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Condensed Summary: 
CILP1 is a novel biomarker of RV and LV pathological remodelling that is associated with RV 

maladaptation and ventriculoarterial uncoupling in patients with pulmonary hypertension. 
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ABSTRACT 

The aim of our study was to analyse the protein expression of cartilage intermediate layer protein 1 

(CILP1) in a mouse model of right ventricular (RV) pressure overload and to evaluate CILP1 as a 

biomarker of cardiac remodelling and maladaptive RV function in patients with pulmonary hypertension 

(PH). 

Pulmonary artery banding was performed in 14 mice; another 9 mice underwent sham surgery. CILP1 

protein expression was analysed in all hearts by western blotting and immunostaining. CILP1 serum 

concentrations were measured in 161 patients (97 with adaptive and maladaptive RV pressure overload 

caused by PH; 25 with left ventricular (LV) hypertrophy; 20 with dilative cardiomyopathy (DCM); 19 

controls without LV or RV abnormalities)  

In mice, the amount of RV CILP1 was markedly higher after banding than after sham. Control patients 

had lower CILP1 serum levels than all other groups (p<0.001). CILP1 concentrations were higher in PH 

patients with maladaptive RV function than those with adaptive RV function (p<0.001), LV pressure 

overload (p<0.001), and DCM (p=0.003). CILP1 showed good predictive power for maladaptive RV in 

ROC analysis (AUC 0.79). There was no significant difference between the AUCs of CILP1 and NT-pro-

BNP (AUC 0.82). H gh CILP1 (≥ cut-off value for maladaptive RV of 4373 pg/ml) was associated with 

lower TAPSE/PASP ratios (p<0.001) and higher NT-pro-BNP levels (p<0.001). 

CILP1 is a novel biomarker of RV and LV pathological remodelling that is associated with RV 

maladaptation and ventriculoarterial uncoupling in patients with PH. 

Keywords: CILP1; cardiac remodelling; cardiac fibrosis; pulmonary hypertension; adaptive and 

maladaptive right ventricular pressure overload; biomarker 

  



 

Abbreviations 

BNP  brain natriuretic protein 

CAD  coronary artery disease 

CILP1  collagen intermediate layer protein 1 

DCM               dilated cardiac myopathy 

ECM  extracellular matrix 

LV  left ventricular 

LVEF  left ventricular ejection fraction 

PAPmean mean pulmonary artery pressure 

PASP              systolic pulmonary artery pressure 

PH, PAH pulmonary hypertension, pulmonary arterial hypertension 

RV  right ventricular 

TGF-β  t ansfo m ng g owth facto  β 

TAPSE tricuspid annular plane systolic excursion  



 

INTRODUCTION 

Pulmonary hypertension (PH) leads to pressure overload of the right ventricle (RV), which initially 

causes adaptive RV changes such as increased wall thickness and contractility. However, persistently 

increased afterload results in maladaptive, pathological remodelling, ventriculoarterial uncoupling, and 

right heart failure, changes that are associated with worse outcomes (1). RV failure is one of the strongest 

predictors of mortality in PH (2);  

Hence, it is important to develop diagnostic tools that are able to assess disease severity and detect early 

maladaptive changes in RV function and structure. Several studies have shown that biomarkers such as 

NT-pro-BNP, troponin I, TIMP-1 and -2 and IGFBP-2 are associated with worse prognosis in patients 

with PH (3-5). Additional research is needed to identify new biomarkers that can further improve the 

accuracy of diagnostic work-up. Moreover, there are currently no established biomarkers of pathological 

myocardial remodelling and myocardial fibrosis in particular. 

Ca t  ag   nt  m d at   ay   p ot  n (CILP1)  an antagon st of t ansfo m ng g owth facto  β (TGF- β)   s 

an extracellular matrix (ECM) protein involved in profibrotic signalling in myocardium (6). CILP1 RNA 

expression is up-regulated in animal models of LV pressure overload and LV myocardial infarction and 

CILP1 protein levels were significantly elevated in myocardial tissue of patients with aortic stenosis or 

myocardial infarction (6,7). Interestingly, its expression at the RNA level in mouse models was shown to 

be more pronounced in RV pressure overload than in LV pressure overload (8).  

The aim of this investigation was to analyse the expression of CILP1 under conditions of RV pressure 

overload and to determine its potential as a biomarker of pathological myocardial remodelling and RV 

maladaptation. 

METHODS 

Mouse model of RV pressure overload: pulmonary artery banding (PAB) 



 

All animal experiments in this study were performed with approval of the university ethics committee for 

the care and use of laboratory animals and the local authorities (Regierungspräsidium Giessen). Nine- to 

ten-week-old male C57/Bl6 mice (total of 23) were anesthetized with inhaled 1.5–2.0% isoflurane, 

intubated, and ventilated with oxygen. To induce reproducible pressure overload of the right ventricle, a 

constriction of the proximal pulmonary artery was applied. After upper left-sided thoracotomy, the 

outflow tract of the right heart was exposed, the pulmonary artery was dissected, and a Weck® hemoclip 

(Teleflex incorporated, Wayne, PA, USA) was applied around the pulmonary artery, resulting in its 

constriction. The hemoclip applicator had an adjuster bolt, allowing a precise, defined, partial closure of 

the clip. Mild banding (inner clip area of 1.25 mm²) was performed in 5 mice, another 9 mice underwent 

severe banding (inner clip area of 1.13 mm²), and 9 sham-operated controls underwent thoracotomy 

without banding. All animals were sacrificed 7 days after surgery.  

Protein extraction and western blot analysis 

Proteins from RV tissue were isolated, and western blot analysis was performed according to protocols 

described previously (9). The following antibodies were used for western blotting: CILP1 antibody 

(Biorbyt; catalog no. orb182643), atrial natriuretic peptide (ANP) antibody (Merck; catalog no. AB5490), 

and pan-actin antibody (Cell Signaling; catalog no. 4968). 

