretion, we treated TGFβ1-induced early fibrosisin tissue slices with galunisertib, a TGFβ-receptor type I kinase inhibitor. Galunisertibmitigated the effects of TGFβ1 in liver, lung and kidney for most fibrosis-associatedgenes, although the inhibitory effect on αSMA mRNA expression seemed lesspronounced (Figure 7). Inhibition of TGFβ1-induced early fibrogenesis wasaccompanied by lower mRNA expression of OPG and lower excretion of OPG in mediumof lung, liver, and kidney slices (Figure 8). We did not use colon slices for thisexperiment since TGFβ1 treatment did not induce clear OPG release nor expression ofother fibrosis-associated markers in colon slices. This decision was supported by otherexperiments from our lab that showed that TGFβ1 treatment did not consistentlystimulate expression of fibrosis-associated mRNA markers in mouse colon slices27.
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Figure 7. OPG mRNA in and protein excretion from lung (a, b), liver (c, d) and kidney (e, f) slices afterincubation with TGFβ1, with or without 10 µM galunisertib. Groups were compared using a Wilcoxontest, p<0.05 was considered significant.
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To translate our results to in vivo situations we also investigated OPG plasmalevels in mice with either kidney or liver fibrosis. Mice that suffered from kidneyfibrosis induced by UUO had higher OPG levels in plasma 3 days after the obstructionthan healthy control mice (Figure 9a). A similar finding was shown for mice deficientin MDR2 that spontaneously develop liver fibrosis. These mice also had higher OPGplasma levels than healthy control mice (Figure 9b).After sacrificing the animals, slices of the UUO-kidneys and MDR2-/--liverswere prepared and they were treated with or without galunisertib for 48 h. As depictedin Figure 9, galunisertib induced clear inhibition of OPG excretion from both UUO-kidney (c) and MDR2-/--liver slices (d).

Figure 9. Plasma OPG levels in healthy control mice and mice with UUO-induced kidney fibrosis (a) andMDR2-/- mice (b). Groups were compared using unpaired Mann-Whitney test, p<0.05 was consideredsignificant. Kidney slices of mice 3 days after being subjected to UUO (c) and liver slices from MDR2-/-mice (d) produce less OPG after slices were treated with 10 μM galunisertib for 48 h. Groups werecompared using a paired Wilcoxon test, p<0.05 was considered significant
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To further investigate if OPG can also be applied as marker to study fibrosis inman, we measured OPG protein excretion from human tissue slices after 48 h ofincubation. We found that more OPG protein was excreted from human fibrotic lungand liver slices (Figures 10a, c) than from the control slices. There was no significantdifference between OPG secretion from human fibrotic and control kidney and ileumslices (Figures 10e, g). Furthermore, we found that human fibrotic lung slices treatedwith galunisertib excreted less OPG than untreated slices (Figure 10b). Surprisingly,we found higher OPG secretion from galunisertib-treated human fibrotic liver slicesthan from untreated slices (Figure 10d). Galunisertib-treated human fibrotic kidneyslices also tended to secrete less OPG than from the untreated kidney slices (Figure

10f). Finally, no significant difference was seen from galunisertib-treated humanfibrotic ileum slices (Figure 10h), as compared to the untreated slices.
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Figure 10. OPG protein excretion from control and fibrotic human lung (a), liver (c) kidney (e) and ileum(g) slices. Galunisertib effect on OPG protein excretion from human fibrotic lung (b), liver (d), kidney (f)ad ileum (h) slices. Groups were compared using unpaired Mann-Whitney (c, e, g) or paired Wilcoxon(b, d, f, h) test for comparing two groups, p<0.05 was considered significant.
