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10 Chapter 1

Lung fibrosis encompasses several different pulmonary diseases, all of which result 
in fibrotic scar tissue accumulation in the lung interstitium, the region between 
the alveolar epithelium and blood vessels [1]. The most common type is idiopathic 
pulmonary fibrosis (IPF) which has an unknown etiology and is mainly characterized 
by progressive fibrosis and a poor prognosis [2]. The survival rate for patients with IPF 
is very low: a recent meta-analysis reported an overall median survival of 3.2 years [3]. 
Despite the fact that IPF is the most common type of lung fibrosis, it is still classified 
as a rare disease with a prevalence of 3-45 in 100,000 [4]. The current school of 
thought suggests that the IPF originates from repeating (micro)injuries in the alveolar 
epithelium of lung tissue, followed by an aberrant wound repair response involving 
the recruitment of the (myo)fibroblasts to the injured area [5]. Unfortunately, to 
date, there is no permanent cure for IPF except for lung transplantation [6]. The 
only two available therapeutics, Nintedanib and Pirfenidone, merely slow the 
progression of fibrosis, increase the median survival rate but cannot reverse or 
cure established disease [7, 8]. One of the main reasons for a lack of new treatment 
strategies is the lack of thorough knowledge of the mechanisms underlying disease 
progression, as the fibrotic process is already, usually, at a very late stage at the time 
of diagnosis. Another roadblock is the lack of adequate laboratory and animal models 
to investigate the complex disease mechanisms of IPF [9].

The formation of aberrant extracellular matrix (ECM), deposited as scar tissue, is 
a key disease mechanism not only for IPF but for all fibrotic lung diseases [10]. 
Forming the immediate environment around the cells, the ECM is composed of a 
plethora of proteins, proteoglycans and glycosaminoglycans [11]. ECM provides a 
mechanical scaffold for the resident cells to attach; moreover, it provides bioactive 
cues through its own composition, as well as the growth factors that are stored in it 
[12]. Lung ECM is of vital importance for lung function through providing structural 
support and elasticity [13]. In fibrotic lung diseases, including IPF, the native ECM is 
disrupted with respect to its composition, mechanics and organization [14]. These 
collective changes during fibrosis result in a stiff and rigid scaffold instead of a soft 
and elastic network [15, 16]. In the last decade, our thoughts on how ECM plays a 
role in biological processes, has evolved drastically from an inert scaffold towards a 
bioactive and instructive network. Parallel to these revelations, our understanding 
on the realms of how ECM might be involved in the progression of a fibrotic response 
in lung diseases has also improved. We now know that the presence of fibrotic ECM 
alone, in vitro, guides cells towards a more pro-fibrotic state in a positive feedback 
loop, possibly resulting in generation of more fibrotic ECM [17-19]. Together with 
aberrant composition, disorganized fibers and altered mechanics, abnormal cells 
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11General Introduction

in fibrotic ECM mark the four neighboring regions with complex relationships with 
the realms of fibrotic ECM (Figure 1).

“One Ring to rule them all, One Ring to find them, 
One Ring to bring them all, and in the darkness bind them.” – J.R.R. Tolkien.

However, the details of the overruling capacity of ECM among the interactions 
between the ECM and the resident cells are still uncharted. By investigating and 
characterizing the interactions between the ECM and cells, which are already 
imprinted by the fibrotic ECM in vivo, we can broaden our horizons on how the 
pro-fibrotic cycle continues towards further activation of cells or disruption of 
composition, organization and mechanics of ECM.

Figure 1: The landscape and influence of the Realms of Extracellular Matrix (ECM). Aberrant 
composition, disorganized fibers, altered biomechanics and abnormal cells are important areas 
that regulate the interactions between the (fibrotic) ECM and resident cells are shaped during 
the course of the fibrotic response.

1
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12 Chapter 1

AIM AND OUTLINE OF THIS THESIS

The overarching aim of this thesis was to investigate and characterize the interactions 
between the fibrotic ECM and cells, to elucidate how these contribute to subsequent 
pro-fibrotic reactions.

 In Chapter 2, I outlined the changes in the composition, mechanics and organization 
of ECM during lung fibrosis and summarize the recent advances regarding how these 
changes might pave the way to a better understanding of fibrotic responses.

In Chapter 3, I reported how collagen type XIV, an ECM protein, is involved in 
fibrotic lungs. While its role in the organization of fibrillar collagens was previously 
demonstrated, the status of collagen type XIV in IPF was not described prior. In this 
study, I investigated how the relative proportion of collagen type XIV protein is 
different in lungs of patients with IPF at the whole tissue level, as Ill as in specific 
tissue compartments.

In Chapter 4, I critically summarized the cutting-edge technologies used to mimic 
lung microenvironments in three-dimensional (3D) in vitro conditions. After 
reviewing different in vitro tools, and their advantages and disadvantages, I discussed 
the challenges associated with such models. Moreover, I provided a detailed overview 
of the recent translational applications for each model and characterizations of such 
models.

In Chapter 5, I investigated regenerative responses of cells isolated from the lungs 
of IPF patients and compared them to cells isolated from non-IPF lungs using an 
organoid model system. I hypothesized that supportive cells from the stromal niche/
microenvironment imprinted by a fibrotic ECM carry over their “lessons” and result 
in a dysregulated regenerative response of epithelial cells. I compared the number 
and size of organoids developed from unfractionated cells obtained from non-IPF 
lungs to IPF lungs. In addition, I isolated epithelial cells from these unfractionated cell 
populations to test their regenerative capacity without the influence of additional 
cells.

In Chapter 6, I described the state-of-the-art status of 3D in vitro models used to 
mimic lung ECM. I explained the advantages of 3D over two-dimensional (2D) culture 
systems and exemplified the most commonly used materials to create a 3D in vitro 
lung microenvironment.
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13General Introduction

In Chapter 7, I provided a perspective on recent developments in lung ECM-derived 
hydrogels. After a brief review of the innovative science utilizing such hydrogels, I 
deliberated on the path towards developing new technologies based on ECM-derived 
hydrogels.

In Chapter 8, I harnessed the potential of lung ECM-derived hydrogels by artificially 
introducing fiber crosslinking. I hypothesized that applying additional fiber 
crosslinking would result in increased stiffness, and in turn would trigger cellular 
changes that are also observed during the fibrosis process. I investigated the changes 
in hydrogel mechanics and fiber organization, and examined cellular responses with 
respect to fibroblast activation. By creating an in vitro model that represents changes 
in the mechanical properties of fibrotic ECM alone, I succeeded in separating the 
mechanical influence of fibrotic ECM from the biomechanical influence on cells.

In Chapter 9, I examined ECM and cell interactions using both IPF and non-IPF human 
lung ECM-derived hydrogels and human primary lung fibroblasts. I hypothesized that 
the origin of microenvironment would overrule the origin of the fibroblasts, and that 
IPF matrix can drive fibrotic responses in fibroblasts from normal lungs. I tested this 
hypothesis by comparing the influence of the microenvironment with the influence 
of the cell origin by combining IPF or non-IPF ECM-derived hydrogels with IPF or non-
IPF fibroblasts, ultimately resulting in a combinatorial comparison. I characterized 
changes in collagen amount and collagen fiber organization, glycosaminoglycan 
content as well as mechanical properties of hydrogels with and without fibroblasts 
to compare the instructiveness of non-IPF and IPF microenvironments.

In Chapter 10, the outcomes of the individual chapters of this thesis are integrated 
and discussed. The future perspectives of our findings with respect to interactions 
between ECM and cells in IPF are also included in this discussion. In the context of 
cellular functions, mechanical forces and fibrillar organization, this section concludes 
with how ECM brings them all, binds them all, and ultimately, rules them all.

1
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CHAPTER 2

The multi-faceted 
extracellular matrix: 
unlocking its secrets 
for understanding the 
perpetuation of lung fibrosis

Mehmet Nizamoglu & Janette K. Burgess

Reproduced with permission from Springer Nature from the publication in Current 
Tissue Microenvironment Reports:  

Nizamoglu, M., & Burgess, J. K. (2021). The multi-faceted extracellular matrix: 
Unlocking its secrets for understanding the perpetuation of lung fibrosis. Current 
Tissue Microenvironment Reports, 2(4), 53–71.  
https://doi.org/10.1007/s43152-021-00031-2  
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18 Chapter 2

ABSTRACT

Purpose of review: Lung fibrosis is currently thought to stem from an aberrant wound 
healing response after recurring (micro) injuries in the lung epithelium, together 
with disrupted crosstalk between epithelial and stromal cells. An important factor in 
lung fibrosis is the abnormal deposition of extracellular matrix (ECM). In this review, 
we extend the view of ECM to summarize how aberrant structural organization and 
degradation of ECM contributes to (perpetuation of) lung fibrosis.

Recent findings: Fibrotic changes in ECM including altered composition, such as 
increased collagens, coupled with mechanical properties, such as increased stiffness 
or abnormal fiber crosslinking, promote pro-fibrotic responses in cells in this 
microenvironment. Similarly, changes in matrix degrading enzymes and release of 
degradation products from ECM proteins also perpetuate cellular fibrotic responses.

Summary: In lung fibrosis, irreversible ECM structure, organization and architectural 
alterations drive a perpetuating fibrotic response. Targeting strategies abrogating 
the abnormal ECM or ECM-degrading enzymes accompanied by prognostic and/or 
diagnostic approaches based on ECM fragments may provide novel alternatives to 
current therapeutic approaches for lung fibrosis.
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INTRODUCTION

Lung fibrosis is a common characteristic of the heterogeneous group of interstitial lung 
diseases (ILDs). Of these the most common is idiopathic pulmonary fibrosis (IPF), which is 
a chronic, progressive lung disease, with a very poor survival rate (median: 3-5 years) [1]. 
Currently, there is no cure for IPF, other than lung transplantation, and while there are two 
therapeutic agents, pirfenidone and nintedanib, that can slow the disease progression, 
these therapies are not effective in all patients and have adverse, sometimes severe side 
effects [2]. Lung fibrosis is currently thought to result from an aberrant wound healing 
response following recurrent microinjuries to the alveolar epithelium, augmented by 
aberrant cross-talk between the fibroblasts and epithelial cells resulting in an excessive 
and abnormal deposition of extracellular matrix (ECM) proteins [3-5].

Under normal physiological conditions, ECM is composed of a multitude of different 
proteins, glycosaminoglycans (GAGs), and glycoproteins (collagen types I, III, IV and 
VI, fibronectin, laminin, periostin, and hyaluronic acid are a few examples), forming 
a dynamic network that provides support to the cells embedded within it [6, 7]. In 
addition to its structural support function, ECM is a bioactive component of the 
tissue and it provides cues to all cells to influence/instruct their behavior. In fibrosis, 
deposition of several different ECM proteins such as collagens and fibronectin is 
increased, while others are decreased, changing the biochemical composition of the 
tissue [8]. As a natural consequence of the changes in the protein composition and 
organization, the biomechanical properties of fibrotic lung tissues are also altered: 
fibrotic lungs are stiffer, have a greater degree of collagen crosslinking and altered 
topography [9-11]. This catalogue of changes was previously thought to only be the 
result of the fibrotic process within the tissue; however, a plethora of recent studies 
have illustrated the changes in the ECM are an emerging contributor to the disease 
progression process itself, influencing different cell types and cellular mechanisms 
[12-17]. Moreover, with the advances in the single-cell RNA sequencing methods, 
lung resident cell populations are shown to have great heterogeneity in lung fibrosis, 
compared to healthy lungs, which would also impact the diversity of ECM changes 
in fibrosis [18-21]. Interestingly, it has recently been suggested (in the context of 
embryonic development) that each cell type expresses its own unique ECM gene 
profile (indicative of the production of an individual ECM protein profile) that becomes 
more refined as the cells differentiate towards end-stage cells such as fibroblasts 
[22]. This finding implies the importance of the ECM microenvironment, which is 
disrupted in fibrosis, for the maintenance of a homeostatic status in tissue. However, 
the detailed mechanisms regarding how altered properties of ECM affect cellular 
responses or contribute to the cellular heterogeneity present in fibrosis and the 
consequent influence upon the disease outcome are yet to be investigated completely.

2
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20 Chapter 2

In this review, we summarize the varied aspects of the contribution of ECM in lung 
fibrosis and how ECM influences cellular responses. First, we focus on updates for 
understanding how changes in ECM composition, coupled with altered mechanical 
properties, impact cellular responses. Then, we look beyond the ECM scaffold to 
illustrate how ECM degradation and the released bioactive ECM fragments play a 
role in lung fibrosis. Finally, we reflect on how targeting (changes in) ECM can be 
leveraged to provide new avenues for managing lung fibrosis.

ECM CHANGES IN FIBROSIS AND THEIR FUNCTIONAL CONSEQUENCES

Composition and Crosslinking
In pulmonary fibrosis, changes in the quantities of ECM proteins have been 
extensively described [6, 9, 23] : including, but not limited to, increased collagen types 
I and III, fibronectin, periostin, and hyaluronic acid. One of the most important pieces 
of evidence illustrating how fibrotic ECM induces fibrotic responses in fibroblasts, as 
a result of the feedback in two dimensional (2D) cell culture models, was described by 
Parker et al [14]. In concert, primary lung fibroblasts cultured on scaffolds made with 
stacked sections of decellularized IPF lung were shown to produce a protein output 
that mirrored the fibrotic matrix composition compared to the fibroblasts cultured 
on scaffolds made with control lung tissue [24]. By comparing the decellularized 
fibrotic and alveolar tissue-derived sections of mouse ex vivo lung tissue scaffolds, 
the fibrotic microenvironment was found to decrease the spontaneous movement 
speed of immortalized mouse fibroblasts, compared to healthy mouse tissue [13]. The 
effect of the microenvironment was shown to also influence responses in other cells: 
Monocyte-derived macrophages in the fibroblastic-foci were found to perpetuate 
the fibrotic response, suggesting the fibrotic microenvironmental cues were guiding 
these cellular responses [25]. Similarly, pericytes were also shown to have higher 
gene and protein expression of α smooth muscle actin (α-SMA) when cultured on 
decellularized IPF lung samples compared to decellularized control lung samples [26]. 
Interestingly, culturing alveolar epithelial cells on IPF lung derived decellularized 
matrices was found to protect alveolar epithelial cells from transforming growth 
factor β (TGF-β) induced apoptosis, while additionally strengthening the profibrotic 
response of IPF lung-derived decellularized matrix-seeded fibroblasts to TGF-β via 
engagement of integrin α2β1, compared with cells seeded on non-disease control 
lung derived decellularized matrices [27]. These studies collectively show the 
influence of the fibrotic ECM on different cells, illustrating the different responses 
of the cells to the changing microenvironment in lung fibrosis.
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Along with the changes in the biochemical distribution of the ECM proteins in fibrosis, 
post-translational modifications of these proteins are also altered. Collagen protein 
synthesis starts within the rough endoplasmic reticulum, with post-translational 
modifications adding hydroxyl groups to proline and lysine residues (Figure 1) [28]. 
Individual collagen molecules come together within the Golgi to form the triple 
helical structure, forming the procollagen molecule. This trimer then is secreted from 
the Golgi into the extracellular space, where its pro-collagen ends at both the C- and 
N-terminals are cleaved to generate the mature collagen molecule. The collagen 
molecules self-assemble to begin forming fibrils before lysyl oxidases (LOX), LOX-like 
enzymes (LOXLs) and transglutaminases (TGs) actively crosslink the triple helices 
to each other, forming the collagen fibers [28]. Increased expression and amount of 
LOXL1 and LOXL2 was reported in IPF lung tissue compared with non-disease control 
lung tissue [11]. In concert, fibrotic fibroblasts were found to have higher expression 
of TG2 compared with healthy fibroblasts in vitro [29]. Crosslinking of the collagen 
fibers by LOX/LOXL has also been shown to promote the TGF-β induced stiffening 
of the microenvironment [11]. ECM deposited by from IPF-lung derived fibroblasts 
increased the expression of LOXL3 and TG2; and in turn, the increased crosslinking of 
this ECM was demonstrated to boost fibroblast proliferation and adhesion [29]. These 
data together suggest that the increased collagen crosslinking, and dysregulation 
of the crosslinking enzyme amounts in pulmonary fibrosis could contribute to the 
positive feedback loop which Parker et al. first described [14].

Figure 1: Schematic illustration of synthesis, secretion and crosslinking of collagen fibrils. 
RER: Rough endoplasmic reticulum; LOX: lysyl oxidase; LOXL: LOX-like; TG: transglutaminase.

2
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22 Chapter 2

Stiffness and Viscoelasticity
Changes in the biomechanics of fibrotic lung tissue result directly from the altered 
and abnormal distribution and modification of the ECM proteins in lung fibrosis. Lung 
ECM has a viscoelastic nature that can dissipate the stress applied to it via various 
sources, such as mechanical forces changing with breathing in and out [10]. Among 
many biomechanical parameters, stiffness of the tissue is strongly associated with 
lung fibrosis and has been well-documented: native IPF lung samples were shown to 
have higher stiffness than control lung samples (1.96 ± 0.13 kPA vs 16.52 ± 2.25 kPA) 
and this difference remained similar also in decellularized lung samples (IPF lung 
sample: 7.34 ± 0.6 kPa, control lung sample: 1.6 ± 0.08 kPA) [9, 10]. Stiffness, like 
many other mechanotransducers, induces the Hippo pathway through yes-associated 
protein (YAP) – PDZ-binding motif (TAZ) signaling, resulting in the perpetuation 
of fibrosis [30]. Several in vitro models have been developed to assess the effect of 
stiffness on lung cells: fibroblasts cultured on 2D hydrogels with higher stiffness 
were shown to migrate faster, along with a greater cell spread area, compared to 
the fibroblasts cultured on hydrogels with lower (more physiological-like) stiffness 
[31]. Similarly, a stiffer 2D culture environment was shown to increase fibroblast 
activation via chromatin remodeling compared to softer surfaces, accompanied by 
increased nuclear volume in these fibroblasts [32]. Higher stiffness of fibronectin 
coated polyacrylamide hydrogels was shown to decrease fibroblast activating protein 
expression while increasing the cell spreading area and αSMA expression in murine 
lung fibroblasts compared with softer hydrogels; on the other hand, changes in the 
stiffness of collagen type I coated polyacrylamide hydrogels did not change the 
cellular response [33]. Likewise, comparing the effect of different stiffness values 
of polyacrylamide hydrogels and incorporation of solubilized matrix from healthy 
or IPF lungs on pericytes seeded on these hydrogels showed that increased cell area 
and higher expression of αSMA resulted from the increase in the stiffness of the 
hydrogel rather than the ECM composition [26]. Interestingly, a study by Matera et 
al. suggested opposing effects of stiffness on lung fibroblasts in 2D and 3D cultures: 
higher stiffness of 2D cultures promoted myofibroblast differentiation while stiffer 
3D cultures limited the differentiation of the lung fibroblasts [12]. Lastly, blocking 
the YAP – TAZ pathway of mechanotransduction in IPF lung-derived fibroblasts 
resulted in decreased expression of ECM proteins while ECM-degradation enzyme 
gene expression levels increased compared to the untreated IPF fibroblasts [34]. All 
of these studies together indicate different effects of stiffness on cells. It is highly 
possible that the combination of altered composition and increased stiffness induces 
different cellular responses in different cells. More investigation on separating the 
contribution of altered composition and stiffness of the fibrotic microenvironment 
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could improve our understanding and help identify novel therapeutic approaches 
for targeting the progression of lung fibrosis.

Another emerging parameter among the biomechanical properties of ECM is the 
viscoelasticity, which is the ability to dissipate an applied stress through time [35]. 
The importance of the viscoelasticity of ECM both in healthy and diseased conditions 
has been recently reviewed elsewhere [36]. Similar to many other tissues and organs, 
lung ECM has viscoelastic properties and the loss of viscoelastic relaxation in fibrotic 
tissues has recently been established by our group [10]. The implications of (the 
loss of) viscoelasticity on cellular function in vivo is yet to be clarified; however, it is 
known that changes in the viscoelasticity of the microenvironment can affect cell 
migration, proliferation and ECM deposition by the cells [36]. All of these cellular 
functions are recognized as being altered in lung fibrosis, so now the challenge lies 
in separating the individual contributions of these different mechanical stimuli to 
the perpetuation of the fibrotic response. Promisingly, a recent study revealed the 
possibility of modifying stiffness and viscoelasticity independently of each other 
[37]. Developing advanced in vitro culture systems will further our understanding of 
viscoelasticity and its contribution to the progression of the lung fibrosis.

Topography
Topography of the ECM influences many cellular responses including migration 
and proliferation, as recently reviewed by Ouellette et al. [38]. While the altered 
composition alone could influence the topography of the ECM in lung fibrosis, the 
increased crosslinking and abnormal alignment of the fibers in the ECM are two other 
important factors changing the topography. In lung fibrosis, the topography of the 
ECM is drastically altered (Figure 2), due to the increased mature and organized 
collagen content, compared to the healthy lungs [11].

2
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Figure 2: Representative scanning electron microscopy (SEM) images of decellularized lung 
parenchyma from non-disease control donors (upper row) and IPF patients (lower row).

One of the mechanisms by which abnormal topography plays a role in lung fibrosis 
is the altered microstructures in the protein organization. In a study by Seo et al., 
comparison of adipose-derived stromal cells seeded on collagen type I networks 
with thin fibers and low pore size to cells seeded on networks with thick fibers and 
bigger pore size revealed that changing the microstructure increased differentiation 
of these stromal cells to myofibroblasts ~1.5X [39]. Along with fiber thickness 
and pore size, fiber alignment is an important parameter in ECM topography. 
Increased migration speed of primary lung fibroblasts seeded on collagen type I 
-methacrylated gelatin hydrogels was observed in highly aligned network samples, 
compared to hydrogels with less aligned networks [40]. In another study, increasing 
fiber density independent of the stiffness resulted in higher surface area of seeded 
dermal fibroblasts in 3D in vitro culture [41]. While collagen type I hydrogels with 
different stiffness values were used to test the effect of microstructure in the study 
by Seo et al., it is difficult to conclude the stiffness-independent contribution of 
the microstructure. As the abovementioned changes (stiffness, viscoelasticity and 
topography) in the fibrotic ECM occur simultaneously during fibrosis, more studies 
using advanced biomaterials are required to examine the individual contributions of 
such properties to the perpetuation of the fibrotic response.
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Storage of growth factors in the ECM
As the non-cellular part of the tissue microenvironment, the ECM serves as a 
storage depot for many different growth factors and other soluble proteins, many 
of which are important for regulating the fibrotic response. Within the ECM, it is 
predominantly the glycosaminoglycans (GAGs) that serve as a reservoir for growth 
factors in the extracellular space. The negatively charged residues within the GAGs 
provide multiple binding sites for the positively charged amino acids within many 
growth factors. Through these binding interactions the growth factors are bound 
to the ECM, protecting them from degradation and conserving them until they are 
required for local signaling [42, 43]. The changing protein content and organization 
in fibrotic lung diseases is likely to alter the presence, amount, and the availability of 
the factors stored within ECM. Among these ECM proteins, fibronectin can bind many 
growth factors and soluble proteins, including latent TGF-β-binding protein-1 (LTBP-
1) [44]. Increased amounts of fibronectin and LTBP-1 in fibrosis could lead to a greater 
storage capacity of ECM for TGF-β. Activation of the stored TGF-β can be directed 
via mechanical stimuli due to prestress on the ECM, applied by cells or decreased 
viscoelastic relaxation of the ECM itself [45]. TGF-β activation is also regulated by 
mechanisms driven by other proteins including fibulin-1, an ECM glycoprotein, which 
is also found in greater amounts in the lung tissues of IPF patients [46, 47].

The binding of growth factors important for lung development and repair, including 
TGF-β, fibroblast growth factor (FGF) 1 and FGF2 and hepatocyte growth factor (HGF), 
and their interaction with their relevant receptors are dependent on the sulfation 
state of GAGs such as heparan sulfate, dermatan sulfate and chondroitin sulfate [42, 
48]. Using hydrogels established using decellularized lung ECM (which is devoid of 
most GAGs) combined with heparan sulfate, dermatan sulfate or chondroitin sulfate 
with either TGF-β, FGF2 or HGF, Uhl and colleagues recently illustrated that matrix 
associated growth factor-dependent and -independent GAG effects in parallel with 
GAG-dependent and -independent matrix-associated growth factor effects are 
important for regulating cellular responses in lung in vitro models [48]. There is an 
increase in heparan sulfate, chondroitin sulfate, dermatan sulfate and hyaluronan 
in IPF lungs compared to controls [49], suggesting a greater capacity for anchoring 
important growth factors for regulating reparative or fibrotic processes in these 
tissues. Analyses of the sulfation state of the GAGs in the IPF tissues found that 
the highly sulfated GAGs were located predominantly in the regions of interaction 
between the fibrotic and less fibrotic tissues, potentially indicating a central role for 
the GAGs in providing growth factors for promoting the high fibrotic activity within 
these regions.

2
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Table 1: Summary of recent studies illustrating changes related to ECM in fibrosis and their 
impacts on cell responses.

Category Changes in ECM Cellular Response Reference

ECM 
Crosslinking

Pan-inhibition of LO activity Lower rates of TGF-β induced collagen 
remodeling and ECM stiffness in 
human primary lung fibroblasts seeded 
on decellularized cell-derived ECM

 [11]

Increased ECM crosslinking by 
TG2

Higher rates of proliferation in human 
primary lung fibroblasts seeded on 
decellularized IPF cell-derived ECM

 [29]

Knock out of LOXL3 by siRNA Lower rates of fibroblast-to-
myofibroblast differentiation in 
normal human lung fibroblasts

 [50]

Deficiency of LOXL1 Lower expressions of TGF-β, 
collagen type I and αSMA in TGF-β 
overexpression mice model of fibrosis 
at day 35 compared to wild type mice 
of the same model

 [51]

Stiffness Increased stiffness in 2D 
polyacrylamide hydrogels

Faster migration and higher spread 
area normal human lung fibroblasts

 [31]

Increased stiffness in 2D 
collagen type I-coated culture

higher rate of activation and higher 
nuclear volume in murine primary 
lung fibroblasts

 [32]

Increased stiffness of fibronectin 
coated polyacrylamide 
hydrogels

Higher αSMA expression in murine 
lung fibroblasts

 [33]

Increased stiffness of 
polyacrylamide hydrogels 
functionalized with solubilized 
matrix from lungs

Higher cell area and higher αSMA 
expression in human primary 
microvascular pericytes

 [26]

Increased stiffness in 2D dextran-
based hydrogels functionalized 
with MMP-cut sites

Higher myofibroblast differentiation 
in normal human lung fibroblasts

 [12]

Increased stiffness in 3D dextran-
based hydrogels functionalized 
with MMP-cut sites

Lower myofibroblast differentiation 
in normal human lung fibroblasts

 [12]

Topography Thicker collagen fibers in 3D 
collagen type I hydrogels

Higher myofibroblast differentiation 
in human adipose derived stromal cells

 [39]

Increased alignment of collagen 
type I -methacrylated gelatin 
hydrogel networks

Increased migration speed in human 
primary lung fibroblasts in 2D

 [40]

Increasing fiber density in 
3D dextran-based hydrogels 
functionalized with MMP-cut sites

Higher myofibroblast differentiation, 
cell spread area, YAP translocation and 
proliferation rate in normal human 
lung fibroblasts

 [12]

LO: Lysyl oxidase, ECM: Extracellular matrix, TG: Transglutaminase, LOXL: Lysyl oxidase-like, TGF-β: 
Transforming growth factor β, αSMA: α Smooth muscle actin, MMP: Matrix metalloproteinase, YAP: 
Yes-associated protein
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It is not unlikely that the ECM in fibrotic lung disease would have enhanced 
storage capacity for bioactive factors as a result of the increased amount of the 
abovementioned ECM proteins, among others, and the activation and release of 
these factors from the ECM would be boosted by the biomechanical changes in the 
tissues in lung fibrosis. Further investigations regarding the ECM-stored bioactive 
factors are necessary for improving our understanding of the contribution of the 
repository function of the ECM to the progression of lung fibrosis.

Collective impact of the altered ECM scaffold in fibrotic lung disease
All in all, the altered ECM in fibrosis generates diverse influences which impact 
cellular phenotypes; as summarized in Table 1. While the biochemical changes in the 
fibrotic microenvironment have been demonstrated with proteomics analyses via 
mass spectrometry [6], the accompanying biomechanical changes, such as increase 
in stiffness or loss of viscoelastic relaxation [10], require further investigation. While 
these changes could be simply the result of the altered biochemical composition, 
there are other emerging contributing factors such as collagen crosslinking that 
require further clarification. With the new developments in the field of biomaterials, 
advanced in vitro culture systems will be generated to mimic the specific 
biomechanical properties of the fibrotic microenvironment. Such systems will 
further improve our understanding of how the biomechanical properties of the ECM, 
either individually or collectively, contribute to the perpetuation of fibrotic disease 
in the lung. Eventually, such knowledge should illuminate how such properties could 
be targeted via therapeutic intervention for treatment of lung fibrosis.

BEYOND THE ECM SCAFFOLD

The role of ECM degrading enzymes and their regulators
The ECM is a dynamic microenvironment that is constantly being remodeled as 
elements are degraded and newly deposited during normal tissue maintenance and 
particularly under conditions of disease pathogenesis. While all cell types synthesize, 
secrete and orchestrate deposition of ECM (including epithelial cells, mesenchymal 
cells, endothelial cells and immune cells), the fibroblasts are recognized as the major 
ECM producing cell type in fibrotic tissues. Leukocytes and macrophages, but also 
mesenchymal and epithelial cells produce enzymes that regulate the degradation of the 
ECM. The most well recognized group are the matrix metalloproteinases (MMPS), but 
also serine or cysteine proteases have a role in maintaining a healthy homeostasis within 
the ECM [52, 53]. Activity of the enzymes that degrade the ECM is tightly balanced by 
endogenous inhibitors (tissue inhibitors of MMPs (TIMPs)), serpins or cystatins [54-56].

2
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In fibrotic lung disease, an easy assumption would be that there would be reduced 
levels of matrix degradative enzymes, in particular MMPs, as this is where the greatest 
amount of research has focused, as an explanation as to why there is increased ECM 
deposition. However, multiple studies report increased levels of several MMPs 
associated with fibrotic lung disease, reviewed in [53, 57, 58]. While this appears 
paradoxical, it is important to realize that in addition to degrading ECM proteins, the 
range of substrates MMPs can process and activate includes cell receptors, chemokines 
and growth factors [59]. Through the generation of chemotactic gradients or activation 
of specific proinflammatory or profibrotic factors, in cooperation with disruption 
of basement membranes and other physical barriers within the tissue, MMPs can 
influence the influx of inflammatory cells into the site of tissue injury, which in turn then 
contribute to the development / perpetuation of fibrosis [60, 61]. A number of MMPs 
have been specifically linked to fibrosis in the lungs, summarized in Table 2. A selection 
of MMPs associated with fibrotic lung disease, particularly IPF, are highlighted herein.

MMP1
MMP1, considered a “classic” collagenase, cleaves interstitial collagens including 
collagen type I and III. MMP1 protein levels are increased in bronchial alveolar lavage 
and gene and protein expression levels are increased lung tissue from IPF, compared 
to non-fibrotic, patients [63, 69, 79, 96]. A single nucleotide polymorphism, within 
the AP-1 binding domain of the MMP1 promoter (which increases transcription of 
MMP1) is observed more frequently in patients with IPF who smoke, than those 
who do not [97]. In a murine system, MMP1 enhanced cellular migration, increased 
wound closure rate, and protected cells from apoptosis. Increased MMP1 in alveolar 
epithelial cells repressed mitochondrial respiration, reduced the production of 
reactive oxygen species (both total and mitochondrial) and also, under normoxic 
conditions, increased expression of hypoxia-inducible factor-1α (HIF-1α) [98]. 
The fact that MMP1 was upregulated via increased HIF-1α induction under hypoxic 
conditions in the alveolar epithelial cells suggests a role for MMP1 in bidirectional 
cross talk regulating alveolar epithelial cell functions in fibrosis.

Intriguingly, MMP1 has recently been reported to be part of a set of signature genes 
illustrating the link between IPF and lung cancer. MMP1 was suggested to be a promising 
candidate gene driving significant expression changes through the transition from 
healthy tissue to IPF and non-small cell carcinoma [99]. MMP1 is primarily located in 
reactive bronchial epithelial cells, hyperplastic type 2 pneumocytes in honeycomb 
cysts and in alveolar macrophages, with little to no expression being observed in 
interstitial mesenchymal cells, suggesting that the localization of the increased MMP1 
in fibrotic lung tissue does not facilitate the degradation of the fibrotic deposits [69].
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31The multi-faceted extracellular matrix: unlocking its secrets for  
understanding the perpetuation of lung fibrosis
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33The multi-faceted extracellular matrix: unlocking its secrets for  
understanding the perpetuation of lung fibrosis

MMP3
MMP3, also known as stromelysin-1, can degrade a variety of ECM proteins including 
collagen types II, III, IV, IX, and X, proteoglycans, fibronectin, elastin, and laminin. 
MMP3 levels are increased in IPF patients with progressive disease who died within 
three years of follow-up, compared to those who survived [72]. Both MMP3 gene and 
protein expression are increased in IPF patients’ lung tissue and serum compared to 
controls [73, 74]. MMP3 is predominantly expressed in regions of bronchiolization 
close to aberrant ECM deposits within the IPF lung tissue, with some evidence of 
weaker expression in lymphoid aggregates [74]. MMP3 is important for regulating 
the activation of the profibrotic growth factor TGF-β through facilitating the release 
of TGF-β homodimer from the latency associated peptide and latent TGF-β binding 
protein 1 [75]. Also of importance for the development of fibrosis in the lungs, MMP3 
can induce gene and protein expression of connective tissue growth factor (CTGF/
CCN2), independent of its proteolytic activity [76, 77].

MMP7
Increased levels of MMP7, referred to as matrilysin, have been recognized as a 
biomarker for IPF [100, 101]. Increases in serum and plasma protein levels and 
in lung tissue gene and protein expression are well documented in IPF patients 
compared to healthy controls or other forms of fibrotic lung disease [63, 65, 67, 78, 
79]. Two MMP7 promoter polymorphisms (rs11568818 and rs11568819), which result 
in higher levels of MMP7 in plasma, have been associated with IPF [102]. MMP7 is 
synthesized and released from lung bronchial epithelial cells and aberrantly activated 
alveolar epithelial cells, mononuclear phagocytes and circulating fibrocytes [65, 
68]. It has proteolytic activity against a wide range of ECM proteins including 
collagen type IV, laminin, elastin and fibronectin. In addition, it cleaves gelatin, 
osteopontin (a multifunctional cytokine which controls cell adhesion and migration), 
transmembrane tumor necrosis factor α (pro-TNF-α), β4 integrin, E-cadherin, 
syndecan, FAS ligand (FasL), plasminogen and insulin-like growth factor binding 
protein-3 (IGFBP-3), among others [57, 103]. MMP7 colocalizes with osteopontin 
in alveolar epithelial cells in IPF tissues and has an important role in regulating 
neutrophil transepithelial influx via the shedding of syndecan-I-CXCL1 complexes, 
thereby facilitating epithelial cell damage which then promotes fibrosis [80, 81]. The 
cleavage of FasL from the IPF fibroblast surface (releasing sFasL into the circulatory 
system), and thus protecting the fibroblast from undergoing apoptosis induced by T 
cells, has also recently been suggested as a mechanism by which MMP7 contributes 
to the development of fibrosis [82].

2
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MMP28
MMP28 (epilysin), the newest member of the MMP family, has recently been identified 
as a possible biomarker for IPF [94]. Unlike other MMPs MMP28 is constitutively 
expressed in healthy tissue, including lung, leading to the suggestion that it has a 
role in maintenance of tissue homeostasis [104-106]. It is localized in bronchial 
and alveolar epithelial cells in IPF lung tissues [95] with the gene and protein levels 
being increased in IPF lung tissues, compared to other fibrotic lung diseases or 
normal controls, and the protein levels are increased in serum of IPF patients [66, 
94, 95]. MMP28 is also expressed in macrophages and has been shown to reduce 
proinflammatory (M1) macrophage functions while promoting anti-inflammatory / 
profibrotic (M2) programming, thereby supporting development of lung fibrosis [107].

Interestingly, MMPs diffuse along ECM protein fibers, with different MMPs having 
affinity for different collagen fiber structures (for example MMP1, 8 or 13 unwind and 
cleave collagen fibers at specific internal sites within the fibers, whereas MMP2 and 
9 will move along the fibers and digest predominantly at the termini) [108]. Through 
these patterns of behavior, the MMPs orchestrate a programmed functional outcome 
within a tissue environment. In a fibrotic environment, where the topography and 
arrangement of the ECM fibers is disrupted, the regulated function of the MMPs is 
predicted to be adversely affected.

ECM FRAGMENTS IN LUNG FIBROSIS

The resultant products from endogenous enzyme activity in the fibrotic lung 
environment, while often overlooked, are potentially key players in the disease 
process. These released fragments, called matricryptins or matrikines or ECM 
fragments (the term by which they will be referred to in this review), are bioactive 
and have been reported to regulate processes as diverse as cell signaling, gene 
expression, angiogenesis, adipogenesis, tumor growth and metastasis, wound 
healing and fibrosis. The ECM fragments can interact with growth factor receptors, 
toll-like receptors, integrins and other diverse cell surface receptors through which 
they actively induce cellular responses that often differ from events induced by their 
parent molecule. ECM fragments can also act as proteolytic enzymes or inhibitors 
of enzyme activity themselves or can be involved in the process of proenzyme 
activation. In all these functional capacities, ECM fragments may contribute to the 
disrupted ECM remodeling that is characteristic of the fibrotic lung, as summarized 
in Table 3.
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37The multi-faceted extracellular matrix: unlocking its secrets for  
understanding the perpetuation of lung fibrosis

ROLE OF ECM FRAGMENTS IN THE FIBROTIC PROCESS

Active ECM fragments are generated throughout all phases of tissue repair and may 
contribute to the ongoing fibrotic process [117]. These fragments have roles in the 
regulation of the inflammatory responses (which have recently been reviewed in [111, 
133], but will not be the subject of this review), angiogenic and fibrogenic responses. 
The altered ECM landscape in the fibrotic lung contains an increased proportion of 
many ECM molecules that yield active fragments that regulate angiogenesis (see 
Table 3). Given that angiogenesis generally precedes fibrosis in an area of tissue 
undergoing repair, these regulatory ECM fragments may impact the tissue repair 
as a result of the altered structure of the fibrotic ECM. In turn, the consequential 
sprouting of fresh vessels from pre-existing vasculature within the damaged tissues 
may also impact the dysregulated and aberrant ECM composition and the continuing 
production of active ECM fragments.

Fibroblasts are recognized as the key active cell during the fibrogenic phase of the 
repair process. Aberrant fibroblast responses to the altered ECM environment 
that they encounter in the fibrotic lung may lead to overabundant ECM fragment 
production, which would further compound the matrix remodeling driving 
progressive fibrosis. The role of the ECM scaffold in IPF lung tissues has been elegantly 
illustrated [9, 24] as a driver of cellular responses; however, how this environment 
impacts the release of active ECM fragments has yet to be explored.

Collagen type I
The smallest identified ECM active fragment (PGP) comes predominantly from 
collagen type I but is also present in collagens type III and IV. The role of this fragment 
has been well characterized in inflammatory processes, as reviewed in [111], but less 
is known about its potential roles in regulating other processes in the angiogenic or 
fibrogenic responses.

The collagen type I α1 fragment released following MMP 2 and 9 cleavage between 
amino acids 1158/1159 induces fibroblast migration and enhances deposition of a 
variety of ECM proteins, contributing to the fibrotic response [112].

Collagen type IV
The six α chains that generate the heterotrimers of collagen type IV have all been 
characterized to release active ECM fragments, which are predominantly active in 
the regulation of neo-angiogenesis and -lymphangiogenesis. In addition to these 
functions these ECM active fragments also regulate the activity of mesenchymal 

2
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38 Chapter 2

cells. While most of the information about these functions have been elucidated 
in the cancer field, emerging evidence points to key roles for these fragments in 
pulmonary diseases.

Arresten (α1 non-collagenous region 1 (NC1)) binds to integrin α1β1 to inhibit 
angiogenesis through impacting endothelial cell migration, proliferation and the 
ability to form tubes. These actions occur in part by blocking its parent molecule 
binding to the same integrin. [134]. Arresten may also interact with heparan sulfate 
proteoglycans to further enhance its effects. Arresten is increased in lung tissue of 
patients with usual interstitial pneumonia (UIP) [118].

Canstatin (α2 NC1) binds to integrins αvβ1, αvβ3 and αvβ5 on endothelial cells to 
inhibit tumor associated angiogenesis through disrupting cell-matrix interactions. 
Some studies suggest that interactions with αvβ3 and αvβ5 induces apoptosis, while 
inhibiting migration and proliferation in the endothelial cells [135]. Canstatin is also 
increased in lung tissue of patients with usual interstitial pneumonia (UIP) [118].

Tumstatin (α3 NC1) binds to the CD47/αvβ3 integrin complex to inhibit proliferation 
of melanoma and epithelial cells. It inhibits neo-angiogenesis but also has 
antitumorigenic activities that are associated with distinct regions within this 
active ECM fragment [136]. Tumstatin binds to airway smooth muscle cells 
to influence the ECM they deposit, which in turns impacts the migration of 
endothelial or inflammatory cells within this matrix environment [137, 138]. The 
levels of tumstatin are reduced in airway tissues from individuals with asthma and 
lymphangioleiomyomatosis [114, 139], and recently were reported to undetectable 
in lung tissues from patients with UIP [118].

Similarly, tetrastatin (α4 NC1) and hexastatin (α6 NC1) also bind to integrins (αvβ3 
and αvβ1, αvβ3 and αvβ5 respectively). While the direct integrin that lamstatin/
pentatstatin (α5 NC1) interacts with has not been reported, it is reasonable to assume 
this active ECM fragment will also interact in a similar manner to its family members. 
Similar to tumstatin, lamstatin/pentastatin has been reported to be absent in lung 
tissues from patients with lymphangioleiomyomatosis and UIP [118, 139].

Arresten, canstatin and tumstatin all interact directly with fibroblasts to exert organ-
specific effects on migration and proliferation [140], with induction of migration 
being noted in cardiac fibroblasts but inhibition in lung fibroblasts [118, 141]. In the 
lung fibroblasts, TGF-β induced conversion of fibroblasts to myofibroblasts was 
linked with canstatin release.
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39The multi-faceted extracellular matrix: unlocking its secrets for  
understanding the perpetuation of lung fibrosis

Fibronectin
Fibronectin is recognized to have central roles in regulating fibroblast migration 
when incorporated in the ECM, while the released active fragments of fibronectin also 
regulate fibroblast functions, including their phenotype differentiation [117]. These 
fragments also regulate endothelial cell responses, particularly during wound healing 
and possibly fibrosis. Anastellin, a peptide derived from the first type III module in 
fibronectin, helps orchestrate fibronectin fibriilogenesis and is anti-angiogenic but 
promotes fibroblast survival [142].

Fibulin-1
Fibulin-1 usually acts as a bridging molecule in the ECM facilitating the assembly of 
the larger structural proteins to which it binds, including collagen type I, elastin and 
fibronectin. In vitro studies have identified a peptide from fibulin-1 that activates 
lung-derived fibroblasts, inducing attachment, enhanced viability, proliferation and 
mitochondrial activity [131]. Fibulin-1 levels are increased in serum and lung tissues of 
IPF patients, with high levels being related to disease progression [47]. Mice that lack 
the fibulin-1C isoform are protected from the development of pulmonary fibrosis, 
through regulation of TGF-β activation via interactions with latent TGF-β binding 
protein [46, 132], but the levels of circulating fragments from fibulin-1 have not been 
measured in these animals.

Perlecan
When incorporated in the basement membrane, perlecan is recognized to have a pro-
angiogenic function. However, when the active fragment, endorepellin, is released 
from its parent molecule, it has the opposite effect. Through binding to integrin 
α2β1 on endothelial cells, endorepellin mediates interruption of cell migration, via 
disruption of cytoskeletal arrangement and focal adhesions [143]. Endorepellin 
cooperates with endostatin, a polypeptide derived from the carboxy-terminus of 
collagen type XVIII, to enhance the effectiveness of each ECM fragment [130]. It also 
interacts with fibroblasts, protecting them from apoptosis, hence possibly mediating 
a role in fibrosis through this promotion of fibroblast survival [129].

ECM fragments as (bio)markers of an active fibrotic process
In addition to being active contributors to the pathological processes occurring 
during lung fibrosis, ECM fragments can also serve as sentinel indicators of these 
processes. During the cleavage processes that result in the release of ECM fragments 
from the deposited ECM in lung tissues, or indeed during the processes that enable 
the ECM fibers to be incorporated into the ECM bed, neo-epitopes are exposed on 
these fragments. Monitoring of the exposure of these neo-epitopes, or the levels of 

2
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40 Chapter 2

the recognized ECM fragments, including those discussed above, released from lung 
tissues has the potential to inform us about the fibrotic processes that are active in 
a patient. Such fragments can be considered as possible biomarkers for fibrotic lung 
disease.

