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Abstract 

Background:  Aberrant extracellular matrix (ECM) deposition and remodelling is important in the disease patho-
genesis of pulmonary fibrosis (PF). We characterised neoepitope biomarkers released by ECM turnover in lung tissue 
from bleomycin-treated rats and patients with PF and analysed the effects of two antifibrotic drugs: nintedanib and 
pirfenidone.

Methods:  Precision-cut lung slices (PCLS) were prepared from bleomycin-treated rats or patients with PF. PCLS were 
incubated with nintedanib or pirfenidone for 48 h, and levels of neoepitope biomarkers of type I, III and VI collagen 
formation or degradation (PRO-C1, PRO-C3, PRO-C6 and C3M) as well as fibronectin (FBN-C) were assessed in the 
culture supernatants.

Results:  In rat PCLS, incubation with nintedanib led to a reduction in C3M, reflecting type III collagen degradation. 
In patient PCLS, incubation with nintedanib reduced the levels of PRO-C3 and C3M, thus showing effects on both 
formation and degradation of type III collagen. Incubation with pirfenidone had a marginal effect on PRO-C3. There 
were no other notable effects of either nintedanib or pirfenidone on the other neoepitope biomarkers studied.

Conclusions:  This study demonstrated that nintedanib modulates neoepitope biomarkers of type III collagen turno-
ver and indicated that C3M is a promising translational neoepitope biomarker of PF in terms of therapy assessment.

Keywords:  Antifibrotic therapy, Collagen, Extracellular matrix, Human lung, Precision-cut lung slices, Neoepitope 
biomarkers, Nintedanib, Pirfenidone, Pulmonary fibrosis
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Background
Pulmonary fibrosis (PF) encompasses a wide spec-
trum of lung diseases, characterised by scarring of the 
lung tissue and respiratory failure, and is generally 

associated with high mortality [1, 2]. The underly-
ing mechanisms of PF are incompletely understood, 
but it is hypothesised that lung injury by external fac-
tors, such as smoking, environmental dusts or infec-
tions, triggers a dysregulated wound healing response; 
this can lead to uncontrolled deposition of extracel-
lular matrix (ECM) proteins such as collagens, which 
causes destruction of the lung architecture [1–3]. Idi-
opathic pulmonary fibrosis (IPF) is the most common 
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and severe idiopathic interstitial pneumonia (IIP) and 
has the worst prognosis among IIPs [4, 5].

On the molecular and cellular level, IPF is charac-
terised by an excessive deposition of abnormal ECM 
and destruction of the original alveolar architecture, 
eventually leading to respiratory failure and death of 
the patient [3]. This remodelling of the ECM in IPF is 
accompanied by abnormalities in collagen turnover, 
including both fibrogenesis and fibrolysis, and is a hall-
mark of disease development and progression [6, 7]. As 
an example, the PROFILE study has shown that both 
elevated and rising serologically assessed levels of spe-
cific ECM neoepitope biomarkers were associated with 
disease progression and mortality in patients with IPF 
[6, 7].

To date, nintedanib and pirfenidone are the only 
approved antifibrotic treatments for IPF [8, 9]. Nint-
edanib is also approved for the treatment of chronic 
fibrosing interstitial lung diseases with a progressive 
phenotype and systemic sclerosis-associated interstitial 
lung disease [8]. Nintedanib is a small molecule tyros-
ine kinase inhibitor that targets fibroblast growth factor 
receptor 1–3, platelet-derived growth factor receptor α 
and β, vascular endothelial growth factor receptor 1–3, 
and multiple non-receptor tyrosine kinases, including the 
proto-oncogene tyrosine-protein kinase Src, tyrosine-
protein kinase Lyn, lymphocyte-specific protein tyrosine 
kinase, Fms-like tyrosine kinase-3, colony-stimulating 
factor-1 receptor and several other tyrosine kinases [10, 
11]. It has been shown to inhibit fibroblast proliferation, 
migration and transition to active myofibroblasts, as 
well as secretion of ECM [8]. Pirfenidone’s precise mode 
of action is unknown, but it is metabolised through the 
CYP1A2 enzyme pathway [9]. It regulates important 
fibrotic cytokines and growth factors and inhibits inflam-
matory mediators [12].

