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Advanced In Vitro Lung Models for Drug and Toxicity
Screening: The Promising Role of Induced Pluripotent

Stem Cells

Anabela Moreira, Michelle Miiller, Pedro F. Costa,* and Yvonne Kohl*

The substantial socioeconomic burden of lung diseases, recently highlighted
by the disastrous impact of the coronavirus disease 2019 (COVID-19) pan-
demic, accentuates the need for interventive treatments capable of decelerating
disease progression, limiting organ damage, and contributing to a functional
tissue recovery. However, this is hampered by the lack of accurate human lung
research models, which currently fail to reproduce the human pulmonary archi-
tecture and biochemical environment. Induced pluripotent stem cells (iPSCs)
and organ-on-chip (OOC) technologies possess suitable characteristics for the
generation of physiologically relevant in vitro lung models, allowing for devel-
opmental studies, disease modeling, and toxicological screening. Importantly,
these platforms represent potential alternatives for animal testing, according to
the 3Rs (replace, reduce, refine) principle, and hold promise for the identifica-
tion and approval of new chemicals under the European REACH (registration,
evaluation, authorization and restriction of chemicals) framework. As such, this
review aims to summarize recent progress made in human iPSC- and OOC-
based in vitro lung models. A general overview of the present applications of in
vitro lung models is presented, followed by a summary of currently used proto-
cols to generate different lung cell types from iPSCs. Lastly, recently developed

1. Introduction

Respiratory diseases are among the global
leading causes of morbidity and mortality.
Acute conditions arising from infection,
such as pneumonia and tuberculosis,
affect millions of people worldwide, the
latter being the most common lethal
infectious disease with 1.4 million annual
deaths.! Upon infection, the severe
acute respiratory syndrome-coronavirus-2
(SARS-CoV-2), which caused a worldwide
pandemic, leads to the clinical picture of
the coronavirus disease-2019 (COVID-19)
with possibly severe and life-threatening
progression. Lung cancer is the most fre-
quently diagnosed malignancy and the
main cause of cancer-related death,l? with
markedly low survival rates especially when
the diagnosis is performed at an advanced
state of the disease.’l Moreover, chronic
respiratory diseases (CRDs), including
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chronic obstructive pulmonary disease
(COPD), asthma, and interstitial lung dis-
ease (ILD), have consistently received less
attention in comparison to other non-communicable diseases,
continuing to exert a considerable socioeconomic impact.l*’!
Risk factors for the development of respiratory diseases include,
for example, tobacco use and second-hand smoke, as well as
exposure to air-pollutants, which has been accentuated with the
widespread use of fossil fuels. It is clear that a great number
of these risks can be mitigated by lifestyle changes, promoted
by anti-tobacco campaigns already in place at a global scale and
by the use of renewable, clean energy sources, and two recent
studies indicate that the age-standardized incidence and preva-
lence of CRDs has decreased from 1990 to 2017*° However, the
risk of developing CRDs, particularly COPD, appears to increase
steeply with age;*°! most strikingly, these diseases were the
third leading cause of death in 20171 and potentially in 2020.!°!
In addition to microbial, environmental, and lifestyle-related
factors, a large number of lung diseases have a genetic origin.”!
Cystic fibrosis (CF), for example, is an incurable hereditary
disorder known to originate from different mutations in the
gene coding for the CF transmembrane conductance regulator
(CFTR), an ion transporter, resulting in severe alterations in
pulmonary physiology that culminate in impaired lung func-
tion, respiratory distress and, ultimately, death.®*]
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In order to tackle pulmonary disease, particularly CRDs,
and to assess potential toxic effects of pollutant exposure, it is
necessary to focus on the development of novel lung organo-
typic models that accurately represent the pulmonary anatomy
and physiology under homeostasis and pathological condi-
tions. In the case of genetic diseases, lung models effectively
representing the individual genetic background of each patient
could allow for personalized therapy approaches and, thus, the
identification of effective treatments tailored to each specific
clinical situation. Despite the extensive research routinely per-
formed using animal models, the translation between in vivo
and clinical results has been very limited, owing to the inherent
disparity between the normal lung function and tissue organi-
zation in animals and humans.'% Accordingly, the genera-
tion of in vitro human lung models can be a valuable tool to
facilitate the extrapolation of results to the clinic and, simulta-
neously, help decrease the number of animals used in in vivo
experiments.! " In addition, such organotypic platforms may
also be used for large-scale pharmacological and toxicological
screening, where the potential toxicity of new therapeutic com-
pounds can be addressed and the effects of pollutant or chem-
ical agent exposure and inhalation can be evaluated.!>1®!

Nevertheless, the reproduction of lungs “on a dish” is far
from straightforward, as the pulmonary architectural com-
plexity and cell heterogeneity are difficult to replicate in vitro. In
spite of the wide use of 2D, homogeneous cultures, these hardly
represent the intricate relationship among different kinds of
cells, as well as their interaction with the surrounding extracel-
lular matrix (ECM) and the influence of systemic responses. In
fact, numerous cell types are in close collaboration in the res-
piratory system: the pulmonary epithelium is surrounded by
secretory, endothelial, mesenchymal, immune, and nerve cells,
all of which help maintain lung homeostasis and function.3]
Besides this cellular diversity and the associated biochemical
elements, such as immune mediators (cytokines, chemokines)
and growth factors, the lungs are also under dynamic mechan-
ical stress during the respiratory process.'”] Therefore, it should
be clear that typical, static 2D monoculture systems do not accu-
rately mimic this microenvironment, and thus are not ideal
models for toxicological and therapeutic screening.[!®!

Additionally, the generation of in vitro models requires an
appropriate cell source, capable of providing not only an accu-
rate representation of the pulmonary cell biology and function,
but also sufficient numbers and proliferation rates for high-
throughput research. As such, cell sources with easy accessi-
bility, scalability, and capability of maintaining a differentiated
phenotype over culture time and passaging are needed. Induced
pluripotent stem cells (iPSCs) have grown steadily as a viable
option, due to their embryonic-like state but somatic origin
that circumvents the ethical hurdles associated with embry-
onic stem cells (ESCs). This review provides a critical analysis
of the different in vitro lung modeling tools currently under
development and testing, focusing on the promise of iPSCs on
the generation of multicellular models that can closely mimic
the natural anatomy and physiology of the human pulmonary
system. Special focus will be given to 3D methods (spheroids,
organoids, and scaffold-based models) and microfluidic (lung-
on-chip) devices. The potential applications of these platforms
are also explored, and the respective shortcomings and possible
solutions are discussed. Thus, the main aim of this article is
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to highlight encouraging progress made in this field and deter-
mine the missing steps for the generalized use and, where
applicable, clinical translation of the presented lung models.