In a population-based multi-ethnic study, Madahar and colleagues reported 
that levels of two collagen fragments, carboxyl-terminal telopeptide of collagen 
type I (ICTP) and amino-terminal propeptide of procollagen type III (PIIINP), were 
associated with sub-clinical interstitial lung disease (interstitial lung abnormalities) 
detected through computed tomography screening [144]. These associations were 
not influenced by sex, race or smoking status. This report suggests that these ECM 
fragments represent a sensitive indication of fibrotic activity that can be detected 
well before lung function parameters can register disease activity.

In the PROFILE study, ECM degradation markers were found to have significantly 
different levels between controls and IPF patients [145]. When assessed 
longitudinally, changes in the levels of six neoepitopes (MMP −degraded-collagen 
type I (C1M), −collagen type III (C3M), −collagen type VI (C6M) and −C-reactive 
protein (CRPM), collagen type III degraded by ADAMTS-1/4/8 (C3A) and citrullinated 
vimentin degraded by MMP-2/8 (VICM)) were indicative of IPF patients with a greater 
likelihood of disease progression compared to those with stable disease. The baseline 
levels of C1M and C3A were associated with increased mortality. The levels of markers 
of ECM synthesis, neoepitope of collagen type III (PRO-C3) and collagen type VI 
(PRO-C6), were also elevated in IPF patients compared to healthy controls and again 
were increased in progressive disease compared to stable [146]. In addition, during 
exacerbations, patients with idiopathic interstitial pneumonia, including IPF, had 
increased levels of MMP-degraded collagen type IV (C4M) and C6M but decreased 
levels of MMP7-degraded elastin (ELM7) and MMP-degraded versican (VCANM) 
compared to patients with stable disease. Lower VCANM levels during exacerbation 
were associated with increased mortality [147]. Serum levels of laminin, collagen type 
IV, PIIINP and hyaluronic acid were also higher in a cohort of IPF and connective tissue 
disease patients, compared to controls, and were associated with mortality [116].

The serial measurement of ECM fragment or neoepitope markers in serum has the 
potential to inform about parameters important for clinical management of disease 
in these patients. These markers may bring manifestation of precision medicine in 
pulmonary fibrosis one step closer.
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CONCLUSION

There is an urgent need for establishing effective processes for diagnosing patients 
with fibrotic lung diseases, and an even greater need for being able to accurately 
identify the underlying pathological cause to then be able to effectively manage 
these patients, without causing further harm. The ultimate goal is to enable the 
development of therapeutic approaches that are able to reverse the destructive 
changes in the lung tissue to regenerate effective gas exchange units and to return 
the longevity and quality of life for these patients. Thinking about the ECM as an 
active contributory element within the disease process has the potential to provide 
far reaching opportunities for novel advances in identifying disease-modifying 
mechanisms for pulmonary fibrosis. A consideration of the diversity of “hidden” 
changes within the ECM milieu that go far beyond the well-recognized changes in the 
composition and amount of ECM in a fibrotic lesion within lung tissues augments the 
novel directions that can be pursued when searching for future therapeutic targets 
(Figure 3). Future studies using emerging novel in vitro models that incorporate 
dimensionality and mechanical elements that exist in the lung, coupled with state-
of-the-art transcriptomic and spatial proteomic profiling of fibrotic lung tissues, 
have the potential to ensure exciting developments in our understanding and 
management of pulmonary fibrosis in the near future.

Figure 3: ECM changes and potential therapeutic targeting sites/points. ECM: Extracellular 
matrix; LOX: Lysyl oxidase; LOXL: Lysyl oxidase-like; TG: Transglutaminase.
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ABSTRACT

Abnormal deposition of extracellular matrix (ECM) in lung tissue is a characteristic 
of idiopathic pulmonary fibrosis (IPF). Increased collagen deposition in lung ECM is 
accompanied by altered collagen organization. Collagen type XIV, a fibril-associated 
collagen, supports collagen fibril organization. Its status in IPF has not been described 
at the protein level yet. In this study, we utilized publicly available datasets for single-
cell RNA-sequencing for characterizing collagen type XIV expression at the gene 
level. For protein level comparison, we applied immunohistochemical staining for 
collagen type XIV on lung tissue sections from IPF patients and compared it to lung 
tissue sections from never smoking and ex-smoking donors. Analyzing the relative 
amounts of collagen type XIV at the whole tissue level as well as in parenchyma, 
airway wall and bronchial epithelium, we found consistently lower proportions 
of collagen type XIV in all compartments across IPF samples. Our study suggests 
proportionally lower collagen type XIV in IPF lung tissues may have implications for 
the assembly of the ECM fibers which may contribute to progression of fibrosis.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is the result of aberrant deposition of extracellular 
matrix (ECM) in the alveolar septa, causing restricted breathing in patients [1]. 
Currently, the median survival time of patients with IPF is less than for many cancers, 
and there is no available cure [1]. As the lung ECM structure in IPF is drastically 
altered and provides a feedback loop that perpetuates disease progression [2, 
3], investigating the underlying matrix pathology is expected to improve our 
understanding of the disease.

Deposition of collagens in the altered ECM in IPF has been well documented, including 
an increase in collagen types I and III, as well as changes in the organization of 
collagen fibrils [4, 5]. Among other types of collagens, collagen type XIV (COL14) 
is a fibril-associated collagen with interrupted triple-helices (FACIT) that plays a 
crucial role in the organization of the collagen network in ECM [6]. Unlike abnormal 
collagen deposition and organization in IPF which has been described in detail, 
the role of FACITs in this process or, more specifically, involvement of COL14 in IPF, 
remains unknown. Previously, in a mouse model of fibrosis, higher levels of COL14 
deposition were shown in bleomycin-treated mice compared to control mice [7]. 
However, the time for development of fibrosis in this model compared to IPF and/or 
species differences can influence how these results translate to humans. Accordingly, 
in the current study we aimed to investigate whether there are differences in the 
COL14 gene expression and protein levels in lung tissue from patients with (end stage) 
IPF compared to normal lung tissue.

MATERIALS AND METHODS

Data analysis of publicly available single-cell RNA-sequencing datasets
Cell-type specific COL14A1 gene expression levels in lung tissue of patients with 
IPF and non-IPF donors were analyzed using publicly available single-cell RNA 
sequencing datasets from the Human Lung Cell Atlas (HCLA) consortium and the 
IPF atlas dataset from Adams et al. [8, 9]. These datasets were analyzed and clustered 
using HCLA annotations for 4 major cell groups: endothelial, epithelial, immune and 
stromal cells for analysis of the expression profile of the Collagen Type XIV Alpha 1 
Chain (COL14A1) gene which encodes COL14 protein.

3
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Immunohistochemical staining (IHC)
IHC was used to quantify proteins of interest in lung tissue. Control lung tissues were 
obtained through resections from patients undergoing surgery for lung cancer, taken 
from as far away from the tumor region as possible and were macroscopically normal 
tissue as assessed by pathologists. Fibrotic lungs were obtained from explanted 
material following transplantations (Table 1). Formalin fixed and paraffin embedded 
tissue sections of 6 μm thickness were obtained from never-smoker (n=9), ex-smoker 
(n=9) and IPF (n=12) lungs and were stained for COL14A1 using polyclonal rabbit anti-
COL14A1 antibody (HPA023781; Atlas antibodies Inc.). Secondary polyclonal Goat 
Anti-Rabbit antibody (P0488, Dako, Denmark) was visualized using NovaRED® 
Substrate (SK-4800, Vector Laboratories, Canada). Counterstaining was done using 
hematoxylin. Slides were scanned using a Hamamatsu NanoZoomer digital scanner 
(Hamamatsu Photonic K.K., Shizuoka, Japan) as described previously [10].

The study protocol was consistent with the Research Code of the University Medical 
Center Groningen (research code UMCG (umcgresearch.org) and national ethical 
and professional guidelines (“Code of conduct for Health Research (only in Dutch): 
Gedragscode-Gezondheidsonderzoek-2022.pdf (coreon.org). Lung tissues used in 
this study were derived from leftover lung material after lung surgery and transplant 
procedures. All samples and clinical information were coded before experiments were 
performed. This material was not subject to the Medical Research Human Subjects 
Act in the Netherlands; all biological samples are from archival materials that are 
exempt from consent in compliance with applicable laws and regulations (Dutch 
laws: Medical Treatment Agreement Act (WGBO) art 458 / GDPR art 9/ UAVG art 24) .

Table 1: Patient characteristics for the donors included in this study.

Never 
smoker

Ex-
smoker

IPF P value

Never smoker vs IPF Ex-smoker vs IPF

Age
(median (min-max))

70
(50-82)

55
(43-62)

58.50
(37-67)

0.0213* ns*

Sex (M/F) 1/8 3/6 9/3 0.075# ns#

FEV1 (pred) †

(%, (min-max))
107.5
(80-121)

103.6
(85-127)

49.35
(18-74.50)

0.0002 * 0.0002*

*: Tested using Mann-Whitney test, #: Tested using Fisher’s exact test. †: Data was available only 
n=8 for all groups. IPF: Idiopathic pulmonary fibrosis, FEV1: Forced expiratory volume in 1 second. 
ns: not significant
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Image analysis
The image analysis was performed for 4 different regions within the scanned images 
for percentage of positive area as previously described [10]. For whole tissue analysis, 
scanned images were used after removal of artifacts. For the parenchyma analysis, 
airways and blood vessels were removed from the whole tissue images. Additionally, 
specific parts of the airways including the airway wall and the epithelium were 
examined. Airways were extracted using Aperio ImageScope software (Leica 
Biosystems, Amsterdam, The Netherlands). Based on the localization of the staining, 
different parts of the airways were selected using Adobe Photoshop (Adobe, San 
Jose, California, USA). Artifacts and the remaining compartments of the airways 
which were not used for examination were removed during this step. In the case of 
IPF airway walls, which have no clear border between the end of the airway wall and 
the surrounding parenchyma, the distance between the epithelial layer and smooth 
muscle layer (E-SM distance) was measured. This distance then was multiplied by 
three to calculate distance from the outside of the smooth muscle layer till the (not 
visible) parenchyma (SM-P distance). The multiplication by three was calculated 
based on the ratio between measured E-SM and SM-P distances from IPF airways 
which were surrounded by still visible parenchyma. The approach is illustrated in 
Supplementary Figure 1.

Next, the total tissue area positive for COL14 was quantified by applying color 
deconvolution to separate the different staining colors [10]. The quantification of 
the staining was automatically processed using FIJI Image J. Afterwards, the raw 
data was sorted in RStudio, from which the percentage of area of the tissue present 
that stained positive for the protein of interest was calculated. The formula used to 
calculate the percentage of area stained positive for the protein is as follows:
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We observed COL14A1 expression in epithelial and stromal cells from control lung tissue in 
the HLCA dataset (Figure 1A), while expression of COL14A1 in the IPF atlas was mainly 
restricted to stromal cells (Figure 1B). Pseudobulk analysis performed on this dataset revealed 
that COL14A1 expression in bronchial epithelium, fibroblasts and myofibroblasts of IPF lungs 
was significantly higher compared to the same cells in non-IPF tissue (Figure 1C).  

Statistical analysis
Differences between never-smoker non-IPF, ex-smoker non-IPF and IPF groups 
were tested using a Kruskal-Wallis test for whole tissue and parenchyma regions. 
For airway wall and bronchial epithelium regions, a mixed model analysis was used 
to test the statistical differences between patients incorporating multiple airway 
wall and bronchial epithelium images per patient. p <0.05 was considered significant.
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RESULTS

We observed COL14A1 expression in epithelial and stromal cells from control lung 
tissue in the HLCA dataset (Figure 1A), while expression of COL14A1 in the IPF atlas 
was mainly restricted to stromal cells (Figure 1B). Pseudobulk analysis performed 
on this dataset revealed that COL14A1 expression in bronchial epithelium, fibroblasts 
and myofibroblasts of IPF lungs was significantly higher compared to the same cells 
in non-IPF tissue (Figure 1C).

Figure 1: Gene expression profile of COL14A1 in IPF and non-IPF lungs. A) COL14A1 expression 
in healthy lungs (data reconstructed from single-cell RNA-sequencing data obtained from Sik-
kema et al. [8]. B) COL14A1 expression in IPF and non-IPF lungs (reconstructed from single-cell 
RNA-sequencing data obtained from Adams et al. [9]), C) Comparison of COL14A1 counts in IPF 
and non-IPF lungs across relevant cell types: alveolar type 1 (AT1) and type 2 (AT2), bronchial 
epithelial cells (BE), fibroblasts (Fb), myofibroblasts (MyF) and smooth muscle cells (SMC). Data 
is represented as median ± 95% confidence interval. Applied statistical test: Mann-Whitney test. 
N=28 for non-IPF, n=32 for IPF.

Immunohistochemical staining of the human lung tissue showed COL14A1 in 
control tissue, which was mainly localized in airways and parenchyma (Figure 2). 
Image analysis of whole lung tissue sections from IPF and non-IPF donors revealed 
relatively lower percentages of COL14A1 positive area in tissue from patients 
with IPF compared to those from both never and ex-smoker controls (Figure 3A). 
When focusing on specific regions, we also observed a relative lower percentage of 
positively-stained area in lung parenchyma of patients with IPF compared to both 
non-IPF control groups (Figure 3B), Lastly, the analysis of airways revealed a relative 
lower percentage of positive-stained area of COL14A1 in both airway wall (Figure 
3C) and bronchial epithelium (Figure 3D) of IPF-derived lung tissue compared to 
non-IPF controls (both groups). In the whole tissue analysis and analyses of specific 
tissue compartments, there were no differences in relative positively-stained area 
between never-smoker and ex-smoker non-IPF tissues.
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Figure 2: Example images of COL14A1 staining in whole tissue, lung parenchyma, and airways 
in A) non-IPF and B) IPF lung samples. Scale bars for intact images: 250 μm, for first level zoom-
in: 100 μm and for second level zoom-in: 50 μm. IPF: Idiopathic pulmonary fibrosis.

DISCUSSION

Collectively, our results show proportionally lower COL14 protein expression relative 
to other ECM components that make up lung tissue in patients with IPF compared to 
both ex-smoker and never-smoker non-IPF controls. To the best of our knowledge, 
this is the first report of protein level changes related to spatial location of COL14 in 
human lung tissue in IPF. In this study, we examined the relative proportion of COL14 
to tissue present in each sample and not the absolute amount, therefore it is possible 
that there may be an overall increase in the amount of COL14 in IPF lung tissues. As 
the total amount of tissue present in IPF lung sections is higher than in controls, it is 
conceivable there is an increase in absolute amount of COL14, while the proportion 
of COL14 in comparison to other ECM components is reduced. A previous report of 

3
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higher mass spectrometry counts of COL14 in IPF lungs compared to non-IPF lungs 
[11] suggests that such an absolute increase is likely, being cons 297 istent with the 
RNA findings in myofibroblasts in our current study.

How COL14 is involved in the regulation of human lung ECM structure and how 
changes in its proportional expression influence fibrotic responses in IPF is currently 

Figure 3: Percentage area stained positive for COL14A1 in: A) whole lung tissue, B) lung paren-
chyma, C) airway wall, D) bronchial epithelium. For panels A and B, each data point represents 
individual donors; data were tested using Kruskal-Wallis test with Dunn’s multiple comparisons 
test for panels. N=9 for never smoker and ex-smoker groups, n=12 for IPF. For panels C and D, 
each data point represents individual airway wall or bronchial epithelial region within airways 
(n = 1-7 regions per donor); data were tested using mixed-model analysis to account for multiple 
airways per donor. N=9 for never smoker and ex-smoker groups, n=12 for IPF. IPF: Idiopathic 
pulmonary fibrosis.
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unknown. As FACITs regulate the structural organization of fibrillar collagens, it can 
be argued that lower proportions of COL14 in IPF lungs contribute to the reported 
imbalance between organized and disorganized fibrillar collagen in IPF [5]. More 
research correlating fibrillar collagen organization with FACITs such as COL14 will 
increase understanding of the involvement of COL14 in the development and/or 
progression of fibrotic responses. A recent study using mice deficient in COL14A1 
found increased stiffness and abnormal collagen fibril organization in the corneas 
of COL14A1-knockout mice compared to wildtypes [12]. These observations parallel 
well-documented increases in the stiffness of lungs from patients with IPF [11]. 
Together with our observations reported here, it is tempting to speculate that COL14 
protein levels in IPF lungs do not mirror the increase in other ECM proteins in lung 
tissue during fibrosis, thereby leading to more disorganized collagen fibers with 
higher stiffness in lungs of patients with IPF.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1: Example of how to determine SM-P distances of a fibrotic airway. 
(A) Measurements were performed on the airway in the Aperio ImageScope program. (B) The 
airway with measured E-SM distances. (C) The airway with both measured E-SM distances and 
calculated SM-P distances. The SM-P distances are measured starting from the outside of the 
smooth muscle layer.
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ABSTRACT

Chronic lung diseases result from alteration and/or destruction of lung tissue, 
inevitably causing decreased breathing capacity and quality of life for patients. 
While animal models have paved the way towards understanding pathobiology 
and developing therapeutic strategies for disease management, their translational 
capacity is limited. Therefore, the need for developing innovative in vitro models to 
reflect chronic lung diseases, facilitating mechanism investigation and advancement 
of new treatment strategies is well recognised. In the last decades, lungs, in healthy 
and diseased conditions, have been modelled using precision-cut lung slices, 
organoids, extracellular matrix-derived hydrogels and lung-on-chip systems. These 
three-dimensional models together provide a wide spectrum of applicability and 
mimicry of the lung microenvironment. While each system has its own limitations, 
their advantages over traditional two-dimensional culture systems, or even over 
animal models, increases the value of in vitro models. Generating new and advanced 
models with increased translational capacity will not only benefit our understanding 
of the pathobiology of lung diseases but should also quicken the timelines required 
for discovery and generation of new therapeutics. This article summarises and 
provides an outline of the European Respiratory Society (ERS) Research Seminar: 
“Innovative 3D models for understanding mechanisms underlying lung diseases: 
powerful tools for translational research” in Lisbon, Portugal in April 2022. Current 
in vitro models developed for recapitulating healthy and diseased lungs are outlined 
and discussed with respect to the challenges associated with them, efforts to develop 
best practices for model generation, characterisation and utilisation of models, as 
well as state-of-the-art translational potential.
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KEY TERMS

Click chemistry: Fast, simple, and high-yielding reactions used for joining molecular 
entities through a simple action like snapping things together

Cross-linked/ing: Formation of bonds between two molecular chains to link them 
together

Cryopreservation: Storing of cells, tissues or organs through freezing in protective 
substances that enable the frozen object to be retrieved in a living state

Decellularised/Decellularisation: Removal of cells and cellular content from any 
given tissue or organ

Elastic modulus/Stiffness: Measure of mechanical properties that defines the 
compressive elastic deformation of materials

Extracellular matrix (ECM): A bioactive and dynamic 3 dimensional network 
composed of proteins, glycosaminoglycans, glycoproteins, and proteoglycans. It 
provides structure and support to the cells, being present in all tissues and organs

Feeder (layer): A layer of cells which do not grow themselves but provide support 
for other cells

Lyophilisation: Removal of frozen water from frozen tissues or organs under vacuum 
conditions

Microenvironment: The local environment surrounding a cell, composed of the ECM, 
other cells, and factors that dynamically interact with one another to affect the cell 
directly or indirectly.

Pluripotent stem cells: Cells that have the capacity to self-renew and are able to 
differentiate into all different types of cells in the body

Remodelling: Series of changes in the content and organization of the components 
(of the extracellular matrix)

Resident progenitor cells: self-renewing cells resident in a tissue that are activated 
during injury to participate in the repair process through differentiating to tissue-
specific cell types

Thermosensitive: Responsive to changes in temperature

Viscoelastic (stress) relaxation: Measure of the decrease in the accumulated load 
(stress) in the structure through both viscous (fluid) and elastic (solid) manners

4
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INTRODUCTION

Chronic lung diseases contribute significantly to the global burden of healthcare [1]. 
Asthma, chronic obstructive pulmonary disease (COPD), lung fibrosis, pulmonary 
hypertension, and lung cancer are some common examples [1]. Structural alterations 
and cellular damage in these chronic diseases can be the result of (combinations 
of) prolonged exposure to environmental factors such as smoke (cigarette or other 
sources), air pollution, and pathogens or genetic predisposition [2]. As a result, 
chronic diseases are often characterised by excessive mucus secretion [3, 4], reduced 
mucociliary clearance [3, 4], and aberrant remodelling of the airways, pulmonary 
vasculature and distal parenchymal tissue [5]. Subsequently, airflow limitation and 
alveolar tissue destruction results in the loss of lung function [3-5]. Localised repair and 
regeneration in the lung can be facilitated by resident progenitor cells [2, 6], but these 
progenitor cells can be functionally impaired in disease conditions [6]. Therefore, for 
most end-stage lung diseases, the only definitive treatment is lung transplantation [7].

Developing appropriate treatments for chronic lung diseases can be bolstered through 
thorough understanding of disease mechanisms. In spite of the abundance and 
advancement in knowledge, the pathogenesis and progression of most chronic diseases 
remains unclear. Much knowledge has been obtained from rodent studies, which often 
do not completely recapitulate human diseases [8]. Traditional two dimensional (2D) 
in vitro cell culture approaches have played a fundamental role in advancement of 
current knowledge of cell behaviour and fate. However, these approaches lack a range 
of essential cell-cell and cell-extracellular matrix (ECM) interactions that have been 
shown to define cell signalling and function [9]. Bioengineering has promoted the 
development of innovative in vitro systems for modelling diseases in lung research [10]. 
Hence, three-dimensional (3D) models containing one or more matrix components 
and multiple cell types are becoming the sought-after standard for in vitro studies. 
These models support the growth of cells in all directions and allow for interaction 
with their surroundings. The use of models emulating human disease will not only aid 
in increased understanding of disease processes, but new models can also improve the 
drug development process and safety testing.

This review extensively describes the state-of-the-art for in vitro models developed for 
ex vivo engineering in lung research as a summary and postscript of the presentations 
and discussions that took place during the European Respiratory Society (ERS) 
Research Seminar: “Innovative 3D models for understanding mechanisms underlying 
lung diseases: powerful tools for translational research” in Lisbon, Portugal in April 
2022. A synopsis of various traditional and novel methods for characterisation of these 
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models along with a comprehensive overview of the advantages and disadvantages of 
each model are presented. Furthermore, the translational potential of in vitro systems 
supplemented with potential challenges are reviewed.

GENERATION OF (3D) INNOVATIVE IN VITRO LUNG MODELS

Currently, translation of respiratory therapies from bench to bedside remains 
limited in part due to the lack of relevant in vitro and in vivo models. The need for 
more accurate and physiologically representative models of the lung is thus clearly 
established. Various approaches to develop new models range from models using 
exclusively the source material of the lung like precision cut lung slices (PCLS) to 
fully engineered environments like the lung-on-chip (LOC). This article will focus 
on disease modelling in four main types of in vitro lung models: PCLS, organoids, 
lung ECM-derived hydrogels, and LOC. Each of these models have their strengths 
and weaknesses as presented in Figure 1.

The common ground in the above-mentioned models is the development of a cellular 
environment away from stiff and non-physiological plastic culture dishes, proposing 
instead a transition towards softer materials, with the possibility of inclusion of 
ECM proteins and/or reproduction of the structural arrangement, biochemical, and 
biomechanical properties of the lung. To recapitulate the lung microenvironment, 
several different factors are important. The main factors are biomechanics (mechanics of 
breathing and stiffness), lung ECM (structure and composition), and lung cell composition 
(cell types and cell source). Other factors that may be added include, but are not limited 
to, an immune component, hypoxic and normoxic regions, and blood flow (perfusion).

These in vitro models can be used to investigate the influence of individual mechanical 
parameters and immune cell interactions on disease origin and progression, along 
with screening for druggable targets and developing therapies. Animal models 
remain an indispensable tool for research as in vitro models cannot yet mimic the 
complex structures of tissues and systemic effects. However, there is an evolving 
role for these preclinical systems for modelling in vivo conditions and screening 
therapeutics to reduce the burden on in vivo systems.

Each model has different advantages and disadvantages, and the choice of model 
is highly dependent on the research question to be addressed and the availability 
of source material. This review section will highlight some of the innovative in vitro 
lung models and their recent developments.

4
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Figure 1: A general comparison of in vitro models used for modelling the lung: precision cut lung 
slices (PCLS), organoids, lung extracellular matrix (ECM)-derived hydrogels and lung-on-chip 
(LOC). E/M/V/I: Epithelial cells, Mesenchymal cells, Vascular cells, Immune cells. The proportion 
of filled dots reflects the score, on a scale of 5, of the model to fulfil the stated criterion from least 
representative (1 filled dot) to a complete lung in vitro (5 filled dots). Lung ECM-derived hydrogel 
comparisons were based on cell-seeded hydrogels. Reported scores reflect the opinion of the 
authors and the meeting attendees rather than an objective scoring.
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PRECISION CUT LUNG SLICES (PCLS)

PCLS are a unique translational ex vivo model of peripheral lung tissue that have 
applicability for many different research approaches including drug discovery 
and toxicity screenings [11, 12]. The slice lung model was first introduced as a 
pharmacological model by Dandurand et al. [13]. Unlike tissue fragments obtained 
by cutting or shredding explanted tumour resections [14], PCLS are well-defined 
models with standardised protocols for preparation and use in experiments. Upon 
collection, the lungs are filled via the trachea in animals or bronchi/bronchioles in 
human lung explants with a low melting agarose solution (0.75% - 3%) and then 
cut into slices of 200 - 500 μm thickness [15, 16]. The slices consist of distal airways 
and vessels with their intact lung architecture, maintaining cell-cell interactions 
and ECM. It is possible to sequentially study various lung cell populations in airways 
and vessels of different sizes and anatomical locations from a healthy or diseased 
lung, thus optimally utilizing available resources. Such an approach provides 
opportunities for specialised screening of the responses of alveoli, bronchioles, 
vessels, and surrounding ECM. Calcium fluxes and ciliary beat frequency can be 
followed and visualised in the small airways [16, 17], with smaller airways being 
known to respond to a greater extent to bronchoconstrictors than larger airways 
[15, 18]. In some instances, the thickness of the slices may be a concern as the 
readouts and functionality can differ depending on the thickness. Therefore, it is 
important to describe slice thickness, area of the slices, and lumen size of airways and 
pulmonary vessels when reporting generated data. Moreover, cutting and embedding 
the lung tissues in agarose can trigger repair and regenerative responses that can 
subsequently affect further experiments. Thorough washing and resting periods 
prior to experimental procedures can considerably reduce the effect of the processing 
steps. The viable culture period (5-28 days) is dependent on the type of analysis to 
be performed and should always be specified to enable replication of the studies. 
Cryopreservation of PCLS is a way forward to maximise the number of slices that 
can be used per lung and the possibility to share valuable material, however current 
protocols under development for cryopreservation need further improvement to 
enhance PCLS viability and functionality upon revival. PCLS can also be modified 
to mimic disease with different approaches and protocols either by treating the 
animal prior to harvesting of the lung or by directly treating the PCLS. Examples of 
applications of such models include allergic asthma [19, 20], emphysema [21, 22], 
acute respiratory distress syndrome (ARDS) [23], fibrosis [24, 25]. PCLS can also be 
decellularised and used as lung scaffolds with native ECM architecture for 3D cell 
culture studies with and without cyclic stretch [26-28]. Material availability and viable 
culture duration limits the use of PCLS, however, these models provide unmatched 

4
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resemblance of the physiological architecture and multicellularity of the lung. These 
models represent the status of the lung at a given time of harvest, thus providing 
excellent tools to study different stages of disease progression. Overcoming the 
current restrictions, combined with facilitating immune cell recruitment, would aid 
in unlocking the true potential of PCLS.

ORGANOIDS

Organoid cultures are defined as 3D cultures grown from pluripotent stem cells (PSCs) 
or adult progenitor cells that self-organise to form structures histologically similar 
to human organs [29, 30]. The requirements for 3D cultures to be considered as an 
organoid are self-renewing capacity and the replication of some function specific 
to the mimicked organ (such as the mucociliary function in the case of bronchial 
organoids) [29, 30]. In contrast to organoids, spheroids are typically cell aggregates 
grown scaffold-free from a single or a mix of multiple cell types and have a lower 
complexity while recapitulating native tissue [31]. While organoids modelling 
bronchial epithelium have been rapidly instituted, those for alveoli have been more 
challenging to establish [32]. Early efforts employed flow cytometry sorting of 
murine alveolar type II epithelial cells co-cultured with mesenchymal cells [33]. To 
date, the minimal composition of lung organoids built from adult progenitor cells 
comprises bronchial epithelial cells that are embedded in a 3D ECM-based hydrogel 
with a complex combination of growth factors [34]. This gives rise to spherical 
organoids often filled with secretions, that are classified into tracheospheres 
[35], bronchospheres [36], or alveolospheres [33, 37], depending on the source of 
epithelial cells. More recently, isolation (often with selection of EpCAM+ cells, via 
flow cytometry [38] or magnetic bead-based selection [39]) of epithelial cells, 
coupled with culture with or without mitomycin restricted feeder fibroblasts has 
been described for alveolar organoid culture [40, 41]. Moreover, generating alveolar 
organoids without the presence of a feeder cell population has also recently become 
possible [42, 43]. Research using organoids has progressed exponentially during 
the last decade, and results obtained have been reviewed in detail elsewhere [44, 
45]. Relatively simple to obtain, human airway organoids derived from epithelial 
cells and adult stem cells have been successfully used to study important processes 
such as respiratory virus infections including respiratory syncytial virus (RSV) [46] 
and influenza viruses [47] respectively. Donor-specific organoids can be generated 
from progenitor cells purified from human lung tissue to model the healthy state and 
various respiratory diseases (see Table 1). In contrast, PSC-derived lung organoids rely 
on a complex manipulation of developmental signalling pathways, to form a lung bud 
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organoid that can develop into branching airways with primitive alveoli [48]. PSC and 
in particular induced PSC (iPSC)-based organoids have great potential thanks to their 
potential for combining multiple cell types such as epithelial, smooth muscle cells 
and fibroblasts [49], but due to their intrinsic immature nature, generating disease 
models is not straightforward, except for monogenic disorders such as cystic fibrosis 
(CF) [50]. All in all, lung organoids have rapidly shown their value for respiratory 
research, thanks to their physiologically relevant properties, the possibility to 
recreate and understand lung development, and regeneration mechanisms. Organoid 
amplification [46] and cryopreservation of organoids opens a world of possibilities 
for the establishment of biobanks to facilitate greater availability of progenitors 
for organoid development for biomedical research and personalised medicine [51].

LUNG EXTRACELLULAR MATRIX (ECM)-DERIVED HYDROGELS

Hydrogels are hydrophilic polymers physically or chemically cross-linked to form a 
3D network [52]. Hydrogels can hold copious amounts of fluids while maintaining 
their structural integrity and represent the hydrated nature of physiological ECM. 
Individual ECM components or derivatives of them such as collagen, gelatine, 
fibronectin, fibrin, and hyaluronic acid have frequently been used to form hydrogels 
to mimic the ECM and provide bioactive components in cell culture [53]. However, 
they do not fully recapitulate the physiological complexity of the ECM and its 
macrostructure. Organ-derived ECM recapitulates the tissue-specific biochemical 
and biophysical complexity of the native tissue [54]. Thus, cell-seeded seeded 
lung ECM-derived hydrogels have since emerged as an important in vitro system 
to model the lung microenvironment. The first lung ECM-derived hydrogel was 
reported by Pouliot et al. in 2016, using porcine lung ECM [55], which was followed 
by human lung-derived ECM [54, 56] for establishing such models. Lung tissue 
can be decellularised using different methods, including chemical detergents, 
freezing/thawing, sonication, enzymatic digestion [53, 57], and recently developed 
apoptosis-associated approaches [58], followed by lyophilisation and milling into 
fine power [54] or homogenising using mortar and pestle [53]. The decellularised 
ECM is solubilised using pepsin in acidic conditions with constant agitation for 24-72 
hours [53]. Pepsin preserves the ultrastructure of collagens by cleaving collagen 
triple helices only at their telopeptide bonds [53], although the digestion time has 
been shown to affect hydrogel properties and morphology and metabolic activity 
of cells seeded onto the hydrogels [53, 59]. The pH of the solution is neutralised, 
followed by buffering with PBS to generate a self-assembling and thermosensitive 
ECM pre-gel that forms a hydrogel at 37°C [54]. Ultrasonic cavitation has also been 
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used to solubilise milled ECM of porcine trachea [60], as an alternative to pepsin 
digestion, which also solves the unsolved challenge of leftover pepsin in the lung 
ECM-derived hydrogels. Despite these rigorous treatments, ECM-derived hydrogels 
retain most of the native composition and reflect mechanical properties of the 
lung ECM both in healthy and diseased states [54]. Interestingly, a recent report 
illustrates organ-specific elasticity, viscoelastic relaxation and gelling properties 
of ECM-derived hydrogels [56]. These studies highlight the importance of mimicking 
the underlying architectural and mechanical properties of the ECM that are disease 
and organ-specific and can thus differentially regulate cellular responses. To this 
end, multiple studies have demonstrated alterations in cellular morphology or 
phenotype [61, 62], differentiation [63, 64] and gene and protein expression [61, 
65] in cells cultured on or harvested from within ECM-derived hydrogels. Further 
investigation into individual biomechanical properties in studies using novel 
tools such as click chemistry for modulating elastic modulus [66], ECM-derived 
and synthetic material hybrid hydrogels to modulate stiffness [67], or applying 
fibre cross-linking to native lung ECM-derived hydrogels to increase stiffness and 
decrease viscoelastic stress relaxation [68], have provided novel insights as to the 
role of the lung microenvironment in driving disease processes. Lung ECM-derived 
hydrogels are an innovative and powerful tool that can be manipulated. Through the 
addition of cyclic stretch to mimic breathing, this model has the potential to further 
mimic the lung microenvironment in vivo [62, 69], thus being among the models that 
most closely represent physiological conditions. A challenge yet to be addressed 
effectively is the capacity to mimic the physiological architecture of peripheral lung 
tissue. Through the employment of this model system, the outcomes of cell-ECM 
interactions in the lung are slowly becoming evident.

LUNG-ON-CHIP (LOC)

LOC devices are microphysiological systems that model part of the lung and provide 
the possibility to combine physiological flow, mechanical stretching, multi-
compartment co-culture, drug/particle exposure and ECM material in an in vitro 
system. The LOC models began with 2 or 2.5D systems, however, they have now 
advanced to multicellular and multidimensional 3D systems. Microfluidic devices 
offer many possibilities that have recently been used to develop different LOC devices 
and some relevant LOC devices are highlighted here. The first LOC with physiological 
flow and mechanical stretch was developed by the Ingber group [70]. This alveolus-
on-chip, with lung epithelial cells and endothelial cells, was perfused with neutrophils 
to mimic an infection, and later expanded to initiate coronavirus disease (COVID-19) 
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research on the chip [71, 72]. Diseases like asthma and COPD have been modelled in 
LOC mimicking small airways [73, 74]. In addition, a stromal layer can be included, 
combining LOC technology with hydrogel culture [75]. LOC technology has evolved 
further and recently, a LOC with a stretch regimen that is closer to physiological 
stretch was developed. This platform uses a micro-diaphragm that stretches the 
cell culture membrane in three-dimensions [76, 77]. It can be used with immortalised 
primary alveolar cells for nanoparticle exposure and lipopolysaccharide challenge 
[78]. To create a more in vivo-like environment, the polymer membrane of the 
LOC was replaced by a collagen-elastin membrane spread by surface tension on 
an ultra-thin grid with holes the size of alveoli enabling the creation of an array of 
alveoli [79]. Lung microvasculature and vascular diseases are also modelled with 
microfluidics. For example, side effects of the IPF drug Nintedanib [80], effects 
of physiological stretch on the endothelium [81], or combined effects of hypoxia 
and cyclic stretch [82] have been investigated. A challenge with LOC experiments 
is the incorporation of primary material that presents wide heterogeneity. This 
has been tackled by generating type II alveolar epithelial cells (AECII) organoids to 
enable expansion of primary lung alveolar cells in hydrogels before culture in a LOC 
[42]. Another challenge is the complicated fabrication of LOC devices, which often 
requires highly specialised equipment. A recent study showed that it is possible 
to develop a LOC to study ventilation-induced injury solely by using a simple 3D 
printer and syringe pump [83]. In spite of these challenges, LOC as a technology 
has been successfully commercialised by multiple startups, such as Emulate [71], 
AlveoliX [78], and Mimetas [84] that support research on a wide-range of human 
(lung) diseases. Often, these companies offer customization of chips allowing easy 
technology transfer and adaptation of LOC systems, thus enabling rapid uptake of 
LOC without the limitation of the requirement of development and manufacture 
in-house by various research groups. However, the scalability and costs of these 
systems remain an important challenge. The LOC field is still young and exciting with 
new developments continuously occurring. Overall, LOC technology is promising 
for modelling lung diseases and drug efficacy/safety screening with the advantage 
of being able to model the complexity of the different compartments of the lung in 
one system.

PERSPECTIVES AND FUTURE DIRECTIONS

A summary of recent applications of the use of PCLS, organoids, ECM-derived 
hydrogels and LOC as in vitro systems for lung disease modelling is presented in Table 
1. Excitingly, the development of lung in vitro models continues to rapidly advance. In 
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the future, there is the potential for different models highlighted in this perspective 
to be combined to create an optimal in vitro model that can utilize the advantages of 
different models in concert. For example, by combining LOC technology with porcine 
lung ECM hydrogels, a physiomimetic acute respiratory distress syndrome model 
incorporating primary rat mesenchymal stromal cells and AECII has recently been 
developed [62]. Furthermore, these in vitro models can be improved using techniques 
such as 3D bioprinting that is rapidly offering several new opportunities such as 
bioinks with bioactive components and tuneable mechanical properties [85, 86]. The 
cellular and ECM diversity in the lungs and an increase in the use of human material in 
research calls for the use of spatio-specific material for defined research questions. 
An indispensable feature of animal models that is yet to be recapitulated in in vitro 
models, is the systemic responses that arise from a functioning immune system. The 
inclusion of immune cells in in vitro models developed for testing novel cellular and 
molecular interventions will aid in advancing knowledge about local and systemic 
immune responses associated with lung diseases [87]. Furthermore, development of 
advanced in vitro models will reduce the dependency on animal models for scientific 
research. However, to reach this point, adequate characterisation of in vitro models 
is necessary, which will be discussed in the next section.
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CHALLENGES ASSOCIATED WITH 3D IN VITRO MODELS

In vitro models including PCLS, organoids, lung ECM-derived hydrogels, and LOC 
are powerful methods for employment in the quest to decipher the in vivo status 
of lung diseases at the cellular and ECM level. A comprehensive overview of the 
challenges associated with the above-mentioned in vitro models is presented in 
Table 2. In addition to the challenges specific for each model, there are overarching 
challenges for in vitro models in general. As research using such models progresses, 
the materials utilised, methods applied, and outcomes tested also diversify. As 
one of the primary outcomes of the “ERS Research Seminar 2022: Innovative 3D 
models for understanding mechanisms underlying lung diseases: powerful tools for 
translational research”, the participants were invited to contribute to a discussion on 
defining best practices when using these models and resources to improve reporting 
and reproducibility of data generated with these models. The main take-home 
message from these discussions was the need for clear and detailed methodology 
sections when reporting outcomes and open communication. Additionally, several 
other important issues were highlighted.

Best practices for handling patient samples: All participants were appreciative of 
the opportunities and importance of using precious human samples; however, 
the limitations of this practice were also recognised. The variability in the results 
caused by sample processing can be addressed by suggesting optimal windows of 
time between explanting of tissues and processing and clarity of methodologies 
for processing when working with human material [134]. Extensive information, 
about each protocol used by investigators, in the materials and methods sections 
would improve the potential for accurate comparisons to be made between different 
studies. Primary lung tissue material is generally seen as the optimal choice of source 
for cell and ECM material, but access to such primary tissue is limited and not equally 
distributed between research centres. Obtaining ethical board permissions to use 
the sparse human-sourced material is a challenge [135], and the establishment of 
local exchange networks has aided in tackling this. However, a European network 
currently does not exist, which limits optimal distribution of primary samples. 
Moreover, limited-to-no access to “true” healthy lung samples hinders how we 
can model truly “normal” tissues, resulting in potential bias in the data generated. 
Extensive descriptions of the details of obtaining and processing animal-sourced 
materials used in combination with patient-derived material for in vitro models 
would stimulate cumulative research.

4
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Best practices for (description of) the methods applied: Different in vitro models 
require different methods for production. The development of innovative and 
novel techniques is encouraged by the interdisciplinary nature of lung disease 
research, which is supported by the fields of cell biology, pulmonology, biomaterials, 
and bioengineering. As a result, various research groups are developing different 
methods for generating in vitro models dependent upon available resources and 
applicability to the research questions explored. This however results in diversity 
and hence variability in the outcomes obtained from in vitro models, making 
comparison between different studies challenging. As we attempt to build on 
existing knowledge, the lack of unified approaches renders our efforts more complex. 
Agreeing on minimum parameters to define the steps required to create each version 
of these models, preparing such guidelines for the community and encouraging clear 
communication are important starting points for tackling this conundrum [136].

Best practices for measuring and reporting end points: Different research questions 
require the generation and measuring of different outcomes. Characterisation of end 
points can be performed with different methodologies which can provide information 
that speaks towards similar end points. While the separate measurements will ideally 
provide data that can be informative for comparisons, differences in the sample 
processing and individual experimental setups are likely to influence the outcomes, 
generating difficulties when it comes to making subsequent comparisons between 
different studies. Defining certain standards or establishing recommendations for 
reporting of specific details where variances may occur that influence the outcomes 
(for example number of cells used, exact media composition, timing for all culture 
steps of experiment) would greatly benefit the field. Such an approach will enable 
the field to move forward as it would bring different studies performed at different 
locations and/or times to a comparable basis.

Establishing best practices for the materials used, methods applied for generation 
of in vitro models, and the end points tested will be a difficult task. However, this 
newly advancing topic would strongly benefit from starting the discussions regarding 
the best practices for above-mentioned criteria. Enforcing “gold standards” to 
be met with each model system prematurely would potentially result in missing 
development opportunities represented by the many innovative pioneering studies. 
It must also be noted that these standards might vary based on the research question. 
One way to start such discussions is creating awareness of the need to follow best 
practices by providing detailed information for other influential elements of 
academic research. Engaging editors and journals regarding the development of 
good practices for the field would be an ideal starting point. The development of 
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agreements such as minimum information about a microarray experiment (MIAME) 
[137], Animal Research: Reporting of in vivo Experiments (ARRIVE) [138], and the FDA 
Modernization Act 2.0 [139] provide guidelines intended to improve quality and 
reproducibility of scientific reports involving microarrays, animal research, and 
alternative methods used to test drug safety and effectiveness. These agreements 
are advanced to ensure unified evaluation and interpretation of results and better 
reproducibility of experiments, moving towards new standards for certifying new 
methodologies for drug development. Such initiatives could subsequently be moved 
forward by engaging with reviewers about what to look out for when presented with 
manuscripts reporting such methodologies, as well as providing information for the 
research community. Together with a scientific community working harmoniously, 
reviewers and editors of journals paying attention and looking to apply such 
standards would greatly benefit the advancements made in generating and using 
innovative in vitro models for translational research [140, 141].

4
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CHARACTERISATION OF IN VITRO MODELS

Today the use of complex 3D systems has made it possible to undertake translational 
studies in models that more closely mimic the in vivo situation. State-of-the-
art characterisation of these 3D in vitro models is thereby of importance. The 
characterisation of experimental 3D models such as PCLS, organoids, (cell-seeded) 
ECM-derived hydrogels and decellularised lung matrices, and LOC, presents different 
challenges, with appropriate ways for characterising biological and physical aspects 
within the models dependent on the research question being addressed. These 
research questions might include different conditions, including but not limited to 
basal levels, challenged and stimulated. Here we present a non-exhaustive summary 
of recent advances in characterization of these in vitro models.