Disease management of IPF and PF in clinical prac-
tice remains challenging. There is a need for biomarkers 
to predict disease progression, inform treatment deci-
sions and assess responses to antifibrotic therapy for 
IPF in clinical trials and clinical practice [6, 13]. One 
potential group of biomarkers that is being investigated 
in IPF are markers of ECM turnover [6, 7, 13]. The for-
mation and degradation of ECM proteins create distinct 
newly formed epitopes known as neoepitopes that enter 
the circulation and thus are detectable as biomarkers of 
tissue turnover in the blood [6, 14, 15]. The neoepitope 
biomarkers included in the current study were the inter-
stitial collagen synthesis markers PRO-C1, PRO-C3 and 
PRO-C6 for types I, III and VI collagen, respectively 
[16–18]. In addition, the interstitial collagen degradation 
marker C3M for type III collagen [19], and a biomarker 
of fibronectin remodelling FBN-C [20], were investigated.

The bleomycin model of PF is a well-characterised ani-
mal model that is widely used to investigate pulmonary 
fibrogenesis [1, 21]. Bleomycin is an anti-neoplastic drug 
which increases reactive oxygen species, leading to apop-
tosis of alveolar epithelial cells and PF [21, 22]. The bleo-
mycin model has histological characteristics similar to 
human disease; however, there are differences in chronic-
ity and pathogenesis, which means the bleomycin model 
does not mimic all features of human PF [1, 21, 22].

We wanted to characterise potential neoepitope bio-
markers in living models of PF and hypothesised that 
antifibrotic drugs may affect their turnover. The preci-
sion-cut lung slice (PCLS) technique allows fibrosis and 
the effect of antifibrotic drugs to be studied in a clinically 
relevant in vivo-like model that preserves microanatomy, 
local immunology, and cell–cell and cell–ECM interac-
tions [1, 15]. The inclusion of human PCLS in this study 
provided the unique opportunity to work directly with 
parenchymal lung tissues from donors with end-stage 
IPF and PF, which are otherwise difficult to study, and to 
perform preclinical experiments with antifibrotic drugs 
in a highly translational model system.

The aim of this study was to link ECM neoepitope 
biomarkers found in lung tissue from animal models to 
patient lung tissue and to clinical trial data from other 
studies. We characterised neoepitope biomarkers in 
supernatants from the PCLS of bleomycin-treated rats 
and peripheral lung tissue from patient donors with PF 
and investigated the effect nintedanib and pirfenidone 
had on their accumulation.

Materials and methods
Preparation of PCLS from bleomycin‑treated rats
Nineteen 6-month-old female Sprague–Dawley rats were 
housed at the animal facilities at Nordic Bioscience A/S, 
Denmark. Twelve rats were induced twice with bleo-
mycin (0.25  mL/kg) by intratracheal installation using 
a MicroSprayer® Aerosolizer 2  days apart to cause PF. 
As controls, seven rats were induced with saline. Lungs 
were excised 14  days after the last dose of bleomycin/
saline. Rat lung tissue was prepared as described previ-
ously [15]. Prior to euthanasia, the rats were anaesthe-
tised and a small catheter was inserted into the trachea 
to fill the lungs with a 1.5% agarose solution to keep 
them dilated. Cores with an approximate diameter of 
8 mm were punched from the lung tissues and PCLS of 
~ 300 µm thickness were prepared using the Krumdieck 
tissue slicer MD4000 (TSE Systems, Berlin, Germany) in 
the presence of ice-cold Krebs–Henseleit buffer contain-
ing 25 mM glucose, 10 mM HEPES and 25 mM NaHCO3. 
The PCLS were transferred to wells for a wash-out period 
of minimum 1 h. Subsequently, PCLS were transferred to 
new wells and incubated with one slice per well in 48-well 
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plates in 300  µL William’s Medium E with Glutamax 
(ThermoFisher Scientific, Waltham, MA, USA) con-
taining 25 mM glucose and 50 µL/mL gentamicin (both 
Sigma-Aldrich, St Louis, MO, USA), with or without nin-
tedanib (cat. no. 656247-17-5, Kemprotec Ltd., Smailt-
horn, UK) (0.01  µM, 0.03  µM, 0.1  µM and 0.3  µM) for 
48 h. After the 48-h incubation period, supernatants were 
collected and stored at − 20  °C until the concentrations 
of PRO-C1 and C3M were measured. The Animal Ethics 
Committee of the Danish Ministry of Justice approved 
the experiment (2011/561-2003, 2021-15-2934-00467).

