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Lung Organoids: A New Pathway Gzt
into Lung Regeneration and Repair

Lu Tian, Chennan Carrie Zhang, Martha G. Rea, and Ya-Wen Chen

Abstract Introduction: The lung is an important and complicated organ that has
profound impacts on the entire body when impacted by disease or illness. Due to
its complexity, the human lung is difficult to study; lung models that can mimic this
organ are key to better understanding and treating lung diseases. Various lung models
have been developed over the years, but one important and recent model is the lung
organoid model. Here we review human lung organoid models, including the main
characteristics and potentials and their current and future applications for modelling
lung development and diseases. Method: For the selection of literature cited, we
used MEDLINE/Pubmed database. The keywords used in the MEDLINE research
were: human lung development, lung organoids, lung stem cells, lung disease and
repair, bioengineering lung. Results: Lung organoids, in layman’s terms referred
to as “mini lungs in a dish”, are 3D tissues that recapitulate the endogenous func-
tions of the lungs. Lung organoids currently represent the closest model to the human
pulmonary system. Human-derived three-dimensional (3D) models have been gener-
ated, allowing for a deeper understanding of cell-to-cell communication. They have
also allowed researchers to better understand how diseases affect the lungs and deter-
mine potential treatment methods. Conclusions: Although the area of research using
lung organoids is still relatively new, much has been learned from this model, and
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much more will continue to be learned. There is an urgent need to develop more
complex organoid models containing mesenchymal tissues and vasculature to better
understand lung diseases.
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Abbreviations

PNECs Pulmonary neuroendocrine cells

AT1 Alveolar epithelial type 1

AT2 Alveolar epithelial type 2

AT2-s AT?2 signaling

PAECs Pulmonary artery endothelial cells
PVECs Pulmonary vein endothelial cells
aCap Aerocyte capillary

gCap General capillary

BAECs Bronchial artery endothelial cells
BMVECs Bronchial microvascular endothelial cells
ARDS Acute respiratory distress syndrome
ALI Acute lung injury

E Embryonic

P Postnatal day

pcw Post-conception weeks

SMCs Smooth muscle cells

hPSCs Human pluripotent stem cells

BME Basement membrane extract

h3AC Human 3D alveolar type 2 cell culture
hAT2 Human AT2

ESCs Embryonic stem cells

iPSCs Induced pluripotent stem cells

DE Definitive endoderm

AFE Anterior foregut endoderm

BMP Blocking bone morphogenetic protein
TGFp Transforming growth factor beta

FGF Fibroblast growth factor

RA Retinoic acid

HH Hedgehog

LBOs Lung bud organoids

1AT2s Isolated alveolar epithelial type 2 cells
SFTPC Surfactant protein C

pro-SFTPC Pro-surfactant protein C

HLOs Human lung organoids

ASCsyy

Adult stem cells



2 Lung Organoids: A New Pathway into Lung Regeneration and Repair 23

CF

IPF
CFTR
HPS
HPSIP
GRHL2
Lgr
DATPs
ILDs
COPD
GCM
RSV
HPIV3
SARS-CoV-2
ECM
PEGDA
LADC
CDH
PCD
SB
CHIR
GSK
SAG
SU
MCC
SARS
MERS

Cystic fibrosis

Idiopathic pulmonary fibrosis

Cystic fibrosis transmembrane regulator
Hermansky-Pudlak syndrome
HPS-associated interstitial pneumonia
Grainyhead-like 2

Leucine-rich repeat-containing G protein-coupled receptor
Damage-associated transient progenitors
Interstitial lung diseases

Chronic obstructive pulmonary disease
Goblet cell metaplasia

Respiratory syncytial virus

Human parainfluenza virus type 3
Severe acute respiratory syndrome coronavirus 2
Extracellular matrix

Poly (ethylene glycol) diacrylate

Lung adenocarcinoma

Congenital diaphragmatic hernia
Primary ciliary dyskinesia

SB-431542

CHIR99021

Glycogen synthase kinase

Smoothened agonist

SU5402

Mucociliary clearance

Severe acute respiratory syndrome
Middle East respiratory syndrome

Lung Development, Homeostasis and Regeneration

Different Cell Populations in Human Lungs and their Role in Lung Development

Introduction

The lung contains a wide variety of cell types, many of which are still poorly under-
stood or yet to be discovered. Various lung researchers distinguish these cells differ-
ently, and there is no universal method of cell distinction, but this chapter will focus
on the current research confirming 58 cell types in the human lung. These cell types
are placed into four different categories: epithelial, endothelial, stromal, and immune

cells [1, 2].
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Epithelial Cells

Epithelial cells make up most of the body tissues, which line the internal and external
surfaces of the body [3]. There are 15 known epithelial cells in the lung. Twelve of
these cells reside in the airway, and three reside in the alveoli. The major epithelial
airway cell types are ciliated, undifferentiated columnar, basal, and secretory cells
[2, 4, 5]. The airway epithelium plays a pivotal role in the first line of defence
against unwanted particulates and pathogens. It also plays a role in the maintenance
of funnelling air into the airways to facilitate gas exchange [4, 6].

Within the 12 airway epithelial cell types, there are morphologically distinct types
with different functions [6]. Columnar ciliated epithelial cells possess cilia, which
aids in transporting mucus away from the lung into the throat [7]. Mucus cells, also
known as goblet cells, secrete mucin and create a mucus layer necessary for trapping
harmful substances in the airway lumen for secretion out of the lungs [8]. Serous
cells, also known as secretory cells, perform various functions with the secretions
they produce. These secretions keep the mucosa lining moist, humidify inhaled air,
and clean the inhaled air from unwanted particulates and organisms [9]. Basal cells
are stem cells capable of differentiating into the mucus and ciliated epithelial cells [6].
They help the attachment of columnar epithelium to the basal lamina by providing
an area for cell-to-cell attachment [10]. Club cells are similar to basal cells in that
they also stem cells and can give rise to ciliated and secretory cells [6]. Club cells
produce surfactant proteins A, B, and D as well as metabolize xenobiotic compounds
[11]. Pulmonary neuroendocrine cells (PNECsS) are a rare type of epithelial cell that
secrete biogenic amines and peptides, which play a major role in lung development
and airway function [6]. Another group of rare cells in the human lung are known
as ionocytes; these cells have a high expression of FoxIl and the cystic fibrosis
transmembrane regulator (CFTR), which may play a role in respiratory diseases
such as cystic fibrosis (CF) [12].

The alveolus is where gas exchange occurs and contains epithelial cells that aid in
maintaining lung homeostasis [13]. These cells are alveolar epithelial type 1 (AT1),
alveolar epithelial type 2 (AT2), and AT?2 signalling (AT2-s) cells [2]. AT1 cells
occupy 96% of the surface of the alveoli and, although take up a huge portion of
the surface, are extremely thin in order to allow passive gas diffusion [14—16]. AT2
cells synthesize surfactants to prevent the lungs from collapsing and differentiate
into AT cells to facilitate lung repair and maintain homeostasis [16, 17].

Endothelial Cells

Endothelial cells are key regulators of vascular homeostasis via the inhibition of
coagulation of the blood and accommodate blood flow levels within the lung [18].
These cells also enable efficient gas exchange in the lung by ventilation-perfusion
matching [19]. The human lung contains nine endothelial cells and is placed into five
different categories: artery, vein, capillary, bronchial vessel, and lymphatic cell [2].

Pulmonary artery endothelial cells (PAECs) and pulmonary vein endothelial cells
(PVECs) have similar functions but are two distinct cells [20]. Both cells have calcium
entry pathways and respond to inflammatory stimuli but at different rates [20]. There
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are three types of capillary cells within the human lung: aerocyte (aCap), interme-
diate, and general capillary (gCap) cells [2, 21]. The main function of all capillary
cells of the lung is to perform leukocyte trafficking but each type of capillary cell
expresses different genes that regulate this process [21]. Capillary cells have roles
in hemostasis and lipid metabolism due to their production of pro-/anti-coagulants
as well as fatty acids, respectively [21]. Bronchial artery endothelial cells (BAECs)
and bronchial microvascular endothelial cells (BMVECS) play key roles in protein
transudation [22]. Lymphatic cells contribute to alveolar clearance for greater effi-
ciency in respiration [23]. These cells achieve this due to their close proximity to
major airways and blood vessels involved in the process of respiration.