Immunofluorescence  

Tissue samples were characterized by hematoxylin and eosin staining (Chroma/Waldeck, Germany) 

according to standard protocols before immunostaining. Samples for fluorescence microscopy were 

processed as previously described (10). The following antibodies were used for immunofluorescence 

staining: rabbit anti-collagen type 1 (Rockland, catalog no. 600-401-103), rabbit anti-collagen type 3 

(Rockland, catalog no. 600-401-105), and CILP antibody (Biorbyt; catalog no. orb182643). 



 

Immunofluorescence was assessed using × 40 Planapo objective (Leica) and a Leica (Leitz DMRB) 

fluorescence microscope equipped with a Leica DC380 digital camera. Quantitative analysis was 

performed according to a previously described protocol using images analysis software (Leica) and the 

Image J program (10). The areas highlighted by different markers were calculated as percent of the 

respective signal per tissue area. 

Cell culture and treatments 

Human adult cardiac fibroblasts (CFB) were purchased from ScienCell Research Laboratories, inc., and 

maintained under normoxic conditions (21% O2) at 37°C in a humidified incubator with 5% CO2, 

acco d ng to th  supp    ’s  nst uct ons. Impo tant y  po y-L-Lysine (PLL, ScienCell) was used as a 

coat ng ag nt (2 μg/cm2) to p omot  ca diac fibroblast adhesion in culture and incubated for a minimum 

of 2 hours at 37°C and removed before addition of fibroblasts media (basal fibroblast medium 

supplemented with 10 ml of fetal bovine serum, 5ml of fibroblast growth supplement and 5ml of 

penicillin/streptomycin provided by ScienCell) with and cells to the flask. Cardiac fibroblasts between 

second to sixth passages were used for experiments. To determine the regulation of CILP1 and target 

genes, cardiac fibroblasts were seeded in 6-well plates and stimulated with or without fetal bovine serum 

(2 %)  o  t ansfo m ng g owth facto  b ta 1 (TGFβ1  5 ng/m   P p ot ch GmbH)  n basa  f b ob ast 

medium for 6, 48 and 72 hours. 

RNA extraction, cDNA synthesis and real-time PCR 

Total RNA was harvested in RLT buff   (10 μL of β-Mercaptoethanol/ mL of RLT) and extracted from 

ca d ac f b ob asts us ng th  RN asy®   n  K t (Q ag n  G  many) acco d ng to manufactu   ’s p otoco . 

Genomic DNA was removed by on-column digestion with RNase-free DNase I (Qiagen, Germany). The 

qua  ty and quant ty of pu  f  d RNA was m asu  d us ng Nano  op™ 2000 Sp ct ophotom t  . Th  

ratio of the readings at 260nm and 280nm (A260/A280) provides an estimate of the purity of RNA with 

respect to contaminants that absorb in the UV spectrum, such as protein. Pure RNA has an A260/A280 



 

ratio of 1.9–2.1 (2.0). Complementary DNA (cDNA) was synthesized from 1µg of the total RNA using 

H gh Capac ty c NA synth s s k t (App   d B osyst ms  USA)  acco d ng to manufactu   ’s p otoco . 

Real-time PCR is w d  y us d fo  quant f cat on of mRNA      s fo  th  g n s of  nt   st us ng C1000™ 

Th  ma  cyc    (B oRad  USA) us ng  Q™ SYBR® G   n Sup  m x (B o-rad, USA) according to the 

following protocol: Initial denaturation for 5min at 95 °C with the number of repeat one, Denaturation 

step with 40 cycles for 10 seconds  at 95 °C, Annealing step for 15 seconds  at 59 °C with the number of 

repeats 40, Elongation step at 72 °C for 15 seconds  and denaturation steps for 10 seconds  at 95 °C 

followed by a melt curve from 65 °C to 95 °C at 0.5 °C increments for 3 seconds. Human-specific real-

time PCR primers (Table 1) were designed using Primer-BLAST (NCBI, National Center for 

Biotechnology Information) and purchased from Metabion International AG (Germany). Gene expression 

was ana yz d w th ΔCt m thod. 

List of human primers for qRT-PCR: 

Gene name Sequence (5’-3’) 

HPRT Forward: TGACACTGGCAAAACAAT 

Reverse: GGTCCTTTTCACCAGCAA 

COL1A1 Forward: TTGGCACCAGGCAGACCAGCTT 

Reverse: AAGCGAGGAGCTCGAGGTGAAC 

COL1A2 Forward: TCTGCGACACAAGGAGTCTG 

Reverse: GCTGGGCCCTTTCTTACAGT 

COL3A1 Forward: TGG GAG AAA TGG TGA CCC TGG 

Reverse: CCA GGA TAG CCT GCG AGT CCT 

CILP1 Forward: AATTACACCGTACGCTTCCTC 



 

Reverse: CATCTCTGCCAAGCAAATGC 

POSTN Forward: TGCCCAGCAGTTTTGCCCAT 

Reverse: CGTTGCTCTCCAAACCTCTA 

FN1 Forward: AGCAGACCCAGCTTAGAGTT 

Reverse: GCAGAAGTGTTTGGGTGACT 

COL8A1 Forward: CTCACACGTTCACCAACTCA 

Reverse: GGGCTGGTTTCTGTCTCTTCA 

 

 

Human study population 

From February 2014 to February 2018, 97 patients with chronic thromboembolic pulmonary hypertension 

(CTEPH) or idiopathic pulmonary arterial hypertension (IPAH), 25 with LV pressure overload resulting 

from severe aortic stenosis without RV abnormalities, 20 with dilative cardiomyopathy (DCM) without 

RV abnormalities, and 19 controls without LV or RV abnormalities (controls) were enrolled in this 

prospective study. Data on demographics, symptoms, and comorbidities were collected for all patients. 

Baseline characteristics concerning LV and RV dimensions, function, and pressure gradients were further 

evaluated by transthoracic echocardiography and right heart catheterization. 

All patients provided written informed consent for their participation in the study, and approval of the 

Institutional Review Board of the University of Giessen (99/13) was obtained. All participating PH 

patients were enrolled in the prospective Giessen PH Registry (11). The investigation conforms to the 

principles outlined in the Declaration of Helsinki. 