2. In Vitro Modeling of the Human Lung

2.1. Pulmonary Anatomy and Physiology

The lung is a specialized organ that performs several crucial
physiological functions, such as the gas exchange between the
blood and the atmosphere and the metabolism of endogenous
and xenobiotic agents. Importantly, the lung maintains a func-
tional barrier between the atmosphere and fluid-containing tis-
sues — the so-called air-liquid interface (ALI). This ALI enables
the delivery of oxygen to the blood, from which carbon dioxide
produced by cellular metabolic activity is also eliminated. For the
adequate performance of this process, a large surface area is pro-
vided by the complex structure of branched airways and blood
vessels uniting at the most distal part of the lung, the alveoli.l'®!
The lungs consist of three right and two left lobes enveloped by
a membrane known as pleura, resting with their ends over a
concave-shaped diaphragm. The trachea, the most proximal part
of the airways, bifurcates into right and left main stem bronchi,
which branch out further into increasingly thinner bronchi-
oles, until finally the narrowest airways connect to the alveoli
(Figure 1A).1 Thus, inhaled air flows through the conducting
airways until it reaches the alveoli, the sites of gas exchange.
The air-exposed surfaces of the respiratory system are cov-
ered with epithelial cells, which play a central role in lung func-
tion (Figure 1B). In a recent single-cell ribonucleic acid (RNA)
sequencing analysis, 58 different cell populations were identi-
fied in the human lung, encompassing epithelial and endothelial
cells (ECs), immune cells, such as alveolar macrophages (AMs),
and mesenchymal elements, including airway and vasculature
smooth muscle, pericytes, and fibroblasts.?’l Pulmonary epithelial
cells are distinguished between airway (tracheal and bronchial)
and alveolar cell types. The upper (tracheobronchial) airways are
lined by a pseudostratified epithelium, where each cell has direct
contact with the basement membrane.'®”) The majority of the
airway epithelium consists of mucus-secreting and ciliated cells,
which act together as a mucociliary escalator, removing particles
or other irritants out of the airways. Submucosal glands contain
duct, serous, and goblet cells, also contributing to the fluid bal-
ance, which is critically controlled by ion channels present in
epithelial cell membranes. Additionally, airways contain a pool of
multipotent progenitor cells (basal cells) located within the epithe-
lial layer, acting as stem cells that self-renew and differentiate into
secretory and ciliated cells during homeostasis and repair.[#1%]
The terminal airways are covered by the alveolar epithelium,
encompassing two different types of alveolar epithelial cells, sur-
rounded by blood vessels and fibroblasts. Alveolar epithelial cells
type 1 (AT1) are squamous, flat, terminally differentiated cells
that cover the majority of the alveolar area, providing the surface
needed for gas exchange and participating in ion and protein trans-
port.2ll Alveolar type 2 cells (AT2) are cuboidal, twice as frequent
as AT1, and specialized in the production and secretion of pulmo-
nary surfactant, that decreases surface tension during breathing
(Figure 1B). They also act as a type of alveolar stem cell, owing to
the ability to self-renew and differentiate into AT1 cells. Moreover,
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Figure 1. Pulmonary anatomy and cellular organization. A) Schematic representation of the hierarchical branching organization of the human airways
and alveoli. B) Overview of the main cell types present in the proximal airway and alveolar epithelia. Created with BioRender.com.

the pulmonary surfactant secreted by AT2 cells contains collectins,
which, together with the lung-resident population of immune
cells, the AMs, function to promote host defense and clear the
alveoli from bacteria and other pathogens.l'®) AMs are the first
cells contacting inhaled antigens, including infectious agents,
allergens and particulate debris. Thus, AMs are the most abun-
dant antigen-presenting cells in the airways and alveoli, playing
a critical role in regulating immune responses and inflammation
in the lung. The AM population self-renews from a progenitor
population in the lung parenchyma and has a slow turnover
rate, with an estimated half-life of 30-60 days, and their growth
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and survival partially depends on locally produced cytokines,
such as colony-stimulating factor (CSF).?? In addition, the res-
piratory epithelium is known to be a rich source of granulocyte-
macrophage CSF (GM-CSF).?d Lastly, together with pericytes,
fibroblasts constitute 10-20% of all lung cells, and both differen-
tiate into myofibroblasts. Their function is not yet well defined,
but it is assumed that they might play a role in lung and vascula-
ture regeneration upon injury.2’l

Although the epithelial cells of the respiratory system show
a great functional diversity, they all share common features,
collectively contributing to the formation and preservation of
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an ALI barrier that regulates the fluid composition of the air-
spaces and protects them from environmental pollution. This is
achieved by the generation of cellular apical-basolateral polarity,
which specifically contributes to the orientation of ion channels
and transporters, enabling the lung epithelium to function and
facilitating respiration.'® To study such dynamic processes in
the respiratory system, it is necessary to have suitable models
capable of representing the properties of the human lung and
providing an appropriate platform for toxicological screening.

2.2. Current In Vitro Human Lung Models

2.2.1. In Vitro Versus In Vivo Research: Is It Time to Change
the Paradigm?

The development, clinical evaluation, and introduction to the
market of novel therapeutic candidates are a complex, time-con-
suming process that incurs in an enormous financial impact in
pharmaceutical companies. A 2020 report analyzing new thera-
peutic agents approved by the U.S. Food and Drug Administra-
tion (FDA) between 2009 and 2018 indicates that the median
investment necessary for a new drug to reach the market is
US$985.3 million.? These costs arise not only from the typically
lengthy preclinical and clinical investigation stages, as well as
regulatory barriers enforced by the FDA or European Medicines
Agency (EMA), but also from severely high attrition rates. In
particular, drugs targeting respiratory disorders are amongst the
most expensive therapeutics to develop, due to both long devel-
opment times and very limited clinical success.*! Although, in
the past, the most frequent causes of clinical drug failure were
related to inadequate pharmacokinetics and bioavailability, cur-
rently these unsatisfactory results appear to be connected to lack
of effectiveness or manifestation of toxicity.26-%’]

Many factors are likely to contribute for these issues, including
a poor understanding of the pathological mechanisms involved
in pulmonary disease, inefficient formulation, and lack of invest-
ment in respiratory research, but a determinant aspect seems to
concern the scarcity of preclinical models capable of recapitu-
lating human biology and physiology.26:?7] Specifically, animal
models of pulmonary physiology and disease present substantial
limitations. The human and animal (particularly rodent) respira-
tory systems differ in terms of airway architecture and geom-
etry, mucus and cellular composition, and metabolism, which
highly affect the response to therapeutic molecules.?*?® In addi-
tion, unlike humans, rodents are obligatory nose breathers.?82°]
Naturally, other animals, such as rabbits, dogs, sheep, pigs, and
nonhuman primates can be used to overcome these problems,
but larger animal models usually imply higher housing and
maintenance costs, specialized handling, and further ethical
considerations.??”! Besides physiological interspecies differences,
pulmonary disease animal models frequently rely on the admin-
istration of exogenous agents (e.g., elastase, bleomycin, aller-
gens, irritant gas) to induce damage and emulate pathological
mechanisms observed in the human lung, not being able to
entirely reproduce the features of human disease or exposure
to disease-inducing agents.’! As an example, both acute lung
infections characterized by acute respiratory distress syndrome
(ARDS) and chronic conditions such as CF are associated
with a strong influx of inflammatory cells, such as neutrophil
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granulocytes, into the lungs, leading to life-threatening lung
damage.B®3! Experimental sepsis and pneumonia rodent
models used in basic research and drug development include
cecal ligation and puncture (CLP) and systemic and pulmonary
administration of bacteria and endotoxins.**3!! However, these
animal models are not a reliable representation of human lung
disease due to important disparities in inflammatory response:
for instance, the chemokine interleukin-8 (IL-8), which recruits
and activates neutrophil granulocytes in humans, is not pre-
sent in mice.?! Animal models are also limited in their ability
to mimic the extremely complex physiology and progression of
human carcinogenesis, resulting in a rate of successful transla-
tion from preclinical to clinical studies of under 8%.3