Imaging
Imaging is a major methodology used for characterisation of the macroscopic 
architecture and spatial localisation of specific proteins or cells, as well as cell-
cell and cell-ECM interactions [142]. Light sheet fluorescence microscopy (LSFM) 
is an emerging technique for imaging larger 3D samples with high spatiotemporal 
resolution [143]. LSFM has been used extensively for organoid development studies, 
where visualisation is essential for understanding the cellular complexity [144] 
and airway development [145]. LSFM, however, requires fixation of the sample and 
optical clearing which is a challenge when working with 3D structures with different 
thickness such as PCLS. This is due to the difficulty with optical clearing in thicker PCLS 
that render blurry images at ≥100 μm depth. Scanning electron microscopy (SEM) 
has also been used to characterize cellular structures in PCLS [146], lung organoids 
[46, 147], and LOC [108]; or fibre structure of empty lung ECM-derived hydrogels 
[56]. Second harmonic generation microscopy [148, 149] has greatly facilitated the 
characterisation of ECM components in a PCLS model [146]; however, it has yet to be 
applied to other model systems for characterization of cells and microenvironment. 
The imaging technique employed depends on several properties of the particular 
in vitro model, thus limiting the applicability of different microscopic approaches 
to certain 3D models. Some important considerations while choosing an imaging 
technique for an in vitro model include: the thickness and size of the sample, effect 
on live cells, and fixation methods.

Protein and Gene Level Characterizations
Recent advances in sensitivity and resolution of mass spectrometry allow for deeper 
characterisation of all 3D models [26, 150] and have been commonly used for the 
characterisation of ECM composition, ECM remodelling, and cell phenotyping [151]. 

4
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Isotope-labelled amino acids that tag chemical, metabolic, and enzymatic processes 
have been used to differentiate, in combination with mass spectrometry, between 
de novo ECM synthesis and native ECM proteins in decellularised PCLS [26, 152]. 
While mass spectrometry analysis on regional and disease-specific empty lung ECM 
hydrogels has been recently performed [153], employing such analysis on cell-seeded 
lung ECM-derived hydrogels is yet to be completed. Parallel to mass spectrometry, 
Raman spectroscopy is a label-free method that allows investigation of biochemical 
composition of ECM based models such as PCLS, decellularised PCLS, and hydrogels 
[154]. Regarding gene level characterization, RNA-sequencing approaches have been 
successfully applied to PCLS [155], organoid [46], and LOC systems [156]. Single-cell 
RNA-sequencing, a method based on capturing the mRNA content of each cell at 
a single cell resolution has been recently applied to lung organoid samples [157]; 
however, it has yet to be implemented on the remaining systems. Metabolomics 
approaches have also been applied to PCLS [146] and iPSC-derived epithelial 
progenitor cells [158]; however, no application of these approaches to other model 
systems has been reported.

Mechanical Characterization
Lung diseases are often characterised by an alteration in physiological mechanical 
properties of the ECM, and thus of the lung tissue as a whole. These changes in turn 
affect cellular behaviour. Importantly, the macroscopic stiffness of a tissue is rarely 
the same as the local microscopic stiffness which is sensed by cells through their 
cell surface focal adhesions [159]. Mechanical properties of in vitro models (mainly 
hydrogel based) can be manipulated to mimic disease conditions and characterised 
using various methods including rheometry [85], low-load compression testing [54, 
68, 160] and atomic force microscopy (AFM) [61]. On a cellular, and thus a micrometre-
scale, spatial elastic modulus can be measured using Brillouin microscopy. Brillouin 
light scattering allows for live measurements of viscoelastic properties over the 
surface of the sample and can be applied on bioprinted cells and 3D in vitro models 
[161, 162]. Innovative use of 4D traction force microscopy and an open source MATLAB 
software package represents an emerging method to measure and calculate traction 
forces exerted by cells in 3D hydrogel cultures over time [163]. On a microscopic scale, 
AFM has been commonly used to both measure stiffness and viscoelastic properties 
which allows for a local assessment of the material properties [164]. Cells in the 
lungs experience dynamic forces and are under constant cyclic stretching, which 
is exaggerated in patients being mechanically ventilated [165]. Additionally, cells 
also receive biomechanical cues from the local microenvironment [166, 167]. A novel 
approach using AFM was highlighted as a way to measure microrheology of tissue 
exposed to different levels of stretch [168].
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All of these methodologies have the potential to be applied for examining PCLS, 
organoids, cultures with ECM-derived hydrogels and decellularised lung matrices, 
or LOC. Generation of such information will further our understanding of how 
altered mechanical conditions in lung disease impact cellular behaviour in the 3D 
environment [169].

TRANSLATIONAL POTENTIAL OF IN VITRO MODELS

The high number of failures of new drugs for respiratory diseases in clinical trials 
might be related to limitations in preclinical studies [170, 171]. Many of these trials fail 
in phase III: while the therapy is not toxic, its efficacy cannot be demonstrated. One of 
the main problems with the preclinical models that are currently used, is the lack of 
attention given to the physical aspects that are characteristic of the lung and (spatial) 
organization of different cells [172, 173]. Because 3D models can be implemented with 
human cells, they can more closely resemble human physiology, which has resulted 
in a growing number of studies using 3D models to study lung development and lung 
disease pathogenesis. Furthermore, these models have the potential as screening 
tools for pharmacological drugs being developed to treat pathologies such as lung 
fibrosis and other rare lung diseases. Figure 2 illustrates currently available models 
for most common lung diseases while highlighting the models that have yet to be 
developed for these diseases.

Mechanopharmacology is emerging as one of the key fields associated with the 
development of 3D models and harvesting their potential in translational research, 
as it investigates the effects of mechanics in dictating the efficacy of drugs and vice 
versa. Pioneering studies on healthy and asthmatic subjects [174, 175] highlighted the 
difference on the mechanical properties of the airways and the relation with strains 
produced by deep inhalations [176-178]. In IPF, it has been shown that transforming 
growth factor (TGF)-β signalling [179] is involved in an aberrant feedback loop, as the 
composition of ECM [180], and stiffening of the microenvironment activates TGF-β, 
which further promotes production and cross-linking of fibrillar collagen [181]. 
Experiments performed with IPF fibroblasts cultured on either stiff tissue culture 
plastic, in CytoSoft® plates (2 kPa) or in soft spheroids (0.4 kPa) showed that softer 
materials induced expression of cycloxygenase-2 (COX-2), suggesting that higher 
stiffness reduced COX-2 expression while activating TGF-β [182].

Human airway organoids have been explored with respect to their translational 
potential for cell therapy [93]. However, dissociating such organoids into single-
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cell suspensions for subsequent therapeutic application remains a challenge for 
advancing their use in cell therapy, as well as the development of platforms for 
high-throughput drug screening. As an example, in the rare disease primary ciliary 
dyskinesia (PCD) [183], cultures of basal epithelial cells from patients have been 
performed in 96 well plates for the screening of different drugs from a reduced 
starting cell number [184]. Methods to promote the expansion and differentiation 
of epithelial cells within 3D organoids, only requiring low cell numbers, provide novel 
opportunities to investigate how these cells behave in health and disease [185].

The translational capacity of preclinical models has recently been highlighted as a 
discussion point. As 92% of the preclinical trials fail for new lung cancer treatments, 
it is clear that there is a need to increase the preclinical “confidence” [186]. Therefore, 
New Approach Methodologies (NAMs) are needed [187]. The main steps that must 

Figure 2: Summary of the state-of-the-art status of different models used for modelling of 
different diseases. COPD: Chronic obstructive pulmonary disease
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be considered when developing NAMs are: (1) a detailed methodological description; 
(2) consideration of the diseased organ anatomy, control of the cell/cell ratio; (3) 
overcome the uncertainty due to interspecies differences, by using human cells, no 
animal-derived proteins, and including the microbiome; (4) exposure conditions 
and time points [188, 189]. Primarily driven from cancer research, these lessons can 
be applied to develop innovative 3D in vitro models described here to investigate 
disease pathogenesis, progression, and therapeutic targets for chronic lung diseases.

CONCLUSIONS

In vitro models with 3D structures are powerful tools that provide variability and 
versatility for both basic and translational research in lung diseases. PCLS, organoids, 
lung ECM-derived hydrogels and LOC systems present a wide spectrum of tune-
ability and biomimicry. Each of these models have advantages and limitations, and 
selection and application of the models for different studies requires a thorough 
understanding of their strengths and disadvantages. The future of these models, 
moving towards increased complexity to better represent the lung physiological 
conditions, will be built upon refinement of the currently developed model versions, 
by defining best practices for the materials used, the characterisation methods 
applied, and how the reported readouts can be compared. Similarly, combinations 
of these models to create increasingly tailored models for specific research questions 
would also increase the lung mimicking capacity of the models. By improving the 
currently existing models, generating new and innovative alternatives, as well as 
developing creative combinations of these systems, the translational capacity of in 
vitro research for lung preclinical studies will be greatly enhanced. The path to achieve 
more applicable and accepted models lies in open communication, clear descriptions 
of all materials/components used, and methods applied, as well as educating all parts 
of the scientific community. It is not unlikely that in the near future advanced in vitro 
models will replace several animal models that do not accurately reflect the diseased 
microenvironment of some lung diseases.

Points for Future Research:
• Exploring opportunities for combining elements from precision-cut lung slices, 

organoids, lung ECM-derived hydrogels and lung-on-chip models to expand 3D 
models for mimicking lung homeostasis and pathogenesis will advance the field.

• Establishing best practices for reporting the materials used, methods applied for 
generation of in vitro models, and the end points tested, based on the research 
question and model used, would greatly benefit the field. Thorough and cross-
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platform characterizations of different in vitro models have great potential 
in furthering our understanding of how altered biochemical and mechanical 
conditions in lung disease impact cellular behaviour in the 3D environment.

• New Approach Methodologies (NAMs) for in vitro models are required to increase 
the preclinical confidence in these models.
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ABSTRACT

In idiopathic pulmonary fibrosis (IPF) constant epithelial micro-injury and aberrant 
interactions within the stromal micro-environment lead to abnormal alveolar 
repair and fibrosis. We hypothesized that alveolar epithelial regenerative responses 
in IPF are impaired due to disturbed crosstalk between epithelial cells and their 
stromal niche. We established organoid cultures from unfractionated suspensions 
and isolated EpCAM+ cells from distal lung tissue of patients with and without IPF. 
We observed significantly more organoids being formed from unfractionated 
suspensions compared to isolated EpCAM+ cell cultures, indicating the presence of 
supportive cells in the unfractionated suspensions. Importantly, lower organoid 
numbers were observed in unfractionated cultures from IPF lungs compared to 
non-IPF lungs. This difference was not found when comparing organoid formation 
from isolated EpCAM+ cells alone between IPF and non-IPF groups, suggesting that 
crosstalk between the supportive population and epithelial cells is impaired in lungs 
from IPF patients. Additionally, organoids grown from IPF lung-derived cells were 
larger in size compared to those from non-IPF lungs in both unfractionated and 
EpCAM+ cultures, indicating an intrinsic abnormality in epithelial progenitors from 
IPF lungs. Together, our observations suggest that dysregulated crosstalk between 
alveolar progenitor cells and the stromal niche affects the regenerative capacity, 
potentially contributing to alveolar impairment in IPF.
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INTRODUCTION

Idiopathic Pulmonary Fibrosis (IPF) is a progressive lung disease characterized by 
aberrant repair responses in the alveoli, leading to fibrosis and rapid lung function 
decline. A high mortality rate, while having no cure available, illustrates the urgent 
need to understand IPF pathogenesis to identify new therapeutic strategies [1]. The 
origin of the disease is still unknown, but ongoing alveolar epithelial micro-injury and 
aberrant interactions within the stromal micro-environment are thought to induce 
the abnormal alveolar regeneration and tissue repair [2]. The crosstalk between 
epithelial cells and their stromal niche composed of supportive cells and extracellular 
matrix (ECM) is critical for alveolar repair [3]. The stromal compartment includes 
fibroblasts, mesenchymal stromal cells, macrophages and endothelial cells, as well 
as ECM [4]. Emerging data suggests that stromal alterations in IPF lead to inadequate 
alveolar epithelial regeneration [5].

In this study we hypothesized that the crosstalk between alveolar epithelial cells and 
other cell types present in the fibrotic micro-environment of the lung is disrupted, 
resulting in reduced regenerative capacity of alveolar epithelial progenitors derived 
from IPF patients. We studied epithelial regenerative potential using an organoid 
model where alveolar epithelial progenitors were seeded into a 3-dimensional (3D) 
hydrogel (Matrigel) with stromal cells to recapitulate critical aspects of alveolar 
regeneration [6], including self-organization into 3D structures, proliferation and 
differentiation.

MATERIALS AND METHODS

Subjects
Parenchymal lung tissue was derived from 10 non-IPF donors undergoing tumour 
resection surgery and 4 IPF donors undergoing lung transplantation surgery 
(characteristics are shown in Table 1). Tissue derived from the non-IPF donors was 
taken from anatomically normal tissue as assessed by experienced pathologists, as 
far away from the tumour region as possible. This protocol was consistent with the 
Research Code of the University Medical Center Groningen (https://www.umcg.nl/
documents/770534/2183586/umcg-research-code-2018-en.pdf/9680a460-3feb-543d-
7d58-bc9d4f7277de?t=1614951313016) and national ethical and professional guidelines 
(https://www.coreon.org/gedragscode-gezondheidsonderzoek; Code of conduct - in 
Dutch)

5
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Table 4: Characteristics of donors included in the study.

Non-IPF
(n=4)

IPF
 (n=4)

P value

Sex 3M/1F 3M/1F >0.999#

Smoking history 0.0285#

Former 3 0

Never 1 4

Age (median (min-max)) 55 (36-58) 61 (27-68) 0.3143†

FEV1% (Pred.) (median (min-max)) 96.5 (70-111) 42.0 (17-64) 0.0286†

#Indicates p value as assessed by the Chi-square test. † indicates p value as assessed by the Mann-
Whitney test. IPF: Idiopathic pulmonary fibrosis, FEV1 (pred.): Forced expiratory volume in 1 second 
(predicted).

Tissue dissociation
Unfractionated cell suspensions were obtained from parenchymal lung tissue without 
any visible airways present as previously described by Kruk et al [7]. Briefly, lung 
tissue was cut into small sections (1 cm3) and treated overnight at 4 °C with Trypsin/
EDTA (0.25%; Gibco, Waltham, MA), supplemented with 1% penicillin (100 U/mL) 
/ streptomycin (100 µg/mL) (P/S) (Gibco), Collagenase A (2 mg/mL; Roche, Basel, 
Switzerland) and DNase (0.04 mg/mL; Sigma-Aldrich, Burlington, VT). Subsequently, 
EpCAM (CD326)+ epithelial progenitors were isolated from this unfractionated cell 
suspension by negative selection for CD31 and CD45 to deplete endothelial cells and 
hematopoietic cells [8], followed by a positive selection for CD326 using magnetic 
beads (human anti-CD31, human anti-CD45, human anti-CD326) (Miltenyi Biotec, 
Bergisch Gladback, Germany) according to manufacturer’s instructions. The cell 
suspensions were then resuspended in Small Airway Growth Medium (SAGM) 
(PromoCell, Heidelberg, Germany), counted manually and kept on ice until use.

Organoid culture
MRC-5 human foetal lung fibroblasts (ATCC, Manassas, VA) were cultured in Ham’s 
F12 medium (Gibco) containing 10% foetal bovine serum (FBS) (Sigma-Aldrich) and 
1% P/S. When confluent, cells were treated with Mitomycin C (0.01 mg/mL) (Sigma-
Aldrich) for 2 hours to inhibit proliferation. Subsequently, cells were trypsinized 
and resuspended in SAGM, counted manually and kept on ice until use. To generate 
organoids, unfractionated lung cell suspensions or EpCAM+ epithelial cells were 
mixed in a 1:1 ratio with MRC-5 cells. This cell mixture, diluted 2:1 with SAGM, was 
seeded in 100 µL Matrigel (8.4 mg/mL; Corning, New York, MA) on top of 6.5 mm 
Transwell inserts (0.4 µm pore size; Corning) and cultured for 7 days in SAGM medium 
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containing 1% FBS and 1% P/S in the basolateral compartment. At day 7, images of 
the organoid cultures were taken using a Nikon Eclipse Ti-E microscope (Brightfield; 
Nikon Instruments Europe, Amsterdam, Netherlands) and the organoid forming 
efficiency and organoid size (diameter) were quantified manually using Nikon Eclipse 
Ti software (Nikon Instruments).

Immunohistochemistry
Cytospin slides were prepared from the unfractionated cell suspension for 
immunohistochemical analyses. Slides were fixed with acetone (Merck, Darmstadt, 
Germany) and blocked with 5% bovine serum albumin (BSA) (Sigma-Aldrich) / 1X 
Phosphate Buffered Saline (PBS) (Gibco) and 0.25% Hydrogen Peroxide (Merck) / 1X 
PBS, both for 30 minutes at room temperature (RT). The slides were stained overnight 
with primary antibody solutions for EpCAM (1:1000; Invitrogen, Massachusetts, USA), 
endothelial cell marker CD31 (1:100; Immunotools, Friesoythe, Germany), stromal cell 
marker CD90 (1:100; Biolegend, San Diego, CA), or macrophage marker CD68 (1:100; 
Agilent Dako, Santa Clara, CA) in 1% BSA / 0.1% Triton-X (Merck) / 1X PBS). The next 
day, slides were washed with 1X PBS and incubated for 1 hour at RT with a secondary 
antibody solution (1:50 Rabbit-anti Mouse (Agilent Dako) in 1% BSA / 0.1% Triton-X / 
1X PBS). After washing the slides with 1X PBS, they were incubated for1 hour at RT with 
a tertiary antibody solution (1:50 Goat-anti Rabbit (Agilent Dako) in 1% BSA / 0.1% 
Triton-X / 1X PBS) where after colour was developed using a NovaRed Substrate kit 
(Vector labs, Newark, CA) according to the company’s manual. Haematoxylin solution 
(Sigma-Aldrich) was used to counterstain the nuclei. From a total cell count of, at 
minimum 150 cells, positive stained cells were counted manually. The presence of 
bronchiolization in IPF lung samples was identified in haematoxylin and eosin (H&E) 
- stained sections from paraffin embedded lung tissue taken near the site of tissue 
used for the organoid cultures.

Statistics
One-way ANOVA with Šídák’s multiple comparisons test was used to assess for 
statistical differences after testing the normality of the data with Q-Q plots and 
Shapiro-Wilk test. In case of non-parametric data, the Mann-Whitney test was used 
for comparisons of two groups and the Kruskal–Wallis test for comparison of more 
than two groups. P<0.05 was considered statistically significant.

5
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RESULTS

IPF lung-derived cells form a smaller number of organoids independent 
of the number of epithelial cells
Both IPF and non-IPF lung-derived cell suspensions were able to form organoids 
by day 7 (Figure 1). We first compared organoid formation efficiency between the 
IPF and IPF groups in isolated EpCAM+ cell populations. The number of EpCAM+ cells 
isolated from IPF lung tissue was significantly lower compared to the non-IPF group 
(Supplementary Figure 1). Therefore, the number of organoids was normalized to the 
number of epithelial cells isolated per donor to correct for differences in epithelial 
cell counts. We observed that IPF and non-IPF-derived EpCAM+ cells were equally 
well capable of forming organoids, as reflected by both the size of the organoids 
and the numbers (Figure 2A). Next, we assessed organoid formation efficiency of 
unfractionated suspensions. We normalized for the input of epithelial numbers based 
on the number of EpCAM+ in the cytospins of these suspensions and observed that 
significantly more organoids formed from the unfractionated suspensions compared 

Figure 1: Organoid formation by lung alveolar progenitor cells isolated from IPF and non-IPF 
lungs. A) non-IPF (unfractionated), B) non-IPF EpCAM+, C) IPF (unfractionated), D) IPF EpCAM+. 
Brightfield images were taken on day 7 of the organoid cultures with a 2X magnification. Scale 
bar: 1000 μm. Representative images are shown.
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to isolated EpCAM+ cells (Supplementary Figure 2), suggesting the presence of a 
supportive cell population. Interestingly, when unfractionated organoid cultures 
were compared between the groups, we observed that significantly less organoids 
were formed from IPF lung-derived cells compared to non-IPF lung-derived cells 
(Figure 2A).

In addition to the number of organoids formed, the size distribution of the organoids 
was compared between the groups. Notably, IPF-derived cells formed significantly 
larger organoids compared to the non-IPF group, for both unfractionated (non-IPF 
organoids mean size 78.45 ± 8.00 µm, IPF organoids mean size 92.70 ± 26.83 µm) 
and EpCAM+ (non-IPF organoids mean size 64.45 ± 1.47 µm, IPF organoids mean size 
82.51 ± 14.42 µm) cultures . (Figure 2B).

Figure 2: Abnormalities in organoid formation of unfractionated lung cell suspensions from 
IPF patients. A) Quantification of organoid numbers at day 7 comparing non-IPF (n=3) and IPF 
(n=4) unfractionated and EpCAM+ cultures. Organoid counts were normalized to the number of 
EpCAM+ cells to correct for differences in epithelial cell input during the organoid assay. Means ± 
SD are indicated. One-way ANOVA with Šídák’s multiple comparisons test was used to assess for 
statistical differences after testing the data for normality with Q-Q plots and Shapiro-Wilk test. 
B) Quantification of organoid size distribution at day 7 comparing non-IPF (n=3) and IPF (n=4) 
unfractionated and EpCAM+ cultures. The Kruskal–Wallis test was used to assess for statistical 
differences.
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Cell fractions in unfractionated lung suspensions do not differ signifi-
cantly between IPF and non-IPF groups
To investigate whether there were differences in the composition of cell types 
in the unfractionated suspensions between IPF and non-IPF lungs, cytospins of 
unfractionated suspensions were stained for several markers. As the stromal 
compartment of the lungs includes various major cell types, we stained for epithelial 
cells (EpCAM), stromal cells (CD90), macrophages (CD68) and endothelial cells (CD31), 
which have all been implicated in IPF pathology [3, 9]. We were able to identify CD90+, 
CD68+ and CD31+ cells in the unfractionated suspensions, but we did not observe 
significant differences in the percentages of each type of cell between the non- IPF 
and IPF groups (Figure 3).

Figure 3: Percentage of cells stained positive for EpCAM (epithelial cells), CD31 (endothelial 
cells), CD90 (mesenchymal cells) and CD68 (macrophages) in unfractionated cell suspension 
cytospins from IPF and non-IPF lungs. Means ± SD values are shown. Statistical differences 
between IPF and non-IPF groups were tested using the unpaired t-test after verifying data nor-
mality with Q-Q plots and Shapiro-Wilk test.

DISCUSSION

In this study, we compared the organoid forming efficiency of EpCAM+ epithelial cell 
populations and unfractionated cell suspensions from parenchymal regions of IPF 
and non-IPF lungs. Our results suggest the presence of a supportive cell population 
in the unfractionated lung suspensions. Of interest, we observed reduced organoid 
forming efficiency in the unfractionated suspensions from IPF compared to non-IPF 
lungs. This difference was not present in organoids formed from isolated EpCAM+ cell 
populations from both IPF and non-IPF lungs, suggesting that dysregulated cross-
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talk between epithelial cells and other supportive cell populations exists in IPF lungs. 
In addition to the reduced organoid forming capacity, the organoids derived from 
IPF lungs were significantly larger compared to non-IPF lung-derived organoids in 
both unfractionated suspensions and EpCAM+ cell populations. To the best of our 
knowledge, this is the first report of lower organoid forming capacity in cells isolated 
from parenchymal tissue of lungs of patients with IPF.

Organoid forming efficiency as an indication of regenerative capacity has been 
demonstrated for several other lung diseases [10]. While fewer numbers of epithelial 
cells were isolated from the lungs from donors with IPF, our results show reduced 
numbers of organoids in IPF lung-derived cultures in the unfractionated groups 
independent of the number of epithelial cells. This was not observed in organoid 
cultures established from isolated EpCAM+ epithelial cells. This observation does not 
align with the current school of thought that suggests that the loss of regenerative 
capacity (specifically their ability to self-renew) of epithelial cells stems from 
epithelial-mesenchymal transition or senescence in the epithelial cell population 
in IPF [11]. The comparable organoid forming efficiency seen in isolated EpCAM+ cell 
populations in IPF and non-IPF groups, relative to the starting number of epithelial 
cells, indicates that the hampered repair capacity does not result directly from 
defects in the epithelial progenitor cells. Rather, it may be the result of defective 
interactions between cells within the stromal niche. However, we did not observe 
significant differences in the proportions of supporting cell types (stromal, 
endothelial or macrophage) present in the isolated cell populations between IPF and 
non-IPF. We did not examine the individual functioning of the cells from the stromal 
niche, thus it may be that the fibrotic microenvironment in vivo from which these 
cells were derived has imprinted cells towards different behaviour [12]; the observed 
differences in organoid supportive capacity might thus result from dysregulated 
crosstalk between the epithelial cells and stromal cells dictated by the imprinting 
from the IPF microenvironment.

The IPF organoid cultures, both unfractionated and EpCAM+ populations, generated 
larger organoids compared to non-IPF cultures. This indicates that epithelial 
progenitors from IPF lungs display intrinsic differences with respect to proliferation 
or other characteristics that determine organoid size. The morphology of the 
epithelial cells in tissue sections adjacent to the regions from where we isolated 
cells from in the lungs of patients with IPF was checked. Previously published reports 
indicate bronchiolization of the epithelium in the alveolar region in patients with 
IPF [13], which may be related to the intrinsic differences observed in IPF-derived 
epithelial cells. When the H&E-stained sections of IPF lung tissue were examined, 
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presence of bronchiolization of the alveolar epithelium was observed in all IPF 
patients from whom cells were obtained (Supplementary Figure 3). This is relevant 
as this is indicative of an active bronchiolization process occurring in the alveolar 
region in the IPF tissues, which is a form of metaplasia, and the larger organoid 
formation, potentially due to aberrant proliferation or cell transitioning in the IPF 
organoids, may be a reflection of such metaplasia [14, 15]. Further studies on whether 
the IPF organoids contain more or larger cells, or more swelling due to reduced barrier 
function or more mucus production would be required to investigate the influence 
of bronchiolization in parenchymal lung tissue on the organoid forming process.

Our study reporting initial observations on alveolar regeneration in IPF has some 
limitations that should be recognized. The lack of differences in the numbers of 
different cell types in the unfractionated cell populations between the groups may 
be a consequence of the isolation method, which has been optimized for alveolar 
epithelial cells and not for other cell types. In addition, the generated cell counts 
may be an underestimation of the total numbers of cells present in the lung tissue as 
several of the surface markers are known to be sensitive to cleavage by the enzymatic 
treatment used to isolate cells. Nevertheless, sufficient cell numbers have been 
isolated in order to support organoid formation effectively, as indicated by our 
current findings. Further investigation of the involvement of cellular interactions 
during the initiation of organoid formation will be of interest in future studies, but 
was outside of the scope of this discovery study.

As mentioned above, the origin of larger organoids from IPF donors requires further 
investigation. The finding that the organoid forming efficiency differs between IPF 
and non-IPF lung-derived organoid cultures from unfractionated suspensions, but not 
isolated epithelial progenitors, suggests that altered interactions between different cell 
types derived from IPF lungs are responsible for the aberrations in the initiation phase of 
the organoid formation. Previous research has shown that WNT-signalling influences the 
ability of epithelial progenitor cells to self-renew and form organoids [16]. In mice it has 
been shown that epithelial progenitors reside in a stromal niche that provides WNT signals 
to maintain their stemness [17]. Thus, we speculate that the WNT signalling pathway 
might be dysregulated in IPF-derived organoids due to the disturbed crosstalk between 
epithelial progenitors and stromal cell types. Further studies are needed to investigate 
whether alterations in the release of WNT ligands from stromal cells, endothelial cells 
and/or macrophages or in their interaction with epithelial cells occur in IPF.
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Conclusions
Overall, our observations indicate that aberrant crosstalk between (alveolar) 
epithelial cells and stromal cells changes the regenerative capacity of alveolar 
progenitors in IPF. This dysregulation may contribute to the abnormal alveolar 
repair in IPF, partly leading to bronchial and squamous metaplasia. In addition, this 
disturbance might also contribute to an abnormal alveolar micro-environment and 
ECM interactions in the lung in IPF. Further investigations regarding the contribution 
of specific stromal cells in epithelial regeneration will be necessary to understand 
the influence of aberrant alveolar repair in IPF pathophysiology. It will be of interest 
to investigate the behaviour of metaplastic bronchial epithelial cells in culture 
systems like organoids to provide further insight into abnormal alveolar repair in 
IPF. Future research using the combination of different epithelial cell types, as well 
their interaction with specific stromal cells, will deepen our understanding of IPF 
pathophysiology.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1: Number of EpCAM+ positive cells isolated from non-IPF and IPF lung 
tissue. N=3 for non-IPF and n=4 for IPF samples. Statistical differences between non-IPF and 
IPF groups were tested using unpaired t-test after verifying normality with Q-Q plots and Sha-
piro-Wilk test.

Supplementary Figure 2: Difference in organoid forming efficiency between unfractionated 
and EpCAM+ cell populations of IPF and non-IPF lung-derived epithelial cells. Quantification 
of organoid numbers at day 7 comparing unfractionated and EpCAM+ cultures (n=7 in total). 
Organoid counts were normalized to the number of EpCAM+ cells to correct for differences in 
epithelial cell input during the organoid assay. Means ±SD are indicated. Statistical differences 
between groups were tested using the unpaired t-test after verifying normality with Q-Q plots 
and Shapiro-Wilk test.

Mehmet Nizamoglu_BNW-9.indd   122Mehmet Nizamoglu_BNW-9.indd   122 11-08-2023   11:3011-08-2023   11:30



123Dysregulated cross talk between alveolar epithelial cells and stromal cells in 
 IPF reduces epithelial regenerative capacity

Supplementary Figure 3: Aberrances in alveolar structure in IPF lung tissue. A) Representative 
image showing the presence of bronchiolization (right) adjacent to a pre-existing bronchiole 
(left) in the lung parenchyma in IPF lung tissue (hematoxylin and eosin, scale bar is 200 μm). B) 
Extensive fibroblastic foci covered by cubic to flat squamous epithelium, bordering a remaining 
alveoli filled with macrophages (hematoxylin and eosin, scale bar is 100 μm).
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ABSTRACT

In vitro models for investigating mechanisms underlying repair and regeneration 
in lung disease have advanced greatly in the last decades. Of these models, 
3-dimensional (3D) models are particularly interesting owing to their enhanced 
resemblance of the physiological conditions in vivo. 3D in vitro models can be created 
using natural or synthetic biomaterials; where utilizing the extracellular matrix (ECM) 
from the lung itself or ECM-derived biomaterials have improved our understanding of 
lung disease and repair mechanisms. Homeostasis of lung ECM is critically important 
for the function of the lungs for gas exchange, and disruption of the ECM occurs in 
most chronic lung diseases. Reflecting the complexity of the architecture of lung 
tissue, several different types of in vitro models based on ECM have been developed. 
Materials derived from collagen, gelatin, hyaluronic acid and their derivatives are 
among the most used single ECM protein-based models. Although these models lack 
the 3D architecture and organization of the native ECM, they facilitate the collection 
of extensive information via mimicking the lung microenvironment in health and 
disease. Decellularized lung matrices have been used as scaffolds for in vitro models 
enabling the preservation of native architecture and composition within the ECM. 
However, reintroducing and imaging to localize cells poses some novel challenges 
when working within these 3D models. Hydrogels prepared using these decellularized 
lung matrices are emerging as a new opportunity, bringing the native lung ECM 
composition and the ability to control the model shape together.

In this chapter, we discuss the ECM-based 3D in vitro models for lung disease, repair 
and regeneration. First, we briefly outline the lung ECM and the changes associated 
with chronic lung diseases. Then we summarize the progress and the state-of-
the-art research performed using these models, discussing the advantages and 
challenges related to these models and summarizing the properties of an ideal 3D 
model.
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INTRODUCTION

The non-cellular component in all tissues and organs is the extracellular matrix 
(ECM). The ECM fulfils an essential role acting as a physical scaffolding, while 
initiating critical biochemical and biomechanical cues for all cells that reside within 
it [1]. The ECM mainly consists of fiber-forming and interfibrillar molecules. Collagen 
and elastin are categorized as fiber-forming molecules, whereas proteoglycans and 
glycoproteins are considered interfibrillary molecules [2]. Healthy ECM is crucial for 
cells, as it modulates events such as migration and adhesion [3]. All tissues and organs 
have their own specific ECM, adapted to meet the individual needs to ensure that 
the organ can fulfil its defined roles. Within the lung, the ECM consists of two main 
compartments; the basal membrane, which is a specialized layer under the epithelial 
and endothelial cells, and the interstitial matrix [4]. Fibroblasts are recognized as the 
cell type responsible for the maintenance and majority of the ECM production [5]. 
During lung development, the ECM not only provides the developing organ structure 
but it is also important for the regulation of cell functions such as proliferation, 
migration and differentiation [6]. Fibroblasts are crucial during development and 
homeostasis, in their role as the gatekeepers responsible for production, deposition 
and maintenance of the ECM, residing throughout the organ [7, 8]. Dynamic changes 
within the ECM are associated with several chronic lung diseases, including chronic 
obstructive pulmonary disease (COPD) and idiopathic pulmonary fibrosis (IPF), 
illustrating the essential role of the ECM in the lung at all stages of life [9]. In addition 
to its role as a scaffold, the ECM has also been recognized as a key regulator of a myriad 
of biological processes including cell migration, growth, survival, differentiation and 
metabolism [8, 10].

The lung ECM consists of a multitude of macromolecules of which the major 
constituents include elastin, collagens, glycosaminoglycans (GAGs), proteoglycans 
(PGs) and glycoproteins (Figure 1). These macromolecules specifically fulfill roles 
contributing to the maintenance of the ECM biomechanical characteristics and 
function of the lung. Elastin is one of the principal constituents of lung ECM and 
represents 20-30, 7-16 and 3-5% dry weight of parenchyma, blood vessels and 
airways, respectively [11]; providing the lung its extension and recoil properties [12]. 
One of the most abundant ECM proteins in the lung is collagen, which comprises 
28 different types categorized according to their structure and function as fibrils, 
fibril-associated collagens with interrupted triple helices, network-forming, beaded 
filaments and anchoring fibrils collagens [10, 13]. GAGs are polysaccharides with 
highly hydrophilic proprieties which contribute to the viscoelasticity of the lung 
[14]. Additionally, GAGs are known as regulators of immune responses, growth 
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factor activity and tissue modeling and remodeling [14, 15]. Four subfamilies of 
GAGs can be distinguished in the lung including heparan sulfate, hyaluronic acid, 
chondroitin sulfate/dermatan sulfate and keratan sulfate [16]. With the exception 
of hyaluronic acid, which is not synthesized as a PG, the other GAGs are synthesized 
as PGs, which consist of a protein backbone (referred to as the core protein) to which 
GAGs bind covalently [17]. Thus, major proteoglycan families can be classified based 
on their GAG composition, molecular weight and function [14]. Extracellular PGs 
can be classified in two groups, aggregating and small leucine-rich repeat PGs [16]. 
Known for their role in matrix-cell interactions, glycoproteins including fibronectin, 
laminins, vitronectin, thrombospondin, tenascin and nidogens play a crucial role in 
regulating cellular responses [18].

To investigate the role of the ECM in the development of lung pathologies, different 
in vitro experimental models such as traditional two-dimensional (2D) and more 
recently innovative three-dimensional (3D) cell culture systems have been 
developed. The 2D culture system is a wellestablished and broadly used system which 
(as discussed in Chapter 2), while having facilitated the generation of valuable data 
as the main workhouse of the in vitro lab for many years, has now been recognized to 
be limited in respect to its ability to mirror the physiological microenvironment from 
which cells are derived. Therefore, the importance of model systems that further 
mimic the natural physiological microenvironment of cells is necessary for a better 
understanding of cellular responses during homeostasis and disease.

In this chapter, we discuss the 3D in vitro models for representing lung disease, 
repair and regeneration. First, we outline the changes in the ECM during chronic lung 
diseases and summarize the major differences between 2D and 3D culture systems. 
Next, we describe the single ECM protein-based models used for advanced 3D lung 
modeling. Then, we illustrate state-of-the-art research that is performed using the 
complete lung ECM as a basis for the model. In conclusion, we discuss the limitations 
of actual conceptualized and available 3D culture systems, the encountered 
challenges and the novel approaches to improve the quality and robustness of 3D 
culture systems.

Mehmet Nizamoglu_BNW-9.indd   130Mehmet Nizamoglu_BNW-9.indd   130 11-08-2023   11:3011-08-2023   11:30



1313D lung models – 3D extracellular matrix models

Figure 1: A schematic representation of lung extracellular matrix (ECM) and tissue structure. 
Lung epithelium is located above a basement membrane, which mainly consists of collagen type 
IV fibers and laminin. Below the basement membrane, the interstitial matrix is formed by various 
types of collagen fibers, proteoglycans and elastin.

ECM CHANGES IN CHRONIC LUNG DISEASES

The vital function of the lung is crucially dependent on maintenance of the 
homeostatic balance between the cells and the ECM in which these cells reside. While 
cellular mechanisms underlying the pathology of various (chronic) lung diseases have 
been thoroughly investigated to date; the pivotal functional impact of the changes 
observed in ECM during these diseases has recently been recognized. Of importance, 
the acknowledged heterogeneity of chronic lung diseases is thought to be reflected 
by changes in the ECM during the disease course. Changes in the composition, 
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organization and structure of the ECM consequently impact the biomechanics of 
the lung tissue at both the macro and microscales; influencing the biomechanics 
of breathing and gas exchange but also local forces and mechanotransduction 
experienced at the cellular level.

Asthma
The main characteristics of asthma include chronic inflammation and airway 
hyperresponsiveness, accompanied by airway remodeling which includes goblet cell 
hyperplasia [19-22]). Changes in the ECM structure in asthma include thickening 
of the basement membrane and increased deposition of ECM in and around the 
airway smooth muscle (ASM) layers. These changes have been summarized elegantly 
elsewhere [8, 22-27] and the complete details are outside the scope of this chapter. 
Specifically, fibronectin and (fragments of) elastic fibers have been found to be 
increased in the ASM layer in clinically severe asthma patients, compared to controls 
[20]. Similarly, the ASM layer contains less proteoglycans in severe asthma patients 
compared to patients with moderate asthma [28]. In addition, the collagen type IV 
in basement membrane has also been shown to decrease in asthma patients, despite 
the increase of the basement membrane thickness [29]. Interestingly, tumstatin, the 
degradation product of collagen type IV α3, was found to be absent in the lungs of 
asthma patients, compared to healthy controls [30]. Fibrillar collagen organization 
was also found to be disorganized in the airways of asthma patients, compared with 
healthy controls [31]. Higher levels of periostin were found both in the epithelial and 
subepithelial layers in asthma patients in comparison to controls [32]. Next to the 
deposited factors, soluble ECM proteins are contributors to the changes in ECM in 
asthma: Higher levels of Fibulin-1, a secreted glycoprotein, were found in asthma 
patients compared to the healthy controls [33] and the presence of this glycoprotein 
in the ECM was important for the regulation of ASM proliferation [33] and the 
development of airway wall fibrosis [34]. Considered together, these studies illustrate 
an altered ECM composition in the asthmatic airway wall.

Chronic Obstructive Pulmonary Disease (COPD)
COPD is a chronic lung disease characterized by airway obstruction caused by several 
factors including pulmonary inflammation accompanied by bronchitis, mucus 
hypersecretion, remodeling of the small airway wall and emphysema [35]. The last 
two phenotypes, airway wall remodeling and emphysema, are the consequences of 
the alteration of the lung ECM homeostasis [22, 23, 27]. Emphysema is caused by 
the degradation of elastic fibers and collagens by proteolytic enzymes, including 
matrix metalloproteinases (MMPs) and elastase [22]. Samples from different origins 
including sputum, bronchoalveolar lavage, lung parenchyma and lung cells showed 
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an increase in MMPs expression and their enzymatic activity in COPD subjects [36]. 
Merrilees et al. demonstrated that elastin fibers were decreased in alveoli of COPD 
lungs [37]. Comparably, immunohistochemical analysis demonstrated a reduction 
in fractional area of elastic fibers in COPD [38]. Additionally, degradation products 
of elastin were increased in urinary excretions of COPD patient compared with non-
COPD controls [39]. The destruction of elastin fibers results in loss of lung elasticity, 
an alteration of the transpulmonary dissemination of the transpulmonary pressure 
resulting in lung hyperinflation [23]. Additionally, immunohistochemical analyses 
revealed that the fractional area of type I collagen was significantly reduced in the 
inner layer and muscle layer of the small airways in COPD when compared with non-
smokers [38]. Interestingly, no changes were reported for other collagens including 
type III and IV or proteoglycans including decorin, biglycan and lumican [38]. This 
was in contrast to the findings of van Straaten et al. who reported reduced decorin 
and biglycan in the peribronchiolar regions from COPD patients with emphysema, 
compared to those of controls or lung fibrosis patients [40]. The levels of heparan 
sulphate were reduced in the airway walls of patients with both COPD and lung 
fibrosis. However, fibronectin was found elevated in the inner / outer layer, and 
muscle layer of the small airways in COPD patients in contrast to smokers and 
non-smokers patients, whilst tenascin was increased only in the inner layer of the 
small airways of COPD compared to controls [38]. Collagen organization also plays 
an important role in ECM remodeling and the regulation of cellular function. Using 
second harmonic generation, Tjin and colleagues demonstrated that the organization 
of type I collagen in the airway wall was significantly different in COPD lung tissue 
compared with non-disease controls [41]. There are excellent reviews summarizing 
the changes observed in the lung ECM of COPD subjects [15, 24, 26, 42].

Changes in the expression and organization of ECM molecules in the lung may have 
an important consequence for the mechanical properties of the lung ECM in the COPD 
lung. The stiffness of the tissue plays a critical role. Suki and colleagues extensively 
discussed the importance of collagen and elastin for the mechanical properties of 
lung parenchyma. Since the stiffness of elastin was demonstrated to be two fold 
smaller than that of collagen [43], a decrease of elastin may lead to an imbalance 
in ECM composition and an increase in lung stiffness, which in turn can negatively 
impact the lung function.

Idiopathic Pulmonary Fibrosis (IPF)
IPF is a chronic fibrotic lung disease of unknown etiology, characterized by abnormal 
deposition of ECM in the lung parenchymal regions [44]. While repeated micro-
injuries to the epithelial layer are thought to be the initiator of an aberrant wound 
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healing response, miscommunication between the epithelial and stromal cells, 
senescence of these cells as well as increased number of pro-fibrotic cells such as 
myofibroblasts or pro-fibrotic macrophages, are all thought to contribute to the 
perpetuation of the fibrotic response in the lung tissue [45, 46]. The changes in ECM 
in IPF and their associated influences on the cells are reviewed elsewhere [22, 23, 
47-51]. Among these changes, greater deposition of collagens type I, III and VI are 
well documented in IPF patients compared to healthy controls [52]. Similarly, elastic 
fibers are more abundant in lung parenchyma of IPF patients compared to non-IPF 
controls [53, 54]. In addition to the increased deposition of ECM proteins, post-
translational modifications such as fiber crosslinking are more prominent in lung 
tissues of IPF patients compared to healthy controls [55, 56]. Lung biomechanical 
properties are altered as a result of changes in ECM structure: lung tissue of IPF 
patients are significantly stiffer compared to healthy tissue (16.52 ± 2.25 vs 1.96 ± 
0.13 kPa), with an accompanying decrease in the viscoelastic relaxation properties 
(72.1 ± 13.1% vs 88.7 ± 10.4%)) [57, 58]. The instructiveness of ECM has been shown 
to provide a positive feedback loop between fibrotic ECM and fibroblasts [59-61]. 
Similar to other chronic lung diseases, secreted/released ECM fragments and growth 
factors deposited in ECM could also be playing crucial roles in the pathophysiology 
of IPF: increased TGF-β, latent TGF binding protein (LTBP) and several ECM protein 
degradation fragments have been found higher in IPF patients compared to healthy 
controls [62-64]. Likewise, IPF patients were found to have higher levels of fibulin-1 
both in serum and lung tissue, compared to healthy controls [65]. In addition, the 
enzyme responsible for regulating crosslinking of collagen and elastin fibers, lysyl 
oxidases and transglutaminases are also recognized to be dysregulated in IPF [55, 
60, 66]. In summary, the amounts and composition of ECM proteins present in the 
lung tissues are drastically altered in IPF, which also leads to biomechanical changes 
in the lung microenvironment.