  



 

Laboratory assessment 

Venous blood samples were collected in plain gel-filled tubes (Monovette, Saarstedt AG&Co, Nümrecht, 

Germany) for the determination of CILP1 and NT-pro-BNP concentrations. Serum was processed 

 mm d at  y and f oz n at −80 °C unt   assay. CILP1 levels were determined using a high-sensitivity 

enzyme-linked immunosorbent assay (human CILP1 ELISA kit, Cusabio Techology LLC, Wuhan, 

China) with a detection range of 93.75 to 6000 pg/ml, a minimum detectable concentration of 23.4 pg/ml, 

an intra-assay precision coefficient of variation <8%, and an inter-assay precision coefficient of variation 

<10%. 

NT-pro-BNP levels were measured in serum with an electrochemiluminescence immunoassay using 

monoclonal antibodies (NT-proBNP assay, Roche Diagnostics, Mannheim, Germany). The intra-assay 

coefficients of variation are 1.5% and 1.3% at 124 and 14,142 pg/ml, respectively, and the respective 

interassay coefficients of variation are 2.7% and 1.7% at 125 and 32,930 pg/ml, respectively, as shown by 

the package insert. The lower detection limit for the NT-proBNP assay is 5 pg/ml. 

 

 

Transthoracic echocardiography 

All patients underwent transthoracic two-dimensional echocardiography using commercially available 

ultrasound systems (EPIQ 7, Philips Ultrasound Systems, Koninklijke Philips N.V., Amsterdam, 

Netherlands; E9, General Electric, Boston, MA, USA; S5, General Electric, Boston, MA, USA). Left and 

right ventricular assessment was performed as recommended by recent guidelines (12).  

  



 

Right heart catheterization 

Right heart catheterization (RHC) was performed via the right internal jugular vein using a 7F sheath and 

a standard Swan–Ganz catheter as described previously (11,13).  

Classification of patients 

Adaptive RV was defined as follows: preserved RV and LV function (tricuspid annular plane systolic 

excursion [TAPSE] >20 mm and LV ejection fraction [LVEF] >55%); cardiac index [CI] >2.5 l/min/m² 

despite chronic RV pressure overload with mean pulmonary artery pressure [PAPmean] ≥25 mmHg) and 

no LV hypertrophy (end-diastolic interventricular septum thickness [IVSd] <12 mm, end-diastolic LV 

posterior wall thickness [LVPWd] <12 mm) in patients diagnosed with IPAH or CTEPH. 

Maladaptive RV was defined as follows: RV failure (TAPSE <16 mm, CI <2.2 l/min/m²) and dilatation 

(RVEDd >43 mm) caused by chronic RV pressure overload (PAPmean ≥25 mmHg) in patients diagnosed 

with idiopathic PH or CTEPH, preserved LV function (LVEF >55%), and no LV hypertrophy (IVSd <12 

mm, LVPWd <12 mm) in patients diagnosed with IPAH or CTEPH. 

Patients with LV hypertrophy and pressure overload were included in the study according to the following 

criteria: chronic LV pressure overload due to severe aortic stenosis (aortic valve mean pressure gradient 

>40 mmHg and/or aortic valve area <1.0 cm²); preserved RV function (TAPSE >20 mm) and preserved 

LV function (LVEF >55%); PAPmean <25 mmHg, RV end-diastolic basal diameter (RVD) <42 mm; 

IVSd ≥12 mm; LVPWd ≥12 mm. 

Patients with DCM were included in the study according to the following criteria: preserved RV function 

(TAPSE >20 mm) and impaired LV function (LVEF < 35 %): PAPmean <25 mmHg; RVD <42 mm. 

Samples from a cohort without any right or left ventricular abnormalities were used as controls. 

  



 

Statistical analysis 

Continuous variables are presented as the mean ± standard deviation (SD) or median with 25
th
 to 75

th
 

interquartile range, (IQR), as appropriate. Categorical variables are expressed as numbers and 

percentages. Parametric distribution was assessed with the Shapiro–Wilk test. Normally distributed 

continuous variables were compared using the Welch two-sample t-test and one-way analysis of variance 

with Bonferoni post-hoc test. The Mann-Whitney U test and the Kruskal-Wallis test with Dunnet´s post-

hoc test were used for non-normally distributed continuous variables. Receiver operating characteristic 

(ROC) curve analysis was performed to assess the predictive value of CILP1 regarding maladaptive RV 

pressure overload. The best CILP1 cut-off concentration for predicting maladaptive RV was then 

computed using the Youden index. Multivariable logistic regression analysis was used to identify 

independent predictors of CILP1 concentrations greater than or equal to the estimated cut-off (4373 

pg/ml). A two-tailed p value <0.05 was considered to indicate statistical significance. Statistical analysis 

was performed using SPSS Version 25.0.0 (SPSS Inc., Chicago, IL, USA). 

 

 

 

 

 

 

 

 



 

 

 

RESULTS 

Murine model of RV pressure overload and CILP1 expression 

There was a significant increase in the RV weight and the ratio of RV weight/tibia length of mice 

subjected to severe PAB compared with sham-operated animals (0.0025 g vs. 0.0042 g for RV weight and 

0.015 vs. 0.025 for RV weight/tibia length ratio; p=0.03). All 23 animals operated survived until the end 

of the study. 

Western blot analysis showed significantly higher amounts of CILP1 (Fig. 1, Suppl. Fig. 1A) protein one 

week after severe PAB than after sham or mild PAB, which correlated with atrial natriuretic peptide 

(ANP) protein levels (r=0.9, p=0.002), (Fig. 1, Suppl. Fig. 1B). Immunostaining also revealed higher 

amounts of CILP1 after severe PAB (Fig. 2). 

Tissue area measurements after immunostaining in hearts extracted from sham (n=4) and severe PAB 

(n=4) mice showed a markedly higher percentage of collagen type I and III in PAB than in sham animals 

(Suppl. Fig. 2 A and B).  