Consequently, over the last decades, it has been shown that
results from animal studies often do not agree with those
obtained from human subjects in clinical trials. In fact, a study
from 2007 found that human and animal results were con-
sistent in only half of the cases studied.’334 As such, substances
that are harmless in mice or monkeys can have harmful con-
sequences for humans, possibly resulting in unexpected and
severe side effects, and vice-versa, where the abandonment of a
drug or treatment due to toxicity in animal models might cause
safe and effective therapies to go to waste. A highly mediatic
case that set a precedent for tighter regulation and evaluation
of preclinical animal studies is that of thalidomide, a drug origi-
nally marketed as a hypnotic sedative and soon made extremely
popular due to its antiemetic effects during gestation.* Four
years after its commercialization and widespread therapeutic
use, in 1961, thalidomide was linked to teratogenicity and with-
drawn from the market, having caused the birth of more than
10 000 children with severe congenital malformations.>>*%l The
rodent animal models used during preclinical investigation were
shown to be much less sensitive to the toxic effects of thalido-
mide compared to other non-human mammals, such as rabbits
and primates, thus having failed to predict any teratogenic effects
and leading to one of the most substantial medical catastrophes
in history.’%l Only almost 40 years later, in 1998, did thalidomide
reenter the market after an FDA approval for the treatment of
erythema nodosum leprosum, and it has been shown to be an
effective therapeutic strategy in a wide variety of other condi-
tions.B3% Further examples where animal studies failed to predict
toxicity in humans include the anti-inflammatory drug rofecoxib
(Vioxx), which increased the risk of developing severe cardiovas-
cular problems; the hepatitis B drug Fialuridine, associated with
serious liver toxicity and the death of five human volunteers; and
TGN1412, a CD28 superagonist monoclonal antibody that caused
human volunteers to suffer permanent and life-threatening
damage from multiorgan failure within two hours after admin-
istration.l’’-3% In the case of TGN1412, differences in the human
and non-human primate CD28 receptor may have contributed
for the different effects observed in preclinical and clinical trials,
along with further disparities between the human and macaque
immune systems,*!! highlighting the fact that, even with the use
of complex animal models presenting increasing similarities to
humans, unpredictable and devastating effects can occur.

Even though it is still not possible, in present days, to replace
animal studies entirely with ex vivo/in vitro research, the latter
has been evolving continuously toward increasingly complex
and representative models of human biology, thus emerging as
attractive alternatives to in vivo investigation. The use of human
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Table 1. Advantages and disadvantages of the different in vitro lung models presented in this work.

In vitro model Advantages

Disadvantages References

2D ALl culture Simple and easy handling

Mimic lung ALI

Relatively low cost

Unlimited cell supply

Scalability (high-throughput)

Suitable for drug/particle permeability and transport
studies

Spheroids/organoids

Representation of multiple cell types

e Strong cell-cell and cell-ECM communication (3D
environment)

e Emulation of native physiological processes in
lung organoids (e.g., surfactant secretion, particle
clearance)

e Suitable for biobanking

Scaffold-based cell °
culture

3D matrices with variable/tunable chemical composi-

tion and geometry

e Abundance of natural and synthetic materials for
biofabrication

e Use of cell-instructive materials to guide cellular

responses

Decellularized extracel- o
lular matrix (ECM)

3D lung architecture with vascular network is
preserved
e Cell-guiding properties

Lung-on-chip devices e Representation of multiple lung tissue compartments

(epithelium, mesenchymal tissue, blood vessels)

e Efficient emulation of the lung microenvironment
(ALL, shear flow, biochemical gradients, mechanical
breathing motions)

e Possibility for interconnected multiorgan devices
(interorgan communication)

e Possibility for automation

e Incorporation of sensors for monitoring of biological
parameters

e Limited physiological relevance: immortalized /tumoral [56,62,183,184]
phenotypes, inability to recapitulate the native 3D pulmo-

nary microenvironment

High cost [56,86,183]
Complex protocols for spheroid/organoid development
and maintenance

e Usually associated with poorly characterized, animal-

derived products (e.g., Matrigel)

Lack of vascularization and interorgan communication

Difficulty in achieving fully differentiated phenotypes

Lack of mechanical stimulation

Lack of size uniformity

Difficulties in replicating the intricate pulmonary 3D [62,86]
architecture artificially

e Frequent use of organic solvents may compromise scaf-
fold biocompatibility

e May involve complex and expensive manufacturing

technologies

Shortage of human lung tissue [104,188,189]
Complex decellularization protocols

Loss of ECM components during decellularization pro-

cess and alteration of mechanical properties of the tissue

Early stage of development [13,62,183]
High complexity

Frequent lack of an immune compartment

Challenges in the co-culture of multiple cell types (par-
ticularly from different tissue compartments or organs)
e Relatively low throughput

cells and tissue for disease modeling and therapeutic develop-
ment may help improve the predictability of preclinical models
and, consequently, the clinical success of new pharmaceutical
agents.” The European Centre for the Validation of Alternative
Methods (ECVAM) data base of non-animal models for respira-
tory disease research of the European Commissions (EC) Joint
Research Centre (JRC) provides a comprehensive overview of
all the models currently available for studying respiratory dis-
eases, distributing them over different categories that cover
model structures (2D, 3D, spheroids, co-cultures, microfluidic
systems, bioreactors), cell types, target diseases, and applica-
tions, to name just a few.*!! In the next sections, a short over-
view of the main types of in vitro lung models with their advan-
tages and disadvantages (Table 1) will be presented.

2.2.2. 2D Cell Culture

Traditional cell culture methods usually rely on the use of
2D surfaces from tissue culture flasks, plates, or Transwell
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inserts, in which mono- or co-cultures of lung cells are grown
and maintained under submerged conditions.*?*! However,
because the lung epithelium is in direct and constant contact
with atmospheric air, it fails to properly and fully differentiate
into a functional, physiological-like barrier when submerged,
an aspect that has been illustrated by the inability to generate
differentiated ciliated cells in a liquid culture environment.[*#’]
As an alternative, a simple way of effectively mimicking the
pulmonary environment is to seed epithelial cells in Transwell
inserts or specialized devices and remove cell medium from the
apical compartment, thus exposing the cell monolayer to air and
recreating the ALI barrier in vitro.**¥ Commercially available
ALI platforms, such as EpiAirway (MatTek, Ashland, Massa-
chussets)*>% and MucilAir (Epithelix Sarl, Geneva, Switzer-
land),*? have also been widely explored. In this type of setup,
cells have access to culture medium from the basolateral side of
the insert membrane and are able to develop apical-basolateral
polarity.>3>4 Importantly, these 2D systems can easily be used
for the evaluation of important processes involved in disease
pathogenesis and drug absorption, transport, and permeability
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under controlled experimental conditions and well-defined
environmental parameters.!

