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Organoid Model in Idiopathic Pulmonary Fibrosis
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Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive- fibrosing disease characterized by extensive deposition
of extracellular matrix (ECM), scarring of the lung parenchyma. Despite increased awareness of IPF, etiology and
physiological mechanism of IPF are unclear. Therefore, preclinical model will require relevant and recapitulative fea-
tures of IPF. Recently, pluripotent stem cells (PSC)-based organoid studies are emerging as an alternative approach
able to recapitulate tissue architecture with remarkable fidelity. Moreover, these biomimetic tissue models can be served
to investigate the mechanisms of diverse disease progression. In this review, we will overview the current organoids
technology for human disease modeling including lung organoids for IPF.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic dis-
order characterized by the progressive decline in pulmo-
nary function and fibrosis (1). Recently, both IPF preva-
lence and incidence have been consistently higher; hence,
it is considered that severe exposure to particulate matter,
smoking, and viral or bacterial respiratory infections can
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be potentially exacerbating risk factors for IPF (2).
Despite emerging therapeutic attempts for IPF, its patho-
physiologic mechanisms are poorly understood. One rea-
son is the lack of a general IPF experimental model to
determine pathologic mechanisms/drug screening, except
by relying on the bleomycin-induced IPF animal model
(3). However, this animal model has a limitation in re-
capitulating the human IPF progression and response to
therapy. Therefore, in this respect, a novel process for de-
veloping a 3-D culture system allows us to establish a
model that is similar to human disease i vitro. Human-in-
duced pluripotent stem cells (hiPSCs) have been devel-
oped into organoids that mimic iz vivo tissues and organs
at a 3-D level (4). Recent bioengineering approaches have
attempted to establish 3-D models of human diseases that
applies gene editing, chemical injury, and exogenous
physical stimuli.

Current Experimental IPF Modeling

Animal models

The IPF animal model is complicated due to its un-
known etiology, although animal models have proven to
effectively determine clinical, radiographical and histo-
pathologic features in chronic pulmonary diseases (5).
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Representatively, IPF animal models have generally been
established through bleomycin, and it was based on the
fact that fibrosis is a major side effect in bleomycin-re-
lated human cancer therapy (3). Various chemicals such
as silica and asbestos, have been used to derive IPF in ro-
dents; however, bleomycin-induced animal models are
widely accepted animal models available for preclinical in-
vestigation (6-8). Several studies have demonstrated that
bleomycin induces inflammatory response at the earlier
timepoints (within a week), and then it causes collagen
deposition, extracellular matrix (ECM) accumulation, fi-
broblast proliferation/differentiation, and epithelial injury.
Typically, mice are intratracheally injected with bleomy-
cin for 2~3 weeks. Several reports suggested that fibrotic
lung injury resolves at longer timepoints after bleomycin
injection as a self-limiting response in rodents. It seems
that bleomycin-induced animal models are well-charac-
terized and relatively easily established; however, this
model has a limitation in recapitulating physiologic IPF
findings or histopathologic patterns of interstitial pneu-
monia. Furthermore, animal models that are used for ex-
perimental studies may raise animal welfare issues, which
require researchers to switch to the most advanced tech-
nology ex vivo.

Two-dimensional (2-D) cell culture

Chronic alveolar epithelial injury and progressive pro-
liferation of myofibroblasts are a major hallmark of higher
IPF occurrence (9); therefore, most studies have estab-
lished i virro IPF models by inducing myofibroblast
differentiation. Fibroblasts, primarily considered as myofi-
broblast precursors, have been used as key effector cells
in fibrotic disease models (10). Routinely, in a 2-D culture
system, human or rodent cells (both immortalized cell
lines and primary cells) are used, and they are exposed
to exogenous stimuli. For example, transforming growth
factor beta (TGF-8), one of the most studied pro-fibrotic
factors, is a multi-functional cytokine that regulates a
wide range of biological processes including in several cell
types (11). Besides TGF- 8 treatment, recent studies have
attempted to mimic structural stress conditions. They
have shown that mechanical stresses, including mechan-
ical tension, compression, and shear stress also cause pro-
gressive lung fibrosis by ECM remodeling and fibroblast
contraction associated with tissue tension or stiffness (12).
In IPF pathogenesis, alveolar epithelial cells undergo phe-
notypic and functional reprogramming as a response to in-
jury triggering multistep processes that involve fibroblast
activation and ECM remodeling (12). Primary human
lung epithelial cells are theoretically ideal for maintaining