CILP1 transcription in human CFBs 

CILP1 transcription in human CFBs under serum-supplemented culture conditions was significantly 

 ow   than und   basa  m d um aft   6  48 and 72 hou s (Supp . F g. 3B). Aft   TGFβ1 t  atm nt  

however, CILP1 transcription in human CFB increased significantly at all timepoints as compared to 

basal medium (Suppl. Fig. 3A). Periostin (POSTN) transcription was significantly higher after 48 and 72 

hou s und   TGFβ1 and s  um  wh    F b on ct n1 (FN1) show d  nc  as d t ansc  pt on on y und   

TGFβ1 at 72 hou s (Supp . F g. 3B). Th  e was a trend towards higher COL1A2 transcription under 



 

TGFβ1 72 hou s (p=0.07) (Supp . F g. 3B). Th    was a so a st ong co    at on b tw  n      s of CILP1  

FN1  P STN and C L1A2 at 72 hou s aft   TGFβ1 st mu at on (Supp . F g. 3C). 

Characteristics of the human study population  

Clinical and diagnostic characteristics of the entire study population (n=161) and the five groups 

are presented in Table 1. The median age was 67 years (IQR 55; 76) and 48% of the patients were 

female.  

Patients with adaptive RV showed higher values for PAPmean and end-diastolic RV basal diameter 

(RVD) than patients with DCM (p<0.0001 for PAPmean, p<0.01 for RVD), LV hypertrophy 

(p<0.0001 for PAPmean, p<0.01 for RVD), and controls (p<0.001 for RVD, PAPmean was not 

measured), whereas there were no significant differences in TAPSE between adaptive RV, controls, 

DCM, and LV hypertrophy. The CI was lower in DCM and LV hypertrophy than in adaptive RV 

(p<0.0001 for adaptive RV vs. DCM and LV hypertrophy). 

Patients with maladaptive RV had a higher PASP, PAPmean, and RVD as well as a lower TAPSE 

than those with adaptive RV (p< 0.001 for PAPmean and PASP, p<0.0001 for RVD and TAPSE), 

DCM (p<0.0001 for PASP, PAPmean, RVD and TAPSE), LV hypertrophy (p<0.0001 for PASP, 

PAPmean, RVD and TAPSE) and controls (p<0.0001, for RVD and TAPSE; PASP and PAPmean 

not measured).  

The clinical characteristics of the patients with adaptive CTEPH (47% of all adaptive RV patients) 

and IPAH (53% of all adaptive RV patients), as well as maladaptive CTEPH (26% of all 

maladaptive RV patients) and IPAH (63% all maladaptive RV patients) are shown in Suppl. Table 

1. There were no significant differences in echocardiographic and RHC parameters between 

adaptive CTEPH and adaptive IPAH or between maladaptive CTEPH and maladaptive IPAH. 

  



 

Serum CILP1 and NT-pro-BNP levels 

The median CILP1 concentrations in the whole cohort and in the separate groups are given in Table 

1 and shown in greater detail in Fig. 3. Patients with DCM, LV hypertrophy, and PH (adaptive and 

maladaptive RV) had significantly higher CILP1 concentrations than the controls (Fig. 3A). There 

was no significant difference in CILP concentrations between DCM and LV hypertrophy (Fig. 3A). 

The adaptive RV group had higher CILP1 concentrations than the controls (Fig. 3B), but there was 

no difference between adaptive RV, LV hypertrophy, and DCM (Fig. 3C). Maladaptive RV 

patients had higher CILP1 concentrations than the controls (Fig. 3B) and those with LV 

hypertrophy and DCM (Fig. 3D). A direct comparison between the two RV groups revealed 

markedly higher CILP1 concentrations in the maladaptive group (Fig. 3B).  

An association of higher CILP1 concentrations with maladaptive RV function was also evident in 

the subgroup analysis. There was a significant difference in CILP1 concentrations between 

adaptive and maladaptive CTEPH and IPAH patients (Fig. 4). There was no difference between 

adaptive CTEPH and adaptive IPAH (p=0.16) and maladaptive CTEPH and maladaptive IPAH 

(p=0.85). 

The median NT-pro-BNP concentrations in patients with adaptive and maladaptive RV, LV 

hypertrophy, and DCM are given in Table 1 and shown in greater detail in Fig. 5. NT-pro-BNP 

concentrations were significantly higher in the maladaptive group than in the adaptive group, but 

there were no differences between the maladaptive RV group and the LV groups (Fig. 5). The 

adaptive RV group showed lower NT-pro-BNP concentrations than the DCM group and there was 

no difference as compared with the LVH group (Fig. 5). 

CILP1 as predictor of maladaptive RV 



 

ROC curve analysis in all PH patients showed that both CILP1 and NT-pro-BNP are good 

predictors of maladaptive RV (Fig. 6). There was no significant difference between the two ROC 

curves (p=0.4). 

An optimal CILP1 cut-off value of 4373 pg/ml was determined. The clinical and diagnostic 

cha act   st cs of PH pat  nts w th  ow CILP1 (4373 pg/m ; n=48) and h gh CILP1 (≥4373 pg/m ; 

n=49) are shown in Table 2. The TAPSE/PASP ratio showed the strongest association with high 

CILP1 (Fig. 7A).  High CILP1 was also associated with significantly higher NT-pro-BNP levels 

(Fig. 8) 

TAPSE/PASP ratios were divided into three groups according to their tertiles: low (TAPSE/PASP 

<0.15 mm/mmHg), middle (TAPSE/PASP 0.15-0.33 mm/mmHg) and high (TAPSE/PASP >0.33 

mm/mmHg). CILP1 concentrations were higher in the low tertile as compared with the middle and 

the high tertile (Fig. 7B). There were no significant differences in CILP1 concentrations between 

the middle and high tertiles. 