In the context of model development for in vitro representa-
tion of highly complex organs such as the lung, in which the
intercellular communication and mechanosensing processes
are very challenging to replicate artificially, conventional 2D cell
culture is naturally linked with clear shortcomings. Consider-
able research on the comparison between cellular responses
in 2D versus 3D environments has demonstrated that cells in
2D surfaces tend to display physiologically irrelevant behavior,
favoring cell-substrate interactions over cell-cell and cell- ECM
communication, assuming altered morphologies, and pre-
senting aberrant proliferation rates and distinct gene and
protein expression profiles compared to those observed in
vivo.5>%¢ Particularly in lung cells, marked differences have
been observed regarding the maturation and functionality of
the epithelial barrier and innate immune response in 2D and
3D lower (transepithelial electrical resistance (TEER), minimal
expression of tight junction proteins, and higher susceptibility
to bacterial infection were observed under 2D conditions).l>8!
Yet, 2D culture is associated with a few practical and logistical
advantages that represent significant difficulties when han-
dling 3D culture models, namely in terms of suitability for cell
imaging and large-scale studies, due to its scalability, low cost,
and simpler experimental data interpretation.®>>®! As a solu-
tion, 2D culture methods can be enhanced with a few modifica-
tions that better simulate the native tissue microenvironment,
such as the introduction of dynamic culture conditions®! or
surface modifications to include appropriate physical micropat-
terns capable of cellular recognition and mechanosensing.[]
Such micropatterned surfaces, where specialized structures like
micro-/nanogrooves, pillars, or pits are used, have extensively
shown the ability to influence cell morphology, attachment, and
migration, giving rise to the so-called 2.5D cell culture.® Thus,
2.5D cell culture may represent an important compromise
between scalability/reproducibility and representativeness of
the in vivo cell microenvironment, serving as relatively simple
approaches to achieve consistent and physiologically relevant
cellular responses. Of note, 3D ALI multi-layered cell culture
models have also been established: Klein et al. developed a 3D
tetraculture system composed of the alveolar type-II cell line
A549, differentiated macrophage-like cells (THP-1), mast cells
(HMC-1), and endothelial cells (EA.hy 926) to mimic the cel-
lular organization at the alveolar barrier.’!l Like the other ALI
models, this 3D tetraculture system is also based on cell culture
inserts. %"

2.2.3. Lung Spheroids and Organoids

Moving forward to increasingly complex structures and in vivo-
like environments, 3D multicellular models, such as spheroids
and organoids, serve as biomimetic platforms that enable the
investigation of intercellular communications, cell-ECM inter-
actions, and overall organ development and function.[®2¢3 Of
note, although the terms “spheroid” and “organoid” are often
used interchangeably, they actually differ in a few key aspects:
spheroids are usually considered simpler structures capable
of self-assembly without requiring a scaffold or 3D matrix to
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guide the self-organization process.[ They are commonly used
as tumor models, due to their hierarchical structure of external
layers composed of active and proliferative cells and an internal
necrotic core that arises from nutrient and oxygen deprivation,
as well as waste accumulation in this area.®>%% However, as
spheroids are most commonly derived from cell lines/®¢-%8 or
primary, patient-derived cells, |7 they frequently lack the pres-
ence of stem or progenitor cells capable of self-renewal and
endowed with differentiation potential, resulting in a greater
difficulty in sustaining the 3D culture and generating complex,
multicellular structures.[®3]

These limitations can be addressed with the use of orga-
noids, which, as the name implies, consist of self-assembled
“miniaturized organs” with multiple cell types, self-renewal and
differentiation potential, and some level of function and organi-
zation that mimic those of the native target organ.”!! Lung orga-
noids should be able to perform organ-specific functions such
as surfactant secretion, particle clearance, or protection against
microbial infections.’” These can be obtained from patient-
derived adult stem cells (ASCs),”*”" from both healthy tissue
(organoids) and malignant tissue (tumoroids), or multipotent/
pluripotent stem cells (PSCs), such as ESCs,”#1 which form
3D cell aggregates when embedded in a 3D ECM and can be
directed toward specific differentiation paths with the use of
exogenous biochemical cues (e.g., growth factors and small
molecules).®382] PSC-derived organoids are established through
the recapitulation of specific mechanisms that take place during
embryonic development: by emulating the signaling cascades
and other processes that occur during organogenesis, it is,
therefore, possible to reproduce these events in vitro and obtain
“mini-organs” in different developmental stages and originating
from multiple germ layers, with varying cellular composition
and degree of differentiation.[®*8283] Conversely, ASC-derived
organoids are representative of adult tissue repair and predomi-
nantly of epithelial nature, without stromal, nerve, or vascular
elements in their composition. Thus, ASC-derived organoids
can only be obtained from adult tissues with inherent regenera-
tive capacity, whereas those derived from PSCs may be a valu-
able tool to study organs with limited regeneration potential.(8’]

Importantly, the high expansion capability and genomic
stability characteristic of organoids and tumoroids make
them appropriate for biobanking and high-throughput drug
screening studies.”?) Moreover, because they can be established
from patient-derived stem cells, organoids pave the way for
personalized disease modeling and toxicological screening, as
several reports have demonstrated that organoids generated
from patients with genetic disorders are capable of replicating
the disease phenotypes in vitro.[®3# Nevertheless, even though
organoids have great potential to revolutionize basic research
and in vitro disease modeling, there are various limitations to
address before these models can live up to the excitement by
which they have been surrounded.® First, the lack of protocol
standardization for organoid development, the frequent use of
animal-derived ECM as 3D supporting matrix, often Matrigel
(Corning) or basement membrane extract (Cultrex, R&D
Systems), and supplementation of culture media with non-
chemically defined elements such as fetal bovine serum (FBS)
are associated with high variability among different research
groups and production batches, hindering study reproducibility
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and consistency.®3-# Second, organoid culture is more expen-
sive than 2D cell culture, owing not only to these animal-
derived materials, but also to the differentiation/growth factor
cocktails used for organoid establishment and maintenance.®’l
In the context of in vitro lung modeling, it is also challenging to
attain a representation of all pulmonary tissue elements within
lung organoids, particularly of the vascular compartment.[848¢]
In addition, both lung spheroids and organoids lack interorgan
communication and, therefore, can only provide restricted pre-
dictions of drug safety and efficacy, excluding potential effects
arising from drug metabolism and systemic circulation.®384
Hence, these should be faced as models in continuous and pro-
gressive development, toward versatile platforms highly repre-
sentative of human biology for basic research and personalized
disease modeling and therapeutics.

2.2.4. Decellularized ECM and Scaffold-Based Models

In vitro lung models can also rely on natural or artificially pro-
duced 3D scaffolds, which may guide and support cell organi-
zation, proliferation, and differentiation and contribute to an
overall physiological-like microenvironment. In order to achieve
pulmonary models with native architecture and incorporated
vascular channels, extensive research has been dedicated to the
use of decellularized lung ECM as a possible solution. Human
or animal-derived decellularized lung ECM can be obtained
from whole lungs®# and lung resections or fragments,®)
which are usually submitted to a detergent-based protocol that
strips these tissues of any cellular component, whilst main-
taining the 3D branched airway and alveolar structure and vas-
cular organization. Afterwards, the decellularized matrices can
be recellularized with endothelial, epithelial, and/or stromal
cells and dynamically cultured in specialized bioreactors, which
recapitulate important pulmonary physiological processes such
as vascular perfusion, liquid ventilation, and mechanical stim-
ulation (Figure 2).°% These approaches provide unmatched
pulmonary biomimetic geometry and an active ECM endowed
with cellular responsiveness, thus being capable of guiding cell
attachment and behavior, as well as supporting progenitor cell
differentiation.”»?] Decellularized lung ECM may also be fur-
ther processed into other scaffold forms, such as hydrogels,®*%4
which can similarly be used to study lung cell-ECM interactions
in vitro, or small 3D-fragments with preserved vasculature and
airway structure, suitable for high-throughput analysis.l Rele-
vantly, a number of reports have demonstrated that healthy and
aged or diseased lungs respond to decellularization protocols
differently and result in disparate cellular behaviors,**- repre-
senting potentially useful models to study lung pathophysiology.