Preparation of PCLS from patients with PF
Primary human lung tissue from the peripheral lung was 
provided by the Hannover Medical School (MHH, Han-
nover, Germany) from five male and five female patients 
with PF aged 39–75  years who underwent lung trans-
plantation. The patient diagnoses were: usual interstitial 
pneumonia (UIP) (n = 2), UIP/IPF (n = 3), UIP/IPF with 
alveolar fibroelastosis (n = 1), UIP/IPF and combined 
emphysema (n = 1), UIP and nonspecific interstitial 
pneumonia (NSIP) with combined emphysema (n = 1), 
UIP and NSIP due to primary extrapulmonary disease 
(n = 1), and NSIP with myogenic metaplasia (n = 1).

Human PCLS were generated as previously described 
[23]. Briefly, lobes from the donors were filled with 2% 
agarose (Sigma Aldrich) in Dulbecco’s modified Eagle’s 
medium/nutrient mixture F-12 Ham with 15 mM HEPES 
and l-glutamine without phenol red (DMEM/F12) 
(Gibco, Thermo Fisher Scientific) via the bronchi. Subse-
quently, ~ 8 mm diameter cores were punched from 2 to 
5 different fibrotic regions of the solidified tissue and cut 
into slices of 300–400  µm on a microtome (Krumdieck 
Tissue Slicer, Alabama Research and Development, Mun-
ford, AL, USA) in Earle’s Balanced Salts Solution buffered 
with sodium bicarbonate (0.2%) (both Sigma Aldrich).

PCLS were washed separately for 2  h in culture 
medium consisting of DMEM/F12 containing 100 units/
mL penicillin and 100 µg/mL streptomycin (both Sigma 
Aldrich) without foetal calf serum. They were then trans-
ferred into 24-well plates. Two PCLS were incubated per 
well in culture medium, and supernatant was pooled 
from two wells to give one sample. For exposure to test 
items, PCLS were incubated for 48 h under normal cell 
culture conditions (37  °C, 5% CO2) with nintedanib 
(Boehringer Ingelheim, Ingelheim, Germany) (0.01  µM, 
0.03  µM, 0.1  µM and 0.3  µM) or pirfenidone (TCI 
Deutschland GmbH, Eschborn, Germany) (100  µM) in 
500 µL (donor 1 and 2) or 250 µL (donor 3 to 10) culture 
medium in duplicate. These concentrations are within 
the range that can be achieved using standard dosing of 
nintedanib or pirfenidone in patients with IPF [24]. PCLS 
for the control groups were incubated in culture medium 

only, and originated from the same IPF donor and region 
as the nintedanib/pirfenidone slices in each case, without 
mixing regions.

Tissue culture supernatants were collected after incu-
bation and supplemented with a 0.2% protease inhibitor 
cocktail (Sigma Aldrich), then frozen to − 80  °C before 
concentrations of neoepitope biomarkers were deter-
mined. For viability assessments, lactate dehydroge-
nase (LDH) release was assayed in the supernatants as 
described previously [25] using the LDH Cytotoxicity 
Detection Kit according to the manufacturer’s instruc-
tions (Roche, Basel, Switzerland). Triton X-100 (1% in 
phosphate buffered saline)-treated PCLS from the same 
donor were investigated as reference control (set to 100%; 
see Additional file 1: Fig. S1). If required, multiple dilu-
tions of the samples were applied to adjust for high opti-
cal density values. Absorbance was measured at 490 nm 
and 630  nm as reference wavelengths using a micro-
plate reader (Microplate Reader Infinite® 200 Pro Tecan 
Group, Männedorf, Switzerland).