In a logistic regression model adjusted for the three parameters that showed the strongest 

association with high CILP1, TAPSE/PASP, PAPmean, and RVD, TAPSE/PASP was the only 

independent predictor of high CILP1 (Suppl. Table 1) 

DISCUSSION  

The present study is the first to assess CILP1 protein levels in the RV myocardium in an 

experimental model of RV pressure overload and serum CILP1 concentrations in humans with 

adaptive and maladaptive PH, LV hypertrophy, and DCM. The main findings of this study are: (1) 

the amount of CILP1 protein in the murine RV is higher after severe PAB than after sham; (2) 

CILP1  xp  ss on  n human CFBs shows an  a  y and st ong  nc  as  und   TGFβ1 st mu at on; 

(3) concentrations in patients with PH, LV hypertrophy, or DCM are higher than in patients without 



 

LV or RV abnormalities; (4) high CILP1 concentrations are associated with maladaptive RV 

function in PH;     (5) CILP1 concentrations in maladaptive PH are higher than in LV hypertrophy 

and DCM.  

CILP1 as a biomarker of cardiac remodelling 

The family of TGF-β comp  s s cytok n s that act  at  p o-fibrotic signalling pathways in 

myocardium by inducing expression of ECM proteins and promoting myofibroblast 

transdifferentiation (14). CILP1 is an ECM protein that was identified as an antagonist of TGF-β 

signalling (6), and its expression is induced by TGF-β (15). Recent studies demonstrated that 

CILP1 is expressed in human myocardium, where it is primarily produced by cardiac fibroblasts 

(6). 

In ou  study  TGFβ1 t  atm nt a so  nduc d a s gn f cant  nc  as   n CILP1 t ansc  pt      s as 

early as 6 hours in human cardiac fibroblasts. Contrary to the transcriptional activation of CILP1 

gene upon TGFβ1 t  atm nt  s  um-supplemented culture conditions significantly repressed CILP1 

transcription in human cardiac fibroblasts at all timepoints, which corroborates with the findings in 

rat cardiac fibroblasts (6). When compared to the stably maintained CILP1 expression levels from 6 

hou s  th  TGFβ1-induced transcriptional responses from other cardiac ECM-related genes were 

relatively slower, with statistically significant transcriptional changes detectable in POSTN and 

FN1 genes and a trend towards higher COL1A2 levels only at 72 hours. Importantly, the 

significantly elevated transcript levels of CILP1 observed at 72 hours correlated with the increased 

transcription of key pro-fibrotic mediators such as POSTN, FN1 and COL1A2. Overall, CILP1 is a 

potentia   a  y c   u a  ma k   fo  TGFβ1-induced fibrotic responses in human cardiac fibroblasts 

that displayed significant correlation with other integral components of cardiac ECM that are 

frequently implicated in cardiac fibrosis. 



 

Expression analysis in several different mouse models of cardiac remodelling, including transverse 

aortic constriction and angiotensin infusion, detected a marked up-regulation of CILP1 expression 

that was also highly correlated with the expression of TGF-β and oth   EC  p ot  ns. Fu th  mo    

microarray analysis of endomyocardial biopsies in patients with aortic stenosis and of human 

infarct tissue showed elevated CILP1 expression (6). These findings suggest that TGF-β and CILP1 

may form a functional feedback loop that plays an important role in the pathogenesis of cardiac 

fibrosis.  

In our study CILP1 serum concentrations were significantly increased in all groups with LV or RV 

abnormalities. These findings suggest that CILP1 could be a novel biomarker of pathological 

cardiac remodelling and specifically of cardiac fibrosis because of its involvement in fibrotic 

signalling. 

Aetiology of RV adaptation and maladaptation in PH 

In PH, vascular remodelling leads to an increase in pulmonary vascular resistance, which subsequently 

causes a markedly higher RV afterload. Initially, adaptive RV changes such as hypertrophy and optimized 

intrinsic contractile properties result in enhanced contractility. Thus, normal stroke volume is maintained 

despite the higher vascular load (ventriculoarterial coupling)(16). Progressive RV pressure overload, 

however, leads to increased wall stress and neurohumoral activation, which triggers maladaptive RV 

remodelling associated with dilation, capillary rarefication, metabolic dysfunction, fibrosis, and diastolic 

stiffness (17). Finally, ventriculoarterial uncoupling occurs with reduced output and right heart failure.  

Diastolic stiffness and fibrosis appear to be prognostically important signs of maladaptation. Several 

studies have shown a connection between diastolic stiffness, fibrosis, and maladaptation. Diastolic 

stiffness was characterized by increased fibrosis and intrinsic stiffening of the RV cardiomyocyte 

sarcomeres and was closely associated with PH disease severity (18). It was also associated with worse 



 

prognosis in PAH patients (19). Recent histological and cardiac imaging studies have demonstrated 

increased RV fibrosis in patients with end-stage PH and RV failure (20-23).  

Recent studies involving cardiac magnetic resonance strain and pressure-volume loop measurements 

show that the loss of lusitropic function through RV stiffening may be a crucial event that together with 

other maladaptive processes such as RV dilation leads to heart failure (18,24). In our study the amount of 

collagen types I and III, which are the main structural collagens of the myocardial ECM (25), was 

significantly increased in mice with severe PAB as compared to sham. This also indicates an increased 

RV fibrosis during RV pressure overload. Taken together, these findings suggest that biomarkers that 

specifically indicate RV fibrosis may correlate with maladaptive RV changes and could help to better 

identify patients with a high risk of right heart failure and worse outcomes.  

CILP1 as a biomarker of RV maladaptation and fibrosis 

The precise definition of maladaptive RV remains controversial, and there are currently no 

established diagnostic standards of RV maladaptation. Current research is focused on identifying a 

set of diagnostic tools that could detect the complex functional and structural changes that occur 

during this pathological process. A combination of clinical, imaging, and biochemical parameters 

could thus allow a more accurate risk stratification and prediction of outcomes. As mentioned 

above, RV fibrosis appears to be an important pathological feature of maladaptive RV and right 

heart failure. 

In our study, patients were assigned to the maladaptive group according to functional and structural 

criteria such as low TAPSE, low CI, and RV dilatation that are typical of patients with right heart failure. 

Maladaptive RV patients also showed a low TAPSE/PASP ratio, which is a novel method of measuring 

RV contractility and ventriculoarterial coupling non-invasively (26,27). It has been validated as an 

important clinical and prognostic parameter in PH patients with right heart failure (28-30). In our 

analysis, TAPSE/PASP was the only independent predictor of high CILP1 concentrations, and CILP1 



 

concentrations in the low TAPSE/PASP tertile (<0.16 mm/mmHg) were higher than in the other tertiles. 