Stromal Cells

The lung contains nine different types of stromal cells [2]. Stromal cells are non-
specific stem cells with the ability to become different cell types such as chondrocytes,
osteoblasts, and adipocytes in order to replace old cells and aid in repair [24, 25].
Stromal cells also play a role in inflammation control and have been found in prema-
ture infants with lung issues such as acute respiratory distress syndrome (ARDS)
[26]. Their prevalence suggests that these cells take part in lung regeneration, repair,
and development.

Immune Cells

In the lung, there are 25 immune cell populations with various functions [2]. All
of these cells are important for healthy lungs but some of the most important are
neutrophils, macrophages, and lymphocytes which protect the lung by eliciting an
immune response geared to remove and destroy unwanted pathogens [27].

Neutrophils, also known as polymorphonuclear leukocytes, are producers of
highly reactive oxygen radicals that have been found to be involved in lung diseases
such as ARDS and acute lung injury (ALI) [28, 29]. They are some of the first leuko-
cytes to be activated by lung infection [29, 30]. Activated neutrophils phagocytose
pathogens, resolve inflammation, clear damaged neutrophils, and modulate immune
responses via cytokine release [28—30]. Macrophages work alongside neutrophils
by clearing the dead or dying neutrophils as well as pathogens [30, 31]. They also
release a wave of cytokines and chemokines to induce a rapid immune response by
recruiting other cells [30, 31].

There are various subpopulations of lymphocytes, each with their own specialized
functions, but their shared characteristics are their recruitment into the lung during
infection, their involvement in the immune response via inhibition or recruitment of
other cell types, and their production of anti-inflammatory signals [32, 33].

Cell Population Roles in Lung Development

Lung development is divided into five stages: embryonic, pseudoglandular, canalic-
ular, saccular, and alveolarization [34]. A general overview of lung development is
illustrated in Fig. 2.1. Within each stage, cells within the lung have specific functions
that help progress lung development. Most research on lung development has been
through studying mice; therefore, the following sections will briefly discuss mouse
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Fig. 2.1 Overview of lung development. E = embryonic; P = postnatal day; pcw = post-conception
weeks. The developmental periods are placed in order of mouse lung development; human lung
development. Classical alveolarization illustrates how the primary septae contain a double capillary
network.

lung development and how it contrasts human lung development. The developmental
periods beginning with embryonic (E) or postnatal day (P) will refer to mouse lung
development stages and the developmental periods ending in post-conception weeks
(pcw) will refer to human lung development.

Embryonic: E9-E12; 4-7 pcw

The development of the lung begins in the anterior foregut endoderm, which generates
the respiratory endoderm [35]. The respiratory endoderm is what generates progen-
itor cells within the lung and begins on embryonic day 9.0 [34]. These progenitor
cells, which are detected by the expression of Nkx2.1, then form the basic structure
of the trachea and two lung buds that will form the left and right lobes of the lung
[36]. The beginning of elongation of these lung buds into the mesenchyme is known
as branching morphogenesis [5, 34]. The proximal progenitors generate PNECs,
secretory cells, and goblet cells, whereas the distal progenitors produce AT1 and
AT?2 cells [34].

Pseudoglandular: E12-E15; 5-17 pcw

This stage begins when the bronchial tree is in the shape of a tubular gland and
the epithelial tubules continue branching morphogenesis [5]. This is where maximal
branching occurs [37]. The first 20 generations of the airway form by the end of this
stage with primitive alveolar ducts [5, 38]. Columnar epithelial cells are found in
the proximal airway and cuboidal epithelial cells are found in the distal airway [39].
The cells in the proximal airway differentiate into ciliated, non-ciliated, goblet, and
basal cells. By the end of this stage, club cells are found in the trachea. Cells in the
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distal airway remain undifferentiated until branching morphogenesis is complete,
occurring as late as the saccular stage in the human lung [39]. Undifferentiated
Sox2/Sox9 double-positive cells are found in the distal epithelial tips in the human
lung. The surrounding smooth muscle cells (SMCs) in the distal lung appear to
play a role in branching morphogenesis due to recent studies showing a decrease in
Sox2+/Sox9+ cells coinciding with decreased branching in fetal lung explants treated
with a toxin [37]. This does not occur in mouse lung development since the proximal
and distal lung cells are already expressing different Sox transcription factors in the
pseudoglandular stage [37].

Canalicular: E16-E26; 16-26 pcw

The canalicular stage is the beginning of the development of alveolar sacs [5, 38].
In this stage, the Sox2+/Sox9+ cells are no longer present in human lungs due to
the surrounding SMCs suppressing the Sox9+ cell population in the proximal region
[37]. At this stage, human lung development mirrors mouse pseudo glandular lung
development in that the proximal progenitors express Sox2+ cells and distal progen-
itors express Sox9+ cells [37]. The cuboidal epithelial cells differentiate into AT1
and AT?2 cells [5]. The air-blood barrier forms with the help of the endothelium of
the capillaries coming into contact with AT1 cells [5]. AT2 cells begin to produce
surfactant as well as differentiate into AT1 cells [5, 36].

Saccular: E17-birth; 27-36 pcw

Branching morphogenesis stops in this stage and is the transitional stage into alveo-
larization [5]. This intermediate stage is when the distal branches narrow and form
small saccules (primary septae), which become alveoli (secondary septae) in the
alveolarization stage [5, 34]. The alveoli begin to grow, widen, and form [5]. The
primary septa is covered by predominantly AT1 cells with some AT2 cells filling
in the space. Smooth muscle cells begin to form a network of elastic fibres and
collagen fibrils. This network allows for the development of the alveoli by providing
a scaffold for continued lung maturation [5]. Mice are born during the saccular
stage and their lungs continue into the alveolarization stage after birth [37]. This
differs from humans: humans are born in the alveolarization stage. Both mouse and
human lung development continue after birth with the maturation of alveoli and the
alveolarization stage for both species are similar [37]. The following explanation
of alveolarization focuses on human lung development, but the main processes that
occur during these stages are nearly identical in mouse and human lung development.

Alveolarization: P4-P36; human birth- ~3—15 years

Alveolarization is the process by which primary septae become secondary septae [5,
40]. Alveolarization is separated into two stages: classical and continued alveolar-
ization [5]. Human classical alveolarization ranges from birth to about three years
and human continued alveolarization ranges from around two years of age to young
adulthood, estimated to be between 15 and 21 years [5]. Previous research believed
that human lung development concluded at around 8 years of age [41] but new studies
have shown that the number of alveoli continues to develop around 15 years of age,
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with some subjects showing alveoli development into young adulthood (21 years)
[42].

Classical Alveolarization: P4-P21; human birth-3 years.

The primary septae contain a double capillary network which is immature and inef-
ficient for gas exchange. This stage is where the secondary septa are formed by the
upfolding of one of the double capillary networks, resulting in secondary septae
with a single capillary layer [5, 34]. This single layer formation, a process known as
microvascular maturation, allows for the formation of alveoli [43, 44].

Continued Alveolarization: P14-P36; 3-21 years.

In continued alveolarization, microvascular maturation as well as classical alveolar-
ization persist within the secondary septae, a process known as angiogenesis [5, 34,
43, 45]. This process moves distally over time and the alveoli mature as the child
continues to grow. As the child gets older, alveolarization slows down.

The Challenge of Lung Modelling

The Complexity of the Human Lung

The lung is an extremely complex organ. Even with decades of research, researchers
are still uncovering new knowledge about how the human lung functions.