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DISCUSSIONOPG was previously only associated with bone disease and its production innonbone-related pathologies was assumed to be a consequence of some feedbackmechanisms from bone29. Recent studies by us and others, however, indicate that it isalso associated with fibrosis of the lung11, liver12,16, kidney17,30 and colon31. Previousstudies in liver and lung and this study comparing various organs, clearly show thateach of the organs investigated can produce OPG itself. In addition, in all organs, exceptmaybe colon, OPG production is responsive to TGFβ1-stimulation and to inhibition ofits signaling, opening avenues for the use of OPG as a biomarker for detection of fibrosisin the early stages, as well as for the efficacy of the fibrosis treatment.We first compared basal gene expression of OPG in different murine organsand found that OPG mRNA is expressed under basal conditions in lung, liver, kidney,and colon, albeit not to the same extent. As we could not use the same housekeepinggene for all organs, these result should be interpreted with caution, even if all organshad the same cDNA concentration during the OPG gene expression measurements. OPGmRNA expression in lung was similar to colon and higher than in liver and kidney. Thereason for this discrepancy is unclear but may be related to the specific functions ofeach tissue, with both lung and colon being exposed to the outside world on a regularbasis, while kidney and liver do not have this direct interaction. This finding may be aclue towards the function of OPG outside bone tissue. With both tissues being moreexposed to external factors and therefore more prone to damage, the level of OPGexpression may be related to the level of repair needed in steady state conditions. Thisidea is reinforced by our findings that OPG expression is strongly dependent onTGFβ110,32, the master regulator of wound healing, and the finding that incubation ofprecision-cut slices from these organs for 48 h also results in higher expression of OPGin all organs. The damage that is inherent to the slicing procedure will induce a repairprocess during incubation, which may lead to the higher expression of OPG.TGFβ1 is not only important in wound healing, it is also the most importantprofibrotic stimulus in the lung10,33, liver24,27,32,34, kidney19,35,36 and colon4,37,38.Therefore, in this study we incubated mouse organ slices with TGFβ1 to alter theprocess of wound healing in these slices towards onset of fibrosis and to study the OPGresponse. As a read-out for fibrosis development we used four markers commonly
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associated with fibrosis: Col1α1, αSMA, Fn1, and PAI-1. Col1α1 is one of the buildingblocks of collagen-1, which is deposited excessively as ECM during fibrosisdevelopment39. αSMA is widely known as a marker for myofibroblasts, the cellsresponsible for collagen and ECM production. Its expression levels therefore are oftenassociates with the number of myofibroblasts present in a tissue and the degree offibrosis40. Fibronectin is an ubiquitous ECM glycoprotein that plays an important roleduring tissue repair by providing a scaffold for collagen fibrils to attach to and formmatrix41–43. Increased Fn1 expression was found during wound healing processes inlung, liver and kidney after injury and its expression increases even further duringpathological fibrosis in these organs43. PAI1 is one of proteins responsible formaintaining a balance between production and degradation of ECM during tissuerepair processes by inhibiting urokinase/tissue type plasminogen activator. PAI1expression is almost undetectable in normal tissues by immunohistochemistry,however, its expression immediately increases during wound healing processes and isexcessively induced during chronic injury44.TGFβ1 treatment indeed resulted in significantly higher gene expression ofmost of these different fibrosis-associated markers in all organs though there weresome individual differences. Overall αSMA was the marker least responsive, which onlyincreased in kidney slices treated with TGFβ1. Sun et al. already showed that αSMAexpression is quite variable in organs exposed to TGFβ145. Many other resident cellscan express αSMA, such as smooth muscle cells around vessels46, pericytes47 and alsoLy6Chi circulating monocytes48, which may dilute the effects of TGFβ1 inducing αSMAexpression in transforming fibroblasts in these organs. Consistent with our previousresults, we also found that TGFβ1 treatment did not convincingly upregulateexpression of several fibrosis-associated markers (notably αSMA and Fn1) in mousecolon slices as compared to the other organs28. The reason for this lack of TGFβ1response is unclear but may be related to the role of the peripheral immune system.Rieder et al. showed that intestinal fibrosis is mainly facilitated by infiltration ofimmune cells unlike other organs in which fibrosis is mainly caused by activation ofresident cells15. Therefore, due to absence of infiltrating peripheral immune cells (e.g.monocytes, T cells, neutrophils) in this ex vivo study, fibrosis may not have developedproperly in colon.