physiologic function compared with immortalized cell
lines. Furthermore, primary cells have limited life spans
and after several phases of cell division, these cells become
senescent. A549 is an adenocarcinomic human alveolar
basal epithelial cell line, that is widely used as a model
of alveolar epithelial-like behavior in several studies. A549
cell monolayers subjected to TGF-£41 treatment regarding
EMT, induced changes in claudin expression and perme-
ability alteration similar to respiratory epithelial cells (13).
Immortalized bronchial epithelial cells using the AD12-
SV40 virus, BEAS-2B cells, are used to represent an early
phase of IPF-related epithelial abnormalities. BEAS-2B
cells highly express jagl and p63 levels during TGF-41
induced squamous differentiation (13). Continuous alveo-
lar epithelial cell lines are easier to handle than primary
cells, and they have reliable variability when derived from
a single donor, even if it is simply grown in inexpensive
culture media. However, these cells are difficult to control
in terms of dynamic differentiation into ciliated, goblet,
and club cells. Furthermore, viral onco-proteins that are
inserted by immortalized cell lines may differ depending
on cellular processes, including cell cycle regulation, and
differentiation. Since lung tissues have several response
mechanisms for inhalation, the single 2-D layer model has
a drawback in conducting airways for gas exchange and
clearance of carbon dioxide.

hPSC-based 3-D organoid culture

Recently, emerging respiratory diseases due to partic-
ulate matters or viral/bacterial infection seriously present
a major threat to public health worldwide. Accordingly,
respiratory disease modeling has been rapidly directed to
public attention in the field of human medical research.
Chen et al. (14) showed that lung bud organoids (LBOs)
generated from hPSCs contained mesoderm and pulmo-
nary endoderm that developed into branching airway and
early alveolar structures, and they suggested that these
3-D LBOs may be a useful tool for human lung diseases,
such as infection with respiratory syncytial virus (RSV)
and fibrosis. At the second day after RSV infection, the
organoids expanded, and infected cells were increased in
the lumen of the branching structures. Furthermore, they
also induced fibrosis-like organoids through HPS1 dele-
tion, in the EPCAM-positive population only (14).
Additionally, another research of organoids infected with
a virus was indicated by Porotto et al. They investigated
HPIV3 infection in PSC-derived organoids, a prevalent
cause of lower respiratory tract disease in children.
Consequently, they showed that clinical viruses acquire
genome-wide changes, leading to alterations in the viral
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surface glycoproteins, which is conductive for viral entry
(15). Heo et al. (16) have shown that hPSC-derived alveo-
lar epithelial cells alleviated apoptotic and inflammatory
responses against cadmium exposure. Recently, the estab-
lished hPSC-derived epithelial cells are generated with al-
veolar epithelial organoids (AOs), and AOs treated with
TGF- 81 exhibited collagen accumulation and fibrotic
changes in the interstitial area of AOs (Fig. 1, unpublished).
These aforementioned research data demonstrated that
PSC-derived organoids are powerful models to use study-
ing respiratory infection. Besides viral infection modeling,
studies that use cystic fibrosis and IPF modeling from
PSC-derived organoids are being established (17).

Development of Lung Organoids

Lung development

The respiratory systemcomprises a complex branched
system of progressively smaller airways where gas ex-
change occurs. Apparently, lung development undergoes
highly coordinated and multi-staged processes governed
by mechanical and anatomical axes. Initially, the lungs
arise from the anterior foregut endoderm, in which multi-
ple organs, such as the salivary glands, esophagus, thyroid,
and liver are generated and continue to develop through
the branching process, which is surrounded by mesoderm
and a vascular network extending into proximal airways
and distal alveoli (18, 19). Human lung development is
broadly divided into five stages, namely, embryonic, pseu-
doglandular, canalicular, saccular and alveolar (20). In the
human embryonic stage at day 26, the anlage of the right
and left lungs forms two buds of the ventral wall of the
primitive foregut, and the buds stretch out vilaterally from
the trachea. At E32, the anlages of the two lungs give rise
to the two future main bronchi. With continuous branch-
ing, the lobar bronchi are formed by the end of week 5,
day 37 (20). During the pseudoglandular stage (weeks 5~
17), formation of secondary bronchi, conducting airways,

hPSC

and the primitive capillary plexus and the differentiation
of mesenchyme occur, and smooth muscle and mucous
glands become visible. At this stage, the gland-like struc-
tures separated by the abundant mesenchyme can be ob-
served (21). During the canalicular stage at 16~26 post-
conception weeks (pcw), the alveolar regions are gen-
erated, and further epithelial branching occurs, and the
existing airway increases in size. For alveoli generation,
the distal epithelial tubes widen into air spaces. In the
saccular stage, 24~ 38 pcw, epithelial and air space appear
as thin-walled terminal saccules, and they more expand
and become completely wrapped in a capillary bilayer
(20).