2D VS 3D CELL CULTURE SYSTEMS

2D cell cultures have been used since the beginning of the 20th century. Basic 2D 
cell culture models include adherence of cells to petri dishes, tissue culture flasks 
or well plates made from glass or tissue-culture polystyrene. 2D culture systems 
described below do not consider suspension cell cultures. Classic 2D systems are 
simple to handle, easy to reproduce and facilitate the growth of large volumes of 
cells. Also, methods such as single-cell imaging and profiling of cells are easy to 
apply using such 2D-model culture systems. Moreover, 2D cell culture procedures 
are generally standardized and reproducible [67, 68] and these models are widely 
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applied for the study of mechanisms underlying lung diseases [69]. However, several 
limitations using 2D models have been identified when trying to replicate the 3D 
in vivo environment including differences in cell – cell and cell – ECM interactions, 
as summarized in Table 1. Other limitations of 2D models include adhesion of cells 
only in a 2D plane and induction of apical – basal polarity of the cells which can 
influence apoptosis signaling pathways [67, 70]. The stiffness of basic 2D culture 
surfaces, such as tissue culture plastic (TCP), is significantly higher than the in 
vivo microenvironment, resembling cartilage or bone tissue rather than soft lung 
tissue. Even in fibrotic diseases such as IPF, the increased Young’s modulus is not 
as high as TCP which is 1 GPA compared to 16 kPa, respectively [49, 71]. Increased 
substrate stiffness leads to greater proliferation of cells and differentiation of 
fibroblasts to myofibroblasts [72, 73]. The highlighted differences between 2D and 
3D culture models affect cell behavior, which contributes to cellular alterations that 
affect phenotype, differentiation, proliferation and gene and protein expression, 
cell signaling and behaviors [67, 68, 73]. Classical 2D models provide limited 
opportunities for studying cell migration and tissue remodeling; with perhaps the 
exception of information that can be garnered from “wound healing” experiments. 
However, in recent years, novel 2D models that feature properties that further 
reflect those of lung tissue have been developed. For example, to study the effects of 
mechanical properties on cell behaviors mechanically tunable polydimethylsiloxane 
substrates and polyacrylamide (PA) hydrogels can be used. Moreover, ECM proteins 
can be covalently cross-linked to the PA hydrogels [74]. The growth of cells on a 
basement membrane extract, such as Matrigel, provides signaling engagement, cell 
integrity and structural support which are unattainable in the basic 2D models [75]. 
Another semi 2D model that has been adopted is an air-liquid interface (ALI) culture 
system, where epithelial cells are grown on an upper surface of a porous membrane. 
The apical side of the membrane can be used to expose cells to air. The basal side 
is maintained in contact with the culture media to provide a continuing supply of 
nutrients. This model is commonly used for the culture of bronchial epithelial cells, 
which differentiae into pseudostratified mucociliated epithelial cells after exposure 
to air, to test the influence of external stimuli on these cells [76].
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Table 5: Comparison of 2- and 3-dimensinoal culture systems.

2D 3D

Adhesion One plane Three dimensional

Polarity Basal-apical No forced polarity

Stiffness High stiffness
(mega- to gigapascal range)

Variable stiffness
(kilopascal range)

Soluble gradients Absent Present

Access to nutrients,
GF, oxygen

Very accessible More complicated with increasing 
thickness, similar to in vivo

ECM One layer of matrix
(coating)

Surrounded by matrix

Motion Unconstrained spreading
and migration

spreading and migration is hindered 
due to surrounding Matrix

Culturing Cost Cheap Expensive

Throughput High Low

Visualization Easy Difficult

Interactions 2D cell interaction, basolateral 
ECM interactions, no niches

2D and 3D cell interactions, cell-ECM/
scaffold, niches

Culture
protocols

Simple, methods are known, 
various kits are available, easy to 
reproduce

Complex methods that are not 
standardized, not easy to reproduce, 
more difficult to maintain the culture

Reproduction of key 
aspects of the tissue

Stiffness ~100 MPa (stiffer than 
fibrotic tissue), cells change 
behavior (gene, RNA, protein 
expression, adhere more strongly, 
proliferation is higher)

Stiffness comparable to tissue and 
highly adaptable, cells behavior is 
closer to the behavior in vivo

2D: 2-dimensional, 3D: 3-dimensional, ECM: extracellular matrix, GF: growth factors

2D cell culture models have provided a wealth of knowledge and insight over the 
past decades into some of the physiological and pathophysiological mechanisms 
of human biology and disease [77-79]. Nevertheless, the lung, as well as all other 
organs, is a 3D tissue structure in vivo. The 3D structure of every tissue is highly reliant 
on its native ECM, which is specialized for that tissue and the mechanical stresses 
it must endure in situ. The cells residing in the lung naturally experience physical 
interactions with their relative ECM in either 2- or 3-D. The endothelial cells, as well 
as the alveolar and airway epithelium experience a 2D interaction with the basement 
membrane that lies beneath their basal surfaces, whereas the mesenchymal cells 
that reside in the interstitium experience 3D interactions with their surrounding 
ECM. When put together the whole model is a complex 3D structure with intricate 
interactions between the resident cells and the ECM. The inflow of transient immune 
cells is an element that is not within the scope of the models discussed in this chapter.
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When culturing cells in a 3D environment using models such as hydrogels or matrices, 
the cells have the opportunity to adhere in all dimensions to the matrix fibers that 
surround them, and consequently do not experience forced polarity [77, 80, 81]. 
These engagements occur via the binding of cell surface integrins to defined motifs 
(e.g., arginine-glycine-aspartate (RGD) motifs on fibronectin)) present on ECM 
proteins. Through this binding, cells sense the stiffness of the surrounding ECM, a 
process referred to as mechanosensing [82-86]. The mechanical stimuli from the 
ECM are then converted into biochemical activity activating intracellular signaling 
pathways resulting in gene expression responsible for regulating cell survival, 
proliferation, differentiation, apoptosis, ECM protein synthesis and secretion [85]. 
In addition, matrix fibers sequester soluble factors (e.g. growth factors, cytokines, 
extracellular vesicles, chemokines) and nutrients through entrapment and binding to 
proteoglycans and GAGs, potentially exposing cells to a gradient of nutrients, growth 
factors and soluble factors [77, 79, 87, 88]. The addition of a third dimension is a 
logical step forward to make the models used for studying cell interactions in lung 
diseases more translational, and with the incorporation of the ECM these innovative 
models will allow the creation of more intricate co-culture systems to answer more 
complex questions about lung pathophysiology [89].

3D MODELS – 1: SINGLE-PROTEIN MODELS

Collagen
One of the most commonly used 3D models which consist of one ECM protein are 
models based on collagen type I. Collagen type I is commercially available, but it can 
also easily be derived from rodent, porcine, bovine or human sources, and can be 
relatively cheap to produce in large quantities [90]. Secondly, collagen can be used 
in different forms of biomaterials such as hydrogels or sponges [91]. Since collagen 
is the most abundant ECM molecule in native tissues, which modulates and supports 
the survival of different cell types, it makes collagen scaffolds a good model for 
mimicking in vivo tissue. Cells can be cultured in 3D collagen models for days and 
weeks. Cells grown in such an environment are likely to maintain similar behavior, 
migration, attachment through GFOGER, GVOGEA, GLOGEN and other sites and 
signaling pathways to those enacted in the lungs [92, 93] (Figure 2). Recently, 3D 
collagen scaffolds have been used for exploring alveolar recovery and angiogenesis 
after lung injury. After the implantation procedure, a collagen scaffold lost 30% of its 
size by the 14th day and had almost completely degraded by the 90th day in vivo [94]. 
In other research, a 3D collagen model has been used to deliver epithelial cells and 
fibroblasts to rabbit trachea in vivo [95]. Thirdly, the ability to modify gel stiffness 
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or pore size (the distance between fibers) by changing the number of cross-links and 
/ or collagen concentration makes this model interesting for studying conditions 
which alter the biomechanical properties of surrounding tissue [96]. The stiffness 
of collagen substrates can be regulated from one hundred Pa up to several kPa, 
which mimics the biomechanical conditions of fibrotic, normal or emphysematous 
lungs. Finally, collagen models are compatible with using standard commercially 
available kits for endpoint measurements such as RNA, DNA, protein isolation and 
immunokits. All these advantages make collagen gels a good model for studying lung 
diseases, metastatic growth, wound repair and fibrosis [55, 66, 90, 97].

Collagen models have several limitations that should be recognized. Fibroblasts, and 
other mesenchymal cells, will contract/rearrange the hydrogel [98]. The structure 
of a collagen hydrogel, particularly the fiber arrangement within the hydrogel, can 
be altered by pH, ionic concentration, and temperature through effects on collagen 
polymerization [96]. In the end, collagen models are limited by their simplicity: 
cells only interact with one type of matrix protein, there is a lack of broad tunability, 
and the cells embedded within these hydrogels can elicit undesirable effects on the 
structural assembly of the scaffold.

Figure 2: Schematic representation of different types of hydrogels made with single ECM pro-
teins. Hydrogels of collagen, gelatin and their derivatives present cell-binding sites that facilitate 
cell attachment. Hyaluronic acid hydrogels in their native form do not contain any cell-binding 
sites. GelMA and hyaluronic acid hydrogels usually have crosslinks between the protein chains, 
reinforcing the overall structure and providing mechanical support.

Gelatin & Methacrylated Gelatin (GelMA)
Gelatin is a naturally occurring, and hydrophilic protein, obtained as a result of 
permanent hydrolysis of collagen [99]. Depending on the method used for its 
production, there are two types of gelatin type A and type B. Acidic hydrolysis, which 

Mehmet Nizamoglu_BNW-9.indd   138Mehmet Nizamoglu_BNW-9.indd   138 11-08-2023   11:3011-08-2023   11:30



1393D lung models – 3D extracellular matrix models

yields type A gelatin, negligibly affects amide groups. Conversely, alkaline hydrolysis 
converts glutamine and asparagine to glutamate and aspartate residues respectively, 
resulting in type B gelatin [99]. Gelatin is less immunogenic compared to collagen 
due to fewer aromatic groups. Moreover, it retains the RGD sequence and MMP 
degradation sites of the parent collagen molecule that plays an indispensable role 
in orchestrating cell-matrix adhesion and enabling migration and cellular remodeling 
respectively [99, 100]. Gelatin is both biodegradable and a biocompatible material 
and is economical to produce and abundantly extractable from porcine skin, fish, 
bovine hides, and porcine and bovine bones [101]. Given the above enticing properties, 
gelatin is one of the most extensively used polymers in the food, pharmaceutical, 
cosmetic, and biomedical industry and is a generally regarded as safe material.

Gelatin is thermo-reversible and forms a hydrogel as the temperature decreases 
below 30-35°C [102]. This occurs as gelatin sustains a conformation change from 
a random coil to triple helix and rearrangement of the triple helices gives rise to a 
huge polymer network. However, these non-covalent (hydrogen and van der Waals) 
interactions are broken as the temperatures rise above 30-35°C. In fact, gelatin 
dissolves in water at 37°C and as a result, native gelatin hydrogels have low stability 
and elasticity and poor mechanical properties [102]. These limitations are often 
assuaged by covalently crosslinking gelatin either in its native form or following 
functionalization of its side chains [103]. Native gelatin can be crosslinked chemically 
or enzymatically, while modified gelatin is commonly crosslinked thermally, 
enzymatically or using photo-initiators [103-106] (Figure 2).

Gelatin has been used for a myriad of biomedical applications such as to produce micro 
or nanoparticles, polymeric fibers and hydrogels for tissue-engineered scaffolds and 
bioadhesives [107]. 3D bioprinting has especially proven to be an extremely valuable 
technique in terms of recreating organs with complex architectures, such as lungs, as 
it enables layer-by-layer deposition of biomaterials and/or cells [108]. Several studies 
have used gelatin as a bio-ink to print lung scaffolds. For instance, a sodium alginate-
gelatin hydrogel, encapsulating non-small cell lung carcinoma patient-derived 
xenograft cells and cancer associated lung fibroblasts, was 3D printed to model tumor 
microenvironment in vitro [109]. The printed scaffold supported the development of 
3D co-culture spheroids up to 25 days. Additionally, tumor-stromal crosstalk was 
demonstrated by increased expression of vimentin, α-SMA (smooth muscle actin), and 
loss of E cadherin in co-culture spheroids [109]. This composite sodium alginate-gelatin 
hydrogel has also been used to support culture of lung cancer cells (A549 and 95D) for at 
least 2 weeks. Furthermore, 3D culture of these cancer cells enhanced their migratory 
properties and invasiveness compared to their 2D cultured counterparts [110].
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Interestingly, gelatin has been used to produce microbubble-scaffolds, using 
specialized microfluidic devices, to mimic alveoli structure [111, 112]. A two-channel 
fluid jacket microfluidic device yielded 3D gelatin microbubble scaffolds that were 
seeded with mouse pulmonary stem/progenitor cells (mPSCs) and supported the 
differentiation of mPSCs into alveolar pneumocytes [111]. Additionally, a four-channel 
microfluidic device has been used to generate disc-shaped gelatin microbubble 
scaffolds with a uniform pore size of 100µm resembling the alveoli structure [112]. 
A549 cells seeded in these scaffolds had higher drug resistance compared to their 2D 
controls and hence the 3D hydrogels are better models for anticancer drugs screening 
[112]. Microfluidic devices for in vitro modeling of the lung microenvironment have 
also gained traction. Recently, gelatin methacrylate (GelMA) was used to mimic 
the lung microenvironment in an airway-on-chip model [113]. In this model, the 
biological properties of GelMA were further enhanced by resuspending Matrigel 
particulates and encapsulating lung fibroblasts within the GelMA solution [113]. 
Furthermore, the alveolar-capillary barrier microenvironment was modeled to study 
the influence of the ECM structure and mechanics on epithelial cell injury during cyclic 
airway reopening during mechanical ventilation [114].

Another novel use of gelatin has been in the development of prosthetics for tracheal 
reconstruction [115, 116]. Recently, it has been demonstrated that gelatin-based 
scaffolds are compatible with techniques such as electrospinning, micro-molding, and 
photolithography to produce micro- and nano- patterned topographical features to 
mimic native ECM [117, 118]. The mucosal folding of the respiratory track was mimicked 
in cell laden GelMA hydrogels that were bonded to pre-stretched tough hydrogel 
substrates composed of interpenetrating polymer networks of polyacrylamide and 
alginate. Relaxation of the substrate induced controlled patterns in the GelMA layer 
[119]. In another study, the microarchitecture of ECM fibers of healthy and diseased 
lung tissue was mimicked using PCL-gelatin electrospun fibers [114].

In conclusion, gelatin’s ability to support cellular activity, modifiable mechanical properties, 
and several functional groups for chemical modifications make it a highly desirable 
biomaterial for the generation of 3D models for cell culture with versatile potential for 
tissue engineering and regenerative medicine particularly in pulmonary diseases.

Other ECM components
Other ECM components and their derivatives have also been used for generating 3D 
in vitro lung models, although model types and the applications of these systems 
are limited. One of the most applied ECM components is hyaluronic acid (HA), 
also called hyaluronan: a linear polysaccharide composed of repeating units of 
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disaccharides (glucuronic acid and N-acetyl glucosamine) [120]. While most studies 
focus on drug delivery approaches using HA [121], the use of this flexible biomaterial 
as an in vitro model in hydrogel form has also been explored. In its native form, HA 
does not form viable hydrogels; however, chemical functionalization (additions of 
methacrylate [122], thiol [123], furan [124]) of HA, as well as combining HA hydrogels 
with other biopolymers (gelatin [125, 126], fibronectin [127], methylcellulose [124]) 
results in hydrogel formation (Figure 2). Varying the concentration of HA and the 
degree of modification of HA molecules results in great variability in the mechanical 
properties of the resultant hydrogel: (0.35 ± 0.05 kPa – 1613.0 ± 248.5 kPa) [122, 128] 
. Considering the high range, it would be possible to use such models in fibrotic lung 
disease research, where hydrogels with higher stiffness can be used to mimic the 
fibrotic microenvironment.

Other ECM components have been used to construct 3D ECM-based in vitro models. 
Fibronectin, an important ECM glycoprotein, was modified with the addition of 
polyethylene glycol (PEG) molecules to form mechanically tunable hydrogels that 
could support sprouting of human umbilical vein endothelial cells (HUVECs) in an 
in vitro model [129]. Similarly, fibrinogen was used in combination with collagen to 
formulate in vitro models with varying stiffness [130]. Fibrin hydrogels were used to 
create a 3D in vitro model for fibroblast-epithelial cell co-culture to mimic the airway 
[131, 132], or even a tri-culture model for epithelial cells, fibroblasts and endothelial 
cells [133]. Just like in collagen, gelatin or HA hydrogels, it is possible to modulate the 
mechanical properties of fibrin hydrogels within an extensive range (1.1 ± 0.3 kPa – 31 
± 2.8 kPa), which increases the applicability of these hydrogels to a variety of lung 
diseases as well as representing specific locations within lung tissue [134].

3D MODELS – 2: ECM MODELS WITH COMPLEX ECM MIXTURES

Decellularized lung scaffolds
Decellularization is the process of removing cells from tissue or whole organs while 
minimizing the damage to and preserving the biological integrity, composition, 
and mechanical properties of the ECM [135]. This technique has enabled generation 
of acellular, native, and 3D ECM in vitro and ex vivo models that are useful to study 
tissue-specific cell-ECM component interactions in healthy and diseased states, 
and the dynamic reciprocity between cells and their microenvironment [136-138]. 
Moreover, decellularization of allogeneic and xenogeneic ECM grafts followed by 
recellularization can ideally provide an unlimited supply for clinical applications 
such as tissue reconstruction and transplantation [137-139]. Although this has 
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been realized for 2D tissues with simpler microstructures (skin, small intestinal 
submucosa, and pericardium) [140], organs with higher complexity such as lungs 
have proven to be more challenging. There are several methods that can be used 
in combination to decellularize tissues and organs including physical, chemical, 
or enzymatic as depicted in Figure 3A [141]. Decellularization of lung tissue is 
mainly achieved by perfusion of decellularization solutions through the airways or 
vasculature of the lungs or by immersion of tissue segments in these solutions with 
or without agitation [142].

To mimic the lung microenvironment and stimulate functional organ regeneration, 
decellularized tissues have been frequently repopulated with a variety of progenitor 
and stromal cells [142]. Precision cut lung slices (PCLS) have become popular ex vivo 
experimental models and these can also be used in the decellularized form. A positive 
feedback loop between IPF ECM and fibroblasts was demonstrated when the diseased 
ECM stimulated pathological gene expression enriched for ECM proteins in fibroblasts 
seeded on decellularized IPF PCLS [59]. Recently, ECM deposition by non-diseased 
lung fibroblasts seeded in acellular non-diseased lung PCLS resembled native lung 
tissue sections more closely compared to a monolayer of fibroblasts grown on 
plastic [143]. The influence of the microenvironment on cellular behavior was further 
demonstrated when non-diseased lung fibroblasts differentially expressed basement 
membrane proteins when seeded in IPF PCLS compared to non-diseased PCLS [144].

Decellularized lung models have played an indispensable role in unravelling underlying 
disease mechanisms that promote and enhance pathogenesis. For instance, placental 
microvascular pericytes sustained phenotypic transition (increased expression of 
α-SMA) when cultured on decellularized IPF lungs compared to decellularized non-
diseased lungs, which facilitated a better understanding of the influence of pericytes 
in progression of IPF [145]. The crucial role of lysyl oxidase enzymes in increased tissue 
stiffness was uncovered when its inhibitor, β-Aminoproprionitrile, decreased TGF-β 
induced thickening of collagen fibers in non-disease decellularized lung scaffolds 
seeded with non-diseased lung fibroblasts [55].
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Figure 3: Generation and usage of decellularized lung ECM as a hydrogel. A) Different methods 
applied to decellularize lung tissue include physical methods such as freeze thawing or sonication, 
chemical methods that employ (combination of) detergents and acidic/alkaline solutions and 
enzymatic methods with endonucleases or exonucleases. Combinations of physical, chemical 
and enzymatic decellularization methods has also been employed. B) Schematic representation 
of generation of ECM-derived hydrogels from the decellularized lung ECM. Lung ECM powder, 
which is obtained after freeze-drying and grinding the decellularized lung scaffold, is digested 
using pepsin in acidic media. Then, the resulting solution is brought back to pH 7.4 and supple-
mented with PBS to equilibrate the salt concentration. This solution, also called “pre-gel” can 
form hydrogels irreversibly once it is incubated at 37°C.

Apart from IPF, acellular scaffolds have also been derived from COPD lung tissue. 
COPD derived bronchial epithelial cells had enhanced proliferative capacity and 
maintained basal cell phenotype when seeded on COPD-derived decellularized 
bronchial constructs compared to non-diseased scaffolds [146]. In contrast, 
no variation was observed in the differentiation or proliferative potential of 
emphysematous lung-derived mesenchymal stromal cells grown on decellularized 
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non-disease and emphysematous decellularized lung tissue, although reduced 
growth factor production was observed in the latter [147]. These results clearly 
showed that the state of the ECM largely influences the cellular response and this 
response varies between different cell types. Another prominent chronic lung disease 
is asthma. The mechanisms involved in ECM remodeling in asthma have not been as 
thoroughly investigated using decellularized ECM models as IPF and COPD, reflecting 
the lack of available tissues from asthmatic donors for decellularization. Preliminary 
investigations using asthmatic equine models have indicated decreased levels of 
collagen I and fibronectin levels in bronchi-derived acellular scaffolds [148]. However 
future investigations of this model are warranted, albeit challenging.

Decellularized lung scaffolds have also been used to model the tumor 
microenvironment. Decellularized rat lungs repopulated with human cancer cell 
lines and cultured in customized bioreactors, produced tumor nodules and expressed 
MMP 9, neither of which was evident in equivalent 2D models [149]. Interestingly, 
murine decellularized lung matrices supported the invasion and colonization of 
metastatic breast cancer cells while the majority of non-metastatic cells were unable 
to survive under the same conditions [150]. These models serve as powerful tools to 
understand cancer metastasis and in turn will provide platforms for assessing anti-
cancer therapies.

Whole lung decellularization for transplantation has been attempted by several 
research groups. However, these have mainly been restricted to animal models 
(rodents, porcine, and canine lungs) that have been recolonized for short periods 
with animal or human lung cells, and in some studies implanted in respective animal 
models to test compliance and functionality of the engineered lungs [151-160]. 
Whole human lung or lobe decellularization and recellularization is less frequent 
for obvious availability and ethical reasons [152, 161]. In addition, there are several 
recognized limitations that must be overcome to advance this application including 
the standardization of the patient-derived lung samples and using these scaffolds 
as in vitro models. Moreover, more advanced methods for testing the capacity of the 
gas exchange in a recellularized in vitro model are required to evaluate the efficiency 
of the recellularization process and subsequent functionality of the engineered lung.

Decellularization presents a potent methodology for the development of in vitro 
models as age and injury induced changes in ECM composition and characteristic 
anatomical alterations were retained post decellularization of lungs reflective of 
the original disease state [153, 159, 162]. Extensive information about other factors 
influencing cellular behavior in response to decellularized scaffolds can be found 
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elsewhere [140]. Therefore, the use of decellularized tissue for 3D modeling is 
an advantageous technique in terms of mimicking native tissue structure and 
composition. However, these models are still a long way from modeling the 
complexity of lung tissue. The development of long term functional units for gas 
exchange is of utmost importance. However, this requires both- epithelized airways 
and endothelialized vessels. Vascularization and innervation of decellularized tissue, 
seeding, and expanding multiple cell types and lineages together, and developing 
appropriate methods to measure experimental outcomes are some of the major 
challenges yet to be overcome.

Decellularized lung ECM-derived hydrogels
Although single protein hydrogels can mimic the mechanical properties and 
elevate the cell culture model to 3D, they do not represent the full complexity 
of the matrisome. Next to using decellularized matrices, another approach for 
incorporating the complexity of the ECM into 3D models has emerged in recent 
years, lung-derived ECM hydrogels [58, 163]. These hydrogels are generated from 
solubilized decellularized lung ECM (Figure 3B). The decellularized ECM is lyophilized 
and milled into a fine powder, to increase the surface area of the ECM to aid in the 
solubilization process. The solubilization of the ECM has most often been performed 
via pepsin digestion in an acidic buffer [58, 163, 164]. During pepsin digestion, the 
ECM proteins are enzymatically solubilized into a monomeric suspension, generally 
under constant agitation for an extended time (24-72h, although this varies for 
different tissues) at room temperature [164]. After digestion, the pH of the solution 
is neutralized and buffered with PBS to prepare a thermosensitive ECM pre-gel 
solution which spontaneously self-assembles into a hydrogel when incubated 
at 37°C [165]. Recently, it has been shown that ultrasonic cavitation could also be 
used to solubilize the milled ECM, although the source of ECM was not lung tissue 
[166]. The whole process disrupts the original complex ultrastructure of the starting 
tissue ECM and reduces it to a suspension of its multitude of components. The pepsin 
solubilization process needs to be tailored to the specific organ and the success is 
dependent upon the pepsin digestion time which affects the mechanical properties 
such as stiffness and dictates the subsequent effect of the ECM hydrogel on cells 
[167]. Another important mechanical property for hydrogels is viscoelasticity. 
Viscoelasticity describes how a material that has both viscous (water, soluble factors) 
and elastic (ECM proteins) components, distributes forces when a stress is applied 
[168]. Both stiffness and viscoelasticity have been found to influence cell behavior 
such as spreading, proliferation and differentiation [169, 170]. For the lung, hydrogel 
models that incorporate the entirety of the ECM have been made from porcine 
lungs [163, 171, 172] and human lungs [58]. For now, most cell experiments using 
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porcine lung ECM hydrogels have seeded cells on top of the hydrogel. Human lung 
fibroblasts, mesenchymal stromal cells and pulmonary vascular endothelial cells 
were able to survive and grow on the porcine lung ECM hydrogel [163]. The mechanical 
properties of human lung ECM hydrogels, both healthy and diseased (IPF and COPD) 
were compared to those of intact whole lung tissue pieces [58]. The differences in 
stiffness seen between healthy, COPD and IPF tissues were still present, albeit to a 
lesser degree, in the corresponding ECM hydrogels. The stiffness of ECM hydrogels 
resembled that of whole tissue while their viscoelasticity differed. Lung ECM 
hydrogels are still a very novel tool and there remains a lot to optimize and discover; 
however, incorporating these in 3D co-culture models will allow researchers to ask 
and answer more complex questions about the physiology and pathophysiology of 
the lung and the role of the ECM in disease pathogenesis.

Application of these lung ECM-derived hydrogels in disease-specific models 
can be further specialized by several different means. While using the pepsin-
solubilized ECM as the bulk hydrogel [58, 173] already improves the biomimicry 
of the 3D ECM-based in vitro lung models, using such in combination with other 
biopolymers could also provide extensive versatility. Although used in a 2D culture 
model, the combination of solubilized decellularized ECM from control or IPF 
lungs with polyacrylamide hydrogels with defined stiffness values was shown to 
form hydrogels with disease-specific compositions [145]. Similarly, reinforcing 
the solubilized decellularized ECM with alginate resulted in the possibility of fine-
tuning the mechanical properties of the resulting hydrogels [171]. The same study 
also elegantly demonstrated the application of the reinforced ECM hydrogel as a 
bioink for bioprinting of 3D lung models.

Chemically modifying the solubilized ECM to modulate the biochemical and 
biomechanical properties provides another alternative to improve the applicability of 
these hydrogels in 3D models. By functionalizing the solubilized ECM with thiol groups 
(thiolation) and combining this with methacrylated PEG (PEGMA) molecules, Petrou 
et al. generated ECM-derived hydrogels with tunable mechanical properties in two 
separate steps [172]. While the initial stiffness values were adjusted by changing the 
concentration of the modified ECM in the solution, a second step of stiffening these 
hydrogels was achieved using photo-crosslinking the PEGMA molecules, resulting in 
great variability in the stiffness values (soft: 3.63 ± 0.24 kPa, stiff: 13.35 ± 0.83 kPa). 
The exciting opportunity of utilizing (disease-specific) lung ECM-derived hydrogels 
brings various levels of innovation to the development of novel 3D in vitro models 
for lung diseases. While alternatives to pepsin digestion have yet to be discovered 
to prepare solubilized ECM, ECM-derived hydrogels enhance the biomimicry of in 
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vitro models. In addition, the possibility of fine-tuning mechanical properties either 
by reinforcing the solution with additional biopolymers or functionalization with 
chemical groups leads the way to de-couple the contribution of biochemical and 
biomechanical changes in the progression of chronic lung diseases.

Another interesting method to prepare 3D in vitro models using solubilized 
decellularized lung ECM is electrospinning, a versatile scaffold preparation method 
that allows fine-tuning the size and the alignment of the produced fibers [174]. 
Utilizing the possibility of modulating the stiffness, fiber alignment and other 
mechanical properties as well as combinations of them in 3D in vitro cultures would 
enhance the capacity for mimicry of the in vivo lung ECM environment of these 
models.

CHALLENGES

Excitingly, ECM-based 3D culture systems for the in vitro modeling of lung diseases 
have advanced significantly in the last decade. While these 3D culture systems 
indicated the limitations of 2D culturing, there are many challenges that must be 
faced before these culture models can become mainstream tools (Figure 4). Single 
ECM protein models such as collagen or gelatin bring a reductionist approach for 
research on lung diseases. The possibility of fine-tuning the mechanical properties 
of such hydrogels allows mimicking many different stages of lung development and 
disease, yet they lack the complex composition of the native lung ECM. Especially in 
chronic lung diseases such as asthma, COPD or IPF, the composition of ECM is radically 
altered, and such changes are not reflected in these models. The altered number and 
availability of cell binding domains are another limitation of single-protein-based 
culture systems, mimicking the altered ECM in this aspect is not always possible with 
these models.

The 3D culture systems derived from the whole lung ECM provide advantages 
over the single-protein counterparts, especially in providing a more physiological 
composition and structural arrangement of the ECM in health and disease. Using 
decellularized matrices in various forms such as tissue pieces or PCLS for disease 
modeling will advance our understanding of many different disease underlying 
mechanisms; however, the current procedures for decellularization of lung tissue 
limit the retention of the total composition of the ECM. Especially GAGs have been 
recognized to be lost during these harsh processes, and the potential impact of their 
loss in these culture systems has yet to be fully explored. Using the whole tissue ECM 
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scaffold in its native form brings the opportunity of utilizing the complex architecture 
of lung tissue in in vitro studies; however, introducing cells back to these samples is 
not challenge-free. Different strategies of decellularization generate differences 
between ECM components, structure, and mechanical properties of the obtained 
scaffold. The impact of these differences on recellularization remains unclear. 
Ensuring an appropriate 3D distribution of the cells with their correct physiological 
placement remains a major limitation in using decellularized lung pieces. Additionally, 
factors such as cell source and seeding density, optimal medium composition, flow 
rate, and accessibility of the injection site also play a key role in determining the 
success of recellularization [175]. Long term storage (> 1 year) of decellularized tissue 
has also proven challenging due to the loss of ECM structure and reduced mechanical 
and angiogenic properties [176].

Lung ECM-derived hydrogels, on the other hand, can address this problem by 
providing the control over shape and construction but lack the topographical 
organization of the ECM present in vivo. Since cells can be spatially introduced to the 
different parts of the hydrogel(s), placing the cells in a physiologically representative 
manner is possible when using these hydrogels. However, the current methodology 
to prepare such hydrogels is rather limited: pepsin digestion is currently the most 
applied method [164]. While the mechanical properties of these hydrogels can 
resemble the lung tissue in health and diseased states, the implications of the 
digestion procedure have recently been discussed [58, 167]. Another limitation in the 
ECM-derived hydrogels for creating 3D models for in vitro research is the mechanical 
tunability. Mechanical properties can be changed by varying the concentration of 
the initial ECM input, but this variation also changes other properties such as pore 
size and cell binding site availability. Recent studies have focused on chemically 
modifying the ECM-hydrogel solutions to introduce a chemical crosslinking for the 
possibility of tuning mechanical properties [172], while more research is required to 
understand the potential implications of these modifications other than changing 
mechanical properties.

CONCLUSIONS

In vitro models for mimicking the lung microenvironment have advanced greatly, 
especially in the last two decades. While conventional 2D cell and tissue culture 
models are being routinely used, there is an increasing trend towards research 
performed using advanced models. One of the most important characteristics of 
these advanced models is the improved dimensionality. A 3D culture environment 
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provides improved mimicry due to its resemblance to the physiological conditions, as 
in vivo the cells reside in a 3D network of native ECM proteins. These 3D culture setups 
can be realized via various means, with one of the well-characterized methods using 
individual components isolated from ECM. Collagen, gelatin or hyaluronic acid and 
their derivatives have been extensively studied, and thanks to the advances in the 
field of biomaterials, they provide great versatility in their applications for modeling 
lung disease and regeneration. Tunable mechanical properties, pore size, and fiber 
diameter in these models allow researchers to investigate the connections between 
the mechanical microenvironment and the cells in lung disease. Decellularized lung 
ECM, on the other hand, provides the physiologic architecture of the lung tissue, as 
well as preserving the native composition of the ECM. Using native decellularized 
lung ECM to understand how disease progresses and the underlying mechanisms 
has provided valuable information, not only to understand how cells interact with 
the ECM, but also how the 3D architecture of the lung tissue microenvironment plays 
a role in such interactions. Recently, processing these matrices to create a hydrogel 
derived from lung ECM itself has been demonstrated. In addition to keeping the 
native ECM composition, the biomechanical properties of these hydrogels resembled 
the biomechanical properties of tissue as well. Using diseased or healthy lung ECM-
derived hydrogels alone or in combination with other materials to create advanced 
in vitro models will further improve our knowledge on lung diseases, repair and 
regeneration mechanisms.
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Figure 4: Summary of challenges associated with different types of ECM-based 3D lung models 
for advanced cell culture and the properties of the ideal model for mimicking lung disease, 
repair and regeneration.

As the fields of chemistry, (molecular) biology and biomaterials improve 
independently, more and more advanced in vitro models for 3D modeling of lung 
diseases, which is one of their intersection points, will be developed. Although 
there are challenges for each type of material used for such 3D models, as outlined 
in the previous section and Figure 4, combining the strengths of different models 
for building an ideal 3D in vitro lung model based on ECM will be possible in the near 
future. Such an ideal model would be easily available for both low and high throughput 
research, in addition to providing the opportunity to alter the mechanical properties 
without compromising the composition of the model. In concert, using native ECM 
for such models would enhance the physiological relevance. An ideal 3D model for 
the lung microenvironment would benefit from the possibility of controlling both the 
shape and the spatial arrangement of the cells introduced. As lung tissue has very 
well-defined ECM architecture, resembling this structure in an in vitro model would 
help researchers understand the influence of ECM architecture in disease, repair and 
regeneration processes.

In summary, ECM-based 3D in vitro models for modeling the lung microenvironment 
is a rapidly-advancing field and using such models will greatly improve our knowledge 
of lung disease and regeneration mechanisms.
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ABSTRACT

Disruption of the complex interplay between cells and extracellular matrix (ECM), 
the scaffold that provides support, biochemical and biomechanical cues, is emerging 
as a key element underlying lung diseases. We readily acknowledge that the lung is 
a flexible, relatively soft tissue that is three dimensional (3D) in structure, hence 
a need exists to develop in vitro model systems that reflect these properties. Lung 
ECM-derived hydrogels have recently emerged as a model system that mimics native 
lung physiology; they contain most of the plethora of biochemical components 
in native lung, as well as reflecting the biomechanics of native tissue. Research 
investigating the contribution of cell:matrix interactions to acute and chronic 
lung diseases has begun adopting these models but has yet to harness their full 
potential. This perspective article provides insight about the latest advances in the 
development, modification, characterization and utilization of lung ECM-derived 
hydrogels. We highlight some opportunities for expanding research incorporating 
lung ECM-derived hydrogels and potential improvements for the current approaches. 
Expanding the capabilities of investigations using lung ECM-derived hydrogels is 
positioned at a cross roads of disciplines, the path to new and innovative strategies for 
unravelling disease underlying mechanisms will benefit greatly from interdisciplinary 
approaches. While challenges need to be addressed before the maximum potential 
can be unlocked, with the rapid pace at which this field is evolving, we are close to 
a future where faster, more efficient and safer drug development targeting the 
disrupted 3D microenvironment is possible using lung ECM-derived hydrogels.
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167Current possibilities and future opportunities with three-dimensional lung ECM-derived hydrogels

INTRODUCTION

The human body is a complex, dynamic environment, consisting of many different 
cell types that reside in or traverse through defined microenvironments, which is 
tightly regulated to maintain a healthy state. When elements within this system 
become disrupted, this can lead to the development of disease. In the lung, disruption 
of the complex interplay between cells and the extracellular matrix (ECM), the 
scaffold that provides support and biochemical and biomechanical cues, is emerging 
as a key element for deciphering the mechanism underlying diseases.

WHY SHOULD WE THINK ABOUT 3D IN IN VITRO MODEL SYSTEMS?

When we think about the lung in vivo, we readily acknowledge that it is a flexible, 
relatively soft tissue that is three dimensional (3D) in structure. However, in general, 
when we work with model systems in vitro, to try to elucidate processes that underlie 
homeostasis and disease, we mostly work with two dimensional (2D) systems. In the 
lung cells are surrounded by a specialised ECM, that is appropriate for their location. 
Mesenchymal cells are located within a 3D ECM structure, while epithelial and 
endothelial cells are usually attached to a basement membrane on their basal side 
and their apical side is subjected to flow of epithelial lining fluid or blood respectively. 
The stiffness of the lung tissue, in health is usually between 1-5 kilo-pascals (kPa), 
and in fibrotic disease this can increase up to 100 kPa although the pattern of stiffness 
can be very heterogeneous [1, 2]. 2D systems are frequently based on a tissue culture 
plastic or glass surface, with a stiffness in the gigapascal range, and all cells are grown 
with polarity. While a lot has been gained from working in 2D systems there is now 
an opportunity to move forward with our models to establish cells in an environment 
that reflects the physiological conditions in the lung.

The literature builds a strong body of evidence that the microenvironment in which 
a cell resides dictates its responses. From simple single ECM component studies [3-
12], through to more complex cell deposited ECM studies [13-15], the influence of the 
ECM components on lung cell proliferation, migration, factor output and response 
to treatment is evident. However, this information has been collated from cells 
exposed to ECM components in 2D. It is recognised that cells in a 3D environment 
have differential responses compared to those in 2D [16, 17]. Therefore, developing 
systems where the influence of the ECM and the microenvironment in 3D can be 
explored will represent a next step forward for understanding disease underlying 
mechanisms in the lung.
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Hydrogels from Synthetic vs Natural materials
When considering the possibilities for generating 3D microenvironments in which 
lung cells can prosper there are many different options available. Within the tissue 
engineering field much work has concentrated on the development of polymers 
from which soft or stiff hydrogels can be cast or 3D printed [18-21]. These synthetic 
polymers (including poly acrylamide [22] and dextran [23]) offer many opportunities 
for tuning biomechanical and structural properties of the microenvironment but are 
generally inhospitable environments for cells, requiring the addition of cell binding 
epitopes, such as RGD motifs, to enable cellular attachment [24-26]. Alternatively, 
natural ECM components have also been used to generate single component 
hydrogels that readily support cell attachment, but are more limited in the 
possibilities for tuning their biomechanical properties. Examples of such hydrogels 
include collagen type I, fibrin, gelatin (methacrylate)and hyaluronan [27-34]. Such 
hydrogels provide the 3D environment for cells, modelling the dimensionality and 
possibly the biomechanical mimicry of the in vivo situation, but they are not reflective 
of the complexity of the ECM components within the tissue microenvironment. 
Hydrogels developed from the solubilized basement membrane matrix secreted 
by Engelbreth-Holm-Swarm (EHS) mouse sarcoma cells (marketed as Matrigel or 
Geltrex) have been used for more than 35 years to support cell growth for specific 
assays, particularly focussing on stem cell expansion assays [35-38]. However, not all 
cells thrive in such an environment and there are limited possibilities to manipulate 
the composition and biomechanical environment herein.

A recent advance for the lung field has been the development of hydrogels generated 
from ECM derived from decellularized lungs. Porcine lung ECM-derived hydrogels 
were initially reported [39], while human lung ECM-derived hydrogels have 
recently been established [2]. This perspective article presents the latest advances 
in lung ECM-derived hydrogels with respect to their development, modification, 
characterization and utilization. Moreover, it explores opportunities and challenges 
for the field, highlighting where future research should focus to improve the 
comparability of data generated with different measurement systems using lung 
ECM-derived hydrogels. Finally, we discuss the multi-disciplinary nature of the 
research required to move these model systems forward.
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THE POSSIBILITIES WITH LUNG ECM-DERIVED HYDROGELS

Lung ECM-derived hydrogels for mimicking in vivo ECM biochemical 
composition
The ECM, including in the lung, is a complex structure of proteins, glycoproteins, 
matricellular proteins and many other regulatory proteins and enzymes that keep 
this dynamic structure in balance during tissue homeostasis [40]. Mimicking 
such a complex structure when generating an in vitro 3D environment in which 
to culture cells to study cell:matrix interactions is impossible when starting with 
individual components. Sourcing the ECM from decellularized lungs has provided 
an opportunity to develop hydrogels that reflect a major proportion of the elements 
within this complex mixture. The process of decellularization requires treating the 
tissue with a range of detergents and/or salt solutions [1, 41, 42] that do remove some 
of the elements that are part of the matrisome, particularly growth factors bound to 
the ECM and some glycoproteins, but the major structural fibres are retained during 
this process.

Early proteomic studies [1, 43] illustrated the retention of many components of the 
lung matrisome in decellularised scaffolds from control and diseased lung samples. 
A recent study from the team in the Weiss lab [44], has elegantly shown that the 
components of the ECM are specific for different compartments within the lung 
(airways, alveolus, blood vessels), and that these change during chronic lung disease. 
These decellularized scaffolds from lung tissues have now been used as a source of 
ECM for the generation of hydrogels. The processing of the scaffolds to generate the 
solution that will gel when brought to physiological conditions is not thought to lead 
to further loss of ECM components, making this an ideal method for developing a 3D 
in vitro model system in which cells can be cultured in the presence of this complex 
mixture of the lung ECM microenvironment.

It remains to be seen if the absence of the elements of the matrisome that are lost 
during the decellularisation process impose a limitation in the interpretation of data 
generated when cells are seeded in such hydrogels (Figure 1). The absence of growth 
factors anchored in the ECM scaffolds, and therefore the ECM-derived hydrogels, 
after the decellularization process may be considered a limitation, although it is 
evident that the growth factor retentive properties of the ECM are retained as growth 
factors supplied in growth media or as part of the secretome from other cells are 
rapidly absorbed and then subsequently released from the ECM hydrogels [45]. In 
addition, ECM-derived hydrogels are a source of extracellular vesicles [46], adding 
another aspect to the regulatory processes induced by these cell support structures.

7
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Figure 1: Summary of current possibilities and future opportunities with three-dimensional 
lung ECM-derived hydrogels.

Lung ECM-derived Hydrogels for mimicking tissue biomechanical envi-
ronments
The structural environment provided for cells by lung ECM-derived hydrogels is 
another advantage when aiming to develop in vivo mimicking model systems. 
Although the adoption of the method for generating lung ECM-derived hydrogels 
was only recently reported [2, 39], the field is advancing rapidly with innovative 
approaches exploring how different properties can be measured and modified. 
Among these properties, mechanical properties and topography are two important 
characteristics of the hydrogels.

When considering mechanical properties of the hydrogels stiffness, Young’s 
modulus, viscosity or viscoelastic stress relaxation are the usual parameters 
measured [47]. To date, a number of different strategies for measuring mechanical 
properties of lung ECM-derived hydrogels have been described, although it is 
important to highlight the challenge when it comes to comparing different studies 
performed using different measurement approaches for the mechanical properties 
[48]. Rheometry is one of the most commonly applied methods for measuring 
mechanical properties of hydrogels [49]. So far, characterization using rheometry 
has been applied to measure storage (G’) and loss (G”) moduli of porcine [39] and 
human lung ECM-derived hydrogels [42]. In addition, viscosity and Young’s modulus 
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171Current possibilities and future opportunities with three-dimensional lung ECM-derived hydrogels

of porcine-sourced lung hydrogels were reported using parallel plate rheometry [50]. 
Other studies have utilized this method on alginate-porcine ECM [51], poly(ethylene 
glycol)(PEG)-murine ECM [52], and PEG-porcine ECM [53] hybrid hydrogels. Low-
Load compression testing (LLCT) is another compression-based method [54] that 
has been used with lung ECM-derived hydrogels. Stiffness and viscoelastic stress 
relaxation capacity of human non-disease control, chronic obstructive pulmonary 
disease (COPD) and idiopathic pulmonary fibrosis (IPF) lung ECM-derived hydrogels 
have been reported; moreover, the mechanical properties of the hydrogels derived 
from these diseased lungs resembled such properties of the native tissues from which 
the ECMs were sourced [2]. Similarly, LLCT-measured stiffness and stress relaxation 
parameters of both native and chemically crosslinked porcine lung ECM-derived 
hydrogels were also reported [55, 56]. Lastly, atomic force microscopy (AFM), which 
is a more micro-level mechanical measurement based on indentation, was recently 
used to characterize Young’s modulus values of porcine lung ECM hydrogels [50].