The experiments with human lung tissue were 
approved by the ethics committee of the Hannover 
Medical School and are in accordance with the Code of 
Ethics of the World Medical Association (renewed on 
22.04.2015, number 2701-2015). All patients or their next 
of kin, caregivers, or guardians gave written informed 
consent for using lung tissue for research. All information 
regarding the identity of the patients was anonymised.

Biomarker assessments
Levels of neoepitope biomarkers were determined in rat 
and/or patient tissue PCLS supernatants using specific 
competitive enzyme-linked immunosorbent assays as 
previously described for type I, type III and type VI col-
lagen formation (PRO-C1  [16], PRO-C3 [17] and PRO-
C6 [18]), type III collagen degradation (C3M) [19] and 
soluble fibronectin (FBN-C [20]). Each assay employed a 
monoclonal antibody specific for the neoepitope in ques-
tion. In brief, 96-well streptavidin-coated plates were 
incubated with 100 µL biotinylated peptide for 30 min at 
20 °C, with shaking at 300 rpm. After 5× wash in washing 
buffer (20 mM Tris, 50 mM NaCl, pH 7.2), 20 µL of cali-
brator peptide, quality control samples or PCLS superna-
tants were added to appropriate wells, followed by 100 µL 
horse radish peroxidase-  labelled monoclonal antibody, 
and incubated with shaking at 300  rpm according to 
assay specification at 4 °C or 20 °C for 1–20 h. Following 
5 × wash in wa shing buffer, 100 µL tetramethylbenzidine 
was added and plates were incubated for 15 min at 20 °C 
in the dark, with shaking at 300  rpm. To stop the reac-
tion, 100  µL 1% H2SO4 was added, and the plates were 
read in an enzyme-linked immunosorbent assay reader 
at 450  nm, with 650  nm as a reference. A calibration 
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curve was plotted using a 4-parametric mathematical 
fit model. Supernatants were kept frozen until use, and 
were assessed in single determinations for rat PCLS and 
double determinations for human PCLS. Coefficient of 
variability percentages on double determinations were 
approved if under 15%. Values below the measurement 
range were assigned the lower limit of detection of the 
assay (C3M 0.011  ng/mL; PRO-C1 2.3  ng/mL; PRO-C3 
0.5 ng/mL; PRO-C6 0.15 ng/mL; FBN-C 7.61 ng/mL).

Statistical analysis
It was assumed that there would be non-uniform, patchy 
distribution of fibrotic lesions in donor lungs and differ-
ent grades of fibrosis severity in the sliced tissue cores 
from different regions of a donor lung. Thus, the absolute 
change in neoepitope biomarker concentration in the 
supernatant of incubated slices was normalised by sub-
tracting the mean concentration of the control (medium 
only) slices of each corresponding tissue region from 
each donor. The half- maximal inhibition values (EC50) 
were calculated by plotting the percentage change of the 
neoepitope biomarker concentration against the log of 
the nintedanib concentration using an asymmetric (five 
parameter) least squares fit (GraphPad, 9.00; GraphPad 
Software, Inc., La Jolla, CA, USA).

For statistical analysis, absolute neoepitope biomarker 
concentrations were compared against medium control 
for PCLS from patients with PF and against bleomycin-
treated rat PCLS for the animal experiments. Statistical 
differences between groups were analysed by Kruskal–
Wallis test followed by Dunn’s multiple comparison test 
for nonparametric data (GraphPad Prism 9.00). P < 0.05 
was considered statistically significant.

