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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a severe and progressive lung disease that is mainly 
characterized by an excessive accumulation of extracellular matrix in the lung, with 
collagens being the most abundant proteins. Moreover, it is becoming increasingly 
evident that not only the amount of collagen is aberrant in fibrosis, but also the 
structural integrity. Advanced imaging techniques have facilitated the assessment of 
collagen fiber quantity and organization in normal and fibrotic lung tissue, yet the 
integrity on a molecular level is still relatively unexplored. In this study, we therefore 
investigated the levels of denatured collagen in lung tissue from control patients and 
patients with IPF by using collagen hybridizing peptides. Levels of denatured collagen 
were found to be higher in lung tissue from patients with IPF than in control lung tissue. 
We also did similar analyses in decellularized lung tissue and found that this disease-
related effect was preserved in decellularized lung tissue. This indicates that 
decellularized tissues are a suitable medium to study the interactions between 
denatured collagen and cells in vitro. 
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Introduction 

Idiopathic pulmonary fibrosis (IPF) is a severe and progressive lung disease, with an estimated 
survival of less than 5 years after diagnosis, which is mainly characterized by excessive and 
imbalanced accumulation of extracellular matrix proteins in the interstitium of lung tissue [1]. 
Collagens are the most abundant extracellular matrix proteins in fibrotic tissue and it is 
becoming increasingly evident that not only the amount, but also the folding and structural 
integrity of collagen, is different in fibrosis [2,3]. 

Collagen molecules are triple helical protein structures that can, depending on the 
fibrillar or non-fibrillar type of collagen, assemble into collagen fibrils and larger collagen fibers 
[4,5]. To study both the quantity and organization of fibrillar collagen in tissues, second 
harmonic generation imaging can be used [6,7]. In contrast to non-fibrillar collagens, fibrillar 
collagens are non-centrosymmetric structures that generate a second harmonic signal by 
doubling the frequency of incident light. In addition, the directionality of the second harmonic 
signal (forward or backward) can be analyzed as a measure of collagen organization [6,8]. In 
lung tissue from patients with IPF, this label-free technique has indicated that collagen fibers 
are thicker and more mature/organized as compared to collagen fibers in control lung tissue 
[7]. The recent development of a collagen hybridizing peptide has subsequently made 
advanced imaging of collagen remodeling on a molecular level possible [9]. This peptide 
specifically binds to a repeating triple-helical motif that is shared by all 28 collagen types and 
its applicability is therefore not limited to fibrillar collagens. The repeating triple-helical motif 
is essential for the assembly of polypeptide chains into the characteristic triple helix of a 
collagen molecule. Upon collagen denaturation and/or degradation, improper folding of the 
triple helix exposes the triple-helical motif and allows the labelled peptide to hybridize with 
the denatured or structurally disrupted collagen [9,10]. Using this collagen hybridizing 
peptide, higher levels of structurally disrupted collagen have been observed in lung tissue of 
mice with bleomycin-induced pulmonary fibrosis [10], but it is still unclear whether these 
molecular changes are also present in lung tissue from patients with IPF. Although bleomycin-
induced pulmonary fibrosis is currently the most accepted model to investigate IPF, the 
different etiology, disease development, and especially the spontaneous fibrosis resolution 
after some time, are a cause of discrepancies with the human condition [11]. 

In this study, we therefore investigated the levels of denatured collagen in human lung 
tissue from control patients and patients with IPF using a collagen hybridizing peptide. By 
comparing the IPF-related effect in native lung tissue with the effect observed in decellularized 
lung tissue, we also examined whether the process of decellularization preserves the relative 
difference in collagen degradation/denaturation between control lung tissue and lung tissue 
from patients with IPF. This is important as decellularized tissue is often used to study 
interactions between cells and extracellular matrix changes induced by a pathological process 
in vitro. A better understanding of fibrosis-related changes in the structural integrity of 
collagen is required to ultimately target cell-matrix interactions in the treatment of fibrosis.  
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Materials and Methods 

Human lung tissue 

Human fibrotic lung tissue was collected with informed consent from patients with end-stage 
IPF undergoing lung transplantation at either the University Medical Center Groningen 
(UMCG) or at the Erasmus Medical Center Rotterdam. Human non-fibrotic control lung tissue 
was obtained at the UMCG from patients undergoing surgical resection for carcinoma. In 
tumor resections, histologically normal lung tissue was taken as far distally as possible from 
the tumor and assessed visually by a pathologist for the absence of abnormalities with a 
standard haematoxylin and eosin staining. In Groningen, the study protocol was consistent 
with the Research Code of the University Medical Centre Groningen 
(www.umcg.nl/EN/Research/Researchers/General/ResearchCode/Paginas/default.aspx) and 
the Dutch national ethical and professional guidelines (“Code of conduct; Dutch federation of 
biomedical scientific societies”; http://www.federa.org). The Medical Ethical Committee of 
the Erasmus Medical Center Rotterdam approved all protocols followed in that center. Human 
lung tissue for decellularization was obtained from non-transplantable donors (normal, non-
fibrotic) and from explants of patients with IPF receiving a lung transplant at the University 
of Michigan Medical Center. These approaches were deemed exempt from oversight by The 
University of Michigan Institutional Review Board, as all tissues were de-identified and coming 
from deceased donors.  