Measuring the mechanical properties is not only useful for diseased environment 
characterization, but also for verification of the success of methodologies designed 
to alter such properties. While it is clear that the use of different concentrations of 
the starting ECM material (powder) [39] and adjusting the pepsin digestion duration 
(the essential step in generation of a pre-gel ECM-derived substrate) [57] influences 
the mechanical properties, one of the initial attempts to specifically modulate the 
mechanical properties of lung ECM-derived hydrogels was treating the porcine lung 
ECM with genipin to increase the stiffness [58]. This approach has been extended 
with thiol-functionalization [52, 53], alginate-reinforcing [51] or fibre crosslinking 
[56] to allow greater control over mechanical parameters in the lung ECM-derived 
hydrogels.

The concepts of altering the mechanical properties, measuring and reporting 
these changes triggered in the lung ECM-derived hydrogels have been evolving as 
more novel tools are developed (Figure 1). However, mechanical characterization 
of lung ECM-derived hydrogels is far from completed. As of today, tensile testing 
or fatigue testing on such hydrogels have yet to be performed, although using 
polyacrylamide-ECM hybrid hydrogels these properties were characterized in an 
early study [59]. A thorough mechanical and cross-platform characterization of 
lung ECM-derived hydrogels has not been reported yet. Providing (the comparison 
of) such characterizations would help the field regarding the interpretation and 
comparison of different studies using different methods to measure similar 
parameters. As the field is new, establishing different methods and discussing 
their advantages and limitations will be important for being able to understand the 
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emerging knowledge about ECM mechanical properties and the functional impacts 
of these microenvironment parameters.

Another important property which goes hand-in-hand with mechanics is 
topography, reflecting the fibrous landscape within the ECM-derived hydrogels. 
In chronic lung diseases like COPD or lung fibrosis, the ECM topography is altered 
next to the mechanical properties of ECM [28, 60-63]. Using lung ECM sourced from 
diseased human lungs, for the generation of the hydrogels, would inherently convey 
(most of) the biochemical composition and resemble the mechanical properties; 
however, the native architecture of the lung ECM assembly is lost during the process 
of preparing ECM-derived hydrogels. Recently, preparing porcine lung ECM hydrogels 
with micropatterned surfaces was described as a method to prepare arrays for drug 
screening [64]. This study demonstrates the preparation of spherical patterns on 
the hydrogel surface with different diameters, although the aspects of altering the 
hydrogel surface to guide cell fate, behaviour or differentiation remain unexplored. 
Alternatively, electrospinning could provide another opportunity to alter the 
structural organization of the fibres [65]. While electrospun Poly(L-lactic acid)(PLLA)/
porcine lung ECM hybrid scaffolds have been previously established [66], there is no 
report of electrospinning of pure decellularized lung ECM. Developing novel tools to 
modify the topography of the ECM fibres within the hydrogels and the regulation of 
the structural arrangements within these hydrogels requires more attention. Surface 
modifications on non-ECM-derived hydrogels is not a novel concept [67, 68], yet little 
is known about applying such modifications to the locations within the hydrogels in 
different planes in order to mimic the architecture of the native lung tissue.

The details of measuring, reporting and altering the properties of lung ECM-derived 
hydrogels gain more importance as the field progresses. Unfortunately to date, 
attempts at modifying properties of lung ECM-derived hydrogels remain rather 
limited. While the latest studies have focused on altering mechanical properties at 
a global level, new and innovative methodologies that will allow us to initiate more 
targeted modifications in such properties are required. Especially considering the 
heterogeneity of lung tissue and its architecture, having more control over spatial 
distribution of alterations in mechanical properties would enhance the in vivo 
mimicking capacity of our models.
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LUNG ECM-DERIVED HYDROGELS FOR MIMICKING CELL:MATRIX IN-
TERACTIONS

The in vivo mimicry of the composition and mechanics of the cellular 
microenvironment present in the lung ECM-derived hydrogels creates an ideal setting 
for culturing cells within a 3D spatial location. As soon as cells are seeded in hydrogels 
they begin to remodel their microenvironment [28, 31, 34]. Early reports of cells in 
lung ECM-derived hydrogels reflect findings in single component ECM hydrogels [28], 
indicating that cells remodel the ECM in which they are embedded, and the nature 
of the ECM that they encounter directs these remodelling events [69, 70]. This fact 
makes the use of lung ECM-derived hydrogels sourced from diseased lungs an ideal 
model to understand cellular responses within such a diseased microenvironment 
and to provide greater knowledge of the influence of the microenvironment to 
treatment effects.

Initial studies using porcine lung ECM-derived hydrogels reported successful growth 
of human and rat mesenchymal stromal (stem) cells (MSCs) in 2016 [39]. Link et al 
then described successful culture of mouse MSCs, human alveolar epithelial cells (the 
cell line A549), human primary microvascular endothelial cells (HpuVECs), and human 
umbilical vein endothelial cells (HUVECs) in porcine lung ECM-derived hydrogels 
[58]. The field is now rapidly expanding with additional cells types including murine 
fibroblasts [53], Rat lung MSCs [50] and rat primary alveolar epithelial cells [71] being 
grown in porcine lung ECM-derived hydrogels. The use of human lung ECM-derived 
hydrogels is now also possible, with human fibroblasts and airway smooth muscle 
cells being grown both within and on top of these hydrogels [51, 56, 69].

The field is now moving forward with the cellular systems that are being explored, 
taking advantage of the values of lung ECM-derived hydrogels. Multi-cellular culture 
systems are being developed to enable cellular cross-talk in a 3D microenvironment 
to be examined [72], and lung ECM-derived hydrogels are being incorporated into 
other experimental systems (for example lung on chip or stretching/mechanical 
force setups) to bring the cell microenvironment in those systems also [73, 74]. 
The possibilities for 3D printing lung ECM-derived hydrogels are also being 
examined, suggesting greater scope for spatial arrangement of cells within their 3D 
microenvironment will be possible in the future [50, 51].

While the 3D model systems made possible with the use of lung ECM-derived 
hydrogels are rapidly advancing, the readouts that can be used to investigate end 
points within these systems are presenting some limitations (Figure 1). Traditional 
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imaging setups are excellent for capturing images in 2D but moving into the third 
dimension proves challenging to visualise. Lung ECM-derived hydrogels are not 
translucent, like many of the single ECM or synthetic hydrogels, and this opacity 
challenges the optical depth of field. The autofluorescence of the lung ECM generates 
a very noisy image when using many traditional fluorescent reporters. Finally, 
tracking cell behaviours over time in 3D is extremely difficult to automate when the 
cells continuously move out of the plane of focus. Advances in imaging and capturing 
information from cells when they are interacting within their microenvironment is 
urgently needed to facilitate the full capacity of lung ECM-derived hydrogels.

DISCUSSION AND FUTURE REMARKS:

Studies in lung ECM-derived hydrogels will help to inform us of the optimal 
microenvironment for different cell types, as the cells continuously remodel their 
environment in, what appears to be, a programmed response. Whether there is 
temporal regulation of the remodelling, in particular in response to injury, is an 
outstanding question for the field. How these processes are altered in chronic 
lung diseases, and whether the progression of such processes can be reversed is 
knowledge that can be informed through the use of lung ECM-derived hydrogels. 
The approaches described above, including modulating mechanical properties of 
ECM-derived hydrogels without changing the ECM composition and the application 
of mechanical forces to cells within a 3D microenvironment, are attractive as they will 
facilitate research enabling the field to begin separating influences of the mechanical 
changes from those of the biochemical changes in the ECM in lung diseases. Such 
elucidation may open the door for development of mechanosensitive therapeutic 
targets for lung diseases.

To fully leverage the advantages offered by lung ECM-derived hydrogels multi-
disciplinary teams who bring together expertise from the diverse fields needed 
to advance such systems will be necessary (Figure 2). Innovative researchers 
from pulmonology, cell and molecular biology, polymer chemistry, biomedical 
engineering, imaging and physics backgrounds are all needed to maximise 
opportunities and ensure the current challenges quickly become advantages for this 
exciting, emerging area of lung disease research.
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Figure 2: Interdisciplinary advances to progress towards a better preclinical model using hy-
drogels
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ABSTRACT

Extracellular matrix (ECM) is a dynamic network of proteins, proteoglycans 
and glycosaminoglycans, providing structure to the tissue and biochemical and 
biomechanical instructions to the resident cells. In fibrosis, the composition and the 
organization of the ECM are altered, and these changes influence cellular behaviour. 
Biochemical (i. e. protein composition) and biomechanical changes in ECM take place 
simultaneously in vivo. Investigating these changes individually in vitro to examine 
their (patho)physiological effects has been difficult. In this study, we generated 
an in vitro model to reflect the altered mechanics of a fibrotic microenvironment 
through applying fibre crosslinking via ruthenium/sodium persulfate crosslinking 
on native lung ECM-derived hydrogels. Crosslinking of the hydrogels without 
changing the biochemical composition of the ECM resulted in increased stiffness 
and decreased viscoelastic stress relaxation. The altered stress relaxation behaviour 
was explained using a generalized Maxwell model. Fibre analysis of the hydrogels 
showed that crosslinked hydrogels had a higher percentage of matrix with a high 
density and a shorter average fibre length. Fibroblasts seeded on ruthenium-
crosslinked lung ECM-derived hydrogels showed myofibroblastic differentiation 
with a loss of spindle-like morphology together with greater α-smooth muscle actin 
(α-SMA) expression, increased nuclear area and circularity without any decrease in 
the viability, compared with the fibroblasts seeded on the native lung-derived ECM 
hydrogels. In summary, ruthenium crosslinking of native ECM-derived hydrogels 
provides an exciting opportunity to alter the biomechanical properties of the ECM-
derived hydrogels while maintaining the protein composition of the ECM to study 
the influence of mechanics during fibrotic lung diseases.
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INTRODUCTION

Extracellular matrix (ECM) is the structural component of every tissue, formed by a 
complex network of proteins, glycosaminoglycans and proteoglycans [1]. The highly 
tissue-specific nature of the ECM is dictated by the presence of a defined grouping 
of matrisome elements, incorporating demarcated ratios of ECM proteins [2]. These 
distinctions also result in different mechanical properties of the ECM, depending 
on the origin of the tissue [3]. Next to being structural support for the cells, the ECM 
provides biochemical and biomechanical cues to cells in vivo [4]. As such, it has proven 
challenging to mimic and incorporate the ECM structure and mechanics into (in vitro) 
studies regarding the structure and function of the ECM in health and disease. In 
fibrotic lung diseases, not only is the ECM composition altered but also its mechanical 
properties, resulting in higher stiffness and decreases in stress relaxation [5, 6]. All 
the changes that are evident within a fibrotic ECM have been revealed to instruct cells 
and influence their responses to contribute to the progression of fibrosis, as reported 
and reviewed elsewhere [7-13].

To investigate the mechanical properties of (fibrotic) ECM in vitro, the ECM is often 
mimicked using hydrogels. ECM-derived hydrogels, which have been introduced to 
the field in the last decade, are a promising alternative to other types of hydrogels 
such as collagen, gelatine, or hyaluronic acid [14]. ECM hydrogels which are developed 
from native decellularized tissue, retain most of the native ECM composition and, 
in general, resemble the mechanical properties of the parent tissue [6]. The most 
common method to produce hydrogels from ECM is to digest decellularized ECM 
powder with porcine pepsin at low pH with constant agitation [14]. Our recent study 
illustrated the preparation of ECM-derived hydrogels from human decellularized 
lung ECM, and established that the mechanical properties of the diseased (fibrotic) 
lung ECM-derived hydrogels resembled the mechanics of the decellularized fibrotic 
lung ECM [6]. Fibrotic lung ECM (both in native and hydrogel form) showed decreased 
viscoelastic stress relaxation compared to control lung ECM [6]. The stiffness of 
fibrotic lung tissue was ~10 times higher than its hydrogel counterpart, possibly due 
to the absence of chemical crosslinks and lung-resident cells in the ECM hydrogel. 
Previous studies showed that the composition of fibrotic lung ECM is different to 
that seen in control lung due to dysregulation of the ECM degradation/deposition 
processes resulting in an aberrant ECM [15]. To investigate the separate influences 
on the cells of the altered mechanical properties or ECM composition in the fibrotic 
microenvironment, advanced and innovative in vitro models are needed. Recently, 
altering the mechanical properties of methacrylate or thiol functionalized ECM-
derived hydrogels using click-chemistry has been shown [16, 17]. Given that these 
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processes rely on interactions with amine groups of lysine or arginine amino acids, 
which are known to be parts of cell binding domains including GFOGER, IKVAV or RGD. 
The implications of methacrylation or thiolation of ECM proteins on cellular functions 
still need to be explored [16, 18-20]. Alternatively, chemical crosslinking has been 
applied to ECM-derived hydrogels using harsh chemicals such as glutaraldehyde or 
genipin, but cytotoxicity limits their use when cells are present in the hydrogel [21]. 
Another option is using near visible light UV-induced ruthenium/sodium persulfate 
(SPS) crosslinking, which has been employed on several other types of hydrogels 
(gelatine or fibrin) with and without cells present in the hydrogels [22, 23]. The higher 
wavelength (405 nm) of the crosslinking light, which decreases the cytotoxicity, and 
the lack of requirement for any additional functionalization on the target material 
are the main advantages of this crosslinking method [24]. Using ruthenium/SPS 
crosslinking to reinforce the mechanical stability of the ECM-derived hydrogels 
has recently been reported by Kim et al. [25]; however, the implications of altering 
the mechanical properties of the hydrogels without changing the (bio)chemical 
composition have yet to be explored in terms of fibrosis and for developing in vitro 
models for fibrosis research.

In this study, we aimed to develop an in vitro model for examining the influence of 
mechanical properties of the fibrotic microenvironment by using native lung-derived 
ECM hydrogels (LdECM), which were generated using ruthenium/SPS crosslinking. 
We hypothesized that the ruthenium crosslinking would increase the stiffness of 
lung-derived ECM hydrogels (Ru-LdECM), while the viscoelastic relaxation would 
decrease, to then trigger pro-fibrotic activation of lung fibroblasts.

MATERIALS AND METHODS

Porcine Lung Decellularization
Porcine lungs (~6-month, female) were purchased from a local slaughterhouse 
(Kroon Vlees, Groningen, the Netherlands). The lung was dissected, cartilaginous 
airways and large blood vessels removed, before cutting into ~1cm3 cubes that were 
homogenized in a kitchen blender prior to decellularization. The lung homogenate 
was decellularized as previously described [26, 27]. In short, the homogenate was 
repeatedly washed with Milli-Q® water and centrifuged at 3,000 x g until the 
supernatant was completely clear. The sedimented material went through two rounds 
of sequential treatment with 0.1 % Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA), 
2 % sodium deoxycholate (Sigma-Aldrich), 1 M NaCl solution and 30 µg/mL DNase 
(Sigma-Aldrich) in MgSO4 (Sigma-Aldrich) 1.3 mM and CaCl2 (Sigma-Aldrich) 2 mM, 
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10 mM Tris pH8 (Sigma-Aldrich) solution each for 24 h at 4°C with constant shaking, 
except for the DNAse treatments, which were at 37°C with shaking. The volume ratio 
of tissue homogenate to decellularization/washing solution was always 1:10. Between 
treatments, the homogenate was washed three times with Milli-Q® water, with 
centrifugation at 3,000 x g between washes. After two cycles of decellularization, the 
tissue homogenate was sterilised by adding 0.18 % peracetic acid and 4.8 % ethanol, 
and left shaking at 4 °C for 24 h. After tissue sterilization the resultant decellularized 
ECM was washed three times with sterile Dulbecco’s phosphate-buffered saline 
(DPBS) and stored in sterile DPBS containing 1 % penicillin-streptomycin (Gibco 
Invitrogen, Carlsbad, CA, USA) at 4 °C (Figure 1A).

Hydrogel preparation
The decellularized lung ECM was snap-frozen in liquid nitrogen and lyophilized with 
a FreeZone Plus lyophilizer (Labconco, Kansas City, USA), before being ground into 
a powder with an A11 Analytical mill (IKA, Staufen, Germany). For solubilization, 20 
mg/mL of ECM powder was digested with 2 mg/mL porcine pepsin (Sigma-Aldrich) 
in 0.01 M HCl under constant agitation at RT for 48 h [28]. Digestion was stopped by 
neutralising the pH with 0.1 M NaOH and the solution was brought to 1X PBS with 
one-tenth volume 10X PBS to generate the lung ECM pre-gel solution which was 
stored at 4°C indefinitely.

A ruthenium Visible Light Photo initiator (400-450nm) kit (Advanced 
BioMatrix, San Diego, California, US) containing pentamethyl cyclopentadienyl 
bis(triphenylphosphine) ruthenium(II) chloride (CAS Number: 92361-49-4, hereafter 
referred as ruthenium) and sodium persulfate (CAS: 7775-27-1) was used to crosslink 
the LdECM hydrogels (Figure 1B). 20 µL of each ruthenium. (37.4 mg/mL) and sodium 
persulfate (119 mg/mL) solutions were added per 1 mL of ECM hydrogel. The control 
gel received the same volume of sterile ddH2O water. In the dark, both the ruthenium-
containing gel and the control gel without ruthenium were pipetted (200 µL) into 
a 48-well plate and incubated at 37°C for 1 h. After the hydrogels had settled, 
crosslinking of the ECM by photoinitiated ruthenium was triggered by exposing the 
samples to UV/Visible light from 4.5 cm distance using 2 x 9W UV lamps (405 nm) (20 
mW/cm2 light intensity) for 5 min to generate Ru-LdECM hydrogel (Figure 1B). Finally, 
the gels were immersed in 400 µL of Dulbecco’s Modified Eagle Medium (DMEM) Low 
Glucose growth media (Lonza) supplemented with 10% foetal bovine serum (FBS), 1% 
penicillin-streptomycin and 1% GlutaMAX (Gibco) (hereafter referred as complete 
growth medium), and were washed 3X with media before cell seeding in order to 
remove excess (both reacted and unreacted) ruthenium and sodium persulfate.
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Figure 1: Schematic representation of the methodology. A) Porcine lung ECM hydrogel prepa-
ration. Porcine lungs were blended, decellularized and freeze-dried before grinding to a fine 
powder. Afterwards, the ECM powder was pepsin digested to prepare the pre-gel solution which 
can form hydrogels after incubating at 37°C. B) Fibre crosslinking of porcine lung ECM hydro-
gels. Lung derived-ECM (LdECM) hydrogels were used as is or mixed with ruthenium and sodium 
persulfate solutions before casting to 48-well plates. Afterwards, the pre-gel solutions were 
incubated at 37°C and UV-crosslinked. C) Mechanical characterization of the uncrosslinked and 
ruthenium crosslinked ECM hydrogels. Low Load Compression Tester (LLCT) was used to deter-
mine the stiffness and stress relaxation of LdECM and Ru-LdECM hydrogels. The stress relax-
ation was modelled with a Maxwell elements system, and a chi2 analysis was used to determine 
the number of Maxwell elements to fit the measured relaxation. Figure created with BioRender.
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Characterization of the Mechanical properties
Both LdECM and Ru-LdECM hydrogels were made as described in hydrogel 
preparation. The gels were subjected to uniaxial compression with a 2.5 mm diameter 
plunger at three different locations, at least 2 mm away from the gel border and 
ensuring 2 mm or more between each compression site (Figure 1C). The stress 
relaxation test was performed with a low-load compression tester (LLCT) at RT as 
described previously [6, 26, 29]. The LabVIEW 7.1 program was used for the LLCT load 
cell and linear positioning for control and data acquisition. The resolution in position, 
load, and time determination was 0.001 mm, 2 mg, and 25 ms, respectively, and the 
compression speed was controlled in feedback mode. Samples were compressed 
to 20% of their original thickness (strain ε = 0.2) at a deformation speed of 20 %/s 
(strain rate ε̇ = 0.2 s−1). The deformation was held constant for 100 s and the stress 
continuously monitored. During compression, the required stress was plotted against 
the strain. In this plot, a linear increase in stress as a function of strain was observed 
between a strain of 0.04 and 0.1; the slope of the line fit to this region was taken as 
Young’s modulus. Young’s modulus essentially describes the stiffness of a material 
[30]. Since the Young’s modulus of the viscoelastic gel depends on the strain rate, 
values reported here are valid only at a strain rate of 0.2 s−1.

After compression, the required stress to maintain a constant strain of 0.2 s−1, 
continuously decreases with time, which is a clear indication of the viscoelastic nature 
of the hydrogels and called stress relaxation. The shape of the stress relaxation 
curve was mathematically modelled with a generalized Maxwell model (2) (Fig. 1C). 
The continuously changing stress [σ(t)] was converted into continuously changing 
stiffness [E(t)] by dividing with the constant strain of 0.2 s−1. Obtained E(t) values were 
fitted to Eq. 1 to obtain the relaxation time constants (τi), and Eq. 2 provided relative 
importance (Ri) for each Maxwell element.
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where i varies from 1 to 4 or from 1 to 3 when necessary. The optimal number of Maxwell 
elements was determined with the chi-square function expressed by Eq. 3 (typically 3 or 4) 
and visually matching the modelled stress relaxation curve to the measured curve (Fig. 1C). 
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where j varies from 0 to 100 s, Ej is the experimentally measured value at time j, E(tj) is the fit 
value at time j calculated with Eq. 1, and σj is the standard error that the LLCT makes because 
of inherent errors in position, time, and load measurements. 
 
 

Histological characterisation of ECM hydrogel fibre structure 

LdECM and Ru-LdECM hydrogels were prepared and washed as described above and fixed 
with 2% paraformaldehyde in PBS (PFA; Sigma-Aldrich) at RT for 20 min. The gels were then 
embedded in 1% Ultrapure agarose (Invitrogen, Waltham, MA, USA) before using a graded 
alcohol series to dehydrate followed by paraffin embedding. Sections (4 µm) were 
deparaffinised, and stained with 0.1 % Picrosirius Red (PSR) (Sigma-Aldrich) in 1.3% aqueous 
solution of picric acid to visualize collagens and their network. Slides were mounted with Neo-
Mount® Mounting Medium (Merck, Darmstadt, Germany).  
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where j varies from 0 to 100 s, Ej is the experimentally measured value at time j, E(tj) 
is the fit value at time j calculated with Eq. 1, and σj is the standard error that the LLCT 
makes because of inherent errors in position, time, and load measurements.

Histological characterisation of ECM hydrogel fibre structure
LdECM and Ru-LdECM hydrogels were prepared and washed as described above and 
fixed with 2% paraformaldehyde in PBS (PFA; Sigma-Aldrich) at RT for 20 min. The 
gels were then embedded in 1% Ultrapure agarose (Invitrogen, Waltham, MA, USA) 
before using a graded alcohol series to dehydrate followed by paraffin embedding. 
Sections (4 µm) were deparaffinised, and stained with 0.1 % Picrosirius Red (PSR) 
(Sigma-Aldrich) in 1.3% aqueous solution of picric acid to visualize collagens and 
their network. Slides were mounted with Neo-Mount® Mounting Medium (Merck, 
Darmstadt, Germany).

Cell culture
MRC-5 foetal lung fibroblasts (n=5) were cultured in complete growth medium. The 
MRC-5s were washed with Hank’s Balanced Salt Solution (HBSS; Gibco), harvested 
using 0.25% Trypsin-EDTA (Gibco) and centrifuged at 500 x g for 5 minutes. Cells 
were resuspended in 1 mL complete growth media and counted with a NucleoCounter 
NC-200™ (Chemometec, Allerod, Denmark). Fibroblasts were seeded on top of pre-
prepared and washed LdECM and Ru-LdECM hydrogels in complete growth media 
with the seeding density 10.000 cells/gel. The cells were cultured on the gels for 1 or 7 
days. Gels used for live/dead staining were stained with the live/dead stain and were 
subsequently harvested. Gels intended for immunofluorescent imaging were fixed in 
2% PFA in PBS for 30 minutes. After fixation, hydrogels were washed three times with 
PBS and stored in PBS containing 1% penicillin-streptomycin at 4°C until analyses.

Live/dead staining
Cell viability of the MRC-5 cells cultured on LdECM and Ru-LdECM hydrogels 
was assessed after 1 and 7 days using Calcein AM (Thermo Scientific, Breda, the 
Netherlands) to stain live cells and propidium iodide (PI; Sigma-Aldrich) for staining 
dead cells, as previously described [31]. The hydrogels were first washed with HBSS 
and then incubated with serum free media containing 5 µM Calcein AM and 2 µM PI, 
for 1 hour at 37°C. After incubation, fluorescent images were captured using a EVOS 
Cell Imaging System (Thermo Scientific) with GFP (509 nm) and Texas Red (615 nm) 
channels.
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Immunofluorescence Staining
The hydrogels were treated with avidin/biotin blocking kit (ThermoFisher) before 
being incubated with 0.5 μg/mL biotinylated wheat germ agglutinin (Vector 
Laboratories, Burlingame, USA) for 20 min at 37°C . Then the hydrogels were washed 
and permeabilized by incubating with 0.5% v/v Triton X-100 in HBSS for 10 min at RT 
and subsequently blocked in 2.5% v/v BSA + 0.1% Triton-X 100 in HBSS for 30 min 
at RT. Endogenous peroxidase activity was blocked by 30 min incubation in a 0.3% 
hydrogen peroxide solution. Afterwards, the hydrogels were incubated overnight 
with a mouse anti-human α-smooth muscle actin antibody (DAKO, Glostrup, 
Denmark) at 4°C. A rabbit-anti-mouse antibody conjugated with peroxidase 
(DAKO) and streptavidin conjugated with Alexa Fluor 555 (ThermoFisher) were 
used as a second step for 45 minutes at room temperature Staining for α-SMA was 
then developed by Opal650 tyramide (Akoya Biosciences, Marlborough MA, USA) 
according to the manufacturer’s instructions. After staining with 0.1 μg/mL DAPI 
solution (Merck), the hydrogels were mounted with Citifluor Mounting Medium 
(Science Services, Munich, Germany) and fluorescence microscopy was performed 
to acquire images.

Imaging and image analysis
Fluorescent images of PSR-stained LdECM and Ru-LdECM hydrogel sections were 
generated with Zeiss LSM 780 CLSM confocal microscope (Carl Zeiss NTS GmbH, 
Oberkochen, Germany), λex 561 nm / λem 566/670 nm at 40x magnification. TWOMBLI 
plugin for FIJI ImageJ was used to assess the number of fibres, end points, branching 
points, total fibre length and alignment, lacunarity, high density matrix (HDM) 
and curvature of the fibres as previously described (Supplementary Figure 1) [26, 
32]. Fluorescent images of cell-seeded hydrogels stained for αSMA, wheat germ 
agglutinin and DAPI were generated with Leica SP8 confocal microscope (Leica, 
Wetzlar, Germany), using λex 627 nm / λem 650 nm for αSMA, λex 555 nm / λem 580 
nm for wheat germ agglutinin and λex 359 nm / λem 457 nm for DAPI at 40X and 63X 
magnifications. Five separate images per sample (n = 5) were used to calculate the 
stiffness-induced changes in the expression of α-SMA, nuclei area and eccentricity 
(which is also described as inverse circularity (Supplementary Figure 2). Expression 
of α-SMA per nuclei was calculated using built-in functions for measuring area in 
ImageJ. CellProfiler 4.2.1 software was used to analyse the nuclei characteristics on 
the DAPI-stained images as previously described [33]. Circularity of the samples were 
calculated from the eccentricity values using the equation (4).
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Statistical analysis  

All statistical analyses were performed using GraphPad Prism v9.1.0 (GraphPad Company, San 
Diego, USA). Data are presented as mean values with standard deviation (SD). All data was 
tested for outliers using the robust regression and outlier removal (ROUT) test and analysed 
for normality using Shapiro-Wilk and Q-Q plots (Supplementary Figure 3). For the data that 
were normally distributed, differences between control porcine lung ECM hydrogel and 
ruthenium crosslinked ECM hydrogels generated from the same batch of LdECM and used in 
the same experiment were tested by paired t-test to compare the effect of crosslinking 
between different experiments. For the data that were not normally distributed, Mann-
Whitney test was used to compare the effect of crosslinking between different experiments. 
All data were considered significantly different when p < 0.05. 

 
 

 (4)
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Statistical analysis
All statistical analyses were performed using GraphPad Prism v9.1.0 (GraphPad 
Company, San Diego, USA). Data are presented as mean values with standard 
deviation (SD). All data was tested for outliers using the robust regression and outlier 
removal (ROUT) test and analysed for normality using Shapiro-Wilk and Q-Q plots 
(Supplementary Figure 3). For the data that were normally distributed, differences 
between control porcine lung ECM hydrogel and ruthenium crosslinked ECM 
hydrogels generated from the same batch of LdECM and used in the same experiment 
were tested by paired t-test to compare the effect of crosslinking between different 
experiments. For the data that were not normally distributed, Mann-Whitney test 
was used to compare the effect of crosslinking between different experiments. All 
data were considered significantly different when p < 0.05.

RESULTS

Ruthenium crosslinking increases hydrogel stiffness
Both LdECM and Ru-LdECM solutions were able to form hydrogels after incubating 
at 37 °C. UV/Visible light crosslinking did not result in a macroscopic change in the 
LdECM hydrogels. Ru-LdECM hydrogels (and the solution before the crosslinking) 
had a bright orange colour due to the ruthenium addition.

Stiffness measurements on LdECM and Ru-LdECM hydrogels were performed using a 
low-load compression tester (LLCT). Ruthenium crosslinking increased the stiffness 
of the Ru-LdECM 5-10-fold (p = 0.0026, paired t-test) (Figure 2).
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Figure 2: Comparison of stiffness of control and ruthenium-crosslinked hydrogels. LdECM and 
Ru-LdECM hydrogels were mechanically tested using Low Load Compression Tester (LLCT) with a 
fixed 20% strain ratio. A) Representative stress-strain curve for LdECM and Ru-LdECM hydrogels. 
B) Comparison of stiffness of LdECM and Ru-LdECM hydrogels. Each dot represents the mean of 
three independent measurements on the same hydrogel for each sample (n = 5). Applied test: 
Paired t-test to compare the LdECM and Ru-LdECM hydrogels that were generated in the same 
experimental batch (as indicated by the connecting lines in the graph). LdECM: Lung-derived ECM 
Hydrogels, Ru-LdECM: Ruthenium-crosslinked Lung-derived ECM Hydrogels

Decreased stress relaxation rate in ruthenium-crosslinked ECM hydrogels
The stress relaxation behaviour of both the LdECM and RU-LdECM hydrogels 
were measured after applying 20% strain using LLCT measurement. The average 
stress relaxation profiles of both groups over 100 s are visualized in Figure 3A. Ru-
LdECM hydrogels did not reach 100% stress relaxation during the 100 s monitored, 
while some LdECM hydrogels achieved 100% stress relaxation. In addition to the 
decreased total stress relaxation percentage (in 100s) in the Ru-LdECM hydrogels, 
the relaxation profile was different. The rate of stress relaxation slowed down 
earlier in the crosslinked hydrogels. To assess the dynamic differences in the initial 
stress relaxation behaviour patterns in both groups the time to reach 50% total 
stress relaxation was compared. LdECM hydrogels reached 50% stress relaxation in 
significantly shorter time compared to the Ru-LdECM hydrogels. (p = 0.0054, paired 
t-test) (Figure 3B).

8
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Figure 3: Stress relaxation in control and ruthenium-crosslinked ECM-derived hydrogels. After 
compressing the LdECM and Ru-LdECM hydrogels using Low Load Compression Tester (LLCT) with 
a fixed 20% strain ratio, the stress relaxation behaviour was recorded over 100s period. A) Average 
stress relaxation behaviour over 100 s duration. B) Time taken to reach 50% stress relaxation. 
Each dot represents the mean of three independent measurements on the same hydrogel for 
each sample (n = 5). Applied test: Paired t-test to compare the LdECM and Ru-LdECM hydrogels 
that were generated in the same experimental batch (as indicated by the connecting lines in the 
graph). LdECM: Lung-derived Extracellular Matrix Hydrogels, Ru-LdECM: Ruthenium-crosslinked 
Lung-derived Extracellular Matrix Hydrogels.

Altered relaxation profile in ruthenium-crosslinked ECM hydrogels
Since the ECM hydrogels are a viscoelastic material with various elastic (e.g., ECM 
proteins) and viscous components (e.g., water, bound water), we mathematically 
modelled this using a generalized Maxwell model. This approach allowed the total 
relaxation data to be split into Maxwell elements that can theoretically be attributed 
to physical components in the hydrogels. Each of these Maxwell elements are 
responsible for a part of the total relaxation (relative importance), as well as occurring 
within a specific time window during the relaxation process. The distribution of the 
time constants of these different elements and their respective relative importance 
are presented in Figure 4. The stress relaxation of the LdECM hydrogels could be 
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modelled with 3 Maxwell elements while Ru-LdECM hydrogels needed 4 Maxwell 
elements. Next to the difference in the number of Maxwell elements required to 
explain the relaxation profiles, the time constants of the elements differed between 
the two groups: the first element was significantly faster in the LdECM hydrogels 
(p = 0.002, paired t-test) while the third element took longer in the LdECM hydrogels 
(p = 0.002, paired t-test) compared to the Ru-LdECM (Figure 4A).

The relative importance of the Maxwell elements was used to assess the individual 
contribution of each element to the total stress relaxation over the 100 seconds 
(Figure 4B). In both types of hydrogels, the first element made the greatest 
contribution to the stress relaxation profile, although the percentage contribution 
was significantly lower in the Ru-LdECM hydrogels compared with the LdECM 
hydrogels (p = 0.002, paired t-test). The contribution of the second Maxwell element 
was the second largest in both groups while the relaxation profile of the Ru-LdECM 
hydrogels had a significant increase in the contribution of this element compared to 
uncrosslinked hydrogels (p = 0.0002, paired t-test). The third element had the lowest 
percentage contribution in LdECM hydrogels, with this contribution being lower than 
this element in its ruthenium-crosslinked counterpart (p = 0.002, paired t-test).

Figure 4: Analysis of the stress relaxation behaviour through the generalized Maxwell model 
system. The relaxation profiles of the both types of hydrogels over 100 s period was mathe-
matically modelled using a Maxwell model system and the relative importance values of the 
Maxwell Elements were determined. A) Time constants for each Maxwell element for LdECM 
and Ru-LdECM hydrogels. B) Relative importance (%) of the each Maxwell element for LdECM 
and Ru-LdECM hydrogels. Each dot represents the mean of three independent measurements 
on the same hydrogel (n = 5). Applied test: Paired t-test to compare the LdECM and Ru-LdECM 
hydrogels that were generated in the same experimental batch (as indicated by the connecting 
lines in the graph). LdECM: Lung-derived ECM Hydrogels, Ru-LdECM: Ruthenium-crosslinked 
Lung-derived ECM Hydrogels
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Increased density and decreased alignment of fibres in lung ECM hy-
drogels after ruthenium crosslinking
Ru-LdECM hydrogels had a denser fibre network compared to LdECM hydrogels 
(Figure 5A). The average fibre length was shorter in Ru-LdECM than LdECM hydrogels 
(p = 0.0026, paired t-test). While the normalized numbers of endpoints and 
branchpoints did not differ between LdECM and Ru-LdECM hydrogels, the percentage 
of area with high density matrix (HDM) was greater in Ru-LdECM hydrogels compared 
with LdECM hydrogels (p = 0.0146, paired t-test). Alignment of the fibres in Ru-
LdECM hydrogels was lower than LdECM hydrogels (p = 0.0048, paired t-test) (Figure 
5B-G).
The differences in the curvature of the fibres with different length were compared 
in LdECM and Ru-LdECM hydrogels. Curvature of the fibres with shorter length (< 
40 µm) were higher in the crosslinked hydrogels, suggesting that shorter fibres 
were more bent in Ru-LdECM hydrogels while curvature of the longer fibres was not 
different between these two groups (Table 1).

Ruthenium crosslinking does not affect fibroblast viability but induces 
altered morphology

After 1 day of culture, no dead cells were observed and the fibroblasts were viable on 
both types of hydrogels (Figure 6). The viability of the fibroblasts did not change over 
a 7-day culture period (Supplementary Figure 4). On both gels the fibroblasts appeared 
to be lying flat on the surface of the hydrogels; however, the fibroblasts on LdECM 
hydrogels display a more spindle-shaped morphology, while fibroblasts on Ru-
LdECM gels are were more hypertrophic and display more protrusions. Suggesting a 
more migratory phenotype for fibroblasts on Ru-LdECM hydrogels. At day 7, a fully 
confluent monolayer was present on both control and crosslinked hydrogels with no 
differences in viability.
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Figure 5: Picrosirius red staining on LdECM and Ru-LdECM and fibre characteristics analysis 
on the collagen network. LdECM and Ru-LdECM hydrogels were stained using Picrosirius red 
staining and generated fluorescent images were analysed using TWOMBLI plugin in FIJI ImageJ. A) 
Representative images of Picrosirius red staining on LdECM and Ru-LdECM hydrogels, B) Average 
Fibre Length, C) Endpoints per 1000 μm total length, D) Branchpoints per 1000 μm total length, 
E) HGU, F) % of High Density Matrix (HDM), G) % fibre Alignment. Each dot represents the mean 
of measurements of 5 different randomized regions on the fluorescent images of Picrosirius 
red staining for each sample (n=5). Applied statistical test: paired t-test to compare the LdECM 
and Ru-LdECM hydrogels that were generated in the same experimental batch (as indicated by 
the connecting lines in the graph). LdECM: Lung-derived ECM Hydrogels, Ru-LdECM: Rutheni-
um-crosslinked Lung-derived ECM Hydrogels
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Figure 6: Live/dead staining on MRC-5 fibroblasts seeded on LdECM and Ru-LdECM hydrogels 
on day 1 using Calcein AM (green) and propidium iodide (red). A) MRC-5 fibroblasts cultured 
on the LdECM hydrogels, B) MRC-5 fibroblasts cultures on Ru-LdECM hydrogels. Scale bar: 1000 
μm. Results are representative for all experiments (n =5). LdECM: Lung-derived ECM Hydrogels, 
Ru-LdECM: Ruthenium-crosslinked Lung-derived ECM Hydrogels

Table 6: TWOMBLI analysis for the curvature of fibres with different lengths. All results 
show mean ± standard deviation of n = 5. Each analysis was performed using averages of 5 
different randomized regions on the fluorescent images of Picrosirius red staining for each 
sample. LdECM: Lung-derived ECM Hydrogels, Ru-LdECM: Ruthenium-crosslinked Lung-
derived ECM Hydrogels. Applied statistical test: paired-t test to compare the LdECM and Ru-
LdECM hydrogels that were generated in the same experimental batch. P < 0.05 was considered 
statistically significant.

Fibre Length

Average Curvature (Δ°)

P valuesLdECM Ru-LdECM

10 μm fibres 42.40 ± 0.92 44.98 ± 0.89 0.019

20 μm fibres 53.47 ± 0.98 56.02 ± 0.92 0.022

30 μm fibres 59.12 ± 0.71 60.84 ± 0.86 0.027

40 μm fibres 62.55 ± 0.51 63.29 ± 1.02 0.12

50 μm fibres 64.32 ± 0.79 64.60 ± 0.84 0.58
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Ruthenium crosslinking of ECM hydrogel promotes differentiation of 
fibroblasts to myofibroblasts
Fibroblasts seeded on Ru-LdECM hydrogels had higher expression of α-SMA when 
compared to LdECM hydrogel-seeded fibroblasts (Figure 7). In addition to the 
stronger expression of α-SMA, the organization of the cytoskeleton was altered in the 
fibroblasts seeded on the Ru-LdECM hydrogels (Figure 7B, lower row). When these 
images were quantified using ImageJ, fibroblasts seeded on Ru-LdECM hydrogels 
had significantly higher α-SMA expression per nuclei (p < 0.0001) compared with 
the fibroblasts seeded on LdECM hydrogels (Figure 8A). These myofibroblast-like 
characteristics were also accompanied by a change in the nuclear morphology.

At day 7, the nuclei in the fibroblasts on Ru-LdECM hydrogels had an altered 
morphology as illustrated by the higher area (p < 0.0001, Mann-Whitney test) with an 
increased circularity (p < 0.0001, Mann-Whitney test) compared with the fibroblasts 
seeded on LdECM hydrogels (Figure 8, B and C).

DISCUSSION

In this study we describe a model that enables modulation of the mechanical 
properties of an ECM without changing the composition. Using this model, we 
illustrated that by modulating the crosslinks between ECM fibres, the stiffness 
and stress relaxation properties of the ECM-derived hydrogels were altered. The 
crosslinking influenced the ECM fibre characteristics with a higher percentage of high 
density matrix and lower percentage of alignment being evident within the hydrogels 
treated with ruthenium. Fibroblasts grown on the surface of the crosslinked 
hydrogels displayed more myofibroblast-like characteristics. The features of this 
model illustrate that it would provide an innovative research tool for investigating 
the importance of biomechanical changes in fibrotic diseases.

The increase in stiffness caused by ruthenium crosslinking in the LdECM hydrogels 
is similar to the increase in stiffness seen in fibrotic lung diseases such as idiopathic 
pulmonary fibrosis (IPF) [15]. Booth et al. measured the stiffness of whole non-IPF 
and IPF human lungs before and after decellularization and found that the fibrotic 
regions of the IPF lung often reached a stiffness of 100 kPa or more, a vast increase 
compared to that of normal lung which has an average stiffness of 1.96 kPa [15]. The 
increased stiffness of IPF human lung was still present in hydrogels when compared to 
hydrogels generated from control human lungs, albeit proportionally reduced when 
compared to the intact lung tissue [6]. Recreating the (patho)physiological stiffness 
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is essential to study the corresponding behaviour of cells during fibrotic diseases [34]. 
Ruthenium crosslinking on ECM-derived hydrogels provides an ideal opportunity 
to recreate the (patho)physiological stiffness. This is due to the fact that it does 
not require additional modifications on the ECM itself, enabling the modification 
of the mechanical properties while keeping the biochemical composition of the 
ECM constant. Thus these hydrogels mimic only the altered mechanical properties 

Figure 7: Fluorescence images for the comparison of cell nuclei (DAPI), cell membrane (WGA) 
and cytoskeleton (α-SMA) on MRC-5 fibroblasts seeded on LdECM and Ru-LdECM hydrogels 
at day 7. A) Top row: Stained LdECM hydrogels imaged at original objective magnification 40×, 
bottom row: digitally magnified versions of the respective images B) Stained Ru-LdECM hydro-
gels imaged at original objective magnification 40×, bottom row: digitally magnified versions 
of the respective Scale bars: 100 μm. LdECM: Lung-derived ECM Hydrogels, Ru-LdECM: Ruthe-
nium-crosslinked Lung-derived ECM Hydrogels. WGA: Wheat germ agglutinin, α-SMA: alpha 
smooth muscle actin
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observed in fibrotic diseases. Ruthenium crosslinking relies on the crosslinking of 
the tyrosine amino acids and the potential for employing this strategy on the ECM-
derived hydrogels has recently been demonstrated by Kim et al. [25]. The ruthenium 
crosslinking of the ECM in our model allows us to recreate the (patho)physiological 
mechanical environment in a fibrotic lung. This method can most likely be adapted 
to generate tissue specific fibrotic environments that are representative of many 
organ microenvironments.

Figure 8: Comparison of the fibroblasts seeded on LdECM and Ru-LdECM hydrogels. α-SMA 
and DAPI-stained fluorescent images of the fibroblasts were analysed using the ImageJ and 
CellProfiler software to compare the α-SMA expression per nuclei, the nuclear area and cir-
cularity. A) Quantification of the α-SMA expression per cell nuclei imaged in the fluorescent 
images. B) Comparison of nuclear area of fibroblasts seeded on LdECM and Ru-LdECM. C) Nuclear 
circularity of the fibroblasts seeded on LdECM and Ru-LdECM hydrogels. For panel A, each data 
point represents the quantification of the images generated from different randomized regions 
(n=5 per hydrogel) from different hydrogels (n=5 total). Applied statistical test: Mann-Whitney 
test. For panels B and C, each data point represents measurement on an individual nucleus for the 
respective characteristic, in total from 5 different randomized regions on the fluorescent images 
of DAPI staining for each sample (n=5). Applied statistical test: Mann-Whitney test. α-SMA: al-
pha-smooth muscle actin, LdECM: Lung-derived ECM Hydrogels, Ru-LdECM: Ruthenium-cross-
linked Lung-derived ECM Hydrogels

Different rheology measuring techniques will yield slightly different results and have 
specific benefits. A study by Polio et al. used cavitation rheology, micro-indentation, 
tensile testing and small amplitude oscillatory shear rheometry on porcine lung and 
found that each technique resulted in a different Young’s modulus [35]. A previous 
study shows the difference in viscoelastic properties of human lung ECM hydrogels 
and intact (patho)physiological counterparts where the hydrogels had a lower 
stiffness and higher total relaxation [6]. The first Maxwell element was the main 
contributor to the stress relaxation in hydrogels whereas with lung tissue this was 
more equally divided amongst the elements. ECM hydrogels are reconstituted 
solutions of decellularized and enzyme-digested ECM proteins and therefore they 
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lack the chemical crosslinks and the cellular components present in intact and 
native ECM. This is most likely why the stress relaxation and Young’s modulus of the 
hydrogels differs from intact tissue. Introducing the crosslinks back into the hydrogel 
as well as tissue specific cells who will remodel their local environment over time can 
possibly be the factor to bridge the gap that still exists between hydrogel models 
and native tissue.