In a recent study by Tello et al. PAH patients were grouped according to their TAPSE/PASP ratios in 

tertiles that were very similar to those in our analysis (30). Patients in the low tertile (<0.19 mm/mmHg) 

showed significantly compromised functional status and higher mortality compared with patients in the 

middle (0.19-0.32 mm/mmHg) and high (>0.32 mm/mmHg) tertiles. Furthermore, CILP1 was also a good 

predictor of maladaptive RV in ROC analysis and high CILP1 levels were associated with significantly 

lower TAPSE/PASP ratios.  

NT-pro-BNP is the only established biomarker in the various settings of PH. Higher NT-pro-BNP levels 

are associated with myocardial dysfunction and worse prognosis (3,31,32). The most recent guidelines on 

PH recommend routine measurements of NT-pro-BNP at the time of diagnosis of PH and during follow 

up (33). However, NT-pro-BNP is not specific and can be elevated in almost any heart disease (33). 

Accordingly, NT-pro-BNP was associated with maladaptive RV function in our study. Notably, a direct 

comparison between the AUCs of CILP1 and NT-pro-BNP revealed that CILP1 performed as well as NT-

pro-BNP as a predictor of maladaptive RV. NT-pro-BNP was also associated with high CILP1 

concentrations. 

Our findings suggest that high CILP1 is associated with RV maladaptation, ventriculoarterial uncoupling 

and right heart failure. Thus, CILP1 may be a novel biomarker of RV maladaptation and fibrosis that is 

associated with worse prognosis. 

Furthermore, our analysis shows that patients with maladaptive RV exhibited higher CILP1 

concentrations than patients with LV hypertrophy and DCM. The hypothesis that CILP1 expression is 

higher with RV pressure overload than with LV pressure overload is further supported by an experimental 

study revealing a 26-fold up-regulation of CILP1 in mice with pulmonary artery constriction and only a 5-

fold up-regulation in mice subjected to transverse aortic constriction, despite a similar degree of outflow 

tract obstruction (8). Although RV pressure overload also leads to increased RV fibrosis, LV fibrosis in 



 

DCM is usually much more pronounced (34). CILP1 pathway could be involved in preventing excessive 

fibrosis by inhibiting profibrotic TGF-β s gna   ng  n th  myoca d um. Th   fo    a w ak   up  gu at on 

of CILP1 expression could explain the more pronounced LV fibrosis. Thus, if different CILP1 cut-offs 

were used, CILP1 could function as a biomarker of pathological cardiac remodelling that is able to 

differentiate between LV and RV disease.  

Limitations 

No haemodynamic measurements were performed in the operated animals; thus, PAB severity and the 

resulting RV pressure overload cannot be exactly assessed. This limits the validity of our experimental 

analysis.  

Molecular analyses in the experimental animals and in the human CFB only show an indirect association 

of CILP and myocardial fibrosis. Furthermore, no data was obtained on myocardial fibrosis after mild 

PAB. 

The clinical data represents a single-centre study of observational nature. The sample size was small, 

which could limit the validity of our analyses. Nevertheless, this proof-of-concept study clearly 

demonstrates a significant increase in CILP1 concentration in patients with LV and RV pressure overload 

and an association of CILP1 with maladaptive RV function. 

Conclusion 

Our analysis demonstrates the potential role of CILP1 as a novel biomarker of RV and LV pathological 

remodelling that is associated with RV maladaptation and ventriculoarterial uncoupling in the setting of 

pulmonary hypertension. Further research is needed to validate these findings and explore the 

biomolecular mechanisms responsible for a potentially differential CILP1 expression in RV and LV. 
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FIGURE LEGENDS 

Figure 1: Western blot analysis of CILP1 and ANP protein in murine RV one week after sham, 

mild PAB, and severe PAB 

Lanes show results from five different mice for each condition.  

Figure 2: Immunofluorescence analysis of CILP1 in murine RV one week after sham and severe 

PAB 

CILP1 staining is shown in red. Nuclei were counterstained with DAPI (blue) and F-actin was visualized 

with a specific antibody (green). 

Figure 3: Box and scatter plots comparing serum CILP1 concentrations  

Shown are values for (A) LV hypertrophy, DCM, PH, and controls; (B) adaptive or maladaptive RV and 

controls; (C) adaptive RV, LV hypertrophy, and DCM; (D) maladaptive RV, LV hypertrophy, and DCM. 

Boxes represent median with IQR. ns, not significant, **p<0.01, ***p<0.001 

Figure 4: Box and scatter plots comparing serum CILP1 concentrations in RV subgroups 

Shown are values for adaptive and maladaptive CTEPH as well as adaptive and maladaptive IPAH. Boxes 

represent median with IQR. **p<0.01, ***p<0.001 

Figure 5: Box and scatter plots comparing serum NT-pro-BNP concentrations  

Shown are values for adaptive and maladaptive RV, LV hypertrophy and DCM; Boxes represent median 

with IQR. ns, not significant, **p<0.01, ***p<0.001 

Figure 6: Receiver operating characteristics curve showing the predictive power of CILP1 and NT-

pro-BNP for maladaptive RV.  

Figure 7: Box and scatter plots comparing (A) TAPSE/PASP values according to CILP1 cut-off and 

(B) CILP1 concentrations according to the TAPSE/PASP tertiles (low tertile: TAPSE/PASP <0.15 

mm/mmHg, middle tertile: TAPSE/PASP 0.15-0.33 mm/mmHg) and high tertile TAPSE/PASP >0.33 

mm/mmHg ) in PH patients. ns not significant, *p<0.05  ***p<0.001 



 

Figure 8: Box and scatter plots comparing serum NT-pro-BNP concentrations according to CILP1 

cut-off value 

Shown are values for CILP1 < 4373 pg/ml and CILP1 ≥ 4373 pg/m . Box s   p  s nt m d an w th IQR. 

