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Introduction

The noncellular 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 proteogly-
cans (PGs) and glycoproteins are considered

* Equal contributions.
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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 their individual needs to ensure that
the tissue or organ can fulfill 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 that
is responsible for the maintenance and majority

© 2022 Elsevier Inc. All rights reserved.



110

of ECM production [5]. During lung develop-
ment the ECM not only provides the structure
of the developing organ but also is important
for the regulation of cell functions such as pro-
liferation, migration, and differentiation [6].
Fibroblasts are crucial during development and
homeostasis in their role as the gatekeepers that
are 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 pulmo-
nary 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 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), PGs, and glycoproteins (Fig. 7.1). These
macromolecules specifically fulfill roles that con-
tribute to the maintenance of the ECM bio-
mechanical 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 prop-
erties [12]. One of the most abundant ECM pro-
teins in the lung is collagen, which comprises 28
different types, which are categorized according
to their structure and function as fibrils, fibril-
associated collagens with interrupted triple heli-
ces, network-forming, beaded filaments, and
anchoring fibrils collagens [10,13]. GAGs are
polysaccharides with highly hydrophilic propri-
eties that contribute to the viscoelasticity of the
lung [14]. Additionally, GAGs are known as reg-
ulators of immune responses, growth factor
activity, and tissue modeling and remodeling
[14,15]. Four subfamilies of GAGs can be
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distinguished in the lung; heparan sulfate, hya-
luronic acid (HA), chondroitin sulfate/derma-
tan sulfate, and keratan sulfate [16]. HA is not
synthesized as a PG; the other GAGs are syn-
thesized 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 on the
basis of 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, glycopro-
teins, including fibronectin, laminins, vitronec-
tin, thrombospondin, tenascin, and nidogens,
play a crucial role in regulating cellular
responses [18]. A more in-depth discussion of
the composition and function of ECM is pro-
vided in Chapter 3.

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, inno-
vative three-dimensional (3D) cell culture sys-
tems, have been developed. The 2D culture
system is a well-established and broadly used
system that (as discussed in Chapter 2), while
having facilitated the generation of valuable
data as the main workhorse of the in vitro lab
for many years, has now been recognized to be
limited with 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 nec-
essary 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

II. 3D lung models
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FIGURE 7.1 A schematic representation of lung extracellular matrix and tissue structure. Lung epithelium is located

above a basement membrane, which consists mainly of collagen type IV fibers and laminin. Below the basement membrane
the interstitial matrix is formed by various types of collagen fibers, PGs and elastin.

state-of-the-art research that has been per-
formed using the complete lung ECM as a basis
for the model. In conclusion we discuss the lim-
itations of actual conceptualized and available

3D culture systems, the challenges that have
been encountered, and the novel approaches to

improve the quality and robustness of 3D cul-
ture systems.

1. 3D lung models
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Extracellular matrix changes in chronic
lung diseases

The vital functioning 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 that are observed in the 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, organiza-
tion, and structure of the ECM consequently
affect the biomechanics of the lung tissue at both
the macro and micro scales, influencing the bio-
mechanics of breathing and gas exchange but
also local forces and mechanotransduction that
are experienced at the cellular level.

Asthma

The main characteristics of asthma include
chronic inflammation and airway hyperrespon-
sivenes, 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) bundles.
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) elas-
tic fibers have been found to be increased in the
ASM bundles in patients with clinically severe
asthma compared to controls [20]. Similarly, the
ASM bundles contains fewer PGs in patients
with severe asthma compared to patients with
moderate asthma [28]. The collagen type IV in
the basement membrane has also been shown
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to decrease in asthma patients, despite the
increase in basement membrane thickness [29].
Interestingly, tumstatin, the degradation prod-
uct of collagen type IV «3, was found to be
absent in the lungs of asthma patients com-
pared 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 in both the epithelial and
subepithelial layers in asthma patients in com-
parison 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 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 air-
way wall fibrosis [34]. Considered together,
these studies illustrate an altered ECM composi-
tion in the asthmatic airway wall.