Lack of Lung Tissue

There is limited access to lung tissue, especially fetal tissue, which is crucial to better
understanding lung development. Most countries do not allow the use of human fetal
tissue beyond 20 pcws, limiting the research on later lung development [46]. Later
stages are typically studied using animal models, but various differences between
animal and human lungs limits what researchers can learn about the human lung.

Differences Between Animal Models and the Human Lung

The types of animals used as a substitute for human tissues are rats, rabbits, mice,
and rhesus monkeys [47—50]. There are various and significant differences between
these animal models mentioned and human lungs. This is not meant to discredit
the research performed on these animal models, but it is important to recognize that
these studies have their limitations. Scientists have looked for other options for better
understanding the human lung. The creation and use of lung organoids have become
a practical option for researchers to study the human lung. Lung organoids remove
two key issues in this field of research: the difficulty in obtaining human fetal lung
tissue as well as the contrasting lung organization and cellular composition with the
use of animal models.



2 Lung Organoids: A New Pathway into Lung Regeneration and Repair 29

Origin of Lung Organoid Cultures

Several groups have attempted to generate human lung organoids that can reca-
pitulate essential features of human lungs in vitro. Generation of lung organoids
usually includes endoderm induction, anterior-posterior patterning, lung specifica-
tion, lung budding, branching morphogenesis, and maturation [51]. Currently, most
lung organoids are developed either from human pluripotent stem cells (hPSCs) or
stem cells isolated from primary tissues (Fig. 2.2). The resulting 3D human lung
organoids are able to recapitulate various cell types, structures and some functions
of mammalian lungs.

Primary stem cell hPSC derived
derived lung organoid lung organoid

A8 Normal/di
.. i\ ;% Lol seased hPSCs (ESCs or iPSCs)

v

Differentiate to
] endoderm
Tissue Sample

Anterior foregut
spheroid
Adult Stem Cells

a0 Embed & 3D Culture

3D Culture in in Matrigel
R Matrigel i

3D mature Lung 3D mature Lung

Organoid Organoid

Fig. 2.2 Overview of the generation of primary stem cell- and hPSC-derived lung organoids.
Primary stem cells used for the generation of lung organoids are obtained from normal or diseased
lung biopsies. Tissues are processed into a single cell suspension and then cultured in Matrigel
to expand and form 3D organoid structures. hPSC-derived organoids are differentiated and devel-
oped from either ESCs or iPSCs. After differentiating into definitive endoderm and forming ante-
rior foregut spheroids by modulating various signalling pathways, the cells can be embedded into
Matrigel to further branch and form 3D lung organoids.



30 L. Tian et al.

Lung Organoids Generated from Primary Stem Cells

Several groups have made great efforts to generate human lung organoids from adult
stem cells or fetal stem cells. These primary stem cells have the capability of self-
renewal and differentiation into multiple cell lineages, which have great potential
in forming 3D lung organoids. 3D spheroid/organoid structures can be formed from
lung progenitors including basal cells [52] and AT?2 cells [17].

Hild and Jaffe described a method to generate 3D airway organoids from primary
human airway basal cells [53]. Commercially available human bronchial epithelial
cells are used as basal cells and made into a suspension in 5% Matrigel. The cell
density is made to be 30,000 cells/mL and 20 pl are seeded onto each well of a
Matrigel-coated 384-well plate to have 600 cells/well. Matrigel is added to each well
on day 2 (48 h after incubation) and again on day 8. Lumen are observed after a
week and the spheres begin to show differentiation after two weeks. These organoids
give rise to basal cells, goblet cells, and multiciliated cells. Cultured bronchospheres
can be used as a great model to study human airway epithelium growth, repair, and
differentiation. Their ability to differentiate in as little as 14 days could be useful
for quickly making these organoids for experiments. The capability of culturing 3D
airway organoids in 384-well plates can also be applied to a high-throughput system
for drug screening.

Sachs et al. reported an alternative approach for long-term culturing of human
airway organoids from bronchoalveolar resections or lavage fluids [53]. Isolated
epithelial cells collected either from solid lung tissues or broncho-alveolar lavage
fluid are embedded in basement membrane extract (BME). A 3D airway organoid
with a polarized, pseudostratified airway epithelium containing basal, secretory, and
multi-ciliated cells are formed within several days. This relatively simple protocol
of generating airway organoids from a small amount of routinely obtained patient
samples (lavages, resections) provides a great model for drug screening and person-
alized treatment of lung diseases [53]. These organoids were stable for up to several
months and most retained the diseases, mutations, and tumours that the patients had.
This model showed that personalized medicine for lung disease could be made a
possibility with lung organoids.

Another adult stem cell-derived human lung organoid model is presented by Tindle
et al. in which the generated lung organoids contain both proximal and distal airway
epithelial structures [54]. Deep lung biopsy samples from patients are used to generate
a single cell suspension followed by 3D lung organoid formation in Matrigel. An
advantage of this human lung organoid model is that it recapitulates the proximal
and distal airways, including all 6 major lung epithelial cells: AT1, AT2, basal cells,
goblet cells, ciliated cells, and club cells. Besides culturing and maintaining in 3D
culture, these lung organoids can also be dissociated and cultured as a 2D monolayer
for viral infection studies. The 2D monolayer favoured differentiation from AT?2 to
AT1 cells, making this a great model to studying this process or for studying AT1
cells.

Recent advancements made by Salahudeen et al. have described a method for the
development of long-term culture of human distal lung airway and alveolar organoids
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[55]. They developed a feeder-free, chemically defined strategy to culture two types
of human lung organoids derived clonally from single adult human AT?2 cells or
KRT5+ basal cells. The generated alveolar organoids are composed of homogenous
AT?2 cells capable of differentiating into AT1 cells while airway organoids contain two
molecularly distinct distal airway basal cell subpopulations. Basal 1 cell population
was characterized with proliferation and developmental programming. Basal 2 cell
population was found to be enriched for structural, cytoskeletal, and calcium-binding
protein genes. Both types of organoids were found to be stable for at least six months.
The distal lung organoids were used to model COVID-19-associated pneumonia and
since they were found to be useful in recapitulating disease, could be helpful for
other lung diseases.

Youk et al. also described a long-term, feeder-free human 3D alveolar type 2 cell
culture (h3AC) model derived from primary human lung tissue, which has a great
potential in investigating the pathogenesis of SARS-CoV-2 and modelling other
respiratory diseases [56]. After dissociating human AT?2 (hAT?2) cells obtained from
distal parenchymal regions of healthy donor lungs and isolating through FACS using
AT?2 cell surface markers, sorted hAT2 single cells were embedded into Matrigel
supplemented with growth factors that are essential in lung development to self-
organize into an alveolar-like 3D structure. It was found that the differentiation from
AT?2 to AT1 cells was favoured in 2D culture. After six months, this 3D culture
maintained normal karyotypes, but eight-month cultures lost some of their ability to
form colonies as well as important markers such as the expression of pro-surfactant
protein C (pro-SFTPC). Over several passages, h3ACs could still maintain func-
tional mature hAT?2 cells and were capable of AT1 cell differentiation when placed
into 2D culture. Established h3ACs show a substantial SARS-CoV-2 infection with
remarkable cellular and transcriptional changes post-infection compared to human
3D bronchial cultures generated previously by Sachs et al. and other 2D cell lines
models [53, 57]. This 3D hAT2 cell culture serves as a great platform for viral infec-
tion studies to help better understand virus-host interaction and subsequent immune
response in alveolar stem cells.

Lung Organoids Generated from Human Pluripotent Stem Cells (hPSCs)

Human lung organoids can also be generated from human pluripotent stem cells
(hPSCs), including embryonic stem cells (ESCs), and induced pluripotent stem
cells (iPSCs). Generation of lung organoids from hPSCs usually requires a series
of differentiation following developmental steps. In general, hPSCs are first speci-
fied to definitive endoderm (DE), followed by patterning to anterior foregut endoderm
(AFE) and finally induced to lung lineage specification and maturation. These hPSC-
derived lung organoids have great potential in providing models for studying human
lung development, drug screening, and personalized medicine of various pulmonary
diseases.