Nonetheless, it should be noted that, although the pulmo-
nary macro- and microarchitecture are generally preserved
after the decellularization process, the ECM chemical com-
position can be altered, resulting in the loss of components,
such as elastin and glycosaminoglycans, 199191 that are essen-
tial to maintain the native structural integrity and mechan-
ical properties of the organ. Interestingly, lungs isolated
from different species react differently to the same decel-
lularization protocol, showing variation in their chemical
composition post-processing and eliciting distinct responses
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in human cells upon recellularization.l'l Additionally, decel-
lularization protocols are complex and time-consuming,
and incomplete antigenic removal may give rise to immu-
nological responses and compromise the clinical translation
of the models. Importantly, the availability of human lung
material for tissue engineering studies is also very limited.
On one hand, this is because healthy donor lungs are always
used for transplantation and only those deemed unsuitable
to be transplanted can be used for generating decellularized
lung ECM. On the other hand, in lung surgeries, hardly any
healthy tissue is removed in addition to the diseased tissue.
For this reason, the use of animal material remains neces-
sary. Porcine lungs, which are much more widely available,
are a particularly promising ECM alternative to human lungs
for research purposes, since they effectively mimic the com-
plex architecture, biomechanics, and topological specificity
of the human lung.'%*-1%] However, utilizing xenogeneic
material inevitably raises concerns about the potential influ-
ence of anatomical and physicochemical interspecies differ-
ences on cellular behavior, which may limit the physiological
relevance of these models. To mimic the complex architec-
ture and biomechanics of the human lung, there is a need
for alternatives. Synthetic hydrogels, which get more and
more established in tissue engineering, represent an alterna-
tive approach as they are able to reproduce the mechanical
properties of the lung due to their viscoelasticity and can fur-
ther be used for 3D bio-printing (examples of applications
are described in Sections 4.2 and 4.3).1°4

As potential alternatives for in vitro lung modeling, a few
research groups have focused on other natural materials, such
as collagen®l and gelatin,'71%8 as well as synthetic poly-
mers, frequently poly(e-caprolactone) (PCL)!'%7! and poly(lactic-
coglycolic acid) (PLGA),1 to fabricate artificial 3D scaffolds
in which lung cells can be cultured, differentiated, and main-
tained. Natural materials are advantageous due to the presence
of cell adhesion properties that promote cell attachment, which
synthetically produced scaffolds lack. However, biomaterials of
natural origin are often associated with interindividual varia-
bility and poor biomechanical properties, shortcomings that are
not present in synthetic constructs. In addition, synthetic poly-
mers frequently allow for fine tuning of a scaffold's porosity,
surface modifications, and degradation rate adjustments. These
complementary advantages and limitations have encouraged
the generation of hybrid tissue-engineered scaffolds, that is,
blends or composites of both natural and synthetic materials
capable of delivering adequate cell adhesion and suitable
mechanical properties and reproducibility.%

Two of the most popular techniques for the production of
scaffolds for tissue engineering are electrospinning and addi-
tive manufacturing (3D printing). Electrospinning is an electro-
hydrodynamic technique that relies on the controlled extrusion
of a polymeric solution, emulsion, or melt through a conductive
spinneret or orifice under a strong electric field. The application
of this electric field causes the polymer solution to form a jet,
which gradually solidifies along with solvent evaporation and
deposits onto a grounded or oppositely charged collector, such
as a metal plate or rotating mandrel, forming solid, continuous
polymer fibers." Electrospun scaffolds are well-known for their
high surface area-to-volume ratios, interconnected porosity, and
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Figure 2. Lung matrix decellularization and culture procedure. Gradual loss of A) cellular components and B) protein and DNA content with the decel-
lularization protocol in porcine lungs. C,D) Bioreactor apparatus for the culture of recellularized C) rat and D) human lungs. PA — pulmonary artery;
PV — pulmonary vein; Br — left bronchus; Tr — trachea. Adapted with permission.” Copyright 2020, Springer.

micro-/nanofiber-based structure, emulating the ECM organi-
zation in vivo." Importantly, several reports have demon-
strated the potential of electrospun meshes for the development
of lung biomimetic platforms, showing suitability for mono-
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or co-culture of airway/alveolar epithelial cells,""115 airway
smooth muscle,"®" and lung fibroblasts."3" In turn,
3D printing is indicated for the development of constructs
with controlled, pre-determined geometry, making use of
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scomputer-aided design software and layer-by-layer deposi-
tion to model and create the intended scaffold structures.8 A
number of 3D lung scaffolds have been recently developed by
seeding lung cells onto 3D-printed matrices!"” or by employing
bioprinting technology, in which cells can be directly incor-
porated within a bioink and distributed into a pre-defined 3D
array in a one-step procedure. This latter methodology has
allowed the engineering of in vitro models with notable poten-
tial for the investigation of lung influenza A infection™?% and
cancer.[121122]

Such biomanufacturing techniques unquestionably serve as
versatile platforms for lung tissue and organ modeling, effec-
tively mimicking, albeit to a limited extent, their characteristic
3D architecture. In fact, to the present day, it is still not possible
to replicate the entire intricate geometry of native lungs with
any biofabrication method. To name just a few obstacles, the
production of 3D structures using electrospinning is quite chal-
lenging, and the low fabrication speed and resolution of most
additive manufacturing techniques is generally prohibitive for
large-scale production and generation of submicron structures,
respectively.'?)l High-resolution technology will be necessary
to develop biomimetic lung models with a complex and self-
supporting geometry, composed of both large and small caliber
airway branches and blood vessels, as well as thin and inter-
connected alveolar structures with a functional blood-air bar-
rier. Of note, a lot of research has already been directed to the
development of 3D electrospinning/’#%°l and high-resolution
3D printing techniques,?%1?"] even though these are still not
necessarily biocompatible, due to the frequent use of toxic sol-
vents and/or materials and high processing temperatures.!®]
Technological advances will hopefully result in a wider range of
both biofabrication methods endowed with the necessary reso-
lution, biocompatibility, and speed and biomaterials capable of
supporting cell attachment, proliferation, and delivering physic-
ochemical cues to achieve wholly functional lung tissue models
for in vitro research.