Stress relaxation has been found to be an important mechanism that can regulate 
cellular fate and behaviour [36]. Ruthenium crosslinked LdECM hydrogels had a lower 
and more complex stress relaxation than uncrosslinked LdECM hydrogels, similar 
to that of IPF human lung compared to normal human lung [6]. To date, attributing 
individual Maxwell elements to specific components of a hydrogel such as water, 
small molecules, cells, or type of crosslinks formed in the ECM remains difficult in 
absence of a dedicated systematic study [37]. However, the fourth Maxwell element 
(with a relaxation time constant of ~100 s) for Ru-LdECM hydrogels required to 
describe their relaxation profile can be attributed to the secondary ECM network 
formed through the ruthenium crosslinking since this is the only difference between 
the two tested hydrogels. A similar difference in stress relaxation was found between 
control and fibrotic human lung ECM-derived hydrogels, showing three Maxwell 
elements in control hydrogels and 4 Maxwell elements in fibrotic hydrogels [6]. 
While the differences in species might complicate comparisons between porcine and 
human lung-derived hydrogels with respect to mechanical properties, the presence 
of a fourth Maxwell element in a Ru-LdECM hydrogels suggests that these hydrogels 
were able to resemble the stress relaxation behaviour of fibrotic lung ECM-derived 
hydrogels.

Ruthenium crosslinking of ECM hydrogels led to a more dense ECM network reflective 
of tissue changes in fibrotic diseases. Crosslinking the ECM fibres together in LdECM 
hydrogels resulted in lower fibre lengths and more dense matrix packed areas. In 
fibrotic lung diseases like IPF, topography and organization of the ECM are altered, 
as recently summarized elsewhere [38]. Through post-translational modifications 
and crosslinking of the collagen network by the lysyl oxidase (LO) family of enzymes, 
lung ECM in IPF has been reported to be more mature and organized, compared to 
non-IPF lung ECM [4, 39]. The denser matrix with a high degree of crosslinking is 
a key feature of fibrotic lung disease and protects the ECM from proteolysis [40]. 
The overall organization of the ECM in IPF is decreased when compared to normal 
lungs, a characteristic which was also present in the Ru-LdECM hydrogels as seen 
in the lower alignment [41]. Similar values in normalized numbers of endpoints and 
branchpoints suggest that fibre integrity was not affected during the crosslinking 
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and existing branches were crosslinked. The shorter fibres in crosslinked hydrogels 
might be explained with the increased curvature in these samples: the effect of 
crosslinking on curvature of fibres with respect to the fibre length was prominent 
in shorter fibres (<40 µm) while longer fibres did not have differences among the 
two groups. These observations indicate that the ruthenium-crosslinking mainly 
influences the shorter fibres and decreases the average fibre length. Together 
with the mechanical characterization data, these results show that the mechanical 
properties were altered through the changes in the alignment and density of the 
matrix (HDM) in the crosslinked hydrogels.

 One of the most important components of the fibrotic microenvironment is the (myo)
fibroblasts and their responses to the altered ECM. In our model, the cells remained 
viable and the fibroblasts seeded on crosslinked hydrogels lost their spindle-like 
morphology that we observed on the native LdECM hydrogels. This observation is 
in parallel with previously reported studies showing the effect of stiffness on human 
lung fibroblasts [42]. As a response to the altered mechanical properties in Ru-LdECM 
hydrogels, the fibroblasts have displayed more myofibroblast-like characteristics.. 
Increased α-SMA expression and altered organization have been previously reported 
in lung fibroblasts as a response to increasing stiffness of their environment [42, 43]. 
Parallel to these previous studies, IPF fibroblasts have been reported to have higher 
levels of α-SMA expression both at gene [44] and protein [45] levels, compared with 
non-disease control lung-derived fibroblasts. In addition, another study reported 
that myofibroblast differentiation was not triggered by an isolated increase in the 
fibre density of synthetic 3D culture while keeping the stiffness of the environment 
constant [46]. This observation is also in concert with our results as both stiffness 
and the fibre organization are altered in Ru-LdECM hydrogels. The accompanying 
changes in the nuclear morphology was also in agreement with the influence of 
increased stiffness [47]. As reviewed by Wang et al., nuclear mechanotransduction as 
a response to a stiffer microenvironment (such as in fibrosis) has yet to be completely 
understood; however, such a change can result in altered gene regulation or nuclear 
transportation of cytoplasmic factors [48]. Another implication of the altered nuclear 
morphology due to increased stiffness was shown to influence the differentiation 
of mesenchymal stromal cells [49]. These demonstrated changes on the seeded 
fibroblasts in our study suggest that the biomechanical properties of the fibrotic 
microenvironment were replicated in our model.

Our study utilizes a crosslinking strategy on native ECM-hydrogels using a ruthenium 
complex and sodium persulfate, as described recently by Kim et al. [25]. While this 
innovative approach has its advantages, our study has also some limitations. First of 
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all, assessing the amounts of excess (unreacted) ruthenium and sodium persulfate 
remaining in the hydrogels was not possible with our current methodology; however, 
our future research is looking into further optimizing the amount of ruthenium and 
sodium persulfate in the reaction. In this study, we have seeded the fibroblasts on 
top of the hydrogels (2D) instead of seeding them within the hydrogel network. 
Although a 3D environment would represent the physiological situation in the body, 
a 2D culture system was preferred in this study to ensure proper visualization of the 
cell viability and morphology. Our study reports a model for examining the influence 
of biomechanical changes of the fibrotic microenvironment without investigating 
any gene and protein output from the fibroblasts . Although the influence of a 
fibrotic biomechanical microenvironment on fibroblasts have been shown to 
promote a pro-fibrotic phenotype both in gene and protein levels (as reviewed in 
[5, 50]), such investigations are beyond the scope of this study. Lastly, the power of 
Maxwell modelling of the stress relaxation profiles of the native and crosslinked ECM 
hydrogels has not been completely realized and seems to remain as a mathematical 
exercise. The reason is that unlike other research areas e.g. microbial biofilms where 
relaxation constants has been linked to the composition [37], for hydrogels this 
systematic study is not yet available. With that, such modelling still proves useful in 
terms of analysing the altered stress relaxation behaviour.

CONCLUSION

This study demonstrates the mechanical characterization of an in vitro ECM-
based fibrosis model for advancement of investigations on effects of a fibrotic 
microenvironment on the cells. The next step for this model is to investigate 
how changes in the stiffness or viscoelastic relaxation can instruct the cells for 
further profibrotic responses, especially in a 3-dimensional setting. In addition, 
fibre characteristics analysis revealed that the changes in the fibre organization 
(alignment, density, curvature) accompany the altered pattern in the viscoelastic 
stress relaxation behaviour. More research on the influence of these altered 
fibre characteristics on the profibrotic activation of different cells (fibroblasts, 
macrophages…) have yet to be explored. Overall, this study shows the preparation 
and the characterization of an in vitro fibrosis model. Such advanced in vitro models 
for fibrosis research will improve our understanding on de-coupling the mechanical 
changes from the biochemical changes taking place in fibrosis.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1: Example of the masks and HDM generated through TWOMBLI analysis 
and their overlays with the original images
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Supplementary Figure 2: Example pipeline of the CellProfiler software for the nuclei analysis.
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Supplementary Figure 3:Q-Q plots for the normality assessments of the data analyzed using 
parametric tests. A) Stiffness, B) Time to 50% Stress Relaxation, C) Time Constant for 1st Maxwell 
Element, D) Time Constant for 2nd Maxwell Element, E) Time Constant for 3rd Maxwell Element, 
F) Relative Importance for 1st Maxwell Element, G) Relative Importance for 2nd Maxwell Element, 
H) Relative Importance for 3rd Maxwell Element, I) Average Fibre Length, J) Number of Endpoints, 
K) Number of Branchpoints, L) Hyphal Growth Unit, M) % High Density Matrix, N) % Alignment, 
O) Curvature (10 μm fibres), P) Curvature (20 μm fibres), R) Curvature (30 μm fibres), S) Curvature 
(40 μm fibres), T) Curvature (50 μm fibres).
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Supplementary Figure 4: Example image of the live/dead staining at day 7.
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ABSTRACT

Idiopathic pulmonary fibrosis (IPF), for which effective treatments are limited, 
results in excessive and disorganized deposition of an aberrant extracellular matrix 
(ECM). An altered ECM microenvironment is postulated to contribute to disease 
perpetuation in a feed-forward manner through inducing profibrotic behavior by 
lung fibroblasts, the main producers and regulators of ECM. Here, we examined this 
hypothesis in a 3D in vitro model system by growing primary lung fibroblasts in ECM-
derived hydrogels from non-fibrotic (control) or IPF lung tissue. Culture of fibroblasts 
in fibrotic hydrogels did not trigger a change in the overall amount of collagen or 
glycosaminoglycans but did cause a drastic change in fiber organization compared 
to culture in control hydrogels. Mechanical properties of fibrotic hydrogels were 
modified by fibroblasts while control hydrogels were not. These results illustrate 
how the 3D microenvironment plays a crucial role in directing cells to exhibit pro-
fibrotic responses by providing biochemical and/or biomechanical cues.
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INTRODUCTION

Tissue fibrosis results from an increase in fibroblasts with an aberrant deposition 
of extracellular matrix (ECM) and abnormal alterations of the ECM structure and 
composition [1]. While fibrosis is recognized as a coinciding phenomenon in some 
diseases, such as in inflammatory diseases or several cancers, organ fibrosis itself is 
one of the leading causes of death worldwide each year [2]. Among these diseases, 
idiopathic pulmonary fibrosis (IPF) has a worse prognosis than most cancers and 
remains incurable to date [3]. Currently, IPF is thought to originate from repeating 
(micro)injuries to the lung epithelium resulting in an aberrant tissue repair response 
[4]. During this aberrant tissue repair response, fibroblasts emerge as key players 
that deposit ECM in an abnormal manner, resulting in scarring of lung interstitium 
that impairs gas exchange in lungs of patients with IPF [5]. Although there is an 
urgent unmet need for developing novel treatment strategies, lack of appropriate 
animal models that recapitulate this human disease hinders this process [6]. For new 
and improved therapeutics against IPF, our understanding of how fibrotic responses 
are perpetuated and how IPF progresses needs to be advanced.

ECM is drastically altered in fibrotic lung diseases both biochemically and 
biomechanically [7]. While collagen deposition in the alveolar septa is considered one 
of the hallmarks of fibrotic scar development, numerous other ECM components such 
as fibronectin, hyaluronic acid, periostin and fibulin-1 are also present to a greater 
extent in fibrotic lung ECM [8]. In addition to altered ECM composition, fiber structure 
in fibrotic ECM is also substantially different compared to healthy ECM: fibrotic lungs 
having a higher percentage of disorganized collagen [9, 10]. Such changes in the fiber 
organization and content are also postulated to translate into the well-documented 
changes in the mechanical properties of fibrotic tissue: IPF lungs are many-fold 
stiffer than control counterparts [11]. Recently, decreased stress relaxation properties 
of fibrotic lungs were also described, illustrating not only stiffness but also additional 
mechanical parameters accompany lung fibrosis [12]. Although initially thought 
of as an inert structure that only provided a physical scaffold, ECM has now been 
shown to instruct behavior of resident and transmigratory cells [13]. ECM deposited 
by fibroblasts in fibrosis resulted in activation of naïve fibroblasts seeded onto this 
ECM [14]. In addition to the origin of the microenvironment, the dimensionality of 
the environment (two-dimensional (2D) vs. three-dimensional (3D)) has been shown 
to influence how fibroblasts respond to their microenvironment [15]. While these 
pioneering studies illustrate that a fibrotic microenvironment instructs cellular 
behavior, the influence of a 3D fibrotic microenvironment on fibroblasts remains 
unexplored.

9
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Hydrogels, which are water-swollen polymeric networks, have been used as an 
in vitro tool to mimic the 3D organ microenvironment. Synthetic hydrogels, such 
as those based on dextran [15], and natural hydrogels based on collagen type I [9] 
have been used for in vitro studies. While synthetic hydrogels provide opportunities 
to fine-tune the structural arrangement of the fibers and mechanical properties, 
they lack the biological implications of the altered biochemical microenvironment 
as found in IPF lungs [16]. Natural hydrogels can provide bioactive cues to cells 
seeded in them; however, mechanically tuning these hydrogels to mimic a diseased 
microenvironment is rather limited [17]. Hydrogels made of decellularized organ-
derived ECM can provide an ideal background for addressing these concerns [18]. 
Decellularized ECMs (dECMs) retain most of the biochemical composition of the 
native organs and tissues [19], and hydrogels derived from these dECMs have 
been shown to recapitulate the mechanical properties of their native tissues [18]. 
Specifically, ECM-derived hydrogels prepared from lung tissue from patients with IPF 
show the increased stiffness characteristics of native tissue, making these hydrogels 
an ideal candidate for recapitulating the (fibrotic) microenvironment in vitro [12]. The 
unexplored interaction between the 3D fibrotic ECM and fibroblasts can therefore 
be mimicked using such hydrogels to improve our understanding of how the fibrotic 
response is perpetuated by the feedback from the fibrotic microenvironment itself 
during IPF.

In this study, we hypothesized that an altered microenvironment in fibrotic lungs 
contributes to perpetuation of fibrosis by inducing profibrotic behavior of lung 
fibroblasts. To address this, we used an in vitro model using IPF and control lung 
ECM-derived hydrogels cultured with either IPF or control lung-derived primary 
fibroblasts in a combined fashion for 7 and 14 days. We investigated the influence 
of the fibrotic microenvironment on both IPF and control fibroblasts by comparing 
the ECM remodeling responses of the fibroblasts seeded in IPF and control ECM in 
3D. We characterized fibroblast induced changes to the microenvironment with 
respect to modulation of collagen and glycosaminoglycan (GAG) content, collagen 
fiber organization and mechanical properties by comparing the fibroblast-originated 
responses with empty hydrogels.
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RESULTS

Collagen presence in control and IPF hydrogels is similar and does not 
change upon seeding with either control or IPF fibroblasts
We first assessed interactions between a fibrotic microenvironment and fibroblasts 
on collagen presence in the lung ECM-derived hydrogels by analyzing the collagen 
content at day 7 and 14. PicroSirius Red (PSR)-stained sections of empty or fibroblast-
seeded control and IPF hydrogels were analyzed using an automated image analysis 
that compared three different levels of staining strength: weak, moderate and strong 
staining (Figure 1A). In all three categories, we did not detect intrinsic differences 
in the percentage of PSR-stained area between control and IPF hydrogels without 
fibroblasts (Supplementary Tables 1-6, also shown as the dotted line in Figure 1B-G for 
each separate analysis). When fibroblasts were seeded in these hydrogels, we found 
no differences in percentage area positive for collagen content induced by either 
control or IPF fibroblasts at day 7 or 14 (Figure 1B-G). Similarly, the mean intensities 
of staining within the weak, moderate and strong PSR-staining was comparable in 
all groups (Supplementary Figure 1, Supplementary Tables 7-12). We also examined the 
distribution of (GAG) in all groups by staining adjacent sections with Alcian Blue. 
Comparable to collagen content, pecentage area of GAG content was similar in control 
and IPF empty hydrogels, and this did not change in hydrogels seeded with control or 
IPF fibroblasts (Supplementary Figure 2, Supplementary Tables 13-18).

9
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Figure 1: Deposited collagen amounts in empty and fibroblast-seeded lung ECM-derived hy-
drogels. Control or IPF primary lung fibroblasts were seeded in control or IPF lung ECM-derived 
hydrogels and cultured for 7 or 14 days. Collagens were visualized using PicroSirius Red (PSR) 
staining on sections of paraffin-embedded fibroblast-seeded hydrogels and staining levels were 
compared with their corresponding empty hydrogel samples. A) Example images for the three 
levels of the strength of PSR staining. Day 7 responses with respect to B) weak C) moderate and 
D) strong PSR-stained areas (% area). Day 14 responses with respect to E) weak F) moderate and 
G) strong PSR-stained areas (% area). The dotted line shows the intrinsic difference between the 
IPF and control empty hydrogels. The estimate (± 95% confidence interval) shows the difference 
in PSR-staining between the IPF and control hydrogels seeded with control (light blue, triangle) 
or IPF (dark blue, square) fibroblasts. P values below each fibroblast group represent the differ-
ences induced by fibroblasts in IPF versus control hydrogels compared to the intrinsic difference 
between empty IPF and control hydrogels. P-values above the estimates indicate the differences 
between the responses of IPF and control fibroblasts in the different hydrogels. Applied statis-
tical test: mixed-model analysis. ns: not significant, IPF: Idiopathic pulmonary fibrosis. n=6 for 
fibroblast donors, 1 image per sample was analyzed.
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Fibroblasts change collagen organization only in IPF hydrogels
We then investigated whether fibroblasts induced changes in collagen organization 
and whether this was different in fibrotic versus control hydrogels using TWOMBLI. 
This analysis revealed the changes triggered in fibrotic ECM (Figure 2). The first 
parameter we studied was the percentage area occupied by high density matrix, 
which describes the collagen fiber organization at a global level (Figure 2A). Intrinsic 
differences between control and IPF hydrogels were not detected on day 7, but were 
clearly visible on day 14 with IPF hydrogels having more high density matrix than 
control hydrogels (Supplementary Tables 19&20, also denoted as the dotted lines 
in Figure 2B-C). When we seeded fibroblasts in these hydrogels, we found that 
control fibroblasts further decreased the percentage of high density matrix in IPF 
hydrogels compared to control hydrogels below the already existing differences, 
both on day 7 and day 14 (Figure 2B and 2C, respectively). On the other hand, IPF 
fibroblasts decreased the percentage of high density matrix of IPF hydrogels only on 
day 14 (Figure 2C). The differential modulation of the hydrogels by control and IPF 
fibroblasts was significantly different (p = 5.12 x 10-6 for day 7 and p = 0.027 for day 
14), indicating that not only hydrogel type but also the fibroblast origin contributes 
to dysregulated collagen organization in IPF.

We then characterized the degree of fiber alignment within the hydrogels (Figure 
2D). We did not detect any intrinsic differences between control and IPF hydrogels 
with respect to fiber alignment (Supplementary Tables 21&22). When control 
fibroblasts were seeded in each type of hydrogel, they did not change the percentage 
fiber alignment in IPF hydrogels compared to control hydrogels at any time point 
(Figure 2E and 2F). However, when seeding IPF fibroblasts, we found fiber alignment 
was greater in IPF hydrogels compared to control hydrogels on both day 7 and day 
14 (Figure 2E and 2F, p = 4.00 x 10-3 for day 7 and p = 2.57 x 10-6 for day 14). The 
differential modulation of the fiber alignment by control and IPF fibroblasts was 
significantly different on both days (p = 5.00 x 10-3 for day 7, p = 7.64 x 10-4 for day 14).

Fibroblasts modify individual collagen fibers differently in fibrotic 
compared to control ECM
In addition to global fiber organization, individual fiber structure could also be altered 
by the seeded fibroblasts. Individual fiber structure was therefore assessed using 
TWOMBLI. Three individual fiber structural parameters were analyzed: average fiber 
length (AFL, μm), number of endpoints per 1000 μm fiber total length, and number 
of branchpoints per 1000 μm fiber total length (Figure 3).

9
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Figure 2: Changes in the global fiber organization in empty and fibroblast-seeded control and 
IPF lung ECM-derived hydrogels. Control and IPF primary lung fibroblasts were seeded in control 
or IPF lung ECM-derived hydrogels and cultured for 7 or 14 days. Fluorescence images of Picro-
Sirius Red (PSR) stained sections of paraffin-embedded hydrogels were analyzed for global fiber 
characteristics and compared with their corresponding empty hydrogel samples. A) Schematic 
representation and example fluorescence images of high and low percentages of high-density 
matrix (HDM). B) Day 7 response analysis for HDM (% area), C) Day 14 response analysis for HDM 
(% area), D) Schematic representation and example fluorescence images of high and low per-
centages of fiber alignment. E) Day 7 response analysis for fiber alignment (% fibers), F) Day 14 
response analysis for fiber alignment (% fibers). The dotted line shows the intrinsic difference 
between the empty IPF and control hydrogels. The estimate (± 95% confidence interval) shows 
the difference between the IPF and control hydrogels seeded with control (light blue, triangle) 
or IPF (dark blue, square) fibroblasts. P values below each fibroblast group represent the differ-
ences induced by fibroblasts in IPF versus control hydrogels compared to the intrinsic difference 
between IPF and control empty hydrogels. P-values above the estimates indicate the differences 
between the responses of IPF and control fibroblasts in the different hydrogels. Applied statis-
tical test: mixed-model analysis. ns: not significant, IPF: Idiopathic pulmonary fibrosis. n=6 for 
fibroblast donors, 6 images per sample were captured and analyzed.
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The analysis of average fiber length illustrated that, intrinsically, IPF hydrogels 
had shorter fibers on average, compared to control hydrogels (Supplementary 
Tables 23&24, also shown as the dotted line in Figure 3A and 3D for day 7 and 14, 
respectively). When control fibroblasts were seeded in IPF hydrogels, the average 
fiber length was further decreased in IPF hydrogels on day 7 (Figure 3A, p = 7.44 x 
10-5), while this modulation was not detected on day 14 (Figure 3D). IPF fibroblasts, 
on the other hand, increased the average fiber length in IPF hydrogels compared to 
control hydrogels only on day 14 (Figure 3D, p = 1.26 x 10-4). These modulations by 
control and IPF fibroblasts were significantly different from each other both on day 
7 (p = 6.30 x 10-5) and day 14 (p = 2.00 x 10-5).

The number of individual fibers (number of endpoints) was higher in IPF hydrogels 
compared with control hydrogels on day 7, but this difference was not detected on 
day 14 (Supplementary Tables 25&26, also shown as the dotted line in Figure 3B and 
3E for day 7 and 14, respectively). When control fibroblasts were seeded into these 
hydrogels, we found more endpoints in IPF hydrogels compared to control hydrogels 
on day 7, above the existing intrinsic difference between these two hydrogels (Figure 
3B). This modulation, however, was not observed on day 14 (Figure 3E). In contrast, 
IPF fibroblasts did not change the number of endpoints in IPF hydrogels compared 
to control hydrogels on either day 7 or day 14. These differential responses between 
control and IPF fibroblasts, differed significantly on both day 7 (p = 0.005) and day 
14 (p = 5.56 x 10-4) (Figure 3B and 3E, respectively).

We also investigated the number of branchpoints as a measure of the number of 
fibers that had connections with other fibers. IPF hydrogels had more branchpoints 
than control hydrogels on day 7 (p = 0.007) while this intrinsic difference was not 
detectable on day 14 (Supplementary Tables 27&28, also shown as the dotted line in 
Figure 3C and 3F for day 7 and 14, respectively). When either control or IPF fibroblasts 
were seeded in these hydrogels, no additional changes in the number of branchpoints 
induced by fibroblasts were detected in either control or IPF hydrogels on day 7 
(Figure 3C). However, on day 14 both control (p = 5.57 x 10-6) and IPF fibroblasts 
(p = 2.13 x 10-5) strongly decreased the number of branchpoints in IPF hydrogels but 
not in control hydrogels (Figure 3F).
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Figure 3: Individual collagen fiber structure in empty and fibroblast-seeded control and IPF 
lung ECM-derived hydrogels. Control and IPF primary lung fibroblasts were seeded in control or 
IPF lung ECM-derived hydrogels and cultured for 7 or 14 days. Fluorescence images of PicroSirius 
Red (PSR) stained sections of paraffin-embedded hydrogels were analyzed for individual fiber 
characteristics and compared with their corresponding empty hydrogel samples. Day 7 responses 
with respect to A) average fiber length (AFL) (μm), B) number of endpoints per 1000 μm fiber total 
length, C) number of branchpoints per 1000 μm fiber total length. Day 14 responses with respect 
to D) average fiber length (AFL) (μm), E) number of endpoints per 1000 μm fiber total length, F) 
number of branchpoints per 1000 μm fiber total length. The dotted line shows the intrinsic differ-
ence between empty IPF and control hydrogels. The estimate (± 95% confidence interval) shows 
the difference between the IPF and control hydrogels seeded with control (light blue, triangle) 
or IPF (dark blue, square) fibroblasts. P values below each fibroblast group represent the differ-
ences induced by fibroblasts in IPF versus control hydrogels compared to the intrinsic difference 
between IPF and control empty hydrogels. P-values above the estimates indicate the differences 
between the responses of IPF and control fibroblasts in the different hydrogels. Applied statis-
tical test: mixed-model analysis. ns: not significant. IPF: Idiopathic pulmonary fibrosis. n=6 for 
fibroblast donors, 6 images per sample were captured and analyzed.
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Fibrotic microenvironment triggered differential regulation of fiber 
curvature by fibroblasts
We then moved on to characterize changes in the curvature of the collagen fibers 
in empty and fibroblast-seeded ECM-derived hydrogels as another parameter for 
comparing responses of control and IPF fibroblasts to their microenvironment. The 
curvature of fibers was analyzed with respect to low and high curvature windows 
(Figure 4A). Low curvature windows capture the individual waviness (periodicity) 
of the fibers (more micro-scale) while higher curvature windows detect the global 
changes in the fiber shapes (changes in the peak height of the curves). These 
parameters are useful for describing the topographical arrangement of the fibers 
within the ECM hydrogel. Intrinsic differences between IPF and control hydrogels 
in the low curvature window were present in day 7 samples (p = 0.004), while they 
were not apparent for the high curvature windows (Supplementary Tables 29&30, 
respectively, also shown as the dotted lines in Figure 4B). Control fibroblasts seeded 
in IPF hydrogels increased the fiber periodicity in low curvature windows (p = 0.001, 
Figure 4B) while they did not change the curvature heights in the higher curvature 
windows. IPF fibroblasts did not induce any periodicity changes (as measured in the 
low curvature windows); however, these fibroblasts reduced the peak heights of the 
fiber curves (as measured in the high curvature windows) in IPF hydrogels beyond 
the existing differences between IPF and empty hydrogels (p = 0.049, Figure 4B). 
Both low and high curvature window responses of control and IPF fibroblasts to 
fibrotic hydrogels differed from each other (p = 3.2 x 10-4 for low and p = 0.006 for 
high curvature windows). Empty hydrogels analyzed on day 14 revealed intrinsic 
differences between IPF and control hydrogels in low (p = 1.15 x 10-11), and high 
(p = 0.026) curvature window samples (Supplementary Tables 31&32, respectively, 
also shown as dotted line in Figure 4C). The existing differences between the IPF 
and control hydrogels were decreased by both control (p = 3.57 x 10-4) and IPF (3.01 x 
10-10) fibroblasts in low curvature window. While both groups of fibroblasts decreased 
the fiber curvature periodicity in IPF hydrogels compared to control hydrogels, their 
responses significantly differed from each other as well (p = 7.74 x 10-4). On the other 
hand, only IPF fibroblasts responded to fibrotic hydrogels in measurements in the 
high curvature window (p = 0.002). Even though only IPF fibroblasts altered the fiber 
curvature height, there were no apparent differences in the responses of IPF and 
control fibroblasts in this setting. These data indicate that IPF fibroblasts altered the 
topographical arrangement of the collagen fibers within their 3D microenvironment 
to a greater extent than the control fibroblasts.
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Figure 4: Investigation of collagen fiber curvature in empty and fibroblast-seeded control 
and IPF lung ECM-derived hydrogels. Control and IPF primary lung fibroblasts were seeded in 
control or IPF lung ECM-derived hydrogels and cultured for 7 or 14 days. Fluorescence images of 
PicroSirius Red (PSR) stained sections of paraffin-embedded hydrogels were analyzed for the 
differences in collagen fiber curvature and compared with their corresponding empty hydrogel 
samples. A) Schematic representation of low and high curvature windows with respect to peri-
odicity of peaks and peak height, B) Day 7 response analysis for fiber curvature with respect to 
number of peaks and peak height, C) Day 14 response analysis for fiber curvature with respect 
to number of peaks and peak height. The dotted line shows the intrinsic difference between 
empty IPF and control hydrogels. The estimate (± 95% confidence interval) shows the differ-
ence between the IPF and control hydrogels seeded with control (light blue, triangle) or IPF (dark 
blue, square) fibroblasts. P values below each fibroblast group represent the differences induced 
by fibroblasts in IPF versus control hydrogels compared to the intrinsic difference between IPF 
and control empty hydrogels. P-values above the estimates indicate the differences between 
the responses of IPF and control fibroblasts in the different hydrogels. Applied statistical test: 
mixed-model analysis. ns: not significant, IPF: Idiopathic pulmonary fibrosis. n=6 for fibroblast 
donors, 6 images per sample were captured and analyzed.

Mehmet Nizamoglu_BNW-9.indd   228Mehmet Nizamoglu_BNW-9.indd   228 11-08-2023   11:3011-08-2023   11:30



229Fibroblast remodeling of extracellular matrix is directed by the fibrotic nature of the three-
dimensional microenvironment

Stiffness increased but stress relaxation remained comparable when 
fibroblasts were in fibrotic hydrogels
Lastly, we characterized mechanical properties of both empty and fibroblast-seeded 
control and IPF hydrogels after 7 or 14 days of culture. Stiffness (Figure 5A and 5B) 
and viscoelastic stress relaxation (Figure 5E and 5F) behavior of hydrogels were 
measured using a Low-Load Compression Tester (LLCT). Empty IPF hydrogels were 
stiffer than empty control hydrogels on both day 7 (p = 5.57 x 10-6) and day 14 (p = 4.93 
x 10-22) (Supplementary Tables 33&34, also shown as the dotted line in Figure 5C and 
5D for day 7 and 14, respectively), reflecting previous reports [12]. When control 
fibroblasts were seeded in IPF hydrogels, they stiffened the hydrogels significantly 
more than they stiffened control hydrogels on day 7 (Figure 5C, p = 0.002). Similar 
to control fibroblasts, IPF fibroblasts also increased stiffness of IPF hydrogels 
more than they stiffened control hydrogels (Figure 5D, p = 0.002). The responses 
of control and IPF fibroblasts in IPF hydrogels compared to control hydrogels were 
comparable. However, on day 14 only control fibroblasts increased the stiffness of 
IPF hydrogels compared to control hydrogels beyond the already existing stiffness 
differences (Figure 5D, p = 9.22 x 10-5). Modulation of IPF hydrogels compared to 
control hydrogels by control fibroblasts on day 14 was significantly different from 
how IPF fibroblasts modulated the two types of hydrogels (p = 0.027).

Viscoelastic stress relaxation was the other mechanical parameter analyzed after 7 
and 14 days of culture of control and IPF fibroblasts in control and IPF hydrogels. The 
time to reach 50% stress relaxation was measured in seconds and compared between 
the groups (Figure 5E). IPF hydrogels relaxed significantly slower than control 
hydrogels both on day 7 (p = 1.47 x 10-12) and day 14 (p = 5.82 x 10-14) (Supplementary 
Tables 35&36, also shown as the dotted line in Figure 5G and 5H for day 7 and 14, 
respectively). Seeding of either control or IPF fibroblasts into the hydrogels did not 
significantly change stress relaxation beyond the intrinsic differences that were 
already present on day 7 (Figure 5G). On day 14, however, only control fibroblasts 
caused a slower relaxation of IPF hydrogels compared to control hydrogels, in 
addition to the existing differences (Figure 5H, p = 0.033). IPF fibroblasts did not 
change the relaxation properties of the hydrogels beyond the existing differences 
between control and IPF.
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DISCUSSION

In this study, we used a 3D in vitro model composed of human lung ECM and human 
primary lung fibroblasts to assess the influence of the microenvironment on 
fibroblast responses. We showed that while collagen content and GAG content were 
unchanged by the fibroblast groups, fiber organization directed by the fibroblasts 
differed substantially due to influence of the ECM microenvironment. When 
examining individual collagen fiber characteristics the fibrotic microenvironment 
did not induce significant changes. However, the global structure of the ECM 
arrangement, as illustrated by fiber alignment and high density matric proportion 
was impacted by the nature of the microenvironment. Control fibroblasts did not 
alter the fiber alignment, while fibrotic fibroblasts increased fiber alignment and this 
happened to a greater extent in the fibrotic microenvironment. In contrast, control 
fibroblasts modulated the percentage of high density matrix in a temporal manner 
in the fibrotic microenvironment, while the IPF fibroblasts reduced the percentage 
of high density matrix. In addition, control fibroblasts altered the topographical 
arrangement of the collagen fibers, giving them a greater degree of curvature than 
that seen with the IPF fibroblasts. The mechanical characteristics of the fibrotic 
microenvironment were increased by fibroblasts from both control and IPF donors, 
whereas this change was not seen in the control hydrogels. These findings illustrate 
that the fibrotic microenvironment imparts a powerful message that drives cellular 
responses. Overall, our results illustrate that the fibroblast-seeded lung ECM-derived 
hydrogel model is a powerful in vitro tool for understanding cell interactions with the 
local microenvironment, and divulging greater knowledge of feedback by the fibrotic 
ECM and how fibroblasts remodel the microenvironment during this response.

Mehmet Nizamoglu_BNW-9.indd   230Mehmet Nizamoglu_BNW-9.indd   230 11-08-2023   11:3011-08-2023   11:30



231Fibroblast remodeling of extracellular matrix is directed by the fibrotic nature of the three-
dimensional microenvironment

Figure 5: Mechanical properties in empty and fibroblast-seeded control and IPF lung ECM-de-
rived hydrogels. Control and IPF primary lung fibroblasts were seeded in control or IPF lung 
ECM-derived hydrogels and cultured for 7 or 14 days. Fibroblast-seeded hydrogels were mechan-
ically tested using low load compression testing (LLCT) and compared with their corresponding 
empty hydrogels. A) Schematic representation of the stiffness analysis performed using com-
pression. B) An example stress-strain curve obtained using LLCT, C) Day 7 response analysis for 
stiffness of the hydrogels (kPa), D) Day 14 response analysis for stiffness of the hydrogels (kPa), 
E) Schematic representation of the stress relaxation analysis performed using compression. F) 
An example relaxation profile obtained using LLCT, G) Day 7 response analysis for time to reach 
50% stress relaxation (s), H) Day 14 response analysis for time to reach 50% stress relaxation 
(s). The dotted line shows the intrinsic difference between empty IPF and control hydrogels. The 
estimate (± 95% confidence interval) shows the difference between the IPF and control hydrogels 
seeded with control (light blue, triangle) or IPF (dark blue, square) fibroblasts. P values below each 
fibroblast group represent the differences induced by fibroblasts in IPF versus control hydrogels 
compared to the intrinsic difference between IPF and control empty hydrogels. P-values above 
the estimates indicate the differences between the responses of IPF and control fibroblasts in 
the different hydrogels. Applied statistical test: mixed-model analysis. All measurements were 
performed at 20% strain rate. Applied statistical test: mixed-model analysis. ns: not significant, 
IPF: Idiopathic pulmonary fibrosis. n=6 for fibroblast donors, 3 independent locations per sample 
were measured.
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Collagen amount and organization are known to be drastically altered in IPF; higher 
amounts of collagen with an increased disorganization of the fiber structure have 
been consistently documented [8, 11, 13]. In our hydrogel system, fibroblasts did not 
induce changes in collagen amount between empty and fibroblast-seeded hydrogels, 
suggesting that these fibroblasts did not deposit detectable new collagen in this 
model and timeframe. A recent study reported an increase in protein levels of collagen 
types VII, X and XIV, detected using mass spectrometry, by control fibroblasts cultured 
in spheroid form with presence of IPF lung ECM, compared to non-IPF ECM [20]. These 
data provide further evidence, supporting prior reports [11, 14, 21, 22] that the IPF ECM 
provides a pro-fibrotic signal for fibroblasts. While our data appear to contrast the 
previous studies, the use of mass spectrometry may provide additional sensitivity 
that would enable a more penetrating investigation of the collagen changes. In our 
model system, the fibroblast-induced differences in high density matrix and collagen 
fiber alignment as directed by the type of environment (hydrogel) in which the cells 
were grown, implies that the lack of detectable changes in total collagen amount does 
not necessarily reflect a lack in pro-fibrotic responses by fibroblasts.

Increased fiber density was previously proposed as a mechanism for triggering 
activation of fibroblasts [15]. Therefore, in a fibrotic microenvironment, with higher 
amounts of dense fibers [23, 24], greater fibroblast responses would be expected. 
Interestingly, control fibroblasts appeared to have opposite responses at different 
time points, with an initial increase in high density matrix after 7 days but a subsequent 
decrease after 14 days. These differences in time might reflect how naïve fibroblasts 
are imprinted by a fibrotic microenvironment as time passes so their responses to 
fibrotic environment are changed. In IPF fibroblasts, the decrease in high density 
matrix with a concomitant increase in fiber alignment, points at exaggerated responses 
of these fibroblasts, when confronted with fibrotic ECM. These specific responses of 
IPF fibroblasts suggest that the origin of both microenvironment and fibroblasts play 
a crucial role in determining the organizational changes of collagen fibers.

Enhanced collagen crosslinking is recognized to be enhanced in IPF lung tissues [9, 
25]. Our results showing decreased amounts of high density matrix in fibrotic ECM 
modulated by both types of fibroblasts in day 14 samples do not initially seem to be in 
concert with previous reports showing enhanced fibroblast activation by increased 
ECM crosslinking in IPF [25]. Further research is required to examine if the high density 
matrix in this hydrogel model is composed of crosslinked collagen fibers or if it is 
non-covalent aggregations of fibers. The latter may have different cellular signaling 
implications than the highly cross-linked ECM in IPF tissue, parallel to the previous 
reports showing different levels of myofibroblast activation in chemically crosslinked 
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hydrogels compared with physically crosslinked hydrogels [26]. While it was out of the 
scope of this study, it is important to recognize that a role of proteoglycans in collagen 
crosslinking and fiber organization has been previously reported [27], and their 
presence might also play a role in the collagen organization measured in this model.

The organization of individual collagen fibers is also an important element for 
determining cellular responses to the microenvironment in which they reside [11]. With 
respect to the individual fiber organization parameters that were analyzed in our study, 
control and IPF fibroblasts responded differently from each other, with the exception 
of the alterations to the number of branchpoints. The opposite responses elicited by 
the fibroblasts to fibrotic and control hydrogels highlights that not only the origin of 
the microenvironment but also the origin of fibroblasts plays a role in dictating the 
collagen organization. Fiber curvature (collagen topographical arrangement), as both 
an individual and global fiber parameter, was differentially regulated by control and IPF 
fibroblasts seeded in fibrotic hydrogels compared to control hydrogels. It is intriguing 
that these changes coincided with the changes in the mechanical parameters initiated 
by the fibroblasts. In particular, control fibroblasts had an exaggerated response 
to the fibrotic microenvironment, resulting in an increased stiffness compared to 
control hydrogels. While the decrease in high density matrix and increase in stiffness 
do not seem to go hand-in-hand, fibroblasts might be realigning the fibers that are 
dissociated from the high density matrix in a manner that leads to the increased 
stiffness. The lack of changes in the peak height of the collagen fiber curves in control 
fibroblast-seeded hydrogels could also be one of the key factors playing a role in 
increased stiffness in these hydrogels. Together with previous reports showing the 
influence of fiber curvature amplitude and wavelength on fibroblast migration and 
polarization [28], investigating the influence of fibrotic ECM curvature on fibroblasts 
might reveal new insights into how fibroblast-ECM interactions are regulated by the 
physical state of the matrix structure. The stress relaxation behavior of the empty 
and fibroblast-seeded hydrogels showed that the changes in high density matrix 
and stiffness do not strongly influence the stress relaxation capacity of the fibers. It 
would be of interest to further investigate the altered stress relaxation of the fibers 
with respect to activation of the fibroblasts, as previously pre-stress in ECM fibers has 
been shown to release stored TGF-β from the ECM [29, 30]. Regardless, a recent report 
indicates that a microenvironment with slow stress capacity hinders cellular migration 
of mesenchymal spheroids [31]. How cellular migration plays a role in the profibrotic 
activation of fibroblasts with respect to organization of ECM requires further studies.

While our study establishes the interplay between the native microenvironment 
and the fibroblast responses in 3D, it has a few limitations. Human lung ECM (both 
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control and IPF) hydrogels were variable between experimental runs. Although we 
generated a combined batch of ECM derived from 7 different donors to minimize 
this variation, sample-to-sample variation was still present in our results. Empty 
hydrogels harvested at each of the assessment time points also reflected this 
variation. However, we accounted for this variation during our analyses and only 
compared empty hydrogels to fibroblast-seeded hydrogels within the same time 
point and the same experimental run. Even with this comparison, it is not possible 
to rule out the fact that spontaneous fiber reorganization still continues during the 
course of 14 day cell culture in empty and fibroblast-seeded hydrogels. Another 
potential limitation of the study is related to collagen detection: as the starting 
weights of control and IPF lung ECM powders were the same, and as the majority of 
the remaining proteins within the dECMs were collagens, detecting small changes 
that might have been induced by the fibroblasts may not have been possible with the 
methodologies used in this study. While investigating changes in different collagens 
individually and also other ECM proteins was outside of the scope of this project, 
it is not possible to rule out that specific collagens may have been altered by the 
fibroblasts more than the others, or that other ECM proteins including proteoglycans 
may have been involved. Lastly, viscoelastic stress relaxation of the control and IPF 
lung ECM-derived hydrogels is difficult, if at all possible, to resemble native tissue (a 
recognized limitation of this model [12, 32]), as opposed to the stiffness values that 
do recapitulate the patterns seen in lung tissues.

The model described in this study also provides opportunities for further research. 
Although our current model is based on fibroblast-ECM interactions, introducing 
other cell types such as epithelial cells, circulating immune cells or other 
mesenchymal cells would help mimicking the complex interplay between these cells 
and ECM during IPF or other fibrotic lung diseases. Moreover, this model system can 
greatly advance investigating cell responses following treatment with Nintedanib or 
Pirfenidone, which were initially performed on cell-derived matrices [33]. While our 
study focused on IPF, it has important implications for understanding the interplay 
between cells and their fibrotic environment in many other fibrotic diseases and even 
cancer, reflecting the remodeled ECM associated with tumors. Understanding how 
activation of fibroblasts occurs in a fibrotic microenvironment has the potential to 
reveal additional intervention possibilities for the treatment of diseases involving 
fibrotic responses. Future studies utilizing this model could investigate if the 
fibroblast responses differ in the presence of antifibrotic treatments that are 
currently approved for pulmonary fibrosis.
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In summary, we examined how a 3D fibrotic microenvironment is interacting with 
fibroblast remodeling of this environment by both control and IPF fibroblasts using 
native lung ECM-derived hydrogels and primary lung fibroblasts. Through employing 
native ECM from control and IPF lungs, most biochemical and biomechanical 
properties of control and IPF lungs were mimicked in these hydrogels, thereby 
presenting an improved model system for investigating the interplay between the 
microenvironment and fibroblasts during the fibrotic process. Considering the lack 
of physiologically replicative models available for basic and translational research on 
generating treatment strategies targeting fibrosis, employing in vitro models derived 
from human-sourced materials can pave the way towards better understanding of 
fibrosis and better drug discovery processes.

MATERIALS AND METHODS

Experimental Design
The experimental approach adopted in this study is described in Figure 6. The specific 
details of the methods are described below.

Lung decellularization
Decellularized control (macroscopically normal tissue, referred to as control 
throughout the manuscript) and lung tissue from patients with IPF were kindly 
provided by Dr. Steven Huang, University of Michigan, USA. De-identified control 
and IPF human lung tissue were provided by the University of Michigan; as the 
tissues were de-identified and coming from deceased donors, the University of 
Michigan Institutional Review Board deemed this work exempt from oversight. The 
decellularization procedure was performed as described previously [11]. Briefly, the 
fresh lung tissue samples were washed with 1X PBS (Gibco, Waltham, MA, United 
States). The tissue sample was washed for 24 hours per step at 4°C (unless otherwise 
stated) with the series of different solutions under constant agitation conditions: 1% 
(v/v) Triton X-100 (Sigma Aldrich, St. Louis, MO, USA), 2% (wt/v) sodium deoxycholate 
(Sigma Aldrich), 1 M NaCl (Sigma Aldrich), 30 mg/L DNase (Sigma Aldrich) with 1.3 mM 
MgSO4.7H2O (Sigma Aldrich) and 2 mM CaCl2 (Sigma Aldrich) at 37°C. The washing 
series was performed twice with three times PBS washes between every different 
solution. Afterwards, the ECM samples were treated with 0.18 % peracetic acid 
solution (32% w/w; Merck, Darmstadt, Germany) in 4.8% ethanol (Fresenius Kabi, 
Bad Homburg vor der Höhe, Germany) solution for 24 hours at 4°C with constant 
shaking. Lastly, the ECM samples were washed using PBS and kept in PBS (+1% 
Penicillin-Streptomycin (Gibco)) at 4°C until the next step.
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Lyophilization and grinding of decellularized lung samples
Decellularized lung samples were lyophilized in order to remove excess water. Briefly, 
the samples were snap-frozen using liquid nitrogen, then freeze-dried using a 
Labconco Freezone 2.5 Liter Benchtop Lyophilizer (Labconco, Kansas City, MO, USA) 
until the samples reached complete dryness. Once the lung scaffold samples were 
dry, they were brought to room temperature for the grinding process. An IKA A11 Basic 
Analytical Mill (IKA, Germany) was used to grind the lung scaffold pieces to a fine 
powder. Lung ECM powders were kept at room temperature with desiccant until use.