Lung organoid generation from hPSCs

Since Yamanaka’s fundamental discovery in 2006, the
research field using pluripotent stem cells rapidly evolved,
developing highly efficient and effective sources for the
generation of 3-D organized tissue or organoids (22). In
this review, lung organoids refer to self-assembling struc-
tures that are generated from PSC-derived epithelial pro-
genitor cells with/without mesenchymal support cells.
Lung organoids have been considered as the most indis-
pensable tools, although they are not enough to recapitu-
late highly vascularized and delicate alveoli. During early
development, the respiratory system is firstly marked by
the NKX2.1, a transcription factor required for lung fate,
and it is activated by tightly regulated signaling, such as
activin A, FGF, BMP, Hedgehog, and WNT (23). At this
stage, the dual inhibition of TGF- 8/BMP signaling using
their inhibitors, including Noggin and SB141524, led to
the anterior foregut endoderm lineage from definitive en-
doderm (23). Indeed, retinoic acid (RA) is an important
factor during lung bud development; however, RA concen-
tration is higher in the proximal region than in the distal
region. As such, multiple signaling activation successfully
led to NKX2.1 expressing lung progenitors. To develop or-
ganoids from NKX2.1-positive lung progenitors, these

+TGF-p1
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Fig. 1. Generation of AOs from hPSCs
and fibrosis induction. AOs exhibi-
ted an alveolar sac-like structure with
multiple alveoli and layers of epithelial
cells. For in vitro model for studying
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IPF, AOs were treated with TGF-£41
(25 ng/ml) for 48 hrs. Histochemical
and immunofluorescence staining dis-
played the fibrotic area (Sirius red stai-
ning and expression of collagen in
AOs. Scale bars, 100 zm.
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cells need to be seeded in ECM-functioned gels, such as
Matrigel or collagen, so they can further differentiate into
conducting airway or alveolar epithelial cells (24). In the
lung, the alveolar epithelium is composed of two distinct
epithelial cells: alveolar epithelial type I (AT1) cells com-
prise the major gas exchange cells in the alveoli and ho-
meostasis maintenance, whereas alveolar epithelial type II
(ATII) cells are progenitors of AT1 cells and responsible
for surfactants synthesis and homeostasis after injury (25).
In respiratory diseases, ATII cells are considered as major
cell targets because of their high regenerative capacity.
Nikoli¢ et al. (26) demonstrated that human embryonic
lung tip cells express both SOX2 and SOX9, and this is
a distinguishing feature of mouse models. Indeed, highly
expressed SOX2 and SOX9 tip cells differentiate into both
airway and alveolar cells and could be used to model pe-
diatric lung diseases that are difficult to derive in normal
lung development. Recently, pulmonary epithelial bud tip
progenitor organoids have been developed to differentiate
into a specific functional epithelial cell type with a sup-
portive growth using FGF7 (27). These findings suggest
that these bud tip progenitor organoids are useful for epi-
thelial-mesenchymal network during lung development
and hold great potential for further applications in phar-
maceutical safety and efficacy testing.

Table 1. The studies of disease modeling in iPSCs-derived organoids

hPSC-Based Organoids for Human Disease
Modeling

The past decade has seen tremendous developments in
disease modeling and generating suitable models that dis-
played quite an identical phenotype with human diseases,
from co-culturing techniques to 3-D printed scaffolds to
organization on dish (28). Organoids are cultured struc-
tures that consist of multiple organ-specific types, and
their components are derived from tissue progenitors or
pluripotent stem cells. The remarkable ability of PSCs to
differentiate into all cell types offers an opportunity to
model human diseases in a highly comprehensive way. In
studying human diseases, several types of organoids, such
as lung, intestinal, brain, liver, and pancreatic organoids
have been established (Table 1).