2.2.5. Lung-on-Chip Models

In recent years, remarkable progress has been made not only
in the field of cell-based, in vitro model development, but
also in that of microfabrication technology. By combining
physiologically relevant cellular models and microfluidic sys-
tems, the drawbacks that come along with standard static
in vitro systems can be overcome, in order to better mimic
the microstructure, dynamic mechanical properties, and bio-
chemical functionalities of living organs. So-called organ-on-
chip (OOC) systems have recently evolved from a conceptual
idea to a strong potential surrogate for animal models. These
biohybrid devices combine the unique features of classical
cell assays and animal models with 3D tissue organization
and fluid circulation and, therefore, have the potential to
revolutionize drug development and toxicological testing in
the context of chemical approval according to the registra-
tion, evaluation, authorization and restriction of chemicals
(REACH) regulation.?”13%] Indeed, the OOC principle is now
well recognized by the pharmaceutical and chemical indus-
tries, as well as governmental authorities, as an alternative to
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animal testing that complies perfectly with the 3Rs principle
(replace, reduce, refine). These devices promise to improve
the transferability of preclinical results to the clinical phases
of drug development, making the entire process more cost-
effective, faster, and safer. They constitute an experimental
in vitro platform to assess drug efficacy and toxicity profiles
in human cell and tissue models. Thus, they may be better
predictors of therapeutic effectiveness and safety in the clinic
compared to animal studies.

OOC models have already been developed for numerous
organs,®!l generating an ever-growing portfolio that includes
gut-on-chip,3>133  liver-on-chip,**"¥]  muscle-on-chip,'3
blood brain barrier (BBB)-on-chip,* kidney-on-chip,!*-144
and skin-on-chip systems.[*] Even though lung-on-chip devices
have equally been described in several reports, this field is still
in its infancy, presumably owing to the complex geometry and
heterogeneous cell composition of the lung microenvironment,
which, unlike the liver, kidney, BBB, or gastrointestinal tract, is
located at an ALI. Currently existing lung-on-chip systems are
discussed below in detail.

From the Ist to the 2nd to the Next Generation of Lung-on-Chip
Systems: While earlier OOC microsystems were silicon-based,
entailing complex and expensive microfabrication processes,
current microfluidic devices are most commonly generated by
poly(dimethylsiloxane) (PDMS) soft lithography, as the phys-
icochemical characteristics of this polymer make it particu-
larly suitable for cell and tissue culture purposes. PDMS has
high gas permeability, which ensures oxygen supply to the
cells inside the microchannels, and it enables the visualiza-
tion of living cells thanks to its optical transparency. Further-
more, PDMS is very flexible and can be deformed locally, which
allows the application of mechanical actions, such as mem-
brane stretching. Its inherent hydrophobicity is not favorable
for cell attachment, but can be counteracted by numerous
surface modification strategies, such as plasma treatment or
coating with ECM-derived proteins.l*! With such technolog-
ical advancements and the generation of increasingly complex
research platforms, it has become evident that the appropriate
choice of representative cell models and biochemical signaling
are not sufficient to entirely emulate the anatomy and physi-
ology of the lung: important mechanical factors must come into
play, particularly the air flowing through these organs during
the breathing process, in a cyclic mechanism that causes the
continuous expansion and relaxation of the lungs. The possi-
bility of creating both microenvironmental biomolecular gra-
dients and relevant mechanical stimulation (e.g., shear stress,
strain) is a major advantage of OOC systems that distinguishes
them from conventional, static cell cultures.]

In the first-ever OOC report, Huh et al. developed a device
mimicking the alveolar-endothelial interface through which
gas exchanges occur.*®! To this end, human alveolar epithelial
cells and microvascular ECs were cultured on opposite sides
of a flexible and porous PDMS membrane located between
two parallel microchannels (Figure 3A,B) with a width similar
to the average diameter of human alveoli, thereby proving the
suitability of this device for studying pulmonary biology and
toxicology.~l The chamber containing epithelial cells was
filled with air, in order to reproduce the pulmonary ALI, and
the controlled introduction of vacuum into the device enabled

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
BIOLOGY

www.advancedsciencenews.com

Air (alveolar)

(vascular)

www.advanced-bio.com

N
"

T =—®—IL-2(10% strain)
~{3=IL-2 (no strain)

| O~ 10% strain
~@~-Control

k%%
Jedkede dkk

N
o

Epithelium

Alveolus
=
«

I
o

w
+—

Endothelium

IL-2 ~~nns>

Barrier permeability (a.u.)

>
=
=

-1
]

o

1 2 s a4 5 6 7 8
Time (hour)

Figure 3. The first breathing lung-on-chip, a microengineered chip system to mimic the architecture and breathing function of the lung. A) Schematic
structure of the lung-on-a-chip model imitating the alveolar-capillary interface. The epithelium side on the top presents the alveolar side (with air flow),
the endothelium side on the bottom presents the vascular side (with liquid flow). B) Interleukin-2 (IL-2) administration to the microvascular channel
induced an increase in endothelial permeability and allowed the recapitulation of pulmonary edema on-chip. Alterations of the lung barrier function
could be quantified by measuring, for example, the permeability of fluorescein isothiocyanate (FITC)-inulin from the vascular to the alveolar side. C)
The combination of IL-2 exposure and cyclic strain significanty increased barrier permeability compared to IL-2 without cyclic strain. This shows how
important it is to use realistic in vitro models for toxicological studies and drug analyses. Adapted with permission.['”!l Copyright 2012, American

Association for the Advancement of Science.

a pressure-driven cyclic stretching of the PDMS membrane and
adhered cells, thereby resembling the alveolar expansion during
the respiratory process. This integration of physical stimula-
tion and investigation on the influence of mechanical strain on
pulmonary toxicity brings the lung-on-chip systems to a next
level of complexity, which is close to the in vivo microenviron-
ment. In fact, increased reactive oxygen species (ROS) produc-
tion by alveolar epithelial cells was detected upon exposure to
ultrafine silica nanoparticles in conjunction with 10% cyclic
strain, whereas the nanoparticles or mechanical strain alone
had no such effect. Moreover, the translocation of nanopar-
ticles across the air-blood interface was significantly increased
in the presence of this mechanical stimulus.!*¥1% Thus, this
pioneering study unmistakably exposed the limitations of static
cultures in which mechanical stimulation is not incorporated.
Although most of the OOC systems described to date are
PDMS-based, it should be noted that, given its hydrophobicity,
this material tends to adsorb small molecules on its surface,
possibly altering the chemical profile of the cellular microenvi-
ronment.? For this reason, other synthetic and natural poly-
mers are becoming increasingly important as candidates for
stretchable and porous membranes. Both their physical (thick-
ness, pore size, porosity) and mechanical (elasticity, elonga-
tion) properties qualify substances such as PCL,*" poly(r-
lactic acid-co-&-caprolactone) (P(LLA-CL)),1>>7 polyethylene
terephthalate (PET),® silk,% collagen,'®” fibrinogen,l61162]
and Bionate[1% as suitable materials for the production of flex-
ible and porous membranes to mimic biological tissue bar-
riers. Some approaches have already been described for this
purpose.['*1%% For example, Yang et al. used a PLGA nanofi-
brous membrane to co-culture A549 cells, HFL1 fibroblasts,
and human umbilical vein endothelial cells (HUVECS) in their
lung-on-chip system.[”% In addition to pure polymer fiber-based
membranes, ECM-derived materials also display interesting
properties, such as semipermeability, optical transparency, and
cost-effectiveness.”!l In addition to new materials, innovative
technologies for scaffold production are also finding their way
into the field of OOC systems, including solution, emulsion, and
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melt electrospinning, casting and freeze drying, to name just a
few.[1537163] Importantly, even though a recent critical summary
on currently available in vitro cell-stretching devices reveals
most are used in combination with cell lines,[®) OOC are also
compatible with primary cell culture. This was demonstrated by
Sellgren and colleagues, who developed a double membrane-
based microchip in which triple co-culture of primary human
airway epithelial cells, lung microvascular endothelial cells, and
lung fibroblasts was successfully established.[7?