Figure 6: Overview of the experimental design and readouts measured in this study. A) Control 
and IPF lungs were decellularized, ground to a fine powder and digested using pepsin in acidic 
medium. The solubilized lung ECM was used to prepare lung ECM-derived hydrogels. B) Combi-
natorial approach used in the experiments. Fibroblasts and ECM groups were cross-combined 
to have combinations of control and IPF originated samples in every experimental batch. C) The 
readout applied in this study: PicroSirius Red and Alcian Blue stained sections of empty and fibro-
blast-seeded control and IPF lung ECM-derived hydrogels were scanned and digitally analyzed 
for area only or area and intensity (Characterization Readout #1). Fluorescence images of Picro-
Sirius Red stained sections of empty and fibroblast-seeded control and IPF lung ECM-derived 
hydrogels were analyzed using TWOMBLI plugin in ImageJ to analyze the fiber characteristics 
(Characterization Readout #2). The mechanical properties (stiffness and stress relaxation) of 
empty and fibroblast-seeded control and IPF lung ECM-derived hydrogels were measured using 
low load compression tester (Characterization Readout #3).
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Preparation of lung ECM-derived hydrogels
Decellularized lung ECM powders were pooled (n = 7 each for both control and IPF 
lung ECM samples) with equal amounts of powder dry weight per donor in order to 
minimize the patient-to-patient variation. Using this powder, pepsin digestion was 
performed using 2 mL of 2 mg/mL pepsin (Sigma-Aldrich) solution in 0.01 M HCl 
for 40 mg dry ECM powder in a 7.5 mL glass vial as previously described [34]. The 
digestion was performed for 72 hours with constant stirring at room temperature. 
After the incubation, the pH was brought back to physiological conditions (pH = 7.4) 
using 0.1 M NaOH (Sigma-Aldrich) solution before being mixed with 10X PBS (Gibco) 
solution to supplement the solution (will be referred to as pre-gel from here on) with 
physiological salts and ions. Resulting control and IPF pre-gels were cast into the 
wells of a 48-well plate or in a 1.5 mL Eppendorf tube and incubated for 1-2 hours to 
allow gelation and after the incubation, the hydrogel formation was checked.

Primary lung fibroblast isolation and cell culture
Control and IPF primary human lung fibroblasts were isolated from lung tissue of 
patients undergoing surgery for tumor resection or lung transplantation at the 
University Medical Center Groningen (UMCG) as previously described [35]. Control 
tissue was obtained from macroscopically normal looking tissue from tumor excision 
surgery, as far as possible from the tumor. IPF primary human lung fibroblasts 
were isolated from the peripheral lung tissue of explanted lung tissue of patients 
who underwent lung transplantation as previously described. This study protocol 
was consistent with the Research Code of the University Medical Center Groningen 
((https://www.umcg.nl/documents/770534/2183586/umcg-research-code-2018-
en.pdf/9680a460-3feb-543d-7d58-bc9d4f7277de?t=1614951313016, last accessed 
12/01/2023) and the national ethical and professional guidelines (“Code of conduct 
for Health Research (only in Dutch):Gedragscode-Gezondheidsonderzoek-2022.
pdf (https://www.coreon.org/gedragscode-gezondheidsonderzoek, last accessed 
12/01/2023). Lung tissues used in this study were derived from leftover lung material 
after lung surgery from archival materials that are exempt from consent in compliance 
with applicable laws and regulations (Dutch laws: Medical Treatment Agreement Act 
(WGBO) art 458 / GDPR art 9/ UAVG art 24). This material was not subject to the Medical 
Research Human Subjects Act in the Netherlands, and, therefore, an ethics waiver was 
provided by the Medical Ethical Committee of the University Medical Center Groningen.

The characteristics of the patients are presented in Table 1. The fibroblast 
cultures were maintained in complete growth media (DMEM Low Glucose (Gibco), 
supplemented with 10% FBS (Sigma-Aldrich), 1% Penicillin-Streptomycin (Gibco) 
and 1% GlutaMAX (Gibco)) and only used when tested negative against mycoplasma 
infection using a PCR screening. Fibroblasts were used at passage 5.

9
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Table 7: Patient characteristics of the fibroblasts donors used in this study. *: tested 
with Mann-Whitney test. †: tested with Fisher’s exact test. ES: Ex-smoker, F: Female, IPF: 
Idiopathic pulmonary fibrosis, M: Male, NS: Non-smoker,

Control IPF P value

Age (median, (min-max)) 65, (59-72) 63.5, (61-68) 0.688 *

Sex (M/F) 6/0 6/0 >0.999†

Smoking status 5 EX, 1 NS 4 EX, 2 NS >0.999†

Seeding primary lung fibroblasts in lung ECM-derived hydrogels
Primary human lung fibroblasts (n = 6 for both control and IPF, all at passage 5) 
were harvested using 0.25% Trypsin-EDTA (Gibco) and centrifuged at 500 x g for 
5 minutes. Afterwards, the supernatant was discarded and the pellet resuspended 
using 10 mL full complete growth media to count the cells using an automated cell 
counter NC-200 (Chemometec, Denmark). Then, the cell suspension was transferred 
to new tubes at a concentration of 2.5 x 106 cells per tube and centrifuged again. The 
supernatants were discarded and the pellets were resuspended using 2.5 mL pre-
gel of each type. After ensuring the proper dispersal of the cell pellet in the pre-gel 
solution, 200 μL cell suspension was cast per well of 48-well plates and incubated 
for 2 hours. For each experimental set, empty hydrogels from control or IPF pre-
gels were also cast and used as fibroblast-free controls. After observing hydrogel 
formation, the empty and fibroblast-seeded hydrogels were supplemented with 400 
μL complete growth media for the culture period. The gels were incubated for 7 and 
14 days with complete growth media in a CO2 incubator (5% CO2, 37°C), with half 
change of growth media at days 4, 7 and 11.

Paraffin Embedding, Sectioning, and Deparaffinization
ECM-derived hydrogels (both fibroblast-seeded and empty) were fixed using 500 
μL 2% paraformaldehyde (PFA; Sigma-Aldrich) for 30 minutes at room temperature 
after removing the growth media from the wells at the end of 7- or 14-day culture 
period. Afterwards, they were embedded in 1% agarose (Invitrogen, Waltham, MA, 
USA) solution to prevent dehydration. Agarose-embedded hydrogels then were fixed 
with 4% formalin and embedded in paraffin. Five μm sections from the paraffin-
embedded samples were cut and placed on Star Frost (Knittel Glass, Braunschweig, 
Germany) glass slides and incubated at 65°C for 1 hour to ensure retention of the 
sections on the slides. Then, the slides were deparaffinized using serial ten minute 
incubations in xylene (Klinipath BV, Duiven, Netherlands) solution, 100% ethanol 
(Fresenius Kabi), 96% ethanol, 70% ethanol and distilled water.
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Picrosirius Red Staining for visualization of collagens
PicroSirius Red (PSR) solution was prepared using 0.5 g Sirius red F3B (Sigma) in 500 
mL saturated aqueous picric acid solution. Deparaffinized slides were washed with 
distilled water and then incubated with the PSR solution for an hour. Afterwards, 
the slides were washed with acidified water (5 mL glacial acetic acid (Merck) in 11 mL 
distilled water) twice and dehydrated through 75%, 96%, 100% ethanol (Fresenius 
Kabi) and xylene (Klinipath BV) solutions. After airdrying the slides, they were 
mounted using a non-aqueous mounting medium and kept in dark until imaging.

Alcian Blue Staining for visualization of glycosaminoglycans
Alcian blue solution was prepared using 1 g Alcian blue (Sigma-Aldrich) powder in 
100 mL 3% acetic acid solution. Nuclear fast red solution was prepared using 0.1 g 
nuclear fast red powder in 100 mL distilled water with 5 g Al2(SO4)3 (Sigma-Aldrich). 
Deparaffinized slides were washed with distilled water and then incubated with the 
Alcian blue solution for 30 minutes at room temperature. Afterwards, the slides were 
washed with running tap water for 2 minutes and rinsed in distilled water. Counter-
staining was performed through incubation with nuclear fast red solution for 5 
minutes and the slides were washed in running tap water for 1 minute. The slides 
then were dehydrated through 75%, 96%, 100% ethanol (Fresenius Kabi) and xylene 
(Klinipath BV) solutions. After airdrying the slides, they were mounted using a non-
aqueous mounting medium and kept in dark until imaging.

Imaging
Immunohistochemical staining results were imaged using a Hamamatsu scanner 
(Hamamatsu Photonics K.K., Herrsching, Germany) at 40X magnification. Fluorescent 
microscopy images of the PSR stained hydrogels were captured with Leica SP8X white 
light laser confocal microscope (Leica, Wetzlar, Germany) with UV-vis absorption 
(λex) 561 nm and emission (λem) 566 / 670 nm using 63x/1.40 Oil immersion lens with 
a digital zoom 2X.

Image Analysis

Analysis of Light Microscopy Images
Specific image areas with stained gel were extracted into TIF (LZW) files using Aperio 
ImageScope V12.4.0.5043 (Leica Biosystems, Amsterdam, Netherlands). These TIF 
files were opened in Adobe Photoshop CS6 Extended (San Jose, California, USA) and 
artifacts, such as obvious background staining, hairs or other contaminations and 
folded areas of gels, were removed. Ten areas from ten distinct regions per image (1 
image per gel) were randomly selected and saved as separate image files to enable 

9
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calculation of the average lowest threshold for identifiable specific staining for all 
images. These 10 images were opened in FIJI 1.53F51 (LOCI, University of Wisconsin) 
[36] as 8-bit images and split into different channels that captured the different 
staining colors, using the appropriate vector for the thresholds of the staining using 
color deconvolution. An in-house built macro (Supplementary Document 1 for PSR 
Images and Supplementary Document 2 for AB Images) was used along with the FIJI 
SlideJ plugin (tile size: 20000) to calculate the outputs from all images. Results were 
saved as a text to tab file and opened in R studio 4.1.1 (Boston, MA, USA) to sort the 
percentage area of positively stained pixels and the average intensity of the positively 
stained pixels data of the different staining levels (Supplementary Figure 39) using an 
in-house built macro as previously described [37]. Briefly, the strength of the signal 
from each pixel was determined and categorized as “weak”, “moderate” or “strong” 
based on the level of the strength. The pixels that belong to each of these categories 
were then combined per image and used in the following steps. Area percentage 
and intensity values for each category per image were calculated in Microsoft Excel 
2016 (Microsoft, Resmond, WA, USA). For these calculations, the sorted rows Area_
Colour (area) and RawIntDen_Colour (intensity) were used. Stained area (%) and 
intensity values (arbitrary units) of each category was calculated using equation (i) 
and equation (ii), respectively, as shown below.

(i) 

 

calculated in Microsoft Excel 2016 (Microsoft, Resmond, WA, USA). For these calculations, the 
sorted rows Area_Colour (area) and RawIntDen_Colour (intensity) were used. Stained area 
(%) and intensity values (arbitrary units) of each category was calculated using equation (i) 
and equation (ii), respectively, as shown below. 

 

(i) Area (%)= Number of pixels meeting category criteria
Total number of pixels  ×100%

(ii) Intensity (au)=255- Sum of intensity values in pixels meeting category criteria
Total number of pixels

  

Analysis of Fluorescence Microscopy Images 

For every sample, images were generated of 6 randomly selected areas and saved as TIF (LZW) 
files. Each image was analyzed using the TWOMBLI-plugin in FIJI 1.53F51 (LOCI), and the 
following parameters were examined: the area, total fiber length, end points, branchpoints, 
curvature (with curvature windows 20 and 50), percentage of high density matrix and 
alignment of fibers [38].  

Mechanical testing with Low Load Compression Testing (LLCT) 

Stiffness values and viscoelastic relaxation properties of the hydrogels at day 7 and 14 were 
measured using a Low Load Compression Tester as previously described [32, 39]. The LLCT 
analysis was performed on three different randomly selected locations on each hydrogel 
using 20% fixed strain rate. The measurement locations had at least 1.5 mm distance between 
them and 0.5 mm from the edges to ensure robustness and representativeness of the 
measurements. The stress ((Equation (iii)) and strain (Equation (iv)) values were calculated as 
described below and the slope of the line was used to calculate Young’s modulus (E, stiffness) 
(Equation (v)) until the peak point for the highest measurement observed). Relaxation values 
were calculated starting from the time point at which highest stiffness was observed by using 
the formula (Equation (vi)). Time duration for reaching 100% relaxation was recorded as 
‘Relaxation time’. Time duration for reaching 50% of the total relaxation was recorded as 
‘Time to Reach 50% Stress Relaxation’. All calculations were performed using Microsoft Excel 
2016. 

(iii) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑥𝑥 𝑔𝑔 
𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿  

(iv) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐷𝐷𝐴𝐴𝐷𝐷𝐿𝐿𝐴𝐴𝐷𝐷𝐿𝐿𝐷𝐷𝐷𝐷𝐿𝐿𝐷𝐷 
𝑇𝑇ℎ𝐷𝐷𝑖𝑖𝑖𝑖𝐷𝐷𝐴𝐴𝑖𝑖𝑖𝑖  

(v) 𝐸𝐸(𝑆𝑆) = 𝑆𝑆𝐷𝐷𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 
𝑆𝑆𝐷𝐷𝐴𝐴𝐿𝐿𝐷𝐷𝐷𝐷 

(vi) 𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑆𝑆 (𝑆𝑆) = 𝐸𝐸(𝐷𝐷0)−𝐸𝐸(𝐷𝐷) 
𝐸𝐸(𝐷𝐷0)  

 

(ii) 

 

calculated in Microsoft Excel 2016 (Microsoft, Resmond, WA, USA). For these calculations, the 
sorted rows Area_Colour (area) and RawIntDen_Colour (intensity) were used. Stained area 
(%) and intensity values (arbitrary units) of each category was calculated using equation (i) 
and equation (ii), respectively, as shown below. 

 

(i) Area (%)= Number of pixels meeting category criteria
Total number of pixels  ×100%

(ii) Intensity (au)=255- Sum of intensity values in pixels meeting category criteria
Total number of pixels

  

Analysis of Fluorescence Microscopy Images 

For every sample, images were generated of 6 randomly selected areas and saved as TIF (LZW) 
files. Each image was analyzed using the TWOMBLI-plugin in FIJI 1.53F51 (LOCI), and the 
following parameters were examined: the area, total fiber length, end points, branchpoints, 
curvature (with curvature windows 20 and 50), percentage of high density matrix and 
alignment of fibers [38].  

Mechanical testing with Low Load Compression Testing (LLCT) 

Stiffness values and viscoelastic relaxation properties of the hydrogels at day 7 and 14 were 
measured using a Low Load Compression Tester as previously described [32, 39]. The LLCT 
analysis was performed on three different randomly selected locations on each hydrogel 
using 20% fixed strain rate. The measurement locations had at least 1.5 mm distance between 
them and 0.5 mm from the edges to ensure robustness and representativeness of the 
measurements. The stress ((Equation (iii)) and strain (Equation (iv)) values were calculated as 
described below and the slope of the line was used to calculate Young’s modulus (E, stiffness) 
(Equation (v)) until the peak point for the highest measurement observed). Relaxation values 
were calculated starting from the time point at which highest stiffness was observed by using 
the formula (Equation (vi)). Time duration for reaching 100% relaxation was recorded as 
‘Relaxation time’. Time duration for reaching 50% of the total relaxation was recorded as 
‘Time to Reach 50% Stress Relaxation’. All calculations were performed using Microsoft Excel 
2016. 

(iii) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑥𝑥 𝑔𝑔 
𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿  

(iv) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐷𝐷𝐴𝐴𝐷𝐷𝐿𝐿𝐴𝐴𝐷𝐷𝐿𝐿𝐷𝐷𝐷𝐷𝐿𝐿𝐷𝐷 
𝑇𝑇ℎ𝐷𝐷𝑖𝑖𝑖𝑖𝐷𝐷𝐴𝐴𝑖𝑖𝑖𝑖  

(v) 𝐸𝐸(𝑆𝑆) = 𝑆𝑆𝐷𝐷𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 
𝑆𝑆𝐷𝐷𝐴𝐴𝐿𝐿𝐷𝐷𝐷𝐷 

(vi) 𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑆𝑆 (𝑆𝑆) = 𝐸𝐸(𝐷𝐷0)−𝐸𝐸(𝐷𝐷) 
𝐸𝐸(𝐷𝐷0)  

 

Analysis of Fluorescence Microscopy Images
For every sample, images were generated of 6 randomly selected areas and saved as 
TIF (LZW) files. Each image was analyzed using the TWOMBLI-plugin in FIJI 1.53F51 
(LOCI), and the following parameters were examined: the area, total fiber length, end 
points, branchpoints, curvature (with curvature windows 20 and 50), percentage of 
high density matrix and alignment of fibers [38].

Mechanical testing with Low Load Compression Testing (LLCT)
Stiffness values and viscoelastic relaxation properties of the hydrogels at day 7 and 
14 were measured using a Low Load Compression Tester as previously described [32, 
39]. The LLCT analysis was performed on three different randomly selected locations 
on each hydrogel using 20% fixed strain rate. The measurement locations had at least 
1.5 mm distance between them and 0.5 mm from the edges to ensure robustness 
and representativeness of the measurements. The stress ((Equation (iii)) and strain 
(Equation (iv)) values were calculated as described below and the slope of the line 
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was used to calculate Young’s modulus (E, stiffness) (Equation (v)) until the peak 
point for the highest measurement observed). Relaxation values were calculated 
starting from the time point at which highest stiffness was observed by using the 
formula (Equation (vi)). Time duration for reaching 100% relaxation was recorded 
as ‘Relaxation time’. Time duration for reaching 50% of the total relaxation was 
recorded as ‘Time to Reach 50% Stress Relaxation’. All calculations were performed 
using Microsoft Excel 2016.

(iii) 

 

calculated in Microsoft Excel 2016 (Microsoft, Resmond, WA, USA). For these calculations, the 
sorted rows Area_Colour (area) and RawIntDen_Colour (intensity) were used. Stained area 
(%) and intensity values (arbitrary units) of each category was calculated using equation (i) 
and equation (ii), respectively, as shown below. 

 

(i) Area (%)= Number of pixels meeting category criteria
Total number of pixels  ×100%

(ii) Intensity (au)=255- Sum of intensity values in pixels meeting category criteria
Total number of pixels

  

Analysis of Fluorescence Microscopy Images 

For every sample, images were generated of 6 randomly selected areas and saved as TIF (LZW) 
files. Each image was analyzed using the TWOMBLI-plugin in FIJI 1.53F51 (LOCI), and the 
following parameters were examined: the area, total fiber length, end points, branchpoints, 
curvature (with curvature windows 20 and 50), percentage of high density matrix and 
alignment of fibers [38].  

Mechanical testing with Low Load Compression Testing (LLCT) 

Stiffness values and viscoelastic relaxation properties of the hydrogels at day 7 and 14 were 
measured using a Low Load Compression Tester as previously described [32, 39]. The LLCT 
analysis was performed on three different randomly selected locations on each hydrogel 
using 20% fixed strain rate. The measurement locations had at least 1.5 mm distance between 
them and 0.5 mm from the edges to ensure robustness and representativeness of the 
measurements. The stress ((Equation (iii)) and strain (Equation (iv)) values were calculated as 
described below and the slope of the line was used to calculate Young’s modulus (E, stiffness) 
(Equation (v)) until the peak point for the highest measurement observed). Relaxation values 
were calculated starting from the time point at which highest stiffness was observed by using 
the formula (Equation (vi)). Time duration for reaching 100% relaxation was recorded as 
‘Relaxation time’. Time duration for reaching 50% of the total relaxation was recorded as 
‘Time to Reach 50% Stress Relaxation’. All calculations were performed using Microsoft Excel 
2016. 

(iii) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑥𝑥 𝑔𝑔 
𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿  

(iv) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐷𝐷𝐴𝐴𝐷𝐷𝐿𝐿𝐴𝐴𝐷𝐷𝐿𝐿𝐷𝐷𝐷𝐷𝐿𝐿𝐷𝐷 
𝑇𝑇ℎ𝐷𝐷𝑖𝑖𝑖𝑖𝐷𝐷𝐴𝐴𝑖𝑖𝑖𝑖  

(v) 𝐸𝐸(𝑆𝑆) = 𝑆𝑆𝐷𝐷𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 
𝑆𝑆𝐷𝐷𝐴𝐴𝐿𝐿𝐷𝐷𝐷𝐷 

(vi) 𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑆𝑆 (𝑆𝑆) = 𝐸𝐸(𝐷𝐷0)−𝐸𝐸(𝐷𝐷) 
𝐸𝐸(𝐷𝐷0)  

 

(iv) 

 

calculated in Microsoft Excel 2016 (Microsoft, Resmond, WA, USA). For these calculations, the 
sorted rows Area_Colour (area) and RawIntDen_Colour (intensity) were used. Stained area 
(%) and intensity values (arbitrary units) of each category was calculated using equation (i) 
and equation (ii), respectively, as shown below. 

 

(i) Area (%)= Number of pixels meeting category criteria
Total number of pixels  ×100%

(ii) Intensity (au)=255- Sum of intensity values in pixels meeting category criteria
Total number of pixels

  

Analysis of Fluorescence Microscopy Images 

For every sample, images were generated of 6 randomly selected areas and saved as TIF (LZW) 
files. Each image was analyzed using the TWOMBLI-plugin in FIJI 1.53F51 (LOCI), and the 
following parameters were examined: the area, total fiber length, end points, branchpoints, 
curvature (with curvature windows 20 and 50), percentage of high density matrix and 
alignment of fibers [38].  

Mechanical testing with Low Load Compression Testing (LLCT) 

Stiffness values and viscoelastic relaxation properties of the hydrogels at day 7 and 14 were 
measured using a Low Load Compression Tester as previously described [32, 39]. The LLCT 
analysis was performed on three different randomly selected locations on each hydrogel 
using 20% fixed strain rate. The measurement locations had at least 1.5 mm distance between 
them and 0.5 mm from the edges to ensure robustness and representativeness of the 
measurements. The stress ((Equation (iii)) and strain (Equation (iv)) values were calculated as 
described below and the slope of the line was used to calculate Young’s modulus (E, stiffness) 
(Equation (v)) until the peak point for the highest measurement observed). Relaxation values 
were calculated starting from the time point at which highest stiffness was observed by using 
the formula (Equation (vi)). Time duration for reaching 100% relaxation was recorded as 
‘Relaxation time’. Time duration for reaching 50% of the total relaxation was recorded as 
‘Time to Reach 50% Stress Relaxation’. All calculations were performed using Microsoft Excel 
2016. 

(iii) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑥𝑥 𝑔𝑔 
𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿  

(iv) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐷𝐷𝐴𝐴𝐷𝐷𝐿𝐿𝐴𝐴𝐷𝐷𝐿𝐿𝐷𝐷𝐷𝐷𝐿𝐿𝐷𝐷 
𝑇𝑇ℎ𝐷𝐷𝑖𝑖𝑖𝑖𝐷𝐷𝐴𝐴𝑖𝑖𝑖𝑖  

(v) 𝐸𝐸(𝑆𝑆) = 𝑆𝑆𝐷𝐷𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 
𝑆𝑆𝐷𝐷𝐴𝐴𝐿𝐿𝐷𝐷𝐷𝐷 

(vi) 𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑆𝑆 (𝑆𝑆) = 𝐸𝐸(𝐷𝐷0)−𝐸𝐸(𝐷𝐷) 
𝐸𝐸(𝐷𝐷0)  

 

(v) 

 

calculated in Microsoft Excel 2016 (Microsoft, Resmond, WA, USA). For these calculations, the 
sorted rows Area_Colour (area) and RawIntDen_Colour (intensity) were used. Stained area 
(%) and intensity values (arbitrary units) of each category was calculated using equation (i) 
and equation (ii), respectively, as shown below. 

 

(i) Area (%)= Number of pixels meeting category criteria
Total number of pixels  ×100%

(ii) Intensity (au)=255- Sum of intensity values in pixels meeting category criteria
Total number of pixels

  

Analysis of Fluorescence Microscopy Images 

For every sample, images were generated of 6 randomly selected areas and saved as TIF (LZW) 
files. Each image was analyzed using the TWOMBLI-plugin in FIJI 1.53F51 (LOCI), and the 
following parameters were examined: the area, total fiber length, end points, branchpoints, 
curvature (with curvature windows 20 and 50), percentage of high density matrix and 
alignment of fibers [38].  

Mechanical testing with Low Load Compression Testing (LLCT) 

Stiffness values and viscoelastic relaxation properties of the hydrogels at day 7 and 14 were 
measured using a Low Load Compression Tester as previously described [32, 39]. The LLCT 
analysis was performed on three different randomly selected locations on each hydrogel 
using 20% fixed strain rate. The measurement locations had at least 1.5 mm distance between 
them and 0.5 mm from the edges to ensure robustness and representativeness of the 
measurements. The stress ((Equation (iii)) and strain (Equation (iv)) values were calculated as 
described below and the slope of the line was used to calculate Young’s modulus (E, stiffness) 
(Equation (v)) until the peak point for the highest measurement observed). Relaxation values 
were calculated starting from the time point at which highest stiffness was observed by using 
the formula (Equation (vi)). Time duration for reaching 100% relaxation was recorded as 
‘Relaxation time’. Time duration for reaching 50% of the total relaxation was recorded as 
‘Time to Reach 50% Stress Relaxation’. All calculations were performed using Microsoft Excel 
2016. 

(iii) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑥𝑥 𝑔𝑔 
𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿  

(iv) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐷𝐷𝐴𝐴𝐷𝐷𝐿𝐿𝐴𝐴𝐷𝐷𝐿𝐿𝐷𝐷𝐷𝐷𝐿𝐿𝐷𝐷 
𝑇𝑇ℎ𝐷𝐷𝑖𝑖𝑖𝑖𝐷𝐷𝐴𝐴𝑖𝑖𝑖𝑖  

(v) 𝐸𝐸(𝑆𝑆) = 𝑆𝑆𝐷𝐷𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 
𝑆𝑆𝐷𝐷𝐴𝐴𝐿𝐿𝐷𝐷𝐷𝐷 

(vi) 𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑆𝑆 (𝑆𝑆) = 𝐸𝐸(𝐷𝐷0)−𝐸𝐸(𝐷𝐷) 
𝐸𝐸(𝐷𝐷0)  

 

(vi) 

 

calculated in Microsoft Excel 2016 (Microsoft, Resmond, WA, USA). For these calculations, the 
sorted rows Area_Colour (area) and RawIntDen_Colour (intensity) were used. Stained area 
(%) and intensity values (arbitrary units) of each category was calculated using equation (i) 
and equation (ii), respectively, as shown below. 

 

(i) Area (%)= Number of pixels meeting category criteria
Total number of pixels  ×100%

(ii) Intensity (au)=255- Sum of intensity values in pixels meeting category criteria
Total number of pixels

  

Analysis of Fluorescence Microscopy Images 

For every sample, images were generated of 6 randomly selected areas and saved as TIF (LZW) 
files. Each image was analyzed using the TWOMBLI-plugin in FIJI 1.53F51 (LOCI), and the 
following parameters were examined: the area, total fiber length, end points, branchpoints, 
curvature (with curvature windows 20 and 50), percentage of high density matrix and 
alignment of fibers [38].  

Mechanical testing with Low Load Compression Testing (LLCT) 

Stiffness values and viscoelastic relaxation properties of the hydrogels at day 7 and 14 were 
measured using a Low Load Compression Tester as previously described [32, 39]. The LLCT 
analysis was performed on three different randomly selected locations on each hydrogel 
using 20% fixed strain rate. The measurement locations had at least 1.5 mm distance between 
them and 0.5 mm from the edges to ensure robustness and representativeness of the 
measurements. The stress ((Equation (iii)) and strain (Equation (iv)) values were calculated as 
described below and the slope of the line was used to calculate Young’s modulus (E, stiffness) 
(Equation (v)) until the peak point for the highest measurement observed). Relaxation values 
were calculated starting from the time point at which highest stiffness was observed by using 
the formula (Equation (vi)). Time duration for reaching 100% relaxation was recorded as 
‘Relaxation time’. Time duration for reaching 50% of the total relaxation was recorded as 
‘Time to Reach 50% Stress Relaxation’. All calculations were performed using Microsoft Excel 
2016. 

(iii) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑥𝑥 𝑔𝑔 
𝐴𝐴𝐴𝐴𝐴𝐴𝐿𝐿  

(iv) 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝐷𝐷𝐴𝐴𝐷𝐷𝐿𝐿𝐴𝐴𝐷𝐷𝐿𝐿𝐷𝐷𝐷𝐷𝐿𝐿𝐷𝐷 
𝑇𝑇ℎ𝐷𝐷𝑖𝑖𝑖𝑖𝐷𝐷𝐴𝐴𝑖𝑖𝑖𝑖  

(v) 𝐸𝐸(𝑆𝑆) = 𝑆𝑆𝐷𝐷𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖 
𝑆𝑆𝐷𝐷𝐴𝐴𝐿𝐿𝐷𝐷𝐷𝐷 

(vi) 𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑅𝑅𝑆𝑆𝑆𝑆𝑆𝑆𝑅𝑅𝑆𝑆 (𝑆𝑆) = 𝐸𝐸(𝐷𝐷0)−𝐸𝐸(𝐷𝐷) 
𝐸𝐸(𝐷𝐷0)  

 Statistical Analysis
Statistical analyses of the measured parameters were performed using an interaction 
analysis in a mixed model analysis in IBM SPSS Statistics 26 (IBM, Armonk, New York, 
USA). For each parameter analyzed, the interactions between the disease status of 
the hydrogels and disease status of the fibroblasts, as well as fibroblast seeding 
status of the hydrogels were used. For all analyses presented, a random effect was 
used for the intercept per experimental batch (i.e. same combination of control or 
IPF fibroblasts and control or IPF hydrogel for the 6 experimental conditions (n=6 
batches)). TWOMBLI results were analyzed using 6 different images generated per 
sample to address the sample heterogeneity. Mechanical characterization results 
were analyzed using triplicated measurements performed on the same sample to 
tackle the heterogeneity within samples. Presented results show estimate ± 95% 
confidence interval for all results.
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SUPPLEMENTARY FIGURES AND TABLES

Supplementary Figure 1: Deposited collagen intensities in empty and fibroblast-seeded lung 
ECM-derived hydrogels. Control or IPF primary lung fibroblasts were seeded in control or IPF lung 
ECM-derived hydrogels and cultured for 7 or 14 days. Collagens were visualized using PicroSirius 
Red (PSR) staining on sections of paraffin-embedded fibroblast-seeded hydrogels and staining 
intensities were compared with their corresponding empty hydrogel samples. Day 7 responses 
with respect to A) weak B) moderate and C) strong PSR-stained intensities (arbitrary unit (au)). 
Day 14 responses with respect to D) weak E) moderate and F) strong PSR-stained areas (au). The 
dotted line shows the intrinsic difference between the empty IPF and control hydrogels. The esti-
mate (± 95% confidence interval) shows the difference in the intensity of PSR-staining between 
the IPF and control hydrogels seeded with control (light blue, triangle) or IPF (dark blue, square) 
fibroblasts. P values below each fibroblast group represent the differences induced by fibroblasts 
in IPF versus control hydrogels compared to the intrinsic difference between empty IPF and con-
trol hydrogels. P-values above the estimates indicate the differences between the responses 
of IPF and control fibroblasts in the different hydrogels. Applied statistical test: mixed-model 
analysis. ns: not significant, IPF: Idiopathic pulmonary fibrosis. n=6 for fibroblast donors, 1 image 
per sample was analyzed.
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Supplementary Figure 2: Deposited glycosaminoglycan amounts in empty and fibro-
blast-seeded lung ECM-derived hydrogels. Control or IPF primary lung fibroblasts were seeded 
in control or IPF lung ECM-derived hydrogels and cultured for 7 or 14 days. Glycosaminogly-
cans were visualized using Alcian Blue (AB) staining on sections of paraffin-embedded fibro-
blast-seeded hydrogels and staining levels were compared with their corresponding empty hy-
drogel samples. Day 7 responses with respect to A) weak B) moderate and C) strong AB-stained 
areas (% area). Day 14 responses with respect to D) weak E) moderate and F) strong AB-stained 
areas (% area). The dotted line shows the intrinsic difference between the empty IPF and control 
hydrogels. The estimate (± 95% confidence interval) shows the difference in AB-staining be-
tween the IPF and control hydrogels seeded with control (light blue, triangle) or IPF (dark blue, 
square) fibroblasts. P values below each fibroblast group represent the differences induced by 
fibroblasts in IPF versus control hydrogels compared to the intrinsic difference between empty 
IPF and control hydrogels. P-values above the estimates indicate the differences between the 
responses of IPF and control fibroblasts in the different hydrogels. Applied statistical test: 
mixed-model analysis. ns: not significant, IPF: Idiopathic pulmonary fibrosis. n=6 for fibroblast 
donors, 1 image per sample was analyzed.
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Supplementary Table 1: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for weakly stained PicroSirius Red area on day 7 
samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.478 0.364 0.583

Control Fb 0.478 0.111

IPF Fb 0.364 0.111

IPF Hydrogels Empty 0.583 0.273 0.489

Control Fb 0.273 0.079

IPF Fb 0.489 0.079

Not significant

Significant

Comparison not applicable

Supplementary Figure 3: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of weakly stained PicroSirius Red 
(PSR) area (%) for day 7 samples.
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Supplementary Table 2: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for weakly stained PicroSirius Red area on day 
14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.371 0.941 0.126

Control Fb 0.371 0.334

IPF Fb 0.941 0.334

IPF Hydrogels Empty 0.126 0.435 0.439

Control Fb 0.435 0.995

IPF Fb 0.439 0.995

Not significant

Significant

Comparison not applicable

Supplementary Figure 4: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of weakly stained PicroSirius Red 
(PSR) area (%) for day 14 samples.
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Supplementary Table 3: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for moderately stained PicroSirius Red area on 
day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.465 0.398 0.462

Control Fb 0.639 0.121

IPF Fb 0.412 0.201

IPF Hydrogels Empty 0.955 0.350 0.263

Control Fb 0.230 0.045

IPF Fb 0.584 0.045

Not significant

Significant

Comparison not applicable

Supplementary Figure 5: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of moderately stained PicroSirius 
Red (PSR) area (%) for day 7 samples.
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Supplementary Table 4: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for moderately stained PicroSirius Red area on 
day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.405 0.638 0.134

Control Fb 0.405 0.198

IPF Fb 0.638 0.198

IPF Hydrogels Empty 0.134 0.458 0.399

Control Fb 0.458 0.919

IPF Fb 0.399 0.919

Not significant

Significant

Comparison not applicable

Supplementary Figure 6: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of moderately stained PicroSirius 
Red (PSR) area (%) for day 14 samples.
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Supplementary Table 5: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for strongly stained PicroSirius Red area on day 
7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.639 0.412 0.955

Control Fb 0.639 0.201

IPF Fb 0.412 0.201

IPF Hydrogels Empty 0.955 0.230 0.584

Control Fb 0.230 0.507

IPF Fb 0.584 0.507

Not significant

Significant

Comparison not applicable

Supplementary Figure 7: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of strongly stained PicroSirius Red 
(PSR) area (%) for day 7 samples.
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Supplementary Table 6: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for strongly stained PicroSirius Red area on day 
14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 1.000 0.343 0.115

Control Fb 1.000 0.343

IPF Fb 0.343 0.343

IPF Hydrogels Empty 0.115 0.387 0.563

Control Fb 0.387 0.771

IPF Fb 0.563 0.771

Not significant

Significant

Comparison not applicable

Supplementary Figure 8: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of strongly stained PicroSirius Red 
(PSR) area (%) for day 14 samples.
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Supplementary Table 7: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for mean intensity of weakly stained PicroSirius 
Red on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.600 0.663 0.071

Control Fb 0.600 0.181

IPF Fb 0.663 0.181

IPF Hydrogels Empty 0.071 0.682 0.026

Control Fb 0.682 0.062

IPF Fb 0.026 0.062

Not significant

Significant

Comparison not applicable

Supplementary Figure 9: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of mean intensity of weakly stained 
PicroSirius Red (PSR) area (au) for day 7 samples.
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Supplementary Table 8: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for mean intensity of weakly stained PicroSirius 
Red on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.403 0.057 0.009

Control Fb 0.403 0.165

IPF Fb 0.057 0.165

IPF Hydrogels Empty 0.009 0.720 0.493

Control Fb 0.720 0.691

IPF Fb 0.493 0.691

Not significant

Significant

Comparison not applicable

Supplementary Figure 10: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of mean intensity of weakly stained 
PicroSirius Red (PSR) area (au) for day 14 samples.
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Supplementary Table 9: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for mean intensity of moderately stained 
PicroSirius Red on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.465 0.398 0.462

Control Fb 0.465 0.121

IPF Fb 0.398 0.121

IPF Hydrogels Empty 0.462 0.350 0.263

Control Fb 0.350 0.045

IPF Fb 0.263 0.045

Not significant

Significant

Comparison not applicable

Supplementary Figure 11: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of mean intensity of moderately 
stained PicroSirius Red (PSR) area (au) for day 7 samples.
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Supplementary Table 10: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for mean intensity of moderately stained 
PicroSirius Red on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.405 0.198 0.158

Control Fb 0.405 0.198

IPF Fb 0.198 0.198

IPF Hydrogels Empty 0.158 0.458 0.399

Control Fb 0.458 0.919

IPF Fb 0.399 0.919

Not significant

Significant

Comparison not applicable

Supplementary Figure 12: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of mean intensity of moderately 
stained PicroSirius Red (PSR) area (au) for day 14 samples.
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Supplementary Table 11: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for mean intensity of strongly stained PicroSirius 
Red on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.702 0.431 0.903

Control Fb 0.702 0.246

IPF Fb 0.431 0.246

IPF Hydrogels Empty 0.903 0.538 0.612

Control Fb 0.538 0.914

IPF Fb 0.612 0.914

Not significant

Significant

Comparison not applicable

Supplementary Figure 13: Individual comparisons between the different groups of empty and fi-
broblast-seeded control and IPF hydrogels for the estimates of mean intensity of strongly stained 
PicroSirius Red (PSR) area (au) for day 7 samples.
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Supplementary Table 12: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for mean intensity of strongly stained PicroSirius 
Red on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.701 0.296 0.298

Control Fb 0.701 0.503

IPF Fb 0.296 0.503

IPF Hydrogels Empty 0.298 0.719 0.425

Control Fb 0.719 0.659

IPF Fb 0.425 0.659

Not significant

Significant

Comparison not applicable

Supplementary Figure 14: Individual comparisons between the different groups of empty and fi-
broblast-seeded control and IPF hydrogels for the estimates of mean intensity of strongly stained 
PicroSirius Red (PSR) area (au) for day 14 samples.
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Supplementary Table 13: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for weakly stained Alcian Blue area on day 
7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.281 0.080 0.696

Control Fb 0.281 0.453

IPF Fb 0.080 0.453

IPF Hydrogels Empty 0.696 1.000 0.827

Control Fb 1.000 0.827

IPF Fb 0.827 0.827

Not significant

Significant

Comparison not applicable

Supplementary Figure 15: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of weakly stained Alcian blue (AB) 
area (%) for day 7 samples.
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Supplementary Table 14: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for weakly stained Alcian Blue area on day 14 
samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.634 0.487 0.749

Control Fb 0.634 0.224

IPF Fb 0.487 0.224

IPF Hydrogels Empty 0.749 0.241 0.289

Control Fb 0.241 0.908

IPF Fb 0.289 0.908

Not significant

Significant

Comparison not applicable

Supplementary Figure 16: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of weakly stained Alcian blue (AB) 
area (%) for day 14 samples.
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Supplementary Table 15: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for moderately stained Alcian Blue area on day 
7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.234 0.064 0.430

Control Fb 0.234 0.456

IPF Fb 0.064 0.456

IPF Hydrogels Empty 0.430 0.780 0.871

Control Fb 0.780 0.906

IPF Fb 0.871 0.906

Not significant

Significant

Comparison not applicable

Supplementary Figure 17: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of moderately stained Alcian blue 
(AB) area (%) for day 7 samples.
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Supplementary Table 16: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for moderately stained Alcian Blue area on day 
14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.642 0.467 0.683

Control Fb 0.642 0.215

IPF Fb 0.467 0.215

IPF Hydrogels Empty 0.683 0.267 0.303

Control Fb 0.267 0.934

IPF Fb 0.303 0.934

Not significant

Significant

Comparison not applicable

Supplementary Figure 18: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of moderately stained Alcian blue 
(AB) area (%) for day 14 samples.
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Supplementary Table 17: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for strongly stained Alcian Blue area on day 7 
samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.507 0.201 0.488

Control Fb 0.507 0.505

IPF Fb 0.201 0.505

IPF Hydrogels Empty 0.488 0.463 0.240

Control Fb 0.463 0.650

IPF Fb 0.240 0.650

Not significant

Significant

Comparison not applicable

Supplementary Figure 19: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of strongly stained Alcian blue 
(AB) area (%) for day 7 samples.
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Supplementary Table 18: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for strongly stained Alcian Blue area on day 14 
samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.686 0.711 0.883

Control Fb 0.686 0.419

IPF Fb 0.711 0.419

IPF Hydrogels Empty 0.883 0.253 0.358

Control Fb 0.253 0.818

IPF Fb 0.358 0.818

Not significant

Significant

Comparison not applicable

Supplementary Figure 20: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of strongly stained Alcian blue 
(AB) area (%) for day 14 samples.
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Supplementary Table 19: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for high-density matrix on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.400 0.412 0.630

Control Fb 0.400 0.109

IPF Fb 0.412 0.109

IPF Hydrogels Empty 0.630 0.147 0.631

Control Fb 0.147 0.362

IPF Fb 0.631 0.362

Not significant

Significant

Comparison not applicable

Supplementary Figure 21: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of percentages of high-density 
matrix (%) for day 7 samples.
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Supplementary Table 20: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for high-density matrix on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.512 0.056 0.029

Control Fb 0.512 0.160

IPF Fb 0.056 0.160

IPF Hydrogels Empty 0.029 0.043 0.029

Control Fb 0.043 0.705

IPF Fb 0.029 0.705

Not significant

Significant

Comparison not applicable

Supplementary Figure 22: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of percentages of high-density 
matrix (%) for day 14 samples.
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Supplementary Table 21: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for fiber alignment on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.266 0.401 0.572

Control Fb 0.266 0.844

IPF Fb 0.401 0.844

IPF Hydrogels Empty 0.572 0.366 0.094

Control Fb 0.366 0.013

IPF Fb 0.094 0.013

Not significant

Significant

Comparison not applicable

Supplementary Figure 23: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of percentages of alignment (%) 
for day 7 samples.
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Supplementary Table 22: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for fiber alignment on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.392 0.999 0.317

Control Fb 0.392 0.416

IPF Fb 0.999 0.416

IPF Hydrogels Empty 0.317 0.094 0.019

Control Fb 0.094 0.335

IPF Fb 0.019 0.335

Not significant

Significant

Comparison not applicable

Supplementary Figure 24: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of percentages of alignment (%) 
for day 14 samples.
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Supplementary Table 23: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for average fiber length on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.311 0.689 0.004

Control Fb 0.311 0.175

IPF Fb 0.689 0.175

IPF Hydrogels Empty 0.004 0.137 0.802

Control Fb 0.137 0.240

IPF Fb 0.802 0.240

Not significant

Significant

Comparison not applicable

Supplementary Figure 25: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of average fiber length (μm) for 
day 7 samples.
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Supplementary Table 24: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for average fiber length on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.181 0.295 5.87 x 10-⁴

Control Fb 0.181 0.025

IPF Fb 0.295 0.025

IPF Hydrogels Empty 5.87 x 10-⁴ 0.263 0.123

Control Fb 0.263 0.571

IPF Fb 0.123 0.571

Not significant

Significant

Comparison not applicable

Supplementary Figure 26: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of average fiber length (μm) for 
day 14 samples.