***p<0.001 

Suppl. Figure 1: Box plots comparing (A) CILP1 and (B) ANP protein concentrations in murine 

RV one week after sham, mild PAB, and severe PAB 

Data were obtained from quantitative western blot band intensity analysis  

Suppl. Figure 2:  Box plots comparing the amount of collagen I (A) and III (B) in murine RV one 

week after sham and severe PAB.  

Data were obtained from quantitative immunofluorescence measurements are expressed as percent of the 

signal per tissue area. Boxes represent median with IQR. (n=4 in each group, ***p<0.001) 

Suppl. Figure 3: Analysis of CILP1, COL1A1, COL1A2, COL3A1, COL8A1, POSTN, and FN1 

expression in human cardiac fibroblasts under stimulation with (A) transforming growth factor 

beta 1 (TGFβ1, 5 ng/ml), or (B) fetal bovine serum for 6, 48 and 72 hours;  

(C) Correlation analysis between the gene expression levels of CILP1 and COL1A1, COL1A2, 

COL3A1, COL8A1, POSTN, and FN1 under TGFβ1 at 72 hours. 

The gene expression levels of CILP1, COL1A1, COL1A2, COL3A1, COL8A1, POSTN, and FN1 were 

measured by real-time polymerase chain reaction (PCR). The data was normalized to the housekeeping 

gene hypoxanthine-guanine phosphoribosyltransferase (HPRT1) and untreated control (basal medium 

w thout add t on of s  um o  TGFβ1). Th  ΔΔCt  a u s a    xp  ss d as m an (S )  (n=3  *p < 0.05 

versus basal medium) 

 

  



 

Table 1: Clinical characteristics 

  
All patients 

Adaptive   Maladaptive 
LV pressure 

overload 
DCM Control group RV pressure 

overload 

RV pressure 

overload 

n=161 n=47 n=50 n=25 n=20 n=19 

Female sex, n (%) 77 (48) 26 (55) 27 (54) 14 (56) 5 (25) 5 (26) 

Age, y, median (IQR) 67 (55-76) 64 (53-72) 60 (44-71) 82 (77-84) 59 (48-68) 75 (71-78) 

BMI, kg/m
2
, median (IQR) 28 (25-31) 28 (24-32) 26 (22-29) 28 (25-31) 29 (25-34) 28 (25-30) 

CAD, n (%) 63 (51) 21 (68) 21 (66) 11 (44) 5 (25) 5 (31) 

NYHA ≥ III  n (%) 41 (26) 8 (17) 13 (27) 15 (60) 2 (10) 3 (16) 

Diabetes, n (%) 41 (26) 12 (26) 12 (24) 12 (48) 3 (15) 2 (11) 

  

 

          

Right Heart Catheterization             

PASP, mmHg, median (IQR) 64 (37-88) 62 (51-78) 88 (75-101) 30 (28-35) 28 (24-32) n.a. 

PAPmean, mmHg, median 

(IQR) 
40 (24-55) 39 (32-49) 55 (47-63) 20 (18-24) 18 (16-21) n.a. 

Cardiac index, L/min/m
2
, 

median (IQR) 
2 (2-3) 

3.04 (2.8-
3.3) 

1.75 (1.5-2.0) 2.1 (1.9-2.2) 1.6 (1.3-2.3) n.a. 

PAWPmean, mmHg, median 

(IQR) 
10 (8-13) 10 (7-12) 9 (8-12) 14 (8-18) 15 (10-21) n.a. 

RAP, mmHg, median (IQR) 
8 (5;11) 5 (5;9) 11 (8;14) 6 (3;7) 6 (5;8) n.a. 

  

 

      

 

  

Echocardiography             

TAPSE, mm, median (IQR) 21 (16-24) 22 (21-26) 14 (12-16) 22 (20-25) 22 (20-26) 21 (20-22) 

LVEF, , median (IQR) 60 (58-65) 63 (60-70) 62 (60-67) 65 (60-65) 33 (25-36) 60 (60-65) 

RVD, mm, median (IQR) 41 (34-48) 40 (35-45) 50 (47-52) 31 (25-37) 38 (35-40) 29 (28-32) 

IVSd, mm, median (IQR) 11 (9-12) 10 (9-11) 10 (9-11) 13 (12-14) 11 (10-13) 12 (11-12) 

LVPWd, mm, median (IQR) 10 (9-12) 9 (8-10) 10 (9-11) 13 (12-13) 10 (9-11) 11 (10-11) 

    

 

        

TAPSE/PASP, mm/mmHg, 

median (IQR) 

0.34 (0.17-

0.59) 

0.38 (0.29-

0.49) 

0.16 (0.13-

0.21) 

0.75 (0.59-

0.96) 

0.8 (0.67-

0.98) 
n.a. 

CILP1, pg/ml, median (IQR) 
3552 (2496-

5538) 
3544 (2727-

4325) 
5709 (4386-

6341) 
3189 (2484-

3767) 
3431 (2383-

4980) 
1389 (860-

2214) 

NT-pro-BNP, pg/ml, median 

(IQR) 

309 (100-

996) 
120 (49-324) 

996 (306-

1612) 

253 (125-

619) 

632 (117-

755) 
n.a. 

       

 

 



 

Abbreviations: BMI body mass index; CAD, coronary artery disease; NYHA, New York Heart 

Association; PASP pulmonary arterial systolic pressure; PAPmean, mean pulmonary artery pressure; 

PAWPmean, mean pulmonary artery wedge pressure; RAP right atrial pressure; TAPSE, tricuspid annular 

plane systolic excursion; LVEF, left ventricular ejection fraction; RVD, right ventricular diameter; IVSd, 

diastolic interventricular septum thickness, LVPWd, diastolic left ventricular posterior wall thickness 

 

Table 2: Clinical characteristics of patients grouped according to CILP1 cut-off value 

  
CILP1 < 4373 pg/ml CILP1 ≥ 4373 pg/ml 

  

p-value 

n=48 n=49   

Female sex, n (%) 26 (54) 27 (55) 0.92 

Age, y, median (IQR) 62 (50-69) 62 (49-71) 0.95 

BMI, kg/m
2
, median (IQR) 28 (24-32) 26 (23-30) 0.24 

CAD, n (%) 20 (65) 22 (69) 0.38 

NYHA ≥ III  n (%) 9 (19) 12 (25) 0.72 

Diabetes, n (%) 13 (27) 11 (23) 0.63 

        