By experimenting with first-generation lung-on-chip systems
and coupling different tissues in microfluidic devices, increas-
ingly more complex systems with higher similarity to the physi-
ology of human organs can be created (e.g., a microfluidic cell
culture array with varying oxygen tensions,!”?l engineered arti-
ficial alveolar-capillary membranes,”4 vascularized OOCI"?)),
with the attainment of more detailed structures and the pos-
sible choice from a wider range of suitable materials. A next-
generation lung-on-chip with an array of stretchable alveoli
made with a biological membrane has been recently described
by Zamprogno et al.7! Instead of PDMS, this research group
used a collagen-elastin (CE) membrane integrated in a hexag-
onal mesh (Figure 4). Additionally, poly(methyl methacrylate)
(PMMA) has also been used to fabricate lung-on-chip devices.
By means of a solvent-assisted thermal bonding technique, a
PMMA-based airway-on-chip model was developed, containing
airway epithelial cells and SMCs in co-culture separated by a
suspended ECM-derived hydrogel layer, mimicking the native
structure of the respiratory branch interface.[”!

Even though, in most studies describing breathing lung-
on-chip devices, membrane stretching is unidirectional, it is
also possible to achieve 3D stretching, so as to better replicate
the actual alveolar dilation. Stucki and colleagues imitated the
physiological action of the diaphragm in the cyclic expansion of
the lungs, making use of a biomimetic microdiaphragm that,
controlled by electropneumatic mechanisms, oscillated periodi-
cally and caused the cyclic 3D extension of a cell-seeded PDMS
membrane (Figure 5).79180 Such “breathing” in vitro lung
devices represent precious technological advancements that
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Figure 4. Immunostaining of primary human lung alveolar epithelial cells cultured on a hexagonal structured mesh. After 4 days of culture an air lift
was performed. Following 2 days of culture at the ALI, cells expressed adherence junctions (E-Cadherin, red) and tight junction (zonula occludens-1
(ZO-1), green). In the right image the markers are merged (Hoechst, blue; E-Cadherin, red; ZO-1, green). Scale bar: 100 um. Adapted with permis-

sion."”8 Copyright 2021, Springer Nature.

enable the artificial reproduction not only of the anatomical
structure and cellular composition of the lung, but also of the
dynamic physiological and mechanical processes taking place
in the respiratory interface, allowing for increasingly complex
and accurate replications of the pulmonary microenvironment.
Relevantly, this technology can be easily adapted to develop
other human OOC, offering the methodology for the artificial,
in vitro recapitulation of other biomechanical motions, such as
gastrointestinal peristalsis within a gut-on-chip device.'®! In
addition, by integrating specific sensors, such as impedance
sensors for monitoring cell activity, barrier function, and mem-
brane movements,®2 the quality of these devices as screening
tools in drug development and preclinical toxicity assessment
can be enhanced.
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2.3. Current Applications of In Vitro Lung Models

Given the wide applicability of in vitro lung models across
varied fields of basic research, disease modeling, pharmaco-
logical research, and toxicology, this section does not aim to be
an exhaustive list of all applications of these tools, but rather
a general overview of a few relevant examples from recent lit-
erature. Accordingly, a broad summary of applications in the
areas of developmental biology and lung disease pathophysi-
ology, drug design, and toxicological testing is provided. For
more extensive reviews on the subject, the EC JRC ECVAM
database can be consulted, along with other review articles
previously published. 183183184

Figure 5. Breathing-on-chip model. A) The breathing motions of the lung in vivo and especially the barrier function of the alveoli are replicated on the
microfluidic chip. B) Hydrostatic and surface tension forces transport the medium through the fluidic channels. A bio-inspired microdiaphragm repro-
duces the breathing motions on chip. C) Six independent alveolar barrier systems could be used in parallel as a high-throughput lung breathing model. AT
I: alveolar epithelial cells type 1, AT II: alveolar epithelial cells type 2, EC: endothelial cells. Adapted with permission.[”?l Copyright 2018, Springer Nature.
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2.3.1. Analysis of Developmental, Homeostatic, and Pathological
Processes

The comprehension of the cellular and molecular mechanisms
that lead to lung formation and maturation during embryonic
and early post-natal development may enable their recapitula-
tion in in vitro organ models and tissue-engineered constructs,
in which progenitor cells can be guided toward regenerative
responses by mimicking developmental signaling cascades,
biochemical, and biomechanical stimuli. Moreover, a consider-
able number of human diseases have a developmental origin,
may it be due to mutational mechanisms, exposure to toxins,
or nutritional deficits during gestation."®! As such, significant
effort has been directed at utilizing human lung models to
emulate the processes involved in lung development.l'? Orga-
noids and other types of lung models, such as lung-on-chip
devices, have been designed to investigate, for example, cellular
dynamics during airway branching,'®] interactions between
epithelial and smooth muscle cells,”! and cell-cell commu-
nication between epithelial and endothelial cells (ECs).'®"]
Developmental gene expression analyses have also been carried
using human and murine embryonic lungs, as well as orga-
noids derived from human lung tip epithelium, which allowed
for comparative studies with murine lung development.”®l
This helped establish a series of parallelisms and discrepan-
cies between the processes of lung morphogenesis in humans
and mice, therefore contributing for a better understanding of
the suitability of these animals as models for lung therapy and
disease. Relevantly, these organoids had self-renewal capability
and the potential for differentiation into both bronchiolar and
alveolar fates in vitro, posing as promising candidates for fur-
ther use in modeling lung development and physiology.”®!