Chronic obstructive pulmonary disease

COPD is a chronic lung disease that is
characterized by airway obstruction caused by
several factors, including pulmonary inflamma-
tion accompanied by bronchitis, mucus hyper-
secretion, remodeling of the small airway wall,
and emphysema [35]. The last two phenotypes,
airway wall remodeling and emphysema, are
the consequences of alteration in lung ECM
homeostasis [22,23,27]. Emphysema is caused by
the degradation of elastic fibers and collagens by
proteolytic enzymes, including matrix metallo-
proteinases (MMPs) and elastase [22]. Samples
from different origins, including sputum,
bronchoalveolar lavage, lung parenchyma, and
lung cells, showed an increase in MMP expres-
sion and their enzymatic activity in patients
with COPD [36]. Merrilees et al. demonstrated
that elastin fibers were decreased in the
alveoli of lungs of patients with COPD [37].

II. 3D lung models
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Comparably, immunohistochemical analysis
demonstrated a reduction in fractional area of
elastic fibers in COPD [38]. Additionally, degra-
dation products of elastin were increased in uri-
nary excretions of patients with COPD patient
compared with non-COPD controls [39]. The
destruction of elastin fibers results in loss of
lung elasticity, an alteration of the transpulmon-
ary dissemination of the transpulmonary pres-
sure that results in lung hyperinflation [23].
Additionally, immunohistochemical analyses
revealed that the fractional area of collagen type
I was significantly reduced in the inner layer
and muscle layer of the small airways in
COPD when compared with nonsmokers [38].
Interestingly, no changes were reported for
other collagen types, including type III and
IV, or PGs, including decorin, biglycan, and
lumican [38]. This was in contrast to the find-
ings of van Straaten et al, who reported
reduced decorin and biglycan in the peri-
bronchiolar regions from COPD patients with
emphysema, compared to those of controls or
patients with lung fibrosis [40]. The levels of
heparan sulfate were reduced in the airway
walls of patients with both COPD and lung
fibrosis. However, fibronectin was found ele-
vated in the inner and outer layer and the
muscle layer of the small airways in COPD
patients in contrast to smokers and nonsmo-
kers, while tenascin was increased only in the
inner layer of the small airways of patients
with COPD compared to controls [38].
Collagen organization also plays an important
role in ECM remodeling and the regulation of
cellular function. Using second harmonic gen-
eration, Tjin and colleagues demonstrated that
the organization of collagen type I in the air-
way wall was significantly different in COPD
lung tissue compared with nondiseased con-
trols [41]. There are excellent reviews summa-
rizing the changes that are 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
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important consequence for the mechanical prop-
erties of the lung ECM in the COPD lung. The
stiffness of the tissue plays a critical role. Suki
and colleagues extensively discussed the impor-
tance of collagen and elastin for the mechanical
properties of lung parenchyma. Since the stiff-
ness of elastin was demonstrated to be twofold
smaller than that of collagen [43], a decrease of
elastin may lead to an imbalance in ECM com-
position and an increase in lung stiffness, which
in turn can negatively affect lung function.

Idiopathic pulmonary fibrosis

IPF is a chronic fibrotic lung disease of
unknown etiology, characterized by abnormal
deposition of ECM in the lung parenchymal
regions [44]. While repeated microinjuries to the
epithelial layer are thought to be the initiator of
an aberrant wound healing response, miscommu-
nication between the epithelial and stromal cells,
senescence of these cells, as well as increased
numbers of profibrotic cells such as myofibro-
blasts or profibrotic 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, I1I, and VI has been well docu-
mented in IPF patients compared to healthy
controls [52]. Similarly, elastic fibers are more
abundant in the lung parenchyma of IPF
patients compared to non-IPF controls [53,54].
In addition to the increased deposition of ECM
proteins, posttranslational modifications such as
fiber cross-linking are more prominent in lung
tissues of patients with IPF compared to healthy
controls [55,56]. Lung biomechanical properties
are altered as a result of changes in ECM struc-
ture; the lung tissue of IPF patients is signifi-
cantly stiffer in comparison to healthy tissue
(16.52 +2.25 versus 1.96 +0.13 kPa), with an
accompanying decrease in the viscoelastic