Results
Nintedanib reduces C3M in the supernatant of viable lung 
slices from bleomycin‑treated rats
From the seven saline-treated rats, a total of 33 viable 
lung slices were prepared for each concentration of 
nintedanib and 36 for the vehicle. From the 12 bleo-
mycin-treated rats, a total of 46 viable lung slices were 
prepared for each concentration of nintedanib and 45 
for the vehicle. We showed that there was a significant 
fivefold increase in C3M in the supernatant of PCLS 
(12.42 ± 1.87  ng/mL) compared with vehicle control 
(2.47 ± 0.11 ng/mL) (P < 0.001) after the 48-h incubation 
period (Fig.  1). Incubation with 0.3  µM nintedanib led 
to a statistically significant  maximum reduction of C3M 
by 40% (P < 0.001) (Fig.  1). Nintedanib had no effect on 
PRO-C1, the other neoepitope biomarker investigated 
(data not shown).

Nintedanib reduces type III collagen neoepitope 
biomarkers in the supernatant of viable lung slices 
from patient donors with PF
All tested neoepitope biomarkers were detectable in con-
trol PCLS from patients with PF within range.

Incubation of PCLS from patients with PF with nint-
edanib reduced C3M supernatant levels compared with 
supernatant from media-only controls in a concentra-
tion-dependent manner (Fig. 2a). This reached statistical 
significance (P < 0.05) at the highest concentration of nin-
tedanib (0.3 µM), corresponding to a reduction in C3M 
concentration of 24%. The EC50 by nintedanib of C3M 
was ≈ 73 nM (Fig. 3a). In addition, incubation with nin-
tedanib led to a small (9%) but concentration-dependent 
trend to reduced PRO-C3 compared with media-only 
controls (Fig. 2b) (EC50 ≈ 162 nM, Fig. 3b). Absolute val-
ues of neoepitope biomarker concentrations are shown 
in Table 1. Incubation with pirfenidone had no effect on 
C3M and only marginal effects on PRO-C3. There were 
no effects of either nintedanib or pirfenidone on the lev-
els of PRO-C1, PRO-C6 and FBN-C (Table 1).

Discussion
In this study, we characterised a panel of neoepitope 
biomarkers quantifying ECM remodelling in PCLS pre-
pared from bleomycin-treated rats, as well as from 
patient donors with PF, and investigated the effects of 
pirfenidone and nintedanib on these biomarkers. Our 
main findings were: (1) in PCLS from rat fibrotic lung 
tissue, incubation with nintedanib reduced type III col-
lagen degradation, assessed by C3M levels. PRO-C3 was 
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Fig. 1  Nintedanib reduced C3M concentrations in the PCLS 
supernatant from bleomycin in vivo treated rats. C3M concentrations 
from PCLS from bleomycin-treated rats incubated with nintedanib 
for 48 h compared with PCLS from vehicle-treated rats. Number 
of slices indicates the total number from all rats evaluated at that 
dose. Statistical differences between groups were analysed by 
Kruskal–Wallis test followed by Dunn’s multiple comparison test for 
nonparametric data. Data are shown as mean ± SEM. ***P < 0.001. 
C3M neo-epitope of MMP-9 mediated degradation of type III 
collagen, LLOD lower limit of detection, PCLS precision-cut lung slices, 
SEM standard error of the mean
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not measured in our animal model, so we were unable 
to ascertain if there were any effects on this neoepitope 
biomarker; (2) in PCLS from patient donors with PF, nin-
tedanib led to reductions in type III collagen formation 
and degradation, assessed by PRO-C3 and C3M levels in 
a concentration-dependent manner, with EC50 values for 
C3M and PRO-C3 at or slightly above the expected clini-
cal exposure after standard dosing of 150 mg nintedanib 
twice daily in patients with IPF [26–28]. In addition, clin-
ical studies have shown that PRO-C3 and C3M levels are 
elevated in the serum of patients with IPF compared with 
unaffected individuals and are biomarkers of IPF severity 
and progression [6, 7, 29]. Collectively, these data indi-
cate that nintedanib modulates neoepitope biomarkers 
of type III collagen turnover by affecting both type III 
collagen formation and degradation. These results also 

indicate that C3M, a biomarker of type III collagen deg-
radation, appears to be the most promising neoepitope 
biomarker linking data from animal model and donor 
PCLS studies with data from clinical trials in patients.