Intestine

At the beginning of intestinal tissue-derived organoid
culture, the tissue pieces can be maintained for several
days only and were not self-renewing. Ever since Barker
et al. (29) reported intestinal stem cells, known as Lgr5-
positive stem cells, the field of intestinal organoid pro-
liferation has been rapidly developing. In agreement with
LgrS stem cells, Sato et al. (30) demonstrated that Lgr5S
stem cells autonomously grow into crypt-like structures in
a Matrigel culture system containing EGF, and Paneth
cells provide essential support to LgrS stem cells. This
suggests that Paneth cells and LgrS stem cells can be ther-
apeutically applied for ileal Crohn’s disease, as well as ne-

Organ Disease Induced cell types Modeling Reference
Lung Infection with respiratory Lung bud For RSV infection of day 170 LBOs, 107 plaque-form- (14)
syncytial virus organoids (LBOs) ing units (PFU) of RSV in 1 | was directly added on-
to each organoid and incubated for 3 h at 37°C.
Fibrosis LBOs Mutation of HPS1 (14)
Infection with human para- LBOs Recombinant HPIV3 for 32 days (15)
influenza virus 3 (HPIV3)
IPF Mesenchymal organoids 10 ng/ml TGF-81 for 2 days (42)
Intestine  Salmonellae (bacterial) intestinal organoids Add of 1x10° bacteria/well in 24 well (31
infection (IHO)-gut
Intestinal fibrosis iHO -mid/hindgut 2 ng/ml TGF B for 96 hours (32)
Brain Zika virus infection Cerebral organoids ZIKV for 7 days (33)
Zika virus infection Neural organoids 3x10° PFU/ml 2 h at 37°C (34)
Parkinson’s disease (PD) Midbrain-like organoids PD patient-derived organoids (35)
Alzheimer’s disease (AD) Neural organoids AD patient-derived organoids (36)
Liver Steatohepatitis Liver organoids 800 mM oleic acid (OA) for 7 days (37
(fibrosis with inflammation)
Infection with hepatitis B virus  Hepatic organoids HBV (500, 5000 GEQ/cell) for 10 days (39)
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Fig. 2. Applications of organoids. Organoids have proven to be par-
ticular information for modeling human diseases. The ability to
generate 3D organoids in large quantities with high consistency is
expected the organoid-based platforms for drug screening and tox-
icity validation. Using organoid as a platform, drug response asso-
ciated with genetic profiles derived from patients can be employed
to predict treatment response and guide personalized therapies for
individual patient.

crotizing enterocolitis. Forbester et al. (31) have shown the
between the enteric pathogen Salmonella typhimurium and
human intestinal epithelium in an iPSC-induced intes-
tinal organoid system. When S. Typhimurium was injected
in intestinal organoids, the organoids retained their in-
oculum for 3 h incubation, exhibiting close to microvilli,
and residing in structures that resemble Salmonella-contain-
ing vacuoles. Recently, hESC-derived intestinal organoids
have been implicated in intestinal fibrosis. Intestinal orga-
noids treated with TGF-/5 increased @ SMA expressing
cells, ECM components COL1Al and FN1, and the myofi-
broblast marker and component of actin stress fibers
ACTA2. Additionally, the effect of anti-fibrotic drug spi-
ronolactone and aldosterone receptor antagonists used in
these organoids have been evaluated in TGF- /8 mediated
fibrotic injury implicating a viable fibrosis model related
to Crohn’s disease (32).

Brain

Compared with the 2-D culture of neural cells, the 3-D
methods successfully mimicked key features of the devel-
oping brain. The brain parenchyma is a complex compo-
site biological tissue, comprising various interacting con-
stituents in a multi-layered network. In this view, brain
organoids were developed to resemble particular brain re-
gions and were even combined into “brain assembloids”
for studying neural interactions and diseases formation.
Indeed, brain organoids are useful in investigating cancer,
Alzheimer’s disease (AD) and Parkinson’s diseases (PD),
and unusual microcephaly seen in some bodies infected
with Zika virus (ZIKV) before birth. Janssens et al demon-
strated that ZIKV caused congenital microcephaly by alter

DNA methylation of neural genes in an ESC-derived
organoid. In the cerebral organoid-derived neural progeni-
tor cells, ZIKV-induced differentially methylated regions
were linked to conditions, such as mental retardation, as
well as intellectual and developmental disorders, using
PsyGeNET analysis (33). Additionally, ZIKV-infected brain
organoids have shown a pronounced reduction of ZIKA
production following sofosbuvir treatment, an anti-hep-
atitis C drug (34). These findings suggest that the brain
organoids can be tested for potential secondary utilization
of antiviral drugs against ZIKV in a broad range of neuro-
logic disorders. On another note, mid-brain specific orga-
noid modeling for PD has been successfully developed
from PD patients carrying the LRRK2-G2019S mutation.
In PD-patient derived midbrain organoids, FOXA2-positive
progenitor cells were increased, and specification of mid-
brain dopaminergic neurons promoted by the LRRKZ-
G2019S mutation in the PD-patient-specific organoids was
impaired (35). Additionally, AD-patient-derived iPSC gen-
erated 3-D human neural organoids for AD modeling (36).
These modeling methods enable not only the screening of
disease patterns, but also efficient validation of potential
pharmaceutical agents for neurodegenerative disorders.