II. 3D lung models
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relaxation properties (72.1% = 13.1% versus
88.7% *+10.4%)) [57,58]. The instructiveness of
ECM has been shown to provide a positive
feedback loop between fibrotic ECM and fibro-
blasts [59—61]. Similar to other chronic lung dis-
eases, secreted or released ECM fragments and
growth factors deposited in the ECM could be
playing crucial roles in the pathophysiology of
IPE. Levels of TGF{3, latent TGF binding pro-
tein, and several ECM protein degradation frag-
ments have been found to be higher in IPF
patients compared to healthy controls [62—64].
Likewise, IPF patients were found to have high-
er levels of fibulin-1 in both serum and lung tis-
sue compared to healthy controls [65]. The
enzymes that are responsible for regulating
cross-linking 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.

Two-dimensional versus three-
dimensional cell culture systems

Two-dimensional 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. The 2D culture systems described
in this section do not consider suspension cell
cultures. Classic 2D systems are simple to han-
dle, are 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 applied for
the study of the mechanisms underlying lung
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diseases [69]. However, several limitations in
using 2D models have been identified in trying
to replicate the 3D in vivo environment, includ-
ing differences in cell-cell and cell-ECM interac-
tions, as summarized in Table 7.1. 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 stiff-
ness of basic 2D culture surfaces, such as tissue
culture plastic (TCP), is significantly higher than
the in vivo microenvironment, resembling carti-
lage 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
that of TCP, which is 1 GPA compared to 16 kPa,
respectively [49,71]. Increased substrate stiffness
leads to greater proliferation of cells and differ-
entiation of fibroblasts to myofibroblasts [72,73].
The highlighted differences between 2D and 3D
culture models affect cell behavior, which contri-
butes to cellular alterations that affect phenotype,
differentiation, proliferation and gene and pro-
tein expression, cell signaling, and behaviors
[67,68,73]. Classical 2D models provide limited
opportunities for studying cell migration and tis-
sue 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 fur-
ther reflect those of lung tissue have been devel-
oped. For example, to study the effects of
mechanical properties on cell behaviors, mechan-
ically 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 unat-
tainable in the basic 2D models [75]. Another
semi-2D model that has been adopted is an air-
liquid interface culture system, in which epithe-
lial cells are grown on an upper surface of a
porous membrane. The apical side of the

II. 3D lung models



TABLE 7.1 Comparison of two- and three-dimensional culture systems.

Two-dimensional versus three-dimensional cell culture systems

115

Property Two-dimensional Three-dimensional

Adhesion One plane Three-dimensional

Polarity Basal-apical No forced polarity

Stiffness High stiffness (megapascal to gigapascal range) Variable stiffness (kilopascal range)

Soluble gradients Absent Present

Access to nutrients,  Very accessible More complicated with increasing thickness,
GF, oxygen 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 2D and 3D cell interactions, cell-ECM/

niches

Culture protocols
available, easy to reproduce

Reproduction of key
aspects of the tissue

Simple, methods are known, various kits are

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

scaffold, niches

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

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.

membrane can be used to expose cells to air. The
basal side is maintained in contact with the cul-
ture media to provide a continuing supply of
nutrients. This model is commonly used for the
culture of bronchial epithelial cells, which differ-
entiate into pseudostratified mucociliated epithe-
lial cells after exposure to air, to test the
influence of external stimuli on these cells [76].
Over the past decades, 2D cell culture mod-
els have provided a wealth of knowledge and
insight into some of the physiological and
pathophysiological mechanisms of human biol-
ogy 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 tis-
sue is highly reliant on its native ECM, which is

specialized for that tissue and the mechanical
stresses that it must endure in situ. The cells
residing in the lung naturally experience physi-
cal interactions with their relative ECM in either
2D or 3D. The endothelial cells and the alveolar
and airway epithelium experience a 2D interac-
tion with the basement membrane that lies
beneath their basal surfaces, and the mesenchy-
mal cells that reside in the interstitium experi-
ence 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 that
are discussed in this chapter.