The first successful generation of AFE from hPSCs was achieved by Green et al.
[58]. DE is induced from hPSCs with a high concentration of Activin A for four days
and is confirmed with expression of DE markers CXCR4, ¢-KIT, and EPCAM [59].
To obtain an enriched culture of AFE cells after DE induction, Green et al. blocked
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bone morphogenetic protein (BMP) and transforming growth factor beta (TGFp)
signalling using NOGGIN and SB-431542 (SB), respectively. This group found that
the removal of Activin A allowed for an increase in SOX2 and CDX2 expression,
markers for anterior and posterior endoderm, respectively. They attempted to further
differentiate the AFE cells by replacing NOGGIN/SB-431542 with WNT family
member 3a (WNT3a), keratinocyte growth factor (KGF), fibroblast growth factor
10 (FGF10), BMP4, and epidermal growth factor (EGF). This led to the increase
of markers P63, NKX2.1, NKX2.5, PAX1, and a decrease in SOX2. The addition
of retinoic acid (RA) increased lung fate markers GATA6, FOXJ1, NKX2.1, and
FOXP2. This study was important for future researchers to continue the process of
developing lung organoids, as a majority of groups furthering the development of
lung organoids used these growth factors and markers to advance the maturation
of lung organoids. Huang et al. followed shortly by differentiating AFE cells into
lung and airway progenitors and was able to achieve a higher progenitor yield. The
differentiated lung and airway cells could further differentiate into basal, goblet, club,
ciliated, AT1, and AT?2 cells in vivo and in vitro [60, 61]. They used the protocols
discussed by Green et al. to generate DE but used dorsomorphin (DSM) instead of
NOGGIN and added IWP2, a WNT inhibitor. Huang et al. optimized the protocol
inducing lung progenitors from AFE by exposing the cells to the same growth factors
and the addition of CHIR99021 (CHIR), a glycogen synthase kinase (GSK) inhibitor.
This increased the amount of NKX2.1+ FOXA2+ cells by almost 20% [60]. The cells
were plated on fibronectin-coated plates and cultured with the previously mentioned
growth factors to induce the lung progenitors to mature. The concentration of RA was
changed along with the culturing time which increased FOXA2+ NKX2.1+ cells from
less than 40% to over 80%. This continuation of Green et al.’s research significantly
improved the maturation of cells into AFE, allowing for the differentiation into lung
and airway cells.

Dye et al. reported a protocol to generate 3D lung organoids with a proximal
airway-like structure along with distal alveolar-like epithelial structure composed of
the basal, ciliated, club and alveolar cells [62]. Cells were treated with Activin A,
followed by NOGGIN/SB, and then the addition of CHIR, FGF4, SB, and NOGGIN
to generate AFE. These AFE cells were then stimulated with a hedgehog (HH) while
inhibiting FGF using Smoothened agonist (SAG) and SU5402 (SU), respectively
[62]. This resulted in spheroids that were NKX2.1+ FOXA2+ which were placed in
Matrigel. These spheres were added to decellularized human lung matrices, allowing
for multiciliated structures. They called these human lung organoids (HLOs) and
HLOs to contain a small population of AT1 and AT2 cells and alveolar progenitor
cells. Human lung organoids resemble human fetal lungs based on their global tran-
scriptional profiles, making them a great model system for human lung development
[62].

Chen et al. described a different strategy to generate lung bud organoids (LBOs)
that can form airway and early alveolar structures to recapitulate human fetal lung
development [63]. hPSCs were differentiated into DE and AFE in the same manner
as shown by their previous work [60]. When adherent AFE cells were induced to
ventral AFE, cell clumps spontaneously formed LBOs and expanded further when
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treated with FGF10, FGF7, BMP4, RA, and CHIR. These LBOs were cultured in
suspension until day 20-25 followed by embedded in Matrigel for further genera-
tion of branching morphogenesis and maturation to lung and airway epithelial cells.
LBOs can be cultured for an extended period of time, with maintenance capabilities
in culture of more than 6 months. Both structural and transcriptomic data indicate
that day 40 LBOs had reached the late second trimester of human gestation [64,
65]. LBOs were also transplanted under the kidney capsule of immunodeficient
mice to determine if they could recapitulate lung development in vivo. This led to
exhibited significant growth of airway structures undergoing branching morphogen-
esis showing proximodistal specification with evidence of early alveolar structures
demonstrated by AT1 and AT?2 cell markers [63].

McCauley et al. established a protocol to generate functional and expand-
able airway epithelial organoids [66]. Similar to other lung organoid generation
approaches, hPSCs are first differentiated to DE, AFE, and then induced specifi-
cally to NKX2.1+ lung epithelial progenitors. These lung progenitors are then puri-
fied through FACS using cell surface markers CD47 and CD26 to sort out a high
expression of CD47 and low or no expression of CD26. This is because cells that
are CD47"ehCD26!°" have a high-level NKX2.1+ cells. The isolated progenitors
can then be re-plated in Matrigel with FGF2, FGF10, corticosteroids, and cyclic-
AMP to form 3D airway epithelial organoids. These organoids express secretory
lineage markers and airway basal cell markers. In addition, Kotton’s group also
developed a strategy to generate isolated hPSC-derived alveolar epithelial type 2
cells (1AT2s), which can form 3D alveolospheres [67]. Using surfactant protein C
(SFTPC) as a specific AT2 cell marker and NKX2.1 as a lung progenitor marker
to establish SFTPC/NKX?2.1 multifluorescent reporter hPSC lines, Jacob et al. puri-
fied SFTPC+ iAT2s differentiated from NKX2.1+ progenitors. This confirmed that
SFTPC+ cells derive from NKX2.1+ cells. i1AT2s were shown able to self-renew
and proliferate to form 3D alveolospheres with mature AT2 functions, including the
formation of lamellar bodies and the secretion of surfactants. This was in contrast to
primary AT?2 cells, which required mesenchymal feeders in order to form spheres.
This was an important discovery because primary AT?2 cells are difficult to maintain
undifferentiated [68], allowing for alternative methods for studying AT?2 cells.

Miller et al. designed a protocol to generate lung organoids from feeder-free
hPSCs, specifically hESC cell lines H1 and H9 along with hiPSC cell lines UM63-1
and UM77-1 [51]. This protocol is capable of forming bud tip organoids as early
as day 22 and HLOs after 50 days. Briefly, to generate both organoids, hPSCs are
directed to the endoderm followed by foregut spheroids. These spheroids float into
the media, are placed into Matrigel, and cultured for two more weeks to generate
bud tip progenitor organoids. If the bud tip progenitor organoids are not passaged
and allowed to continue growing in Matrigel, they become budded structures. Those
that are passaged form bud tip progenitors. The budded structures can become bud
tip progenitors if passaged as well. The bud tip progenitor organoids are useful for
research involving undifferentiated cells, as they are similar to the human fetal lung
progenitors found on the branching buds [51]. Human lung organoids, found to be
similar to the human fetal lung, contained matured alveolar cell types such as AT1 and
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AT?2 cells as well as mesenchymal cells. After being in culture for over 65 days, they
will also be positive for basal stem cell marker P63+. Bud tip progenitor organoids
are positive for SOX2 and NKX2.1 and, if passaged, will be SOX2+ SOX9+ [51].
Budded structures of these progenitor organoids undergo bifurcation and are positive
for club cells, goblet cells, and pro-surfactant protein C.