Right Heart Catheterization       

PASP, mmHg, median (IQR) 64 (52-82) 88 (67-95) 0.001 

PAP mean, mmHg, median (IQR) 41 (33-52) 55 (42-59) 0.001 

Cardiac index, L/min/m
2
, median (IQR) 2.79 (2.05-3.21) 1.95 (1.56-2.31) 0.01 

PAWPmean, mmHg, median (IQR) 10 (7-12) 9 (8-11) 0.68 

RAP, mmHg, median (IQR) 6 (5;10) 10 (7;13) 0.003 

    
Echocardiography       

TAPSE, mm, median (IQR) 21 (20-25) 15 (12-20) <0.0001 

LVEF, , median (IQR) 63 (60-67) 62 (60-70) 0.88 

RVD, mm, median (IQR) 42 (35-47) 48 (44-52) <0.001 

IVSd, mm, median (IQR) 10 (9-11) 10 (9-11) 0.25 

LVPWd, mm, median (IQR) 9 (8-11) 10 (9-11) 0.49 

        

TAPSE/PASP, mm/mmHg, median (IQR) 0.34 (0.26-0.47) 0.17 (0.14-0.24) <0.0001 

CILP1, pg/ml, median (IQR) 3034 (2494-3916) 5828 (5152-6550) <0.0001 

NT-pro-BNP, pg/ml, median (IQR) 195 (83-639) 647 (182-1478) <0.01 

        

 

Abbreviations: BMI indicates body mass index; CAD, coronary artery disease; NYHA, New York Heart 

Association; PASP pulmonary arterial systolic pressure; PAPmean, mean pulmonary artery pressure; 

PAWPmean, mean pulmonary artery wedge pressure; TAPSE, tricuspid annular plane systolic excursion; 

LVEF, left ventricular ejection fraction; RVD, right ventricular diameter; IVSd, diastolic interventricular 

septum thickness, LVPWd, diastolic left ventricular posterior wall thickness 



 

 

 

 

Suppl. Table 1: Clinical characteristics of IPAH and CTEPH patients 

  

Adaptive   Maladaptive Adaptive   Maladaptive 

CTEPH CTEPH IPAH IPAH 

n=22 n=13 n=25 n=37 

Female sex, n (%) 10 (45) 4 (31) 16 (64) 23 (62) 

Age, y, median (IQR) 67 (64-72) 58 (53-63) 60 (50-69) 60 (41-71) 

BMI, kg/m2, median (IQR) 24 (24-29) 26 (26-28) 29 (26-32) 26 (22-30) 

CAD, n (%) 4 (18) 3 (23) 4 (16) 10 (28) 

NYHA ≥ III  n (%) 14 (74) 6 (55) 7 (58) 15 (71) 

Diabetes, n (%) 5 (23) 2 (15) 7 (28) 10 (28) 

          

          

Right Heart Catheterization         

PASP, mmHg, median (IQR) 56 (46-65) 88 (70-93) 64 (52-78) 88 (77-105) 

PAPmean, mmHg, median (IQR) 36 (29-41) 55 (44-58) 40 (33-49) 55 (48-65) 

Cardiac index, L/min/m2, median 

(IQR) 
2,92 (2,76-3,30) 1,86 (1,60-1,95) 3,13 (2,80-3,33) 1,70 (1,47-2,02) 

PAWPmean, mmHg, median (IQR) 8 (8-12) 9 (8-11) 10 (7-12) 10 (7-12) 

RAP, mmHg, median (IQR) 5 (5-7) 11 (6-16) 5 (4-11) 10 (8-13) 

          

Echocardiography         

TAPSE, mm, median (IQR) 23 (21-26) 16 (11-16) 22 (21-25) 14 (12-16) 

LVEF, median (IQR) 62 (59-67) 60 (58-63) 65 (60-71) 65 (60-70) 

RVD, mm, median (IQR) 39,5 (33-45) 49 (47-57) 40 (37-44) 50 (47-52) 

IVSd, mm, median (IQR) 10 (9-11) 10 (9-12) 9 (9-11) 10 (9-11) 

LVPWd, mm, median (IQR) 9,5 (9-10) 10 (9-10) 9 (6-10) 10 (10-11) 

          

TAPSE/PASP 0,40 (0,34-0,51) 0,16 (0,14-0,21) 0,35 (0,27-0,49) 0,16 (0,13-0,21) 

CILP1, pg/ml, median (IQR) 3426 (2872-3812) 5643 (5053-6008) 4092 (2720-4687) 5764 (4375-6341) 

NT-pro-BNP, pg/ml, median (IQR) 193 (95-367) 1138 (999-2197) 70 (39-133) 573 (209-1488) 

     

 

Abbreviations: BMI body mass index; CAD, coronary artery disease; NYHA, New York Heart 

Association; PASP pulmonary arterial systolic pressure; PAPmean, mean pulmonary artery pressure; 

PAWPmean, mean pulmonary artery wedge pressure; RAP right atrial pressure; TAPSE, tricuspid annular 



 

plane systolic excursion; LVEF, left ventricular ejection fraction; RVD, right ventricular diameter; IVSd, 

diastolic interventricular septum thickness, LVPWd, diastolic left ventricular posterior wall thickness 

 

 

 

Suppl. Table 2: Multivariable analysis of parameters as predictors of high serum CILP 

concentration 

  

 

 

 

 

Abbreviations: PAPmean, mean pulmonary artery pressure; RVD, right ventricular diameter; TAPSE, 

tricuspid annular plane systolic excursion; PASP pulmonary arterial systolic pressure 

  

 

Variable p-value Odds Ratio 95 CI 

PAPmean 0.39 0.98 0.92-1.03 

RVD 0.13 1.06 0.98-1.13 

TAPSE/PASP 0.01 0.08 0.01-0.52 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 



 

 

 

 

  



 

 

  



 

 

  



 

 

 

  



 

 

 