II. 3D lung models
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In culturing cells in a 3D environment using
models such as hydrogels or matrices, the cells
have the opportunity to adhere in all dimen-
sions 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] that are present
on ECM proteins. Through this binding, cells
sense the stiffness of the surrounding ECM, a
process that is 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, differen-
tiation, apoptosis, ECM protein synthesis, and
secretion [85]. In addition, matrix fibers seques-
ter soluble factors (e.g., growth factors, cyto-
kines, extracellular vesicles, chemokines) and
nutrients through entrapment and binding to
PGs and GAGs, potentially exposing cells to a
gradient of nutrients, growth factors, and solu-
ble factors [77,79,87,88]. The addition of a third
dimension is a logical step forward to make the
models that are used for studying cell interac-
tions in lung diseases more translational, and
with the incorporation of the ECM these inno-
vative models will allow the creation of more
intricate coculture systems to answer more com-
plex questions about lung pathophysiology [89].

Three-dimensional models—1:
single-protein models

Collagen

Among the most commonly used 3D mod-
els, which consist of one ECM protein, are
models based on collagen type L. Collagen type
I is commercially available, but it can also eas-
ily be derived from rodent, porcine, bovine, or
human sources and can be relatively cheap to
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produce in large quantities [90]. Second, colla-
gen can be used in different forms of biomater-
ials such as hydrogels or sponges [91]. Since
collagen is the most abundant ECM molecule
in native tissues, which modulates and sup-
ports 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 that are grown in such an environment
are likely to maintain behavior, migration,
attachment through GFOGER, GVOGEA,
GLOCGEN, and other sites, and signaling path-
ways similar to those enacted in the lungs
[92,93] (Fig. 7.2). Recently, 3D collagen scaf-
folds 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 colla-
gen model has been used to deliver epithelial
cells and fibroblasts to rabbit trachea in vivo
[95]. Third, the ability to modify gel stiffness or
pore size (the distance between fibers) by
changing the number of cross-links and/or col-
lagen concentration makes this model interest-
ing for studying conditions that alter the
biomechanical properties of surrounding tissue
[96]. The stiffness of collagen substrates can be
regulated from 100 Pa up to several kilopas-
cals, which mimics the biomechanical condi-
tions 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 [55,66,90,971.
Collagen models have several limitations that
should be recognized. Fibroblasts and other
mesenchymal cells will contract or rearrange
the hydrogel [98]. The structure of a collagen
hydrogel, particularly the fiber arrangement

II. 3D lung models
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FIGURE 7.2 Schematic representation of different types of hydrogels made with single ECM proteins. 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. GeIMA and hyaluronic acid hydrogels usually have cross-links
between the protein chains, reinforcing the overall structure and providing mechanical support.

within the hydrogel, can be altered by pH, ionic
concentration, and temperature through effects
on collagen polymerization [96]. In the end, col-
lagen models are limited by their simplicity:
Cells interact with only one type of matrix pro-
tein, there is a lack of broad tunability, and the
cells that are embedded within these hydrogels
can have undesirable effects on the structural
assembly of the scaffold.

Gelatin and methacrylated gelatin

Gelatin is a naturally occurring and hydro-
philic protein that is obtained as a result of per-
manent hydrolysis of collagen [99]. Depending
on the method that is used for its production,
there are two types of gelatin: type A and type B.
Acidic hydrolysis, which 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 colla-
gen 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 these
enticing properties, gelatin is one of the most
extensively used polymers in the food, pharma-
ceutical, cosmetic, and biomedical industries and
is generally regarded as a safe material.

Gelatin is thermoreversible and forms a
hydrogel as the temperature decreases below
30°C—35°C [102]. This occurs because gelatin
sustains a conformation change from a random
coil to triple helix and rearrangement of the tri-
ple helices gives rise to a huge polymer net-
work. However, these noncovalent (hydrogen
and van der Waals) interactions are broken as
the temperatures rise above 30°C—35°C. In fact,
gelatin dissolves in water at 37°C, and as a
result, native gelatin hydrogels have low stabil-
ity and elasticity and poor mechanical proper-
ties [102]. These limitations are often assuaged
by covalently cross-linking gelatin either in its
native form or following functionalization of
its side chains [103]. Native gelatin can be

II. 3D lung models
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cross-linked chemically or enzymatically, while
modified gelatin is commonly cross-linked ther-
mally or enzymatically or by using photoinitia-
tors [103—106] (see Fig. 7.2).