Recently, a different protocol was described by Carvalho et al. to direct hPSC
differentiation into mature lung and airway epithelial cells [69, 70]. By generating
NKX2-1+ lung progenitors first in 2D cultures followed by embedding cells in
collagen I without inhibiting glycogen synthase kinase 3, they could generate a
more mature multilineage of alveolar and airway cells including AT1 and AT?2 cells
as well as basal, ciliated, club and neuroendocrine cells [69, 70]. Notably, KRT 14+
NGFR+ (a mature basal cell marker) basal cells are formed following this protocol,
which could also be easily isolated and expanded for subsequent basal cell culture.
This protocol was built off of their previous work [61]. They used collagen I in place
of Matrigel due to the fact that it could allow for a broader range of lung lineages but
found that it produced similar lineages to protocols that use Matrigel. They found
that NOTCH signalling induced a distal cell fate whereas WNT signalling induced
a proximal cell fate. When cells that were placed in collagen I did not have GSK3
in culture, the cells matured into AT1 and AT?2 cells. Better understanding signalling
pathways involved in lung maturation has been crucial to better understanding lung
development and the specification of different lung areas for experimentation.

Comparison Between hPSC- and Primary Stem Cell-Derived Lung Organoid
Models

Several protocols have been developed using either primary stem cells, including
adult stem cells (ASCs) and fetal stem cells or hPSCs to generate 3D lung organoids
that can mimic the morphological and functional features of the human lung in vitro.
Both organoid generation systems have their own advantages and limitations.

Human primary stem cell-derived lung organoids are usually generated from biop-
sies directly isolated from healthy or diseased patients’ lungs. These organoids are
often limited by the shortage of primary tissues and difficulty in accessing them.
Heterogeneity among donors and unclear information of prior culture/preservation
conditions of primary tissue present as limiting factors in primary stem cell-derived
organoids. An advantage of using lung organoids from primary human tissues is that
they are valuable for rare diseases such as CF to allow for drug modelling and better
understand how the CFTR mutation will affect a particular patient [71]. On the other
hand, hPSC-derived organoids can be used continuously to generate different models
once a protocol is established. There is no concern as to where to obtain samples since
they are derived from cells that can be purchased commercially. These organoids can
be useful for a wide variety of diseases and have been found to recapitulate diseases
successfully.

Another difference between primary stem cell- and hPSC-derived organoids is
that primary stem cell-derived organoids are preserved to differentiate towards a
certain lineage, such as proximal/airway or distal/alveolar lineage, and cannot trans-
differentiate into others by just changing the culture environment. In contrast, the
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lineage determination of hPSC-derived organoids largely depends on the external
manipulation of signalling pathways and components in the culture medium. There-
fore, hPSC-derived lung organoids usually contain a mixture of proximal and distal
cells with a greater cellular heterogeneity, while ASC-derived lung organoids are
limited to certain lineages depending on the primary tissue used. Nevertheless, the
flexibility and uncertainty in hPSC differentiation can raise issues of certain lineage
specification and inclusion of unwanted cell types in the culture. Both methods are
complementary and can be used depending on the end goal of the experiments. ASC-
derived lung organoids are useful to study specific cell types impacted by a particular
lung disease. hPSC-derived organoids offer a more versatile approach to studying
a wide range of cells and how a wide variety of diseases impacts the proximal and
distal cell types.

An important advantage regarding the use of hPSCs is their ability to be easily
genetically modified: isogenic cell lines with specific mutations can be generated
using CRISPR-Cas9 and these genetically modified hPSC-derived organoids can
then be used to model multiple respiratory diseases such as CF [72] and idiopathic
pulmonary fibrosis (IPF) [65]. CF is known to be caused by mutations in the CFTR
[73]. A study using a CRISPR-mediated gene editing approach successfully targeted
and corrected the endogenous CFTR locus in CF iPSCs [72]. The gene-corrected
iPSCs could later be differentiated into mature airway epithelial cells with normal
CFTR expression and function [72]. Using this method of genetically modifying
hPSC-derived lung organoids, more studies of lung diseases can be done. An example
of a potential disease to study could be Hermansky-Pudlak syndrome (HPS), a rare
autosomal disorder. patients with mutations in HPS genes have been found to develop
HPS, specifically those with a mutation in the gene HPS1 [74]. They found that
the mutation in HPS1 showed a high incidence of developing pulmonary fibrosis
[74]. Mutations in some HPS associated genes can cause HPS-associated interstitial
pneumonia (HPSIP), which resembles IPF [74]. HPS-associated mutations could
be introduced into hPSC-derived 3D lung organoids using CRISPR-Cas9 to study
the potential pathogenesis of IPF caused by HPS mutations [65]. It would be more
difficult to obtain primary tissue from patients with HPS, but if possible, the research
could also be performed on primary tissue to better understand how this mutation
impacts the lungs.

Currently, the maturation of hPSC-derived lung organoids to adult stages remains a
challenge. Most organoids show a transcriptome profile similar to embryonic devel-
opmental stages. Adult airway-like structures can only be generated after in vivo
xenotransplantation, and most in vitro hPSC-derived lung organoids cannot mature
beyond the second trimester of human gestation. While hPSC-derived lung organoids
are closer to the human fetal lung, primary stem cell-derived lung organoids recapit-
ulate features of adult lungs better in terms of maturity. A combination of primary
stem cell- and hPSC-derived organoid systems would provide a more comprehensive
understanding in human lung development and regeneration. Both primary tissue and
hPSC-derived lung organoids have their advantages and disadvantages, but ultimately
both are crucial to the advancement of lung research.
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Mouse and Human Lung Difference

Animal models, especially mouse models, have greatly improved our understanding
in lung development and disease. Mouse genetic gain- and loss-of-function studies
enable us to learn more about lung development and signalling pathways control-
ling morphogenesis [40]. Mice lung injury models can reproduce some key features
in complex human pulmonary diseases such as ALI and pulmonary fibrosis [75].
Although mice have been widely used for studying human lung development, func-
tion, and various respiratory diseases, it is worth noting that there are significant
interspecies differences between mouse and human lungs. Given the significant
differences, mouse models cannot fully recapitulate human lung physiology nor be
applied to human lung development and disease studies. Some promising findings
from mouse models fail to translate into effective therapeutic targets in subsequent
human studies [76].

Cellular Composition

In both mouse and human lungs, the trachea and proximal conducting airways are
lined by pseudostratified columnar epithelium, and the peripheral conducting airways
are lined by cuboidal epithelium. Despite the similar structure in airway epithelia,
the relative proportions of different types of cells along this proximal-distal axis of
the airway vary between human and mouse lungs. In addition, this complex pseu-
dostratified epithelium structure extends to terminal bronchioles in humans, whereas
this structure is limited to the trachea and more proximal airways in mice. In human
lungs, the more proximal intrapulmonary airways are lined by tall, pseudostratified,
columnar epithelium composed of basal, ciliated, club, serous, mucus, intermediate,
and neuroendocrine cells. These airways also exhibit abundant submucosal glands.
In mouse lungs, however, the more proximal intrapulmonary conducting airways
are lined by low columnar epithelium composed mainly of ciliated and club cells
with some clusters of neuroendocrine cells. No basal cells and only a few mucus
cells are found in the mouse airways [77]. Basal cells marked by the expression of
transcription factor TP63 are only found in the mouse trachea, while the distribution
of these cells extends to the bronchi in human lungs [52].