 

Sample preparation and staining 

Pieces of lung tissue were fixed in formalin, embedded in paraffin and cut into 5 µm sections 
using standard procedures. Prior to staining, sections were deparaffinized also using standard 
procedures. Decellularized lung tissue was prepared as described previously [12] and stored 
in PBS containing 1% penicillin-streptomycin (Gibco Laboratories, Grand Island, USA) at 4 °C. 
Sections of lung tissue were stained to visualize collagen using a Masson’s trichrome stain kit 
(Sigma-Aldrich, Zwijndrecht, the Netherlands) according to the instructions of the 
manufacturer. Sections of native lung tissue and pieces of decellularized lung tissue were also 
stained using collagen hybridizing peptide-Cy3 conjugate (R-CHP), according to the 
manufacturer’s protocol (3Helix Inc, Salt Lake City, USA). A working solution of 5 µM R-CHP in 
PBS was heated at 80 °C for 5 minutes and subsequently cooled down in an ice bath for 15-90 
seconds to prevent heat shock to the lung tissue upon addition. After adding the R-CHP 
working solution, the lung tissues were incubated overnight at 4 °C. Decellularized lung tissues 
were incubated while gently shaking. After incubation, the samples were washed three times 
in PBS for 5 minutes (lung tissue sections) or 30 minutes (decellularized lung tissue). 
Decellularized lung tissue was subsequently kept in PBS and lung tissue sections were 
mounted using DePeX mounting medium (Serva, Heidelberg, Germany). Both sample types 
were stored at 4 °C until further analysis. 
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Microscopy and image analysis 

Masson’s trichrome staining of lung tissue sections was imaged and captured using an 
Olympus BX41 microscope with an UPlanFL N 10×/0.30 NA objective (Olympus, Tokyo, Japan). 
R-CHP staining in decellularized lung tissue and tissue sections was imaged and captured using 
a Leica SP2 confocal microscope with a Leica HCX APO L 40× W objective (decellularized lung 
tissue) or a Leica HC PL APO 20×/0.7 IMM/COR objective (lung tissue sections). Per subject, at 
least three fields of view were acquired from one experimental replicate. Native lung tissue 
had to cover more than 50% of the image, with focus on alveolar regions while avoiding large 
airways and blood vessels. Decellularized lung tissue had to cover 30% of the image. The mean 
grey value of each image was analyzed using Fiji [13].  

 

Statistical analyses 

Data were considered to be non-normally distributed. Mann-Whitney U tests were used to 
detect significant differences between the groups and p<0.05 was considered significant. 
Statistical analyses were performed in GraphPad Prism 8.0 (GraphPad Software, La Jolla, USA). 
 
 
Results 

Higher levels of denatured collagen in lung tissue from patients with IPF 

To examine the levels of denatured collagen in lung tissue from control patients and patients 
with IPF, we stained lung tissue sections with the Cy3-conjugated collagen hybridizing peptide 
(R-CHP). As a reference, the total amount of collagen (both intact and denatured) was 
visualized with Masson’s trichrome stain (Figure 1A), indicating the presence of more collagen 
in alveolar walls of lung tissue from patients with IPF (right panel) compared to controls (left 
panel). The R-CHP staining visualized low levels of denatured collagen in normal lung tissue 
(Figure 1B, left panel), but a wider spread and denser R-CHP signal was observed in lung tissue 
from patients with IPF (right panel). Quantification of the R-CHP signal indicated higher levels 
of denatured collagen in fibrotic lung tissue (Figure 1C, right panel) as compared to normal 
lung tissue (left panel).  

 

Preservation of IPF-related higher levels of denatured collagen after decellularization 