Gelatin has been used for a myriad of bio-
medical applications such as to produce micro-
particles or nanoparticles, polymeric fibers, and
hydrogels for tissue-engineered scaffolds and
bioadhesives [107]. Three-dimensionalized bio-
printing has especially proved to be an
extremely valuable technique in terms of recreat-
ing 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 bioink to print lung scaf-
folds. 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 the tumor microenvironment
in vitro [109]. The printed scaffold supported
the development of 3D coculture spheroids up
to 25 days. Additionally, tumor-stromal cross-
talk was demonstrated by increased expression
of vimentin and a-SMA (smooth muscle actin)
and loss of E-cadherin in coculture 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].

Interestingly, gelatin has been used to pro-
duce microbubble scaffolds, using specialized
microfluidic devices, to mimic alveoli structure
[111,112]. A two-channel fluid jacket microflui-
dic device yielded 3D gelatin microbubble scaf-
folds that were seeded with mouse pulmonary
stem/progenitor cells (mPSCs) and supported
the differentiation of mPSCs into alveolar pneu-
mocytes [111]. Additionally, a four-channel
microfluidic device has been used to generate
disk-shaped gelatin microbubble scaffolds with
a uniform pore size of 100 pm resembling the
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alveoli structure [112]. A549 cells seeded in
these scaffolds had higher drug resistance com-
pared to their 2D controls; hence the 3D hydro-
gels are better models for anticancer drugs
screening [112]. Microfluidic devices for in vitro
modeling of the lung microenvironment have
also gained traction. Recently, gelatin methacry-
late (GeIMA) 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 recon-
struction [115,116]. Recently, it has been dem-
onstrated that gelatin-based scaffolds are
compatible with techniques such as electro-
spinning, micromolding, and photolithography
to produce micropatterned and nanopatterned
topographical features to mimic native ECM
[117,118]. The mucosal folding of the respira-
tory track was mimicked in cell-laden GelMA
hydrogels that were bonded to prestretched
tough hydrogel substrates composed of inter-
penetrating polymer networks of PA and algi-
nate. 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, the ability of gelatin to sup-
port cellular activity, modifiable mechanical
properties, and several functional groups for
chemical modifications make it a highly desir-
able biomaterial for the generation of 3D mod-
els for cell culture with versatile potential for
tissue engineering and regenerative medicine
particularly in pulmonary diseases.

II. 3D lung models
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Other extracellular matrix components

Other ECM components and their deriva-
tives have also been used for generating 3D
in vitro lung models, although model types
and the applications of these systems are lim-
ited. One of the most applied ECM compo-
nents is HA, also called hyaluronan, which is
a linear polysaccharide composed of repeating
units of disaccharides (glucuronic acid and
N-acetyl glucosamine) [120]. While most stud-
ies 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 biopoly-
mers (gelatin [125,126], fibronectin [127],
methylcellulose [124]) results in hydrogel for-
mation (Fig. 7.2). 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 possi-
ble to use such models in fibrotic lung disease
research, in which 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 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
coculture to mimic the airway [131,132] or even
a triculture model for epithelial cells, fibroblasts,
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and endothelial cells [133]. As 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 hydro-
gels to a variety of lung diseases as well as repre-
senting specific locations within lung tissue [134].