Architectural Organization

Both human and mouse lungs consist of multiple lobes but vary in numbers and
organization. Mouse lungs have one lobe on the left and four on the right, while
human lungs have two lobes on the left and three on the right [78]. For each lobe in
the human lung, extensive interlobular and segmental connective tissues are sepa-
rated into individual lobules or segments, while no such subunits exist in the mouse
lung [79]. The alveoli and blood-air barrier are smaller and thinner in mouse lungs
compared to that of humans [80].
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Molecular Characteristics

Differences in the expression of several marker genes have been observed during
human and mouse lung development. SOX2 and SOX9 are two essential transcrip-
tion factors in lung development. During the pseudoglandular stage in developing
mouse lungs, there is a clear separation between Sox9+ tip and Sox2+ stalk cells.
These cells are formed and regulated through multiple signalling mechanisms [81].
This tip-stalk demarcation can also be seen in human fetal lungs; however, some
levels of SOX2 are also found to be expressed with SOX9 in human embryonic lung
distal tip epithelium. This co-expression pattern is never found in mice while the
SOX2+ SOX9+ progenitor population persists during the pseudoglandular stage up
to 16 weeks’ gestation during human lung development [82]. The maintenance of
this SOX2+ SOX9+ progenitor population is also proposed for proper branching
morphogenesis in the human lung [37].

Lung Organoids: Potential Applications in Lung Repair
and Regeneration

Lung disease is a major cause of morbidity and mortality worldwide. For many
patients with end-stage lung diseases, lung transplantation remains the only available
therapy. However, the number of patients listed for lung transplantation surpasses the
number of suitable organ donors. Understanding the cellular and molecular mecha-
nisms driving lung regeneration and repair is crucial for the development of novel
therapeutic approaches, with the ultimate goal to repair the damaged lung in situ
or regenerate the damaged lung for transplantation. The lung is a highly quiescent
organ, previously thought to have a relatively limited reparative and regenerative
capacity [83]. It is now known that following injury, the lung has a robust ability
to repair and regenerate through distinct cell types. The ability to replace defective
cells with cells that can engraft, integrate, and restore lung functions could be the
potential cure of a number of lung diseases (Fig. 2.3).

1. Proximal airway repair and regeneration

The proximal airways serve as the first line of defence in the respiratory system
as they are exposed to frequent insults from the environment. They consist of the
trachea: a pair of primary bronchi and many bronchioles of various sizes generated
through the branching morphogenesis process [84]. The proximal airways are lined
by a pseudostratified columnar epithelium consisting primarily of three types of
epithelial cells, (basal cells, club cells and ciliated cells) that play crucial roles in
tissue repair, mucociliary clearance (MCC), and host defence. They also contain a
small number of neuroendocrine cells, goblet cells, ionocytes, and tuft cells [12, 85—
88]. The primary method of defense against the external environment is mucociliary
clearance which requires the cells involved to be working properly [89]. If MCC
in the lungs is nonfunctional or damaged, the lungs become vulnerable to other
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Fig. 2.3 Lung organoids: potential applications. As mentioned earlier, lung organoids can be estab-
lished directly from patients via fresh biopsies and resected lung tissues, blood samples, and skin
samples. Lung biopsies and resections contain adult stem cells (ASCs), whereas blood and skin
samples contain induced pluripotent stem cells (iPSCs), which can be reprogrammed into the
desired cell type. Regardless of the type of sample obtained, all can be differentiated towards the
desired lineage. Lung organoids can also be derived from embryonic stem cells (ESCs). Lung
organoids provide unique opportunities for (1) basic research: including studies of lung devel-
opmental processes, responses to external stimuli and stress signals, cell-to-cell interactions and
mechanisms of stem cell homeostasis; (2) drug screening: in which patient-derived organoids can
be used to predict how patients will respond to drugs; (3) disease modelling: to understand the
mechanisms of lung diseases such as infectious diseases, inheritable genetic disorders, and cancer;
(4) regenerative medicine: their capacity to engraft and survive in vivo; their ability to self-organize
to complex structures resembling mini-organs ex vivo; and their potential to generate bioengineered
tissue makes them optimally suited for regenerative medicine.

infections, making treatment even more challenging. An example of the MCC in the
lungs not functioning properly since birth is in primary ciliary dyskinesia (PCD), a
genetic disorder that causes motile cilia dysfunction crucial for MCC [89, 90]. These
patients are more likely to get respiratory infections and are at risk for severe lung
damage to the point of needing a lung transplant [91]. Examples of illnesses that
cause damage to the lungs are the previous outbreaks of severe acute respiratory
syndrome (SARS) and Middle East respiratory syndrome (MERS) that have shown
to have long-term consequences on patients [92—94]. This raises concerns for the
current SARS-CoV-2 pandemic since there is no way to obtain evidence for long-
term consequences for patients at the moment. This concern supports the idea of
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utilizing all possible ways of studying lung disease and repair; lung organoids can
be pivotal in helping the lung field answer important questions.

The mouse trachea closely resembles the structure of human proximal airways,
providing a valuable tool to study airway regeneration. Pioneering studies from Rock
et al. [52], have shown that basal cells function as proximal airway epithelial stem
cells. During physiological cell turnover or after injury, basal cells can self-renew and
differentiate into various airway epithelial cell types for maintaining the epithelial
integrity of proximal airways [52, 95]. Basal cells in the proximal airways are the
major stem cell population that self-renew and, when necessary, give rise to multiple
cell types such as secretory, goblet, and multi-ciliated cells [52, 95-97]. However,
striking differences are also found between mouse and human lungs, as we discussed
in the previous section, with the most relevant being the presence of basal cells [98].
In mice, basal cells reside in the main trachea, whereas, in humans, this population
extends for several airway generations. Unlike human lungs, the intrapulmonary
airways of mouse lungs are not pseudostratified and lack basal cells, highlighting the
interspecies difference [76]. Organoids derived from human cells could provide an
in vitro model for regenerating the mucociliary epithelium from basal cells. Using
human lung organoids would provide a better model and give researchers more
confidence to translate their results to patient care.

To model proximal airway functions, lung organoids have been derived from
human and mouse basal cells. Depending on their origins, basal organoids derived
from tracheal cells are known as tracheosphere while those from from large airway
cells are called brochospheres in humans [52, 99-101]. These organoids have been
used to test regenerative mechanisms proposed from in vivo studies. They can also be
used to screen for drugs, small molecules, and molecular pathways participating in
pulmonary cellular plasticity and lineage outcomes, and regulating crucial epithelial
cell functions. For instance, Gao et al., used human basal cells derived organoids
to identify a central role for the transcription factor grainyhead-like 2 (GRHL2)
in coordinating barrier function and differentiation. Using CRISPR/Cas9 genome
editing, they further revealed the transcription factor ZNF750 as a new component
of the ciliogenesis pathway in the human lung [102]. If more lung organoids are used
to study human disease, they will be the main method to fill the gaps of knowledge
that hold research back from finding cures to lung diseases.

While studies have shown that basal cells are essential in repairing the damaged
airway epithelium, other epithelial cells also participate in tissue repair as faculta-
tive stem/progenitor cells. Studies in mice have shown that club cells that reside
throughout the airway epithelium are facultative progenitor cells [103]. Studies have
shown that club cells can directly differentiate into mucus-secreting goblet cells by
IL13 stimulation in both mice and humans, especially in more proximal lung regions
[104]. Another example is PNECs which are neurosensory cells that spread sparsely
throughout the bronchial epithelium and studies have shown that PNECs can self-
renew and differentiate into club cells and ciliated cells following lung injury [105,
106]. Lung organoid technology can be applied to investigate the functions of these
cells. For instance, using a 3D co-culture organoid system, Lee et al., demonstrated
that Lgr5 and Lgr6 are markers of mesenchymal cells in the adult lung. Moreover,
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these cells play important roles in direct airway differentiation of Scgblal+ progen-
itors and alveolar regeneration [107]. Organoid culture provides a model system for
studying different airway epithelial stem/progenitor cells during repair, testing the
effect of individual cytokines and growth factors on the proliferation and differentia-
tion of secretory cells under pathological conditions, and identifying subpopulations
of cells with enhanced regenerative potential.