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Interestingly, in all organs taken together for the expression of fibrosis-associated markers, higher expression was also associated with higher OPG mRNAexpression and this correlation did not improve when we left out the colon data. Theseresults suggest that fibrosis is closely associated with OPG in all organs studied, eventhough the individual colon data are not as convincing on their own.Furthermore, in all organs taken together OPG protein excretion after TGFβ1treatment also correlated with expression of the fibrosis-associated markers except forCol1α1. This lack of correlation of Col1α1 and OPG also did not improve when leavingout the colon data. Apparently the cellular pathways from OPG mRNA expression toprotein excretion contain steps that are less associated with Col1α1 mRNA expressionthan with the other markers that we used.When looking at the separate organs for correlations between mRNAexpression of OPG and fibrosis-associated markers, liver and kidney are again clearlydifferent from lung and colon. In lung OPG mRNA expression only correlates with Fn1and PAI1 and in colon only with PAI1. Therefore, PAI1 appears to be the marker bestlinked to OPG expression, closely followed by Fn1, but how these proteins are linkedto OPG is unclear. Further studies are needed to investigate which cellular pathwaysinteract in the production of OPG, Fn1 and PAI1. In colon slices, the higher OPG mRNAexpression was also not convincingly matched with protein excretion. This may beexplained by the fact that control colon slices incubated for 48 h released the highestamount of OPG protein as compared to the other organs and that a further increasewas therefore more difficult to achieve.We also investigated whether OPG can be used as a biomarker to measureantifibrotic treatment efficacy by treating mouse lung, liver and kidney slices withTGFβ1 in combination with galunisertib, a TGFβ-receptor type I kinase inhibitor.Previous studies have shown that galunisertib exhibited potent antifibrotic activityboth in rat and human tissue slices27. In line with these results, this study also showedthat galunisertib successfully downregulated Col1α1, Fn1 and PAI1 expression inmouse lung, liver and kidney slices and this was accompanied by lower OPG mRNA andprotein expression. Interestingly, galunisertib and TGFβ1-treated mouse lung, liverand kidney slices released similar amounts of OPG as untreated control slices, showingthat galunisertib can completely inhibit the effects of TGFβ1. This confirms our
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previous results in which we showed that TGFβ1 is the central regulator of OPGproduction in fibroblasts and liver32.Higher OPG mRNA expression and protein production after only 48 h of TGFβ1induction in the murine lung, liver, kidney and colon slices indicates that OPG rapidlyresponds to the profibrotic stimulation. Therefore, developing OPG as biomarker todetect early-stage fibrosis condition in patients may be beneficial in a clinical setting.Furthermore, our results also suggest that OPG can be used as a marker toscreen candidate antifibrotic drugs. To study the value of OPG as a treatment efficacymarker in more clinically relevant conditions of end-stage fibrosis, we also treatedfibrotic kidney slices and liver slices with galunisertib. These fibrotic organs weretaken from animals treated (UUO) or bred (MDR2-/-) to develop fibrosis49–51.Importantly, this fibrosis development was accompanied by higher levels of plasmaOPG, in both the UUO and MDR2-/- mice than in healthy control mice. These resultsindicate that the OPG level in blood may be a prospective marker to diagnose fibrosis,not only ex vivo, but also in vivo. As was found for the TGFβ1-treated slices, OPGexcretion was also lower from galunisertib-treated fibrotic slices, showing OPG mayact as a biomarker for treatment efficacy in more clinically relevant settings too.Therefore, we also studied OPG release by human organ slice, to investigate if OPGcould be a promising tool to be applied in a clinical setting.Our study showed that OPG excretion is higher from human fibrotic lung andcirrhotic liver slices compared to slices of control tissue. This result is supported byprevious studies which showed that OPG levels in lung tissue of pulmonary fibrosis11and cirrhotic liver patients12,52 were significantly higher than the controls.Surprisingly, we found that OPG was not elevated in the medium of human fibrotickidney slices compared to healthy kidney slices. This result differs from previousstudies which showed that serum OPG levels was significantly higher in patients withchronic kidney disease 53,54. This discrepancy may be an effect of age of the donors.Previous studies have shown that OPG production significantly increased with age55–57. Therefore, it is conceivable that OPG secreted from fibrotic kidney slices, derivedfrom donors aged 27-43 years, was not higher than from control kidney slices, derivedfrom donors aged 56-80 years, (see Table 3).