Three-dimensional models—2:
extracellular matrix models with complex
extracellular matrix mixtures

Decellularized lung scaffolds

Decellularization is the process of removing
cells from tissue or whole organs while mini-
mizing the damage to and preserving the bio-
logical 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
for studying tissue-specific cell-ECM compo-
nent 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
been realized for 2D tissues with simpler micro-
structures (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, chemi-
cal, or enzymatic, as depicted in Fig. 7.3A [141].
Decellularization of lung tissue is mainly
achieved by perfusion of decellularization solu-
tions through the airways or vasculature of the
lungs or by immersion of tissue segments in
these solutions with or without agitation [142].
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Agitation, freeze-

(A) phySical thawing, pressure, sonication
Detergents
Chemical Acidic/alkaline solutions
Hyper/hypotenic solutions ’ i
Lung tissue E 1 Trypsin, Endonucleases Decellularized
9 nzymatlc Ex'onucleases Lu ng ECM
(B)
Freeze-drying, Pepsin Restoring pH to 7.4,
1 Crinding digestion Supplementing with PBS Incubating at 37°C
m “
o
Decellularized Dle_cellu:;ézed Solubilized Pre-gel ECM-derived
Lung ECM ung ECM Hydroge|
powder

Pre-gel

ECM-derived
Hydrogel

FIGURE 7.3 Generation and usage of decellularized lung ECM as a hydrogel. (A) Different methods applied to decellu-
larize lung tissue include physical methods such as freeze-thawing or sonication, chemical methods that employ (combina-
tion 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 by using pepsin in acidic media. The
resulting solution is brought back to pH 7.4 and supplemented with phosphate buffered saline to equilibrate the salt con-
centration. This solution, also called pre-gel, can form hydrogels irreversibly once it is incubated at 37°C.

To mimic the lung microenvironment and
stimulate functional organ regeneration, decel-
lularized tissues have been frequently repopu-
lated 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
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between IPF ECM and fibroblasts was demon-
strated when the diseased ECM stimulated
pathological gene expression enriched for ECM
proteins in fibroblasts seeded on decellularized
IPF PCLS [59]. Recently, ECM deposition by
nondiseased lung fibroblasts seeded in acellu-
lar nondiseased 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 nondiseased lung fibroblasts differen-
tially expressed basement membrane proteins
when seeded in IPF PCLS compared to nondi-
seased PCLS [144].

Decellularized lung models have played an
indispensable role in unraveling underlying
disease mechanisms that promote and enhance
pathogenesis. For instance, placental microvas-
cular pericytes sustained phenotypic transition
(increased expression of o-SMA) when cul-
tured on decellularized IPF lungs compared to
decellularized nondiseased lungs, which facili-
tated a better understanding of the influence of
pericytes in progression of IPF [145]. The cru-
cial role of lysyl oxidase enzymes in increased
tissue stiffness was uncovered when its inhibi-
tor, B-aminopropionitrile, decreased TGF-3
induced thickening of collagen fibers in nondi-
seased decellularized lung scaffolds seeded
with nondiseased lung fibroblasts [55].

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
nondiseased scaffolds [146]. In contrast, no vari-
ation was observed in the differentiation or pro-
liferative potential of emphysematous lung-
derived mesenchymal stromal cells that have
been grown on decellularized nondiseased and
emphysematous decellularized lung tissue,
although reduced growth factor production was
observed in the latter [147]. These results clearly
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showed that the state of the ECM largely influ-
ences the cellular response, and this response
varies between different cell types. Another
prominent chronic lung disease is asthma. The
mechanisms that are involved in ECM remodel-
ing in asthma have not been as thoroughly
investigated using decellularized ECM models
as has been done for IPF and COPD, reflecting
the lack of available tissues from asthmatic
donors for decellularization. Preliminary investi-
gations using asthmatic equine models have
indicated decreased levels of collagen type 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 that had been repopu-
lated with human cancer cell lines and cul-
tured 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 coloniza-
tion of metastatic breast cancer cells, while the
majority of nonmetastatic 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 plat-
forms for assessing anticancer therapies.
Several research groups have attempted
whole lung decellularization for transplantation.
However, these have mainly been restricted to
animal models (rodents, porcine, and canine
lungs) that have been recolonized for short peri-
ods with animal or human lung cells. In some
studies they have been implanted in respective
animal models to test the compliance and func-
tionality of the engineered lungs [151-160].
Whole human lung or lobe decellularization
and recellularization is less frequent for obvious
reasons of availability and ethics [152,161]. In
addition, there are several recognized limita-
tions that must be overcome to advance this
application, including the standardization of the
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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 methodol-
ogy for the development of in vitro models, as
age- and injury-induced changes in ECM com-
position and characteristic anatomical altera-
tions were retained after 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 else-
where [140]. Therefore the use of decellularized
tissue for 3D modeling is an advantageous tech-
nique in terms of mimicking native tissue struc-
ture and composition. However, these models
are still a long way from modeling the complex-
ity of lung tissue. The development of long-
term functional units for gas exchange is of
utmost importance. However, this requires both
epithelialized airways and endothelialized ves-
sels. Vascularization and innervation of decellu-
larized tissue, seeding, and expanding multiple
cell types and lineages together and developing
appropriate methods to measure experimental
outcomes are some of the major challenges that
have yet to be overcome.