2. Alveolar repair and regeneration

The alveolar epithelium of the lung is composed of two distinct epithelial cell types.
AT1 cells cover 95% of the surface area of the alveoli and perform the function
of gas exchange [108]. AT2 cells are characterized by the production of pulmonary
surfactant proteins, which are essential for reducing the surface tension of the alveolar
surface area to prevent the lungs from collapsing upon every breath [23, 108—110].
The alveolar compartment remains largely quiescent in the uninjured lung, and most
cells within this niche exhibit a relatively slow turnover [88]. After lung injury,
multiple alveolar cell types are able to proliferate and, when the repair is effective,
alveolar structure and function are both restored [88]. Although the function of AT2
cells involves repair, this may not be enough to treat certain lung diseases where
the cells no longer perform their standard roles. This is why research is still being
done to unlock how these cells fulfill their many duties as the progenitors of the lung
and recent studies have determined that this mechanism may be due to verying cell
populations.

AT?2 cells are the alveolar epithelial stem cells: they can react to injury involving
both activations of self-renewal and differentiation into more mature cell lineages
[109]. AT2 cells can form alveolospheres and differentiate into organoid structures
that contain both AT2 and AT1 cells [17]. Within the population of AT?2 cells, there
are subpopulations that play certain roles both in the human lung and organoids. A
subset of AT2 cells that express the transcriptional target of Wnt signalling, Axin2,
were identified by Zacharias et al. in the human lung and were found to be respon-
sible for generating the majority of AT2 cell growth in human alveolar organoids
[111]. Another group identified a population of adult distal lung epithelial progen-
itor cells with low Wnt/B-catenin activity with strong organoid-forming capacity,
suggesting their role in the alveolar epithelial repair [112]. A recent study identi-
fied the damage-associated transient progenitors (DATPs) via lung organoid models
[113]. The DATPs are distinct AT2-lineage populations that are required for AT2 cells
to differentiate to mature AT1 cells [113]. Alveolar organoids have also been used to
study trophic interactions between different cell populations in the distal airways. For
instance, alveolar organoids have been recently used to provide functional evidence
that multiple signalling pathways originate in Pdgfra* lipofibroblasts to influence
AT?2 cell self-renewal and differentiation into AT1 cells through mediating multiple
signalling, including BMP, FGF, and WNT signaling [114—116]. These discoveries
are pivotal to better understanding how AT2 cells perform their endogenous func-
tions. Once fully understood, these subpopulation roles could be manipulated in such
a manner that could aid in repair and regeneration.
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The contribution of AT1 cells to alveolar epithelial repair has not been studied
extensively. A small subgroup of Hopx + AT cells can dedifferentiate into AT2 cells
and thus participate in alveolar repair [117, 118]. Further in-depth characterization
of these AT1 cells is needed to better understand the regulatory mechanisms guiding
AT1 to AT2 transdifferentiation. Lung organoids can provide a useful model for
identifying the cell types to increase insights into alveolar epithelial stem/progenitor
cells during a repair. It is known now that cell populations such as immune cells are
activated or recruited to the alveolar niche following lung injury. More complex lung
organoid cultures incorporating immune cells will allow us to study the contribution
of these niche cells that drive alveolar repair.

3. Recapitulating lung damage, repair, and fibrosis with lung organoids

While lung organoids are still in the early stage of development compared to animal
models or conventional cell lines, recent studies using lung organoid models have
largely advanced our understanding of the underlying pathogenesis of distinct chronic
lung diseases [119].

4. Idiopathic pulmonary fibrosis

IPF is the most common and lethal form among interstitial lung diseases (ILDs) [120].
IPF is characterized by progressive fibrotic scarring in the lung tissue surrounding
the air sacs, which ultimately leads to dyspnea. The etiology and pathogenesis of this
disease are unclear [121, 122] and existing drugs can only slow disease progression
[123, 124]. Lung transplantation is an option for IPF patients and has been found to
extend their life but lung donors are limited, leading to extensive wait times which can
cost the life of the patient [125, 126]. These limitations have motivated researchers to
establish in vivo models to help mimic IPF in hopes of gaining insight to how to treat
it. Models such as the bleomycin-induced mouse model and others have some gross
similarities to human IPF but they fail to faithfully reproduce the pathophysiology
of the disease [127]. Therefore, understanding the common pathways and patho-
genetic mechanisms of lung fibrogenesis using representative models is critical for
developing efficacious therapies [121].

Human pluripotent stem cells (hPSCs) have been shown to generate functional
alveolar epithelial cells [67]. CRISPR genome editing has been used to introduce IPF-
related genes in hPSC-derived lung organoid cultures which lead to the formation of
abnormal cellular and morphological structures, including enhanced accumulation
of mesenchymal cells and collagen, recapitulating important features of IPF [63,
65]. This provided a platform to identify pathogenic mechanisms of IPF that are
likely clinically relevant in vitro. Using 3D pulmospheres from patients with IPF,
Surolia et al. revealed the role of vimentin intermediate filaments in restricting the
invasiveness of IPF fibroblasts [128]. The development of 3D organoid models can be
adopted to model some forms of lung fibrosis, human distal lung structures, functions,
and cell and matrix interactions opening the possibilities for high-throughput in vitro
drug efficacy and toxicity screening assays.
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5. Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary disease (COPD) is a leading cause of morbidity
and mortality worldwide. The pathogenesis of COPD has been linked to cigarette
smoking and, more generally to environmental exposures, i.e. air pollution and toxi-
cants. A genetic component, autoimmunity, and accelerated cell senescence are partly
involved in the pathogenesis of COPD. COPD is a complex disease that can present
with emphysema, chronic bronchitis, or both. In particular, the presence of mucus
plugging associated with goblet cell metaplasia (GCM) contributes to cough, sputum
production, and airway obstruction [129]. Most of the animal models employed for
the study of COPD develop emphysema but not bronchitis and the knowledge we
have on the mechanisms involved specifically in the origin of the overproduction of
mucus is still limited.

Despite advances in the field, there is still much to be learned about cellular
and molecular mediators uniquely involved in the onset of GCM in COPD, and the
identity of stem/progenitor cells in the human lung and how deficient repair may
contribute to COPD. Recent data suggests a significant amount of plasticity in the
lung, and the source of cells contributing to the increased numbers of goblet cells
in COPD is currently not clear. Lung organoids may be a useful model to explore
these questions. For instance, bronchospheres have been used to show that NOTCH
inhibition limits goblet cell metaplasia in vitro [101]. Using lung organoid cultures,
a previous study showed that upregulated noncanonical WNT signalling, through
increased WNT-5a and -5b contributes to emphysema by negatively regulating alve-
olar repair [130]. Using alveolar organoids, Jacob et al. demonstrated that temporal
regulation of Wnt activity could promote maturation of iPSC-derived AT2 cells [67].
These studies provide evidence supporting the use of alveolar organoids to explore
the regulation of Wnt signalling in alveolar epithelial progenitor cells of COPD
patients and to discover new treatment strategies.

6. Lung infection

Viral infections in the distal lung have been implicated in the progression of pneu-
monia to ARDS [131]. Respiratory viruses, including SARS-CoV-2, target lung
epithelial cells, including AT2 cells [132]. Influenza viruses target AT2 and AT cells
after intratracheal infection in mouse models [133]. However, there are currently no
reliable models that recapitulate the phenotypes of lung infections in vitro. Lung
organoids derived from hPSCs offer remarkable models to study the impact of
different viruses including measles virus, respiratory syncytial virus (RSV), and
the human parainfluenza virus type 3 (HPIV3) infections [63, 64]. RSV mainly
causes respiratory tract infection in infants, and no vaccine or effective drugs have
been developed yet [134]. RSV-infected hPSC-derived lung organoid cells led to
detachment and shedding of infected cells into the lung organoid lumens recapitu-
lating important features of the RSV-infected human infant lung [63, 64]. HPIV3
is a prevalent cause of lower respiratory tract disease in children. Consistent with
clinical observations, HPIV3-infected lung organoids showed no detectable change
in tissue integrity nor shedding of infected cells into the lumen [64]. Importantly,
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whole-genome sequencing of HPIV3 in the lung organoids was found to be identical
to the virus isolated in the clinical settings, suggesting that no selective pressure
exists on the virus in the organoids [64]. The virus behaved similarly in the organoid
models as it normally does in human infant lungs, indicating that the organoids are an
optimal model for this particular infection. Lung organoids may be the key to gener-
ating a vaccine or treatment for HPIV3 which would be a significant accomplishment
in the lung research field. Other viruses have been studied with lung organoids and
are found to be as successful as well.