Mehmet Nizamoglu_BNW-9.indd   268Mehmet Nizamoglu_BNW-9.indd   268 11-08-2023   11:3011-08-2023   11:30



269Fibroblast remodeling of extracellular matrix is directed by the fibrotic nature of the three-
dimensional microenvironment

Supplementary Table 25: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for number of endpoints on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.259 0.155 1.68 x 10-⁴

Control Fb 0.259 0.033

IPF Fb 0.155 0.033

IPF Hydrogels Empty 1.68 x 10-⁴ 0.216 0.111

Control Fb 0.216 0.931

IPF Fb 0.111 0.931

Not significant

Significant

Comparison not applicable

Supplementary Figure 27: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of number of endpoints for day 7 
samples.
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Supplementary Table 26: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for number of endpoints on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.110 0.470 0.006

Control Fb 0.110 0.039

IPF Fb 0.470 0.039

IPF Hydrogels Empty 0.006 0.790 0.260

Control Fb 0.790 0.505

IPF Fb 0.260 0.505

Not significant

Significant

Comparison not applicable

Supplementary Figure 28: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of number of endpoints for day 
14 samples.
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Supplementary Table 27: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for number of branchpoints on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.719 0.895 0.007

Control Fb 0.719 0.633

IPF Fb 0.895 0.633

IPF Hydrogels Empty 0.007 0.769 0.742

Control Fb 0.769 0.537

IPF Fb 0.742 0.537

Not significant

Significant

Comparison not applicable

Supplementary Figure 29: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of number of branchpoints for 
day 7 samples.
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Supplementary Table 28: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for number of branchpoints on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.337 0.247 0.090

Control Fb 0.337 0.767

IPF Fb 0.247 0.767

IPF Hydrogels Empty 0.090 0.071 0.148

Control Fb 0.071 0.798

IPF Fb 0.148 0.798

Not significant

Significant

Comparison not applicable

Supplementary Figure 30: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of number of branchpoints for 
day 14 samples.
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Supplementary Table 29: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for low curvature window on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.973 0.586 0.004

Control Fb 0.973 0.552

IPF Fb 0.586 0.552

IPF Hydrogels Empty 0.004 0.043 0.871

Control Fb 0.043 0.074

IPF Fb 0.871 0.074

Not significant

Significant

Comparison not applicable

Supplementary Figure 31: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of curvature of fibers in low cur-
vature windows (°) for day 7 samples.
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Supplementary Table 30: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for low curvature window on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.586 0.010 1.14 x 10-¹¹

Control Fb 0.586 0.027

IPF Fb 0.010 0.027

IPF Hydrogels Empty 1.14 x 10-¹¹ 0.018 0.009

Control Fb 0.018 0.593

IPF Fb 0.009 0.593

Not significant

Significant

Comparison not applicable

Supplementary Figure 32: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of curvature of fibers in low cur-
vature windows (°) for day 14 samples.
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Supplementary Table 31: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for high curvature window on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.857 0.511 0.460

Control Fb 0.857 0.610

IPF Fb 0.511 0.610

IPF Hydrogels Empty 0.460 0.345 0.171

Control Fb 0.345 0.025

IPF Fb 0.171 0.025

Not significant

Significant

Comparison not applicable

Supplementary Figure 33: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of curvature of fibers in high cur-
vature windows (°) for day 7 samples.
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Supplementary Table 32: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for high curvature window on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.863 0.093 0.026

Control Fb 0.863 0.114

IPF Fb 0.093 0.114

IPF Hydrogels Empty 0.026 0.780 0.058

Control Fb 0.780 0.766

IPF Fb 0.058 0.766

Not significant

Significant

Comparison not applicable

Supplementary Figure 34: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of curvature of fibers in high cur-
vature windows (°) for day 14 samples.
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Supplementary Table 33: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for stiffness on day 7 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.497 0.846 4.93 x 10-²²

Control Fb 0.497 0.639

IPF Fb 0.846 0.639

IPF Hydrogels Empty 4.93 x 10-²² 0.002 0.006

Control Fb 0.002 0.658

IPF Fb 0.006 0.658

Not significant

Significant

Comparison not applicable

Supplementary Figure 35: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of stiffness of hydrogels (kPa) for 
day 7 samples.
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Supplementary Table 34: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for stiffness on day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.958 0.653 1.15 x 10-³¹

Control Fb 0.958 0.629

IPF Fb 0.653 0.629

IPF Hydrogels Empty 1.15 x 10-³¹ 1.70 x 10-⁴ 0.027

Control Fb 1.70 x 10-⁴ 0.068

IPF Fb 0.027 0.068

Not significant

Significant

Comparison not applicable

Supplementary Figure 36: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of stiffness of hydrogels (kPa) for 
day 14 samples.
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Supplementary Table 35: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for time to reach 50% stress relaxation on day 7 
samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.745 0.821 1.47 x 10-¹²

Control Fb 0.745 0.924

IPF Fb 0.821 0.924

IPF Hydrogels Empty 1.47 x 10-¹² 0.573 0.691

Control Fb 0.573 0.358

IPF Fb 0.691 0.358

Not significant

Significant

Comparison not applicable

Supplementary Figure 37: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of time to reach 50% stress re-
laxation (s) for day 7 samples.
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Supplementary Table 36: Individual comparisons between the different groups of empty 
and fibroblast-seeded control and IPF hydrogels for time to reach 50% stress relaxation on 
day 14 samples

Control Hydrogels IPF Hydrogels

Empty Control Fb IPF Fb Empty Control Fb IPF Fb

Control 
Hydrogels

Empty 0.719 0.515 5.82 x 10-¹⁴

Control Fb 0.719 0.778

IPF Fb 0.515 0.778

IPF Hydrogels Empty 5.82 x 10-¹⁴ 0.023 0.020

Control Fb 0.023 0.953

IPF Fb 0.020 0.953

Not significant

Significant

Comparison not applicable

Supplementary Figure 38: Individual comparisons between the different groups of empty and 
fibroblast-seeded control and IPF hydrogels for the estimates of time to reach 50% stress re-
laxation (s) for day 14 samples.
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Supplementary Figure 39: Image analysis strategy used to analyze images of PicroSirius Red 
stained-slides. 8-bit images were converted to grayscale images and each pixel was assigned 
a strength between 0-255. Based on the strength values, the gel background was detected be-
tween 20 - 55 pixel strengths, and the remaining values (55 - 255) were divided into three cate-
gories to compare: weak staining (left), moderate staining (middle) and strong staining (right).
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Supplementary Document 1: ImageJ Macro used to analyze the images of PicroSirius 
Red-stained slides

name=getTitle();
print(name);
display=getTitle();
 run(“Set Measurements...”, “area mean modal integrated median skewness kurtosis area_
fraction limit display redirect=None decimal=6”);

run(“Colour Deconvolution”, “vectors=[ Picro_Sirius_Red]”);
// Vector Picro_Sirius_Red = // Picro_Sirius_Red, 0.650,0.700,0.450, 0.150,0.750,0.400, 
0.200,0.500,0.800

selectWindow(name+”-(Colour_1)”);
  setAutoThreshold(“Default”);
   setThreshold(195, 200);
    run(“Measure”);
   setThreshold(156, 194);
    run(“Measure”);
   setThreshold(117, 155);
    run(“Measure”);
   setThreshold(78, 116);
    run(“Measure”);
   setThreshold(39, 77);
    run(“Measure”);
   setThreshold(0, 38);
    run(“Measure”);
 run(“Close All”);
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Supplementary Document 2: ImageJ Macro used to analyze the images of Alcian 
blue-stained slides

name=getTitle();
print(name);
display=getTitle();
 run(“Set Measurements...”, “area mean modal integrated median skewness kurtosis area_
fraction limit display redirect=None decimal=6”);
run(“Duplicate...”, “ “);
run(“8-bit”);
name1=getTitle();
 rename(name1+”-(Colour_0)”);
  setAutoThreshold(“Default”);
  setThreshold(0, 220);
  run(“Measure”);
 close();
run(“Colour Deconvolution”, “vectors=[ AlcianBlue]”);
// AlcianBlue vector: AlcianBlue, 0.300,0.850,0.400, 0.800,0.550,0.250, 
0.00000000,0.00000000,0.0000000

// Fill in below the thresholds for Colour2 image
selectWindow(name+”-(Colour_2)”);
  setAutoThreshold(“Default”);
   setThreshold(0, 220);
    run(“Measure”);
   setThreshold(188, 220);
    run(“Measure”);
   setThreshold(150, 187);
    run(“Measure”);
   setThreshold(113, 149);
    run(“Measure”);
   setThreshold(75, 112);
    run(“Measure”);
   setThreshold(38, 74);
    run(“Measure”);
   setThreshold(0, 37);
    run(“Measure”);
 run(“Close All”);
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Idiopathic pulmonary fibrosis (IPF) is a devastating lung disease with poor prognosis, 
high mortality rate and no cure available [1]. In IPF, the extracellular matrix (ECM), 
a dynamic and biologically active network of molecules that provides structural 
support to organs and tissues, is replaced with a disorganized and abnormal ECM 
structure. The deposition of this aberrant ECM in alveolar septa in the form of scar 
tissue is hypothesized to originate from abnormal wound repair responses to (micro)
injuries in lung epithelium and resulting in recruitment of activated fibroblasts, the 
main producers of ECM, in a positive feedback cycle that results in generation of more 
fibrotic ECM for fibroblasts to respond [2]. How we look at the disease processes is 
changing: modifications in ECM are not just a silent byproduct of disease progression 
but an active contributor to this process [3]. We now know that (fibrotic) lung ECM 
does not only hold the tissue together but can provide cues to both resident and 
transmigrating cells [4, 5]. The details of these cell-ECM interactions in the context 
of IPF have not been thoroughly explored previously. This thesis aimed to investigate 
fibrotic ECM-cell interactions and how the fibrotic ECM stimulates profibrotic 
response in cells within this microenvironment.

Lung ECM in IPF is drastically altered compared to control (non-IPF) lung ECM. 
Increased amounts of ECM components, higher amounts of crosslinking of collagens, 
altered topography and biomechanics in IPF lung ECM have been well-described (as 
reviewed in Chapter 2). Among these changes, collagen production, organization 
and crosslinking have been the main focuses: collagen synthesis biomarkers have 
been shown to predict disease progression in IPF [6, 7], increased levels of collagen 
maturity have been described in IPF lungs compared with control lungs [8], and 
collagen crosslinking has been shown to enhance fibroblast proliferation in IPF [9]. 
One of the important aspects in collagen organization is the presence of FACIT (Fibril 
Associated Collagens with Interrupted Triple helices) [10]. Collagen types IX, XII and 
XIV belong to this category of collagens, which provide support in the organization of 
collagen fibrils during fibril assembly in tissue [11]. However, their involvement in IPF, 
which is now known to include altered collagen organization, has not been described 
in detail. In Chapter 3, I describe the occurrence and distribution of collagen type XIV 
(COL14) in the lungs of patients with IPF, compared with control donor lungs. I found 
proportionally lower amounts of collagen type XIV in IPF lungs. These proportionally 
lower amounts point at possible mechanisms of decreased synthesis or increased 
degradation of collagen type XIV compared to other ECM components, which paves 
the way to a potential biomarker for IPF. Currently, it is not possible to discern 
whether rate of production of collagen type XIV does not match the production rate 
of other ECM components in IPF or whether this particular collagen is degraded more 
in IPF lungs. However, the consistently lower proportion of collagen type XIV in IPF 
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can lead to possibilities of detecting (the absence of) production or degradation 
biomarkers of collagen type XIV for instance in blood. If these biomarkers can be 
detected, a next step would be investigating their change throughout the disease 
prognosis in patients with IPF. A recent proteomics study highlighted differences 
between IPF and control lung ECM samples but collagen type XIV was not found to 
be different between IPF and control samples [12]. This is particularly interesting as 
an earlier mass spectrometry-based proteomics study revealed a 10 times increase 
in the counts of collagen type XIV in IPF lung tissue compared to control tissue [13]. 
While my observations and the earlier proteomics study reported by Booth et al. [12] 
do not fit with proteomics analysis reported by Hoffman et al. [13], the discrepancies 
between these studies can be explained by different sensitivities of the methods 
applied. Regardless, these initial observations I made require further mechanistic 
in vitro and in vivo studies on involvement of collagen type XIV in IPF to understand 
the role of these lower proportions of collagen type XIV in the altered collagen 
organization and composition in fibrotic ECM.

Investigating fibrotic lung diseases, such as IPF, in vivo and in vitro requires 
appropriate models that can (partially) mimic the complex nature of these chronic 
diseases. While in vivo models of fibrosis induced through bleomycin have been 
frequently used [14], the spontaneous resolution of fibrosis in these models does 
not properly represent the human disease [15]. Innovative in vitro models derived 
from patient materials are emerging as an alternative for modeling these diseases: 
precision lung cut slices, organoids, cell-seeded lung ECM-derived hydrogels and 
lung-on-chip systems provide a wide range of applications with strengths and 
limitations within each model system (as reviewed in Chapter 4). Among these 
models, organoid cultures derived from alveolar epithelial cells isolated from the 
lungs of patients with IPF was a gap in the literature. In Chapter 5, I described such 
organoid culture systems for the first time for IPF and compared IPF lung-derived 
cells to control lung-derived counterparts. I showed that epithelial cells isolated 
from the lungs of patients with IPF had lower organoid forming capacity compared 
with those isolated from control donors when supporting cells, which include 
stromal cells, endothelial cells and macrophages, were present (unfractionated 
suspensions); however, not in their absence. While the alveolar epithelial cells in IPF 
have been suggested to become senescent and have reduced regenerative capacity 
[16], my results showing comparable regenerative capacity of IPF and control lung-
derived epithelial cells alone were not in concert with these previous reports. On the 
other hand, when the supporting cells were present, there were differences in the 
regenerative capacity of IPF epithelial cells compared to control-derived epithelial 
cells in the organoid cultures. This implies that the reduced regenerative capacity 
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results from the interactions between the cells rather than an intrinsic defect in the 
alveolar epithelial cells. There are several potential reasons for why unfractionated 
organoids had lowered regenerative capacity, one of which being other cells in 
the supporting cell populations. Although there were no significant differences 
detected in the proportions of supporting cells, the screened cellular markers might 
have missed some of the other less common cell types that might have impact on 
epithelial cell regeneration. The potential differences in the survival of these cells 
in the organoid cultures can also contribute to the results generated. Another 
potential explanation for why the unfractionated cell population resulted in reduced 
regenerative capacity could be the differences between paracrine factors secreted 
from the supporting cells isolated from IPF lungs and control lungs, which was out of 
the scope of these initial observations. Lastly, the influence of potential imprinting of 
the native fibrotic ECM on the supporting cell populations could result in the reduced 
regenerative capacity in the unfractionated cultures. The supporting cell populations 
in lung parenchyma have been previously implied to be responsive to instructions 
coming from the fibrotic ECM [17]. While the ECM-mimicking substance used in 
this study during organoid culture was the same for both control and IPF groups, 
investigating how fibrotic ECM is involved in the interactions between the stromal 
cells and epithelial cells in IPF may reveal additional mechanisms of how epithelial 
repair is impaired in IPF. Considering the recent reports of transcriptomic profiling of 
epithelial cells which showed an ECM-producing gene signature in the epithelial cells 
[18], this newly produced ECM could be responsible for the feedback provided to the 
supporting cells, which in turn may reduce regenerative capacity of epithelial cells. 
In addition to the fibroblasts, which are well documented to contribute to the fibrotic 
microenvironment seen in IPF lungs [19], a certain subpopulation of endothelial cells 
has been found to be in close proximity to fibroblastic foci in IPF lungs and could 
thus also contribute [20] [21]. Similarly, profibrotic macrophages contribute to a 
more fibrotic microenvironment [22], which subsequently gives further feedback 
towards both epithelial cells and supporting cell populations. The overruling capacity 
of (fibrotic) ECM on delicate interactions between lung resident cells requires further 
attention to reveal its complete potential.

In the last decade, the importance of the influence of lung microenvironment has 
been also reflected in the methods developed to mimic ECM in in vitro models. 
Generation of appropriate substitutes for ECM to be used in these models started with 
relatively simple models composed of one type of material. Models prepared with 
synthetic polymers provide greater control over properties such as stiffness, fiber 
organization and degradability natural polymers , while those models employing 
natural polymers have advantages in availability of bioactive cues and cell-binding 
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domains [23]. Using individual ECM components such as collagen type I or hyaluronic 
acid as ECM substitutes in in vitro models have advanced our understanding of the 
influence dictated by the choice of material in such models (as outlined in Chapter 6). 
More recently, generating hydrogels from the decellularized lung ECM itself has been 
described and has paved the way for a multitude of opportunities for mimicking in 
vivo complexity of ECM in in vitro conditions (as reviewed in Chapter 6 and discussed 
in Chapter 7). Lung ECM-derived hydrogels provide both most of the diversity of ECM 
biochemical composition as seen in vivo and some of the mechanical properties of 
the native lung tissue [24, 25]. While these properties are important, modifying them 
in a controlled and cell-friendly manner was not previously explored. In Chapter 
8, I addressed this unmet need in the field and applied UV-visible light triggered 
crosslinking of fibers through Ruthenium crosslinking in porcine lung ECM-derived 
hydrogels. By doing so, I successfully kept the biochemical composition intact 
while altering mechanical properties to be able to study the influence of altered 
mechanics in chronic lung diseases such as IPF. I verified the successful application 
of fiber crosslinking in our model by showing fibrotic mechanical properties such as 
stiffness and stress relaxation as well as altered fiber characteristics, which include 
fiber curvature, fiber alignment and percentage area covered by dense fibers. As a 
result of such changes in the fiber organization in the hydrogels, fibroblasts seeded 
on crosslinked lung ECM-derived hydrogels responded in a manner similar to the 
responses of pro-fibrotic fibroblasts isolated from IPF lungs, demonstrated through 
increased alpha-smooth muscle actin (αSMA) expression and increased nuclear area. 
These characterizations are in concert with previously published studies examining 
the role of altered stiffness in fibroblast responses [26-29]. While my initial setup was 
two-dimensional for proof-of-principle purposes, applying the same methodology 
in three-dimensional cultures with the presence of cells can also be performed 
while retaining cell viability [30], although responses of different cells types (such 
as lung epithelial or endothelial cells) have yet to be characterized. The applied fiber 
crosslinking in my study was through linking tyrosine amino acids, [31] while the 
natural fiber crosslinking in collagens in ECM takes place through lysyl oxidases and 
transglutaminases acting on lysine and glutamine amino acids [32]. Involvement 
of both of these enzymes for fiber crosslinking in the context of IPF has been 
previously shown. The comparison of how the enzymatic crosslinking differs from 
the Ruthenium-induced crosslinking, and how their potential differences influence 
cellular responses remains unexplored. In addition to the enzymatic crosslinking 
for the arrangement of fibers, the collagen organization is also regulated through 
other ECM components such as proteoglycans and FACITs. Inclusion of collagen type 
XIV that I described in Chapter 3 in the development of improved models of fibrotic 
mechanics generated in Chapter 8 would certainly be worthy of investigation. 
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Another intriguing application of my method described in Chapter 8 would be using it 
in organoid culture systems, such as organoids derived from IPF lungs (as described in 
Chapter 5) to investigate how stiffer ECM influences the interplay between epithelial 
cells and supporting cell populations. Investigating the cross-section of fibrotic 
mechanics and fibrotic ECM-imprinted cells in the context of alveolar epithelium 
regeneration would reveal additional dynamics and interactions that the current limit 
of our knowledge has not even reached. Another implication of the findings in my 
thesis translates to organoid culture using mesenchymal cells embedded in Matrigel; 
the potential pathological instructions delivered from Matrigel, being derived 
from sarcoma ECM [33], towards fibroblasts may have consequences for how these 
fibroblasts remodel the environment and hence signal to epithelial cells. Examining 
the interaction between biomechanics of fibrotic ECM and resident cells during lung 
fibrosis in in vitro models with multiple cells types will advance our understanding 
on the perpetuation of the fibrotic response.

The opportunities provided by 3D in vitro models can be further strengthened by 
using materials of human origin. One of the initial reports using such material was 
by Booth et al., in which they reported the use of decellularized ECM derived from 
fibrotic human lungs as an ideal system to be used in in vitro culture [13]. In the same 
study, they have also observed fibrotic ECM-triggered changes in lung fibroblasts 
[13]. Our understanding of cell-matrix interactions in fibrosis was furthered by 
Parker et al., who demonstrated a positive pro-fibrotic feedback loop between 
fibrotic ECM and fibroblasts [34]. While these pioneering studies have advanced the 
possibilities of recapitulating the lung microenvironment in vitro, the challenges in 
recellularization of intact decellularized matrices with respect to size and shape of 
the matrices remained as a roadblock [35-37]. Lung ECM-derived hydrogels provide 
a unique opportunity to bypass the limitations of intact matrices in size and shape, as 
well as facilitating the (re)introduction of cells (as discussed in Chapter 7). Based on 
this, in Chapter 9, I have mimicked fibroblast-ECM interactions in the context of IPF 
by comparing the responses of primary lung fibroblasts isolated from control and IPF 
lungs and seeded in either IPF or control lung ECM-derived hydrogels. I characterized 
these fibroblast-seeded ECM-derived hydrogels with respect to collagen and GAG 
content, collagen fiber organization and mechanical properties, and compared them 
to their empty counterparts. I showed that control fibroblasts and IPF fibroblasts 
responded differently to fibrotic microenvironment: for most parameters, the 
responses of control fibroblasts in fibrotic microenvironment were towards making 
the environment even more fibrotic as shown by decreased high-density matrix, 
increased fiber curvature, increased stiffness of the hydrogels, compared to the 
empty hydrogels, while IPF-derived fibroblasts exerted less pronounced effects. 
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This combined approach to understand fibroblast responses that were dictated by 
the microenvironment to which they were exposed reflected the existing literature 
with respect to the instructiveness of the ECM in lung fibrosis [9, 13, 29, 34], and 
advanced it by providing an in vitro model system that recapitulated the biochemical 
and biomechanical complexity of lung ECM in vivo. The exaggerated responses of 
control fibroblasts might be explained by these fibroblasts being naïve and ready 
to be instructed by the microenvironment, while the IPF fibroblasts being already 
imprinted and less sensitive to the additional feedback coming from the hydrogels. 
In addition, I have shown how the fibroblasts responses differed with respect to 
parameters related to collagen fiber organization and mechanical properties of the 
hydrogels. While the initial efforts in understanding fibrotic ECM focused solely on the 
(accumulation of) collagens, there is now a growing body of evidence investigating 
the fiber organization, fiber crosslinking or ECM topography report how cells are able 
respond to structural arrangement of ECM alone [38-42]. These emerging studies 
could prove important especially for guiding new efforts to find novel therapeutic 
targets and develop new strategies to treat lung fibrosis by targeting not only fibrotic 
cells but fibrotic ECM characteristics.

Building on the reports by Booth et al. [13] and Parker et al. [34], my results illustrate 
the capacity of fibrotic ECM-driven instructions through complex dynamics 
between the ECM and fibroblasts. An interesting observation from this study was 
that control fibroblasts changed the microenvironment even in control hydrogels, 
with respect to several parameters, which might indicate that these cells have an 
optimal set of conditions associated with their ideal environment and work towards 
establishing them. By understanding the de facto states of different cells within 
their microenvironment, future therapeutic strategies against lung fibrosis can be 
developed to target mechanisms that imbalance these default states.

The mimicking capacity of the abovementioned model for capturing the lung 
microenvironment in vitro could be further bolstered by introducing another cell type 
such as epithelial cells to investigate interactions between different cell types and 
ECM (as reported in Chapter 5). Applying additional fiber crosslinking to separately 
investigate the influence of mechanical properties (as developed in Chapter 8) with 
the presence of fibrotic ECM composition could also advance the mimicry achieved 
in this model. Cell-seeded hydrogels derived from native human lung ECM brings a 
cutting edge to both basic and translational research.

In conclusion, the findings of this thesis break new grounds in the field of fibrotic 
lung diseases. The new results and methods originating from this thesis provide new 
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horizons in the uncharted skies of the complex nature of these devastating diseases. 
As introduced in Chapter 1, this thesis aimed to investigate how ECM rules them all; 
and why the fibrotic ECM has such a strong influence of in fibrotic processes has 
become more unclouded with findings of my thesis (Figure 1).

Figure 1: The landscape and influence of the Realms of Extracellular Matrix (ECM) unclouded 
by the findings of thesis. The experimental chapters of this thesis (Chapters 3, 5, 8 & 9) encom-
pass the landscape of the (combinations of) four areas through which fibrotic ECM exerts its 
influence: aberrant composition, disorganized fibers, altered biomechanics and (direction of) 
abnormal cells. These areas are bound by the theoretical chapters of this thesis (Chapters 2, 4, 
6 & 7) which provide conceptual context. New opportunities for further exploration have been 
discovered through connecting the individual chapters and building on the findings made herein. 
While new fields have been unclouded by these chapters and are ready to be explored, they only 
mark the beginning of the new adventures.

FUTURE PERSPECTIVES

The findings and methodologies generated in this thesis enable a wide repertoire 
of future applications for both in vitro disease modeling and improving our 
understanding of disease mechanisms. In addition to the points highlighted in the 
section above, one of the future steps would be further characterization of the in vitro 
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models. The differences between the ECM components with respect to content and 
amount in different regions of lung ECM in health and disease were described in a 
recent study using mass spectrometry by Hoffman et al [12]. An intriguing question 
that remains is to what extent lung ECM-derived hydrogels can recapitulate this 
protein content and composition. Analyzing lung ECM-derived hydrogels using 
similar approaches can strengthen arguments regarding the capacity of lung 
ECM-derived hydrogels to recapitulate the biochemical composition of lung ECM. 
Moreover, comparing the changes in proteomic profiles of the stroma through such 
analysis can generate novel findings. Another question that requires future research 
is whether cell-seeded lung ECM-derived hydrogels can re-capture, and expand 
upon, previous observations with respect to the applicability of ECM fragments as 
biomarkers of fibrotic lung diseases.

Furthermore, approach to identify novel mechanisms of cell:ECM interactions 
in fibrosis using in vitro models developed in this thesis, could be through 
transcriptomics analysis. Profiling of healthy and IPF lungs using single-cell RNA-
sequencing (scRNAseq) has been extensively demonstrated in the last decade 
[18, 20, 22, 43-48]. By investigating the gene profiles of cells seeded in control or 
diseased lung ECM-derived hydrogels and comparing these gene signatures to the 
existing fibrotic RNA signatures, the potential applicability of the model to reflect 
gene changes that take place in the lung tissue could be revealed. After this initial 
validation, the utilization of the model can be expanded for assessing possible 
treatment preclinically. However, isolating RNA from cells, especially fibroblasts, 
from (human) lung ECM-derived hydrogels remains challenging due to poor quality 
and/or quantity of isolated RNA that is achievable to date. Although recovering cells 
via enzymatic digestion is an alternative, the cells might change their transcriptomic 
profile during the recovery process. Together with advances in the field of spatial 
transcriptomics, these challenges will need to be bypassed for a thorough gene-
level characterization of cells embedded in lung ECM (diseased) microenvironment.

Advanced imaging methodologies can also be applied to the in vitro models described 
in this thesis in order to promote our understanding on fibrotic ECM. Although the 
current field of clinical imaging is still limited to investigate the changes in ECM 
during lung fibrosis, novel methods such as optical coherence tomography (OCT), 
confocal laser endomicroscopy (CLE) or high resolution computed tomography 
(HRCT) to investigate ECM structure in vivo are being developed thanks to the 
advances in the fields of physics and imaging [49]. Some of the other methods such 
as photoacoustic or ultrasound imaging can also provide additional information 
about the tissue architecture [50]. Most of the deep tissue imaging methods so 
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far target cells and cellular components [51], but a recent study illustrated the 
possibility of targeting the ECM itself [52]. It remains undiscovered whether these 
methods, alone or in combination, can be used to monitor the changes in the ECM 
organization and topography, especially during clinical assessments. It is intriguing 
to speculate on possibilities of utilization of some of the specific parameters 
regarding ECM organization investigated in this thesis for the assessment of the 
disease progression. Assessment of more micro-scale changes in ECM structure and 
organization during lung fibrosis before it translates to macro-scale changes in the 
whole lung tissue can bring an advantage for monitoring disease progression, both 
alone and in combination with other clinical parameters. Realigning our perspectives 
for considering (the changes in) the ECM more than just collagens and structural 
support and realizing its potential for being monitored for disease progression and 
for being targeted for treatment strategies may bring new possibilities for patients

Further developing innovative models, described in this thesis, is possible through 
several different paths, all of which have their own forests and mountains to conquer. 
Recapitulating physiological ECM composition in (alveolar) organoid cultures derived 
from primary human cells remains still challenging, even with the use of lung ECM-
derived hydrogels. The same hydrogels also have limitations in capturing the complex 
biomechanical nature of native tissue; specifically, stress relaxation behavior of 
the tissue is currently missing in lung ECM-derived hydrogels. Lastly, introducing 
perfusion and breathing dynamics to these in vitro models also needs more attention, 
as the primary function of lungs is providing gas exchange through intricate blood 
vessels surrounding alveolar structure. Together with the recent encouraging 
changes in the legislations with respect to in vitro studies being considered enough 
for taking pre-clinical studies to clinical trials [53], future opportunities for using 
such models can only go further.

CLOSING REMARKS

“Not all those who wander are lost.” – J.R.R. Tolkien.

Understanding the complex interactions between the dynamic ECM and resident 
cells in lung fibrosis is the essence of understanding the disease mechanisms. Even 
though there still remains a whole different world of possibilities to discover, it is 
now high time to wander along the edges of knowledge. Only through these steps, 
we can hope to first uncloud, then conquer the whole realm of influence of ECM in 
lung fibrosis, which rules them all.
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ENGLISH SUMMARY

Lung fibrosis includes a group of devastating rare diseases with poor prognosis and 
very low survival rates. Among these, idiopathic pulmonary fibrosis (IPF) is the most 
common form although its origin is poorly understood. Deposition of the excessive 
extracellular matrix (ECM) by the recruited (myo)fibroblasts due to an abnormal 
wound repair mechanism originating from the epithelial cells is currently thought 
to be central theme of the disease. This fibrotic ECM can exert its influence through 
its aberrant composition, altered biomechanics or disorganized fibers to guide 
cells towards abnormal behavior. Therefore, this thesis aimed to investigate the 
interactions between the fibrotic ECM and the cells in the context of the perpetuation 
of the (pro-)fibrotic responses.

Chapter 2 outlines the changes in lung ECM in lung fibrosis with respect to its 
biochemical and biomechanical properties as well as topography. After summarizing 
how resident cell-driven pro-fibrotic responses can be caused by different properties 
of the fibrotic ECM, an updated landscape of the involvement of ECM-degrading 
enzymes and degradation products from ECM proteins is also given. Building on 
this knowledge, Chapter 3 explored how one of the less well-investigated collagens, 
collagen type XIV, is involved in IPF. While it was known that collagen type XIV, 
supports collagen fibril organization, its status with respect to its amount and 
localization was not demonstrated before. Transcriptomics analysis on publicly 
available datasets revealed an increase in COL14A1 gene, which codes the collagen 
type XIV protein, in fibroblasts and myofibroblasts. When the stained sections of 
IPF lungs were analyzed digitally, a lower proportional area for collagen type XIV was 
found for both whole tissue and specific tissue compartments such as airway wall or 
parenchyma. These consistently lower proportions of collagen type XIV may have 
implications for the assembly of the ECM fibers which may contribute to progression 
of fibrosis.

The importance of different methods of recreating lung microenvironment in three-
dimensional (3D) composes of the main message of Chapter 4, in which different 
state-of-the-art in vitro models were discussed with respect to their advantages, 
disadvantages and challenges associated with them. These model systems, namely 
precision cut lung slices, lung organoids, (cell-seeded) lung ECM-derived hydrogels 
and lung-on-chip systems, provide exciting opportunities to mimic lung in vitro. 
Chapter 5 includes one of such models, lung organoids, to explore the regenerative 
responses of the epithelial cells isolated from lungs of patients with IPF. Comparison 
of the number and the size of organoids formed by the epithelial cells in the presence 
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of stromal cells to those formed by epithelial cells alone revealed. These results 
highlight that the epithelial cells may not be intrinsically defected in IPF, but the 
negative influence of stromal cells isolated from the fibrotic ECM may be influencing 
their regenerative capacity in the lungs of patients with IPF.

An important aspect of in vitro models is the inclusion of an ECM-mimicking 
substance. As lung ECM is vital for its functions, these models are required to have 
proper materials for mimicking the complex composition and/or architecture of 
lung tissue. Chapter 6 demonstrates utilization of different materials for in vitro 
models in the context of lung health and disease. The recent advances using such 
models were summarized as well as the challenges related to using models of 
different composition and complexity. Chapter 7 builds on the foundation of Chapter 
6 and provides a perspective to lung ECM-derived hydrogels as an advanced and 
innovative tool for mimicking lung microenvironment. These hydrogels are derived 
from the native lung ECM, retains most of the complex biochemical composition and 
resembles the mechanical properties of the source tissue.

Chapter 8 demonstrates one of the examples for advancing the mimicking capacity 
of lung ECM-derived hydrogels described in Chapters 4, 6 and 7. While mechanical 
properties were historically determined by the concentration and the composition 
of the ECM powder, applying external fiber crosslinking to these hydrogels through 
a UV/visible range light-triggered reaction revealed that stiffer hydrogels could 
be produced without altering the biochemical composition. This method, namely 
Ruthenium crosslinking, was also shown to leave no cytotoxicity in the hydrogels. 
Increased stiffness, accompanied by altered fiber organization, triggered 
myofibroblast differentiation in the fibroblasts seeded on top of the crosslinked 
hydrogels when compared to the untouched hydrogels. This methodology provided 
a new and cell-friendly manner to alter mechanical properties of the ECM-derived 
hydrogels for mimicking diseased lung microenvironment in vitro. Another 
illustration of employing lung ECM-derived hydrogels for advanced in vitro modeling 
was done in Chapter 9. Hydrogels derived from the decellularized ECM of lungs of IPF 
and non-IPF donors were seeded with fibroblasts derived from either IPF or non-IPF 
lungs in a combinatorial manner. While these remodeling responses did not include 
a detectable change in collagen or glycosaminoglycan content in the hydrogels, 
collagen fiber organization and mechanical properties of the hydrogels were 
drastically altered by the fibroblasts seeded in IPF hydrogels due to the instructions 
provided by the fibrotic ECM, which results in a more pro-fibrotic microenvironment 
altogether. By characterizing the responses of both types of fibroblasts in both 
types of microenvironment and comparing the ECM remodeling responses of these 
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fibroblast to the existing differences between the IPF and non-IPF lung ECM-derived 
hydrogels, it was possible to show that both cell and microenvironment origin play a 
crucial role in determining the ECM remodeling responses of fibroblasts.

Overall, this thesis furthers our understanding on the complex cell:matrix 
interactions and demonstrates the overruling capacity of fibrotic ECM in the 
context of lung fibrosis either by providing new mechanisms by which fibrotic 
ECM acts or by providing innovative and advanced methodologies to recreate lung 
microenvironment in vitro.
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Longfibrose omvat een groep zeldzame ziekten die zeer ernstig zijn met een slechte 
prognose en zeer lage overlevingspercentages, waarbij er littekenvorming (fibrose) 
plaatsvindt in de longblaasjes, die verantwoordelijk zijn voor de gaswisseling. Hiervan 
is idiopathische longfibrose (IPF) de meest voorkomende vorm, hoewel de oorsprong 
ervan slecht wordt begrepen. Schade aan de bekledende cellen van de longblaasjes 
(het epitheel) en een abnormaal wondherstelmechanisme wordt momenteel 
beschouwd als belangrijk onderliggend mechanisme van de ziekte. Hierbij vindt 
overmatige afzetting plaats van structurele eiwitvezels die de longcellen omgeven 
(extracellulaire matrix; ECM), zoals collageen. Dit gebeurt door een bepaald celtype in 
de longen die betrokken is bij weefsel herstel, de (myo)fibroblast, als gevolg van een 
abnormaal wondherstelmechanisme. Deze overmatige, fibrotische ECM kan invloed 
uitoefenen op cellen door een afwijkende samenstelling, veranderde mechanische 
effecten op de cellen en/of ongeorganiseerde vezels, wat kan leiden tot abnormaal 
gedrag van de cellen. Daarom was dit proefschrift gericht op het onderzoeken van 
wisselwerking tussen fibrotische ECM en cellen in de context van fibrose.

Hoofdstuk 2 schetst de veranderingen in long-ECM tijdens longfibrose en de 
specifieke impact ervan op de functie en gedrag van cellen die van nature in de 
long aanwezig zijn, zoals epitheelcellen, fibroblasten en lokale immuuncellen. 
Het is nu algemeen geaccepteerd dat de afwijkende samenstelling van ECM met 
ongeorganiseerde vezels en verstijving bij fibrose cellen instrueert tot pro-fibrotisch 
gedrag. Daarnaast voegen de veranderde mechanistische effecten op de cellen 
(biomechanica) en topografie van de long-ECM tijdens longfibrose extra dimensies 
toe aan het instructievermogen van long-ECM. Een belangrijk aspect in dit hoofdstuk 
is het bijgewerkte overzicht van ECM-afbrekende enzymen en afbraakproducten van 
ECM-eiwitten, en hun betrokkenheid bij de progressie van de fibrotische respons. In 
Hoofdstuk 3 is onderzocht hoe collageen type XIV, een van de minder bestudeerde 
collageentypes, tot expressie wordt gebracht in IPF. Hoewel bekend was dat collageen 
type XIV de organisatie van collageenvezels ondersteunt, was de expressie ervan 
met betrekking tot de hoeveelheid en lokalisatie niet bekend bij IPF. Beschikbare 
datasets met analyses omtrent de afschrijving van het erfelijke materiaal, leidend tot 
de aanmaak van het eiwit onthulden een toename van de expressie van het COL14A1-
gen, dat codeert voor collageen type XIV-eiwit, in fibroblasten en myofibroblasten. In 
IPF-longen zelf werd proportioneel minder collageen type XIV gevonden in IPF voor 
zowel de hele long als specifieke weefselcompartimenten zoals de luchtwegwand 
of het parenchym. Deze lagere hoeveelheden collageen type XIV kunnen implicaties 
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hebben voor het aan elkaar hechten van de ECM-vezels, wat kan bijdragen aan de 
progressie van fibrose bij IPF.

Het belang van verschillende methoden om de micro-omgeving van de long drie 
dimensionaal (3D) na te bootsen, vormt de hoofdboodschap van Hoofdstuk 4, waarin 
verschillende state-of-the-art kweekmodellen (in vitro modellen) worden besproken 
met betrekking tot hun voordelen, nadelen en uitdagingen. Deze modelsystemen, 
namelijk longplakjes, longorganoïden (mini-longetjes in een petrischaal), long-ECM-
afgeleide hydrogels en lung-on-chip-systemen, bieden mogelijkheden om de micro-
omgeving van de longen in vitro na te bootsen. Hoewel er verschillende uitdagingen 
moeten worden overwonnen vanwege de menselijke oorsprong van deze modellen, 
kan het vertaalvermogen van in vitro-onderzoek voor preklinisch longonderzoek 
aanzienlijk worden verbeterd door de bestaande modellen te verbeteren, nieuwe 
en innovatieve alternatieven te ontwikkelen en creatieve combinaties van deze 
systemen te onderzoeken.

Hoofdstuk 5 omschrijft onderzoek met een van de 3D-modellen, namelijk 
longorganoïden, om de regeneratie van de epitheelcellen te onderzoeken. Primaire 
longblaas (alveolaire) epitheelcellen, geïsoleerd uit menselijke IPF longen en 
ondersteund door mesenchymale fibroblasten, kunnen uitgroeien tot organoïden 
wanneer ze worden ingebed in een hydrogel die de omgeving in de long nabootst. 
Vergelijking van het aantal en de grootte van organoïden gevormd door de 
epitheelcellen in de aan-en afwezigheid van lokale cellen uit de micro-omgeving 
(de stroma) onthulde de belangrijke invloed van de stromacellen bij de vorming van 
organoïden en liet ook zien dat deze wisselwerking tussen alveolair epitheel en de 
stromacellen verstoord is bij IPF. Deze resultaten benadrukken dat de epitheelcellen 
mogelijk niet intrinsiek defect zijn bij IPF, maar dat de regeneratie-ondersteunende 
capaciteit van stromacellen in de longen van patiënten met IPF mogelijk verstoord is.

Een belangrijk aspect in nieuwe in vitro-modellen is de aanwezigheid van een 
ECM-nabootsende stof. Aangezien long-ECM van vitaal belang is voor de reguliere 
functies van de longen, hebben deze modellen geschikte materialen nodig om 
de complexe samenstelling en/of architectuur van longweefsel na te bootsen. 
Hoofdstuk 6 demonstreert het gebruik van verschillende materialen voor in vitro 
modellen in de context van longgezondheid en -ziekte. ECM-afgeleide eiwitten, 
zoals collageen of gelatine, zijn al herhaaldelijk gebruikt als een ECM-nabootsende 
substantie in in vitro modellen. In de afgelopen twee decennia heeft het veld echter 
een transformatie doorgemaakt naar een meer accurate weergave van de micro-
omgeving van de longen, hetzij door gebruik te maken van longweefsel zonder cellen 
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of hydrogels gemaakt van dit natuurlijk longweefsel dat was ontdaan van zijn cellen 
(long-ECM). In dit hoofdstuk wordenbirecente ontwikkelingen met betrekking tot 
dergelijke modellen samengevat, evenals de uitdagingen die gepaard gaan met 
het gebruik van modellen met een verschillende samenstelling en complexiteit. 
Hoofdstuk 7 bouwt voort op de basis van Hoofdstuk 6 en geeft het perspectief 
van long-ECM-afgeleide hydrogels als een geavanceerd en innovatief hulpmiddel 
voor het nabootsen van de micro-omgeving van de longen. Deze hydrogels die 
zijn afkomstig van natuurlijke long-ECM, en behouden het grootste deel van de 
complexe biochemische samenstelling. Hiermee lijken deze hydrogels wat betreft 
de mechanische eigenschappen veel op het longweefsel waar ze van gemaakt 
zijn. Hoewel long-ECM-afgeleide hydrogels voordelig zijn in vergelijking met 
eenvoudigere hydrogels, zijn er verschillende uitdagingen, zoals het verlies van ECM-
geassocieerde groeifactoren of beperkingen met betrekking tot 3D-beeldvorming. 
Het is duidelijk dat het maximale potentieel van deze hydrogels nog moet worden 
bereikt en alleen zal worden bereikt door in multidisciplinaire teams te werken.

Hoofdstuk 8 presenteert een van de voorbeelden voor het bevorderen van 
het nabootsingsvermogen van long-ECM afgeleide hydrogels beschreven in 
Hoofdstukken 4, 6 en 7. Historisch gezien werden mechanische eigenschappen 
bepaald door de concentratie en samenstelling van een ECM-poeder. Door het 
toepassen van UV-licht kunnen ook stijvere hydrogels worden geproduceerd zonder 
de biochemische samenstelling te veranderen. Deze methode, namelijk verstijving 
door de stof ruthenium te gebruiken, bleek niet toxisch voor de cellen, zoals getest 
met humane longfibroblasten. Verhoogde stijfheid, vergezeld van veranderde 
vezelorganisatie, veroorzaakte de overgang van de fibroblasten die op deze cel 
groeiden naar myofibroblasten (verantwoordelijk voor fibrotische processen). De 
toegepaste methodologie in dit hoofdstuk bood een nieuwe en cel-vriendelijke 
manier om de mechanische eigenschappen van de ECM-afgeleide hydrogels te 
veranderen om in vitro een zieke longmicro-omgeving na te bootsen.

Een ander voorbeeld van het gebruik van long-ECM-afkomstige hydrogels voor 
geavanceerde in vitro modellering werd onderzocht in Hoofdstuk 9. De hydrogels 
van longen van IPF- en niet-IPF-donoren werden gebruik voor het kweken van 
fibroblasten uit IPF- of niet-IPF-longen. Hoewel deze cellen geen waarneembare 
verandering in het totale collageen- of glycosaminoglycaangehalte in de hydrogels 
veroorzaakten, werden de collageenvezelorganisatie en mechanische eigenschappen 
van de hydrogels drastisch veranderd door de fibroblasten die in IPF-hydrogels 
waren gezaaid. Door de reacties van beide soorten fibroblasten in beide soorten 
micro-omgevingen te karakteriseren en de ECM-structureringsreacties van deze 
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fibroblasten te vergelijken met de bestaande verschillen tussen de IPF en niet-
IPF long-ECM-afgeleide hydrogels, was het mogelijk om aan te tonen dat zowel 
de cel- als micro-omgeving een cruciale rol spelen bij het aansturen van de ECM-
herstructurering door fibroblasten.

Dit proefschrift heeft ons begrip van de complexe wisselwerking tussen cellen en de 
ECM bevorderd en toont aan dat de fibrotische ECM een overheersende rol heeft in het 
fibrotische proces. Nieuwe mechanismen zijn ontdekt waarmee de fibrotische ECM 
cellen beïnvloedt en er zijn ook innovatieve, geavanceerde technieken ontwikkeld 
om de micro-omgeving van de longen in vitro na te bootsen.
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