Decellularized lung extracellular
matrix—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, namely,
lung-derived ECM hydrogels [58,163]. These
hydrogels are generated from solubilized
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decellularized lung ECM (Fig. 7.3B). The decellu-
larized ECM is lyophilized and milled into a fine
powder to increase the surface area of the ECM
to aid in the solubilization process. The solubili-
zation of the ECM has most often been per-
formed via pepsin digestion in an acidic buffer
[58,163,164]. During pepsin digestion the ECM
proteins are enzymatically solubilized into a
monomeric suspension, genera]ly under constant
agitation for an extended time (24—72 hours,
although this varies for different tissues) at room
temperature [164]. After digestion the pH of the
solution is neutralized and buffered with phos-
phate buffered saline to prepare a thermosensi-
tive ECM pre-gel solution that 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 solubi-
lize the milled ECM, although the source of
ECM was not lung tissue [166]. The whole pro-
cess 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 depen-
dent 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 viscoelastic-
ity. Viscoelasticity describes how a material that
has both viscous (water-soluble factors) and elas-
tic (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 porcine lung ECM
hydrogels have seeded cells on top of the hydro-
gel. Human lung fibroblasts, mesenchymal stro-
mal cells, and pulmonary vascular endothelial
cells were able to survive and grow on the
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porcine lung ECM hydrogel [163]. The mechani-
cal properties of human lung ECM hydrogels,
both control and diseased (IPF and COPD), were
compared to those of intact whole lung tissue
pieces [58]. The differences in stiffness seen
between control, COPD, and IPF tissues were
still present, albeit to a lesser degree, in the corre-
sponding ECM hydrogels. The stiffness of ECM
hydrogels resembled that of whole tissue, while
their viscoelasticity differed. Lung ECM hydro-
gels are still a very novel tool, and there remains
a lot to optimize and discover. However, incor-
porating these into 3D coculture models will
allow researchers to ask and answer more com-
plex questions about the physiology and patho-
physiology 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 ver-
satility. Although used in a 2D culture model,
the combination of solubilized decellularized
ECM from control or IPF lungs with PA hydro-
gels with defined stiffness values was shown
to form hydrogels with disease-specific compo-
sitions [145]. Similarly, reinforcing the solubi-
lized decellularized ECM with alginate
resulted in the possibility of fine-tuning the
mechanical properties of the resulting hydro-
gels [171]. The same study also elegantly dem-
onstrated 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 biomechani-
cal properties provides another alternative to
improve the applicability of these hydrogels in
3D models. By functionalizing the solubilized
ECM with thiol groups (thiolation) and com-
bining this with methacrylated PEG (PEGMA)
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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 by using photo-
crosslinking of the PEGMA molecules, result-
ing 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 develop-
ment of novel 3D in vitro models for lung dis-
eases. While alternatives to pepsin digestion
have yet to be discovered to prepare solubi-
lized ECM, ECM-derived hydrogels enhance
the biomimicry of in vitro models. In addition,
the possibility of fine-tuning mechanical prop-
erties either by reinforcing the solution with
additional biopolymers or functionalization
with chemical groups leads the way to decou-
ple the contribution of biochemical and bio-
mechanical changes in the progression of
chronic lung diseases.