Influenza virus infection represents a major threat to public health worldwide.
Zhou et al., developed human ASC-derived airway organoids (AOs) which can
morphologically and functionally simulate human airway epithelium. These organoid
cultures provide a reliable model to predict the infectivity of different human
influenza virus can potentially provide a universal platform for studying the biology
and pathology of the human airway [135].

Finally, the current COVID-19 pandemic caused by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) targets lung epithelial cells, including AT2
cells [132, 136]. Lung organoids as well as alveolar and airway spheroids that strongly
recapitulate the lung structure and cellular environment have been used to uncover the
pathogenesis and screen efficient therapeutic agents for COVID-19 [55, 137-139].
These studies suggest lung organoids may serve as an authentic model for respira-
tory viral pathogenesis, providing a valuable tool to study host-pathogen interaction,
infection in the lung, and mechanisms of how viruses spread in the lung.

7. Eyes to the future: Bioengineering of the whole lung

To date, the only available treatment for patients with a variety of end-stage lung
disease remains lung transplantation. Approximately 5,000 lung transplants are
performed annually worldwide, with equal numbers of patients on waiting lists [ 140].
However, there are not enough donor lungs to meet current or anticipated future
needs. To meet the growing demand for transplants, a promising area of research is
the regeneration of pulmonary tissue using ex vivo bioengineering methods.

Bioengineering of the whole lung ex vivo for transplantation is extremely complex
due to the complexity of the lung. With the progress of regenerative medicine and
stem cell biology, decellularized lungs have been used as native scaffolds for seeding
cells to regenerate the lung. Early studies were mainly performed using mouse lungs
and several methods were later developed to decellularize the lungs of rats, pigs, non-
human primates, and humans to subsequently recellularize this scaffolds [141—146].
However, most of these strategies focus on epithelial cells without the endothelializa-
tion of decellularized lungs [147]. Thus, one of the major challenges in whole lung
bioengineering remains the generation of functional pulmonary vasculature. More-
over, given the limit access of biological materials as scaffolds, an emerging idea is to
create a hybrid lung scaffold that combines extracellular matrix (ECM) components
with synthetic scaffolds. Finally, lung organoids combined with bioengineering could
generate more complex and mature organoids that can be applied to developmental
biology, personalized medicine and lung regeneration. We will discuss in more detail
in the following section.
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Lung Organoids and Personalized Repair

Lung diseases impose a great socioeconomic burden due to their high morbidity
and mortality rate worldwide. With the limited effective treatments available in the
last decade, developing novel therapies for pulmonary diseases is pressing. Lung
organoids serve as one of the most promising modelling approaches to study patient-
specific therapy and personalized medicine.

Bioengineered Lung

A growing number of tissue engineering techniques widens the potential of estab-
lishing more physiological relevant and functional human lungs ex vivo for trans-
plantation. A common method to manufacture whole lung tissue ex vivo is to first
derive decellularized 3D lung scaffolds from various species such as humans, pigs
and rodents, and then reseed the scaffolds with patient-derived stem cells or primary
lung progenitor cells [147]. The use of 3D scaffolds is beneficial as the native archi-
tecture of the lung is mostly retained following decellularization compared to de novo
lung bioengineering [147]. A study done by Ghaedi et al. had shown the potential
in human lung regeneration and lung transplantation via repopulated decellularized
human and rat lungs with iPSC-derived epithelial progenitor cells [148]. The epithe-
lial progenitor cells were found to perfuse in both airway and alveolar compartments
of decellularized lung scaffolds to form a bioengineered ex vivo lung [148]. This lung
regeneration approach could be applied in clinics by combining a native matrix scaf-
fold with patient-derived cells to generate a personalized lung for lung transplantation
therapies.

Wilkinson et al. developed another scaffold-based approach to generate self-
assembled human lung organoids with the use of functionalized alginate beads under
rotation in a bioreactor [149]. The engineered 3D lung organoids contained multiple
cell types including pulmonary fibroblasts, small airway epithelial cells, and human
umbilical vein endothelial cells [149]. By scaffolding mesenchymal cells into the
interstitial space between hydrogel beads, this engineered lung organoid could reca-
pitulate the anatomy of distal lung alveolar sacs [149]. They also showed the capa-
bility of this scalable iPSC-derived mesenchymal organoid culture approach to model
IPF. Having the advantage of assembling organoids through different combinations
of various types of cell-coated scaffold units, this organoid generation system could
be personalized for patient-specific disease modelling and drug discovery [149].

3D-Printing Facilitated Precision Tissue Engineering

With the development of 3D printing technology, artificial organs with patient-
specific spatial architecture have emerged as an attractive alternative for precision
medicine. Customized implants with patient-specific size and shape can be accu-
rately manufactured by 3D printing. These customized implants can perfectly fit
the defect sites of patients to significantly reduce surgical operation time [150].
Grigoryan et al. have developed a bioinspired alveolar model using poly (ethylene
glycol) diacrylate (PEGDA) and a stereolithographic printer, which contains regions
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reminiscent of native alveolar air sacs and alveolar buds [151]. This distal lung
model contains functional intravascular oxygen transport through measuring blood
oxygenation entering and leaving the model [151]. Another research group gener-
ated a bio-3D-printed artificial trachea using a Regenova bio-3D printer to create
a scaffold-free tubular tissue from multicellular spheroids [152]. After generating
multicellular spheroids from the mixture of rat chondrocytes, endothelial cells, and
mesenchymal stem cells, the aggregated spheroids are then assembled into trachea
constructs in a needle array, and the artificial trachea can become mature in terms of
chondrogenesis and vasculogenesis in a bioreactor. Taniguchi et al. showed that the
scaffold-free artificial tracheas remain functional with sufficient mechanical strength
after transplantation into an isogenic rat for several weeks [152].

Lung Cancer Organoid Models

Many researchers work hard on generating patient-derived 3D lung tumour models,
including spheroids and organoids, to study personalized medicine. Li et al. have
established 12 patient-derived organoid lines from lung adenocarcinoma (LADC),
which recapitulate the 3D structure and retain the genetic mutations of parental
tumors [153]. Liet al. established these LADC organoids through dissociating tumour
cells isolated from LADC samples and cultured them in Matrigel. These patient-
derived organoid lines can be used for tumour biomarker identification and high-
throughput drug screening. Together, this LADC organoid biobank serves as a good
model to generate personalized therapy.

There is still much more to be learned about lung organoids, but their potential
applications in personalized medicine is in the near future. As of late, there is no
research involving the direct use of lung organoids on humans, but multiple studies are
using them to advance human health. Researchers have used lung organoids generated
from fetus and infant tissues diagnosed with Bochdalek congenital diaphragmatic
hernia (CDH) to better understand the disease [154]. This study showed that the lung
organoids could model CHD ex vivo and provide better ways of studying human
diseases without using deceased human tissues. Other researchers have been able to
model lung cancer using tumor tissues ex vivo and study potential patient-specific
drug responses by comparing the lung organoid responses to patient responses [155].
Hu et al. determined the potential of a 1-week on-chip drug sensitivity test to predict
patient responses to anti-lung cancer drugs [155]. Although this study found that the
patient responses correlated 100% with only 11 of the 21 organoid samples, it gives
hope to the idea of personalized medicine using lung organoid models.

Although many challenges need to be addressed before realising precision
medicine treatment for lung diseases, such as the lack of a vascular system in most
lung organoid models, the future of engineering functional lung and transplanting
engineered lungs to patients is very promising.
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