Type III collagen is an important interstitial colla-
gen, which is expressed in healthy and fibrotic lung tis-
sues [14, 30]. In our study, the effects of nintedanib we 
observed on both PRO-C3 and C3M indicate that the 
drug may affect pathological remodelling in PF by shift-
ing the balance of type III collagen turnover in two ways: 
(1) by exerting antifibrotic effects on fibroblasts, leading 
to decreased PRO-C3 secretion and reduced fibrogen-
esis, and (2) by modulating matrix metalloproteinase 
(MMP) secretion and activity, leading to reductions in 
excessive ECM destruction and C3M release. Nintedanib 
has been shown to exert antifibrotic effects on human 

Fig. 2  Nintedanib reduced C3M and PRO-C3 concentrations in the PCLS supernatant from patients with PF. a Absolute changes in C3M and  
b PRO-C3 concentrations from PCLS incubated with nintedanib and pirfenidone for 48 h compared with PCLS incubated with medium. Samples 
were generated by pooling supernatant from two wells, with each well containing two PCLS. Statistical differences between groups were analysed 
by Kruskal–Wallis test followed by Dunn’s multiple comparison test for nonparametric data. Two data points in part A and three in part B lie outside 
the plotted axes. C3M neo-epitope of MMP-9 mediated degradation of type III collagen, PCLS precision-cut lung slices, PF pulmonary fibrosis, 
PRO-C3 ADAMTS-2 mediated release of the N-terminal pro-peptide of type III collagen

Fig. 3  Inhibition of C3M and PRO-C3 in the PCLS supernatant from patients with PF. Percentage changes in a C3M and b PRO-C3 concentrations 
from PCLS incubated with nintedanib compared with PCLS incubated with medium. The EC50 were cal culated with asymmetric (five parameter) 
least squares fit. Six data points lie outside the plotted axes. C3MC3M  neo-epitope of MMP-9 mediated degradation of type III collage n;    EC50   
half- maxi mal inhibition values; PCLS  precision-cut lung slices; PF  pulmonary fibrosis; PRO-C3  ADAMTS-2 mediated release of the N-terminal 
pro-peptid e  of type III collagen
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lung fibroblasts and significantly increased the activ-
ity and levels of MMP-2 [31]. In pericytes, nintedanib 
significantly increased MMP-8, MMP-9 and MMP-13 
secretion, and MMP-2 and MMP-9 activity [32]. It may 
be expected that incubating PCLS with nintedanib would 
increase MMP activity and therefore lead to increased 
levels of C3M. Interestingly, we observed the opposite 
effect with exposure to nintedanib leading to a decrease 
in C3M, indicating that, at least at the 48-h time point in 
our model, nintedanib is not exerting its affect primarily 
through MMP activation. An analysis over multiple time 
points would be required to determine the exact kinet-
ics of PRO-C3/C3M ratio after treatment of PCLS with 
nintedanib.

In addition to PRO-C3 and C3M, other neoepitope bio-
markers have been implicated in disease progression and 
mortality in PF in clinical studies. In the PROFILE study, 
the neoepitope biomarkers PRO-C3, PRO-C6, C1M, 
C3M, C6M and C-reactive protein degraded by MMPs 1 
and 8 (CRPM) were higher in patients with progressive 
versus stable IPF, indicating an association with disease 
progression. Rising levels of C1M, C3M, C6M and CRPM 
were associated with an increased risk of overall mortal-
ity [6, 7].

The INMARK study investigated changes in biomark-
ers of ECM turnover as predictors of disease progres-
sion  and evaluated the effect of nintedanib treatment 
[13]. Patients with IPF were randomised 1:2 to receive 
150  mg nintedanib twice daily or placebo for 12  weeks, 
followed by an open-label period during which all 
patients received nintedanib for 40  weeks. The study 
did not meet its primary endpoint of rate of change in 
CRPM in the intention-to-treat population, and there 
were no significant differences in the rate of change of 
C1M or C3M between the nintedanib and placebo arms 
at Week 12. However, in patients treated with nintedanib 
there was a significant reduction in C3M from baseline 
at Weeks 16 and 20, and the reduction in the placebo/
nintedanib arm at Week 24 was similar to that at Week 
12 [33]. In addition, baseline levels of CRPM and C3M 
were associated with disease progression over 52 weeks 
[34]. Compared with placebo, treatment with nintedanib 
significantly reduced PRO-C6 at Weeks 4 and 12, and sig-
nificantly increased PRO-C3 at Week 4 but not at Week 
12 [33]. Analyses of the long-term effects of nintedanib 
treatment on ECM turnover biomarkers are ongoing and 
could provide insights into a possible treatment response 
on neoepitope biomarkers.