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Furthermore, our study also showed that in galunisertib-treated human lungand kidney slices tended to release less OPG than untreated slices. This result is also inagreement with previous studies of our group that showed that galunisertibsuccessfully downregulated fibrosis-associated marker in human kidney slices (datanot shown). However, our study also showed that galunisertib-treated human liverslices secreted more OPG than the untreated slices, even though other fibrosis-associated markers were downregulated in these samples27. The reason for thissurprising result is unclear. Since galunisertib is a TGFβ receptor 1 kinase inhibitor, itsfailure to inhibit OPG production in cirrhotic human liver may indicate that TGFβ is notthe only regulator of OPG production in human liver.Furthermore, there was no difference between OPG production in healthy andfibrotic human ileum slices. Galunisertib treatment also showed no response onfibrotic human ileum slices. This result was similar to the result in mouse colon slicesmodel. We speculate that in intestinal fibrosis OPG may be produced by infiltratingimmune cells15. Thus, due to the absence of these cells in this ex vivo study, fibrosis maynot develop in these slices as it would in vivo. In addition, since the muscle layer ofhuman intestines, which contains OPG+-cells, including dendritic cells andmacrophages58,59, was removed before the preparation of slices, less OPG is producedby the human intestinal slices.Based on our results of human tissue slices, we found that OPG may be apromising marker of lung, liver and kidney fibrosis in a clinical setting and itsapplication to assess efficacy of antifibrotic therapy should be further validated.
CONCLUSIONWe have shown that OPG associates with early stages of fibrosis in lung, liverand kidney slices and should be investigated further as a tool to assess fibrosisprogression and to evaluate the effectiveness of antifibrotic therapies. A first stepwould be to investigate levels in patient sera during disease progression and treatmentto reveal its use in clinical practice.
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SUPPLEMENTARY DATA

Supplemental Figure 1. Correlation of gene expression (2−ΔCt) of OPG and Col1α1(a), αSMA (b), Fn1 (c)and PAI1 (d) of mouse lung slices. Correlations were tested using Spearman test on 2−ΔCt and presentedas log(2−ΔCt). p<0.05 was considered significant.

Supplemental Figure 2. Correlation of gene expression (2−ΔCt) of OPG and Col1α1(a), αSMA (b), Fn1 (c)and PAI1 (d) of mouse liver slices. Correlations were tested using Spearman test on 2−ΔCt and presentedas log(2−ΔCt). p<0.05 was considered significant.
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Supplemental Figure 3. Correlation of gene expression (2−ΔCt) of OPG and Col1α1(a), αSMA (c), Fn1 (e)and PAI1 (g) of mouse kidney slices. Correlations were tested using Spearman test on 2−ΔCt andpresented as log(2−ΔCt). p<0.05 was considered significant.

Supplemental Figure 4. Correlation of gene expression (2−ΔCt) of OPG and Col1α1(a), αSMA (b), Fn1 (c)and PAI1 (d) of mouse colon slices. Correlations were tested using Spearman test on 2−ΔCt and presentedas log(2−ΔCt). p<0.05 was considered significant.
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