To verify whether the difference in collagen denaturation is preserved after decellularization 
of lung tissue, we also stained decellularized normal and fibrotic lung tissue using the same 
collagen hybridizing peptide. In decellularized lung tissue from patients with IPF (Figure 2A, 
right panel), more R-CHP signal was observed than in normal lung tissue (Figure 2A, left panel) 
and quantification indeed showed higher levels of denatured collagen in fibrotic lung tissue 
compared to normal (Figure 2B). The fibrotic decellularized lung tissue contained 
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approximately twice as much signal as the normal decellularized lung tissue, similar to what 
we found for the native lung tissue.  
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Figure 1 (previous page). Higher levels of denatured collagen in lung tissue from patients with IPF. Sections of 
lung tissue were stained using Masson’s trichrome stain or Cy3-conjugated collagen hybridizing peptide (R-CHP). 
A. Representative images of Masson’s trichrome stain in normal lung tissue (left panel) and lung tissue of a 
patient with idiopathic pulmonary fibrosis (IPF, right panel), showing collagen fibers in blue and cytoplasm in red. 
B. Representative fluorescence images of the R-CHP signal in normal lung tissue (left panel) and lung tissue of a 
patient with IPF (right panel), from the same patients as in (A). C. Quantification of the R-CHP signal, showing the 
average mean fluorescence intensity of at least three images per section. One experimental replicate per subject, 
sample size n=4 (normal) and n=14 (IPF). Data represented as min to max box-and-whiskers plots showing all 
points. Groups were compared using a Mann-Whitney U test. P<0.05 was considered significant.  

 

Figure 2. Preservation of IPF-related difference in levels of denatured collagen after decellularization. 
Decellularized lung tissue was stained using Cy3-conjugated collagen hybridizing peptide (R-CHP). A. 
Representative fluorescence images of R-CHP signal in decellularized lung tissue from control patients (left panel) 
and from patients with idiopathic pulmonary fibrosis (IPF, right panel). B. Quantification of the R-CHP signal, 
showing the average mean fluorescence intensity of at least three images per decellularized lung tissue. One 
experimental replicate per subject, sample size n=4 for both normal and IPF decellularized lung matrices. Data 
represented as min to max box-and-whiskers plots showing all points. Groups were compared using a Mann-
Whitney U test. P<0.05 was considered significant. 
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Discussion 

In this study, we observed higher levels of denatured collagen in lung tissue from patients with 
IPF as compared to normal lung tissue. Importantly, these differences were preserved when 
we investigated the levels of denatured collagen in decellularized lung tissue. 

The presence of higher levels of structurally disrupted collagen molecules in lung tissue 
from patients with IPF indicates that even though there is an excessive accumulation of 
collagen in the tissue, collagen degradation is still taking place on the molecular level. 
Interestingly, the collagen hybridizing peptide has previously been shown to colocalize 
spatially and temporally with matrix metalloproteinase 2 (MMP-2) in bleomycin-induced 
pulmonary fibrosis, suggesting that the structurally different collagen detected by the collagen 
hybridizing peptide is a consequence of MMP-2 proteolytic activity [10]. Several MMP’s, 
including MMP-2, have been shown to be elevated in patients with IPF and MMP-derived 
collagen fragments were more abundant in their blood [14–16]. The possibility to image 
structurally disrupted collagen molecules directly, instead of indirectly by looking at 
proteolytic enzymes, will allow further elucidation of collagen remodeling in the fibrotic 
response.  

In addition to the higher levels of denatured collagen detected in IPF samples as 
compared to the normal samples, we also observed more variation in levels of denatured 
collagen between IPF samples, especially in the sections of native lung tissue. It is likely that 
this variation is connected to the characteristic heterogeneous pattern of IPF, with both 
normal and fibrotic areas in lung tissue [17,18]. Also interpatient variability in disease severity 
could contribute to this variation, even though a certain disease stage is required to be listed 
for a lung transplantation [19]. Interestingly, in liver fibrosis, collagen hybridizing peptide 
staining has recently been suggested to have value in quantitatively assessing disease severity 
and predicting the need for liver transplantation [20]. 

Decellularized (lung) matrices are gaining attention in tissue engineering and as in vitro 
models to study cellular behavior [21]. However, it is important to keep in mind that 
decellularization protocols can affect the mechanical and morphological properties of the 
extracellular matrix [22,23]. The collagen hybridizing peptide used in this study has previously 
been applied to show that decellularizing agents can induce collagen denaturation [22]. In this 
study, we could not investigate the effect of our decellularization protocol on the absolute 
levels of denatured collagen, as the native and decellularized lung tissues were not derived 
from the same patient and processed differently. Nonetheless, we did observe that the 
relative difference in levels of denatured collagen between lung tissue from patients with IPF 
and controls was comparable in native and decellularized lung tissue. The preservation of this 
IPF-related difference in levels of denatured collagen emphasizes that decellularized lung 
tissue is suitable for in vitro models studying cellular responses to this denatured collagen. 
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In conclusion, this study shows that levels of denatured collagen are higher in lung tissue 
from patients with IPF than in normal lung tissue, indicating extensive molecular collagen 
denaturation during a fibrotic response. Preservation of the observed disease-related effect 
in lung tissue after decellularization makes decellularized lung tissue an interesting model to 
study interactions of denatured collagen with cells involved in tissue remodeling, such as 
fibroblasts and macrophages. This finding opens up exciting avenues to further study cell-
matrix interactions in tunable in vitro models.  
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