In contrast to the INMARK study [33], we did not 
observe any effects of nintedanib on the type VI col-
lagen neoepitope biomarker PRO-C6. The differences 
between the results of this study and those in INMARK 
may be explained by nintedanib exerting different effects 

in in  vivo and ex  vivo systems compared with those 
in patients. Neoepitope biomarkers were evaluated in 
patient serum in the INMARK study, and therefore 
would reflect the systemic effects of nintedanib treatment 
on ECM remodelling. In our PCLS system, type III col-
lagen could be the main collagen being produced through 
the pathways that are affected by nintedanib.

In this study, we only analysed the effects of nint-
edanib at 48 h compared with several weeks’ exposure in 
the clinical studies. Potentially different results could be 
obtained by varying the incubation period.

In agreement with our data, nintedanib reduced the 
secretion of PRO-C3 levels by transforming growth fac-
tor-beta 1 (TGF-β1)-induced fibroblasts in an in  vitro 
Scar-in-a-Jar assay [35]. However, unlike in our study, 
there was also an effect on the neoepitope biomarkers 
PRO-C1, PRO-C6 and FBN-C in the in vitro model. The 
differences between this and the present ex  vivo study 
could be explained by differences between the disease 
models and methodologies, making it difficult to draw 
accurate comparisons. For example, the Scar-in-a-Jar 
assay is an in  vitro cell culture model using TGF-β1-
stimulated fibroblasts with cells initially seeded on plas-
tic, whereas the PCLS system is a more complex model 
that is derived from multicellular tissue [23, 35].

In our study, incubation of patient PCLS with pirfeni-
done had only a marginal effect on PRO-C3 and no obvi-
ous effects on the other neoepitope biomarkers. Other 
studies have shown that pirfenidone exerts antifibrotic 
effects in models of PF, but only at concentrations of 
1–2.5  mM [35, 36]. In our study, we used a concentra-
tion of 100 µM, which is within the expected physiologi-
cal range after standard dosing with pirfenidone [24]. 
Another possible reason for the lack of effect of pirfeni-
done on the neoepitope biomarkers could be related to its 
mode of action, which has not been fully characterised.

The strengths of this study are that we investigated 
neoepitope biomarkers in both an animal model of PF 
and patient donor tissue using the PCLS technique, 
which preserves the three-dimensional structure of the 
tissue and is an established translational model for pre-
clinical investigations [1, 23]. Limitations of this study 
are the small number of PF samples from donors with 
different subtypes of IIP, and who are likely to be treated 
with different therapy regimens, and the considerable 
variability between human lung slices from different 
patients and regions of the lung. In addition, unlike tis-
sue collected from rat lungs, collection of patient donor 
tissue was restricted to peripheral regions of the lung, 
which could result in different target cells and tissues 
between our PCLS models. A limitation of the PCLS 
model is that it is a static model that would not repli-
cate all the features in vivo, such as cellular infiltration. 
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There were only limited tissue  slices available, which 
restricted the number of neoepitope biomarkers that 
could be investigated in this study, and this meant that 
the number of sections was low for some neoepitope 
biomarkers.

Conclusion
Nintedanib appears to modulate PRO-C3 and C3M, 
suggesting it exerts antifibrotic effects via the type III 
collagen remodelling pathways. Our study indicates 
that C3M is the most promising biomarker of treat-
ment response to nintedanib, linking animal model and 
patient lung tissue PCLS studies to clinical studies in 
PF [6, 7]. Further work is needed to validate these bio-
markers in patients with PF.
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