Liver

Three-dimensional liver organoids allow us to establish
disease modeling for various hepatic disorders, including
monogenic liver disease, cancer, fibrosis, and infection.
Representatively, cystic fibrosis (CF) from the mutation
of the CFTR gene was first described in human mono-
genic disease modeled with organoids. CFTR gene muta-
tion impairs secretion and alkalization of bil,e leading to
increased susceptibility to infectious agents and other tox-
ic components secreted with the bile. Ouchi et al. (37)
have shown that free fatty acid exposure induces the stea-
tohepatitis phenotype in iPSC-derived liver organoids.
When the liver organoids were exposed to oleic acid, they
ovserved the severe lipid accumulation leading to in-
flammation and fibrosis. Furthermore, they applied orga-
noid modeling to Wolman disease patient-derived iPSC
lines to investigate the clinical relevance of steatohepatitis
models. Patients with Wolman disease showed fibrotic
phenotypes that initiated lipid accumulation in hepato-
cytes. In their disease organoids, FGF9 treatment ex-
hibited therapeutic effects by reducing lipid accumulation
and reactive oxygen species production (38). Liver organo-
ids are powerful tools for modeling viral infections. Nie
et al. (39) utilized hiPSC-derived liver organoids as an in-
fection model against the hepatitis-B virus. As mentioned,
the CF organoid model has been applied in clinical stud-
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ies that aim to restore the function of CFTR protein mu-
tants to analyze the drug response of individual subjects
(40). It suggests that developing of new compounds and
screening drug efficacy at an individual level may contrib-
ute to the improvement of drug efficacy by selecting
drug-responsive subgroups.

Lung

Organoid technology is rapidly developing, because or-
ganoids allow the same basic intrinsic pattern of events
similar to human organs and they are a useful tool for
studying development, repair, and homeostasis in several
human diseases (41). The lung, however, is one of the
most complex organs, and IPF involves complex inter-
actions between different cell types. Hence, the lung is
more challenging than other organ system in terms of
pathologic research. Wilknson et al. (42) developed the
human fetal-derived mesenchymal organoids for IPF
modeling. When they treated the organoids with TGF- 8
for 2-days organoid contraction and high @-SMA and col-
lagen I expression were observed, which are related to
fibrosis. Furthermore, Strikoudis et al. (17) modeled fi-
brotic lung organoids using CRISPR/Cas9 gene editing
system. They previously demonstrated that Hermansky—
Pudlak syndrome (HPS)-associated interstitial pneumonia
(HPSIP) shared similarities with IPF, and these sim-
ilarities were determined using HPS1 '~ ESC-derived
3-D lung organoids. The HSP1 /™ organoids showed fi-
brotic changes, and additionally, the introduction of
HPS1, 2, and 4 mutations promoted fibrosis in the lung
organoids (17). ESC switches an HPS mutant generated
structurally abnormal organoids, which were observed to
have increased accumulation of mesenchymal cells and
fibrosis-associated genes, such as Collal, fibronectin, and
vimentin. These models may contribute to understanding
unknown pathologic mechanisms or etiologies behind IPF,
and they are worth developing in the field of fibrotic dis-
eases research.

Future Application

Although organoid technology is consistently and rap-
idly being developed, its limitations still remain. A general
feature of PSC-derived cells, tissues, and organoids is that
they similarly maintain the transcriptional state of human
fetal tissues. This similarity in functional state becomes
a hurdle, because established organoids fail to “mature”
in the laboratory, thereby requiring better understanding
of the associated cellular mechanisms. On another note,
the inherently immature state allows efficient models to

recapitulate the genetic structure or disease progression of
immature human organs. In the respiratory system, the or-
ganoid technology using PSC will provide an opportunity
for patient-specific organ modeling, which can also be
used for manufacturing medicine. Furthermore, 2-D cul-
ture systems or animal models may not easily recapitulate
infectious diseases because of the difference in pathway
among cell types or host species (Fig. 1). In this view, 3-D
organoids are an excellent novel system to model basic
clinical scenarios, including infectious diseases, drug safe-
ty, toxicity, or efficiency, and applied lung research.
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