Another interesting method to prepare 3D
in vitro models using solubilized decellular-
ized lung ECM is electrospinning, a versatile
scaffold preparation method that allows fine-
tuning of the size and the alignment of the pro-
duced fibers [174]. Utilizing the possibility of
modulating the stiffness, fiber alignment, and
other mechanical properties as well as combi-
nations 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 indicate the
limitations of 2D culturing, there are many
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FIGURE 7.4 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.

challenges that must be faced before these cul-
ture models can become mainstream tools
(Fig. 7.4). 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 prop-
erties of such hydrogels allows mimicking
many different stages of lung development
and disease, yet they lack the complex compo-
sition 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 avail-
ability of cell-binding domains are another lim-
itation of single-protein-based culture systems,
mimicking the altered ECM in this aspect is
not always possible with these models.

The 3D culture systems that are derived from
the whole lung ECM provide advantages over
their 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 understand-
ing of many different mechanisms that underlie
diseases; however, the current procedures for
decellularization of lung tissue limit the reten-
tion of the total composition of the ECM. In par-
ticular, 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 scaffold in its native form brings the
opportunity of utilizing the complex architecture
of lung tissue in in vitro studies; however, intro-
ducing cells back into these samples is not
without challenges. Different strategies of decellu-
larization generate differences between ECM com-
ponents, structure, and mechanical properties of
the obtained scaffold. The impact of these differ-
ences on recellularization remains unclear.
Ensuring an appropriate 3D distribution of the
cells with their correct physiological placement
remains a major limitation in using decellularized
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lung pieces. Additionally, factors such as cell
source and seeding density, optimal medium
composition, flow rate, and accessibility of the
injection site also play key roles in determining
the success of recellularization [175]. Long-term
storage (more than 1 year) of decellularized tissue
has also proven challenging because of 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 spa-
tially introduced to the different parts of the
hydrogel(s), placing the cells in a physiologi-
cally representative manner is possible in using
these hydrogels. However, the current method-
ology to prepare such hydrogels is rather lim-
ited; pepsin digestion is currently the most
applied method [164]. While the mechanical
properties of these hydrogels can resemble the
lung tissue in healthy and diseased states, the
implications of the digestion procedure have
recently been discussed [58,167]. Another limi-
tation in the ECM-derived hydrogels for creat-
ing 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 chemi-
cal cross-linking for the possibility of tuning
mechanical properties [172], while more
research is required to understand the poten-
tial implications of these modifications other
than changing mechanical properties.

Conclusions

In vitro models for mimicking the lung micro-
environment have advanced greatly, especially

125

in the last two decades. While conventional 2D
cell and tissue culture models are being rou-
tinely used, there is an increasing trend toward
research performed using advanced models.
One of the most important characteristics
of these advanced models is the improved
dimensionality. A 3D culture environment pro-
vides improved mimicry as a result of 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 individ-
ual components isolated from ECM. Collagen,
gelatin, or HA and their derivatives have
been extensively studied, and thanks to the
advances in the field of biomaterials, they pro-
vide great versatility in their applications for
modeling lung disease and regeneration.
Tunable mechanical properties, pore size, and
fiber diameter in these models allow research-
ers to investigate the connections between the
mechanical microenvironment and the cells in
lung disease. Decellularized lung ECM, on the
other hand, provides the physiologic architec-
ture 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 informa-
tion, to understand not only how cells interact
with the ECM, but also how the 3D architec-
ture 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 compo-
sition, the biomechanical properties of these
hydrogels resembled the biomechanical prop-
erties of tissue as well. Using diseased or con-
trol lung ECM-derived hydrogels alone or in
combination with other materials to create
advanced in vitro models will further improve
our knowledge of lung diseases, repair, and
regeneration mechanisms.
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As the fields of chemistry, molecular biol-
ogy, 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 Fig. 7.4, 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
that are introduced. As lung tissue has very
well-defined ECM architecture, resembling this
structure in an in vitro model would help
researchers to understand the influence of
ECM architecture in disease, repair, and regen-
eration processes.

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