The relative simplicity of several common models and the
presence of only one or two cell types can be an important
asset to study specific cell-cell interactions and evaluate the
role of individual cell populations in the maintenance of lung
homeostasis or pathological mechanisms. Nevertheless, these
still do not quite replicate the complexity of the lung cellular
niche, which may be required when performing toxicological
screenings or reproducing the conditions of a pulmonary dis-
ease. Chen and co-workers have generated lung bud organoids
from ESCs, which were then cultured in Matrigel in vitro and
ectopically, as a xenotransplant, in mouse kidney capsules.!*"!
These organoid structures could successfully reproduce the
formation of branching airways and early alveoli occurring
during lung morphogenesis, presenting important similari-
ties to the second trimester of human gestation in terms of
structural organization and gene expression after six months
of Matrigel culture. More recently, bronchioalveolar lung orga-
noids (BALOs) have also been created from murine bronchio-
alveolar stem cells (BASCs), where multiple lung cell specific
markers, including alveolar epithelial cells, basal, ciliated, and
secretory cells, were expressed, a mesenchymal component was
observed, and successful co-culture with lung-resident immune
cells, namely tissue-resident macrophages, was established.™!
BALOs self-organized into extensively branched structures over
21 days, mimicking the bronchiolar and alveolar architecture in
vivo. With this increased cellular complexity, the role of mes-
enchymal cells in organoid formation and maturation could be
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unraveled, possibly shedding some light on the existing epi-
thelial-mesenchymal communication in the lung.'¥ Likewise,
immune cells are a fundamental component of the pulmonary
cellular niche and represent a crucial line of defense against
invading pathogens, therefore implying that the inclusion of
tissue-resident macrophages in this organotypic model may rep-
resent a valuable tool for studying lung infection and immune
response.l In vitro lung biomimetic platforms have also been
used for disease modeling, which is fundamental not only to
understand the pathogenic mechanisms leading to the target
condition, but also to provide the respective drug screening and
testing platforms (Section 2.3.2). Characteristics of pulmonary
edema,™ intravascular thrombosis,®? lung cancer,'*"4 and
even rare genetic diseases like Hermansky—Pudlak Syndrome
(HPS) Type 2['%! have already been reproduced and investi-
gated using in vitro lung models. Sachs and co-workers have
recently developed human airway organoids derived from CF
and non-small cell lung cancer patients which recapitulate sev-
eral features of these diseases.”® In addition, pulmonary infec-
tious diseases caused by, for example, influenza A,®!l parain-
fluenza,”®l and respiratory syncytial virus/®1°1%l can also be
modeled and studied using such biomimetic tools. Importantly,
in light of the recent COVID-19 pandemic, caused by the SARS-
CoV-2, numerous in vitro/ex vivo preliminary platforms have
been created to emulate and investigate the pathogenesis of
this infectious condition.[-1%)

Lung-on-chip devices have the unique advantage of incorpo-
rating mechanical biomimetic components into in vitro models,
resulting in dynamic tools that can be used to investigate the
influence of biomechanical stimulation on cellular behavior
and disease pathogenesis. For instance, Novak et al. developed
an OOC consisting of two perfused microfluidic channels sepa-
rated by a permeable elastomeric membrane, in which paren-
chymal cells and microvascular endothelium were cultured in
opposite sides to study lung-specific mechanical cues, such
as breathing motions.?%! Another lung-on-chip array with an
integrated bio-inspired respiration mechanism was used to
assess how cyclic stretching affects the permeability properties
of epithelial cell layers.'® To this end, an alveolar barrier was
formed by coculturing lung epithelial (16HBE) and endothelial
(HUVEC) cells on each side of a thin, porous, and stretchable
membrane. Felder et al. developed a lung chip to study the
role of mechanical motions and recombinant human hepato-
cyte growth factor (thHGF) administration in wound healing,
proving that cyclic mechanical stretching has a significant
influence on this process.?! In addition, lung-on-chip devices
have been widely applied in cancer research, serving as plat-
forms to study invadopodia formation?%?l and stromal-cancer
cell communication!”*2%3] during lung tumor growth and inva-
sion processes, as well as resistance mechanisms to chemother-
apeutics.7%2Y Hassell et al. cultured human lung cancer cells
within an OOC device mimicking lung structure and function
to study tumor growth, dormancy, and response to therapy.2%°!
Of note, the establishment of biochemical gradients within
lung-on-chip devices has also allowed for investigation on the
effects of cytokine and chemotactic gradients on mucin expres-
sion by lung epithelial cells??% and immune cell migration.2”]
Hence, “tumor-on-chip” devices represent invaluable platforms
to study cancer development and progression and potentially

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
BIOLOGY

www.advancedsciencenews.com

perform personalized drug screening under physiologically rel-
evant conditions.

With focus on inflammatory diseases, small airway-on-chip
devices that can be used to unravel pathological mechanisms
involved in lung inflammation, discover new disease bio-
markers, and evaluate tissue response to therapeutic molecules
have been recently developed.2%-211 Pathophysiological charac-
teristics of CRDs, such as asthma and COPD, were efficiently
emulated in these systems by exposure of the lung epithelium
to IL-13 and use of COPD patient-derived epithelial cells, respec-
tively, providing a versatile in vitro model platform of complex
and dynamic pulmonary inflammatory responses under home-
ostatic and pathological conditions. In addition, real-time anal-
ysis of immune cell recruitment by the reconstituted endothe-
lium could also be modeled in such devices by circulating
neutrophils through the microvascular compartment,29%2%% as
previously demonstrated in earlier reports.l® Likewise, Punde
et al. focused on circulating cell recruitment in the context of
lung inflammation, studying the effects of eosinophil cati-
onic protein (ECP)-mediated CXCL-12 secretion on fibrocyte
migration under flow conditions.?”) The chemotactic and pro-
inflammatory profile of the lung epithelium in response to
microbial infection has also been recently assessed in a micro-
fluidic system encompassing human airway bronchial cells,
microvascular ECs, and normal lung fibroblasts, representing
a polyvalent, biologically relevant model of host-pathogen inter-
actions.?¥] Immune cells, such as macrophages, can also be
included and co-cultured with lung epithelium in these models,
providing important information on pulmonary pathogen rec-
ognition and defense and representing innovative platforms for
drug screening and toxicological testing.?¥ To investigate epi-
thelium damage and protection during reopening of occluded
airways in a physiological context, a microfluidic pulmonary
airway model with separated air and liquid inlets was combined
with A549 alveolar epithelial cells by Tavana and coworkers.[2%]

Therefore, it is clear that human lung biomimetic models
may become helpful tools in understanding pulmonary physi-
ology and pathogenesis, providing versatile, scalable, and bio-
logically relevant devices that tackle the limitations of classic 2D
monoculture systems.

2.3.2. Drug Design and Testing

The availability of in vitro lung models can also be advanta-
geous for preliminary efficacy testing of newly developed drugs
or other therapeutic candidates in pre-clinical studies, simul-
taneously allowing for more accurate predictions of the treat-
ment effects in human tissues and minimizing the number of
animals required during in vivo research. Due to the very poor
prognosis and high mortality rates of lung cancer, considerable
effort has been directed either at finding new antitumoral agents
or repurposing well-known drugs for use in distinct pathologies
or novel therapeutic strategies. For example, the anti-prolifera-
tive effect of Paclitaxel, a widely used chemotherapeutic agent,
was shown to be enhanced by co-administration with a tumor-
penetrating peptide, iRGD, in air-grown spheroids derived from
the A549 lung adenocarcinoma cell line.?'®l A549 cell-derived
microphysiologic 3D tumor models have also been used to test
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the efficacy of cell-based anticancer therapies, namely chimeric
antigen receptor (CAR) T cells targeting the receptor tyrosine
kinase-like orphan receptor 1 (ROR1), of which the high expres-
sion in malignant cells and scarce presence in healthy cells pro-
vides a base for tumor cell-targeted treatment.l?"]

Furthermore, because numerous lung models are compat-
ible with the use of autologous cells, it is possible to achieve
patient-specific screening platforms that pave the way for the
implementation of precision medicine, enabling the selection
of the most suitable therapeutic option according to the indi-
vidual cellular and tissue response. Accordingly, lung cancer
organoids can be derived and established from surgical tumor
resections or biopsies, representing several cancer types (small
cell and non-small cell lung cancer, including adenocarci-
noma, squamous cell carcinoma, and neuroendocrine carci-
noma) and maintaining a high fidelity to the parental tumor
genetic and molecular profiles and histopathological features,
even after long-term in vitro culture.37621829 Such research
models allow for individual pharmacogenomic analyses and
high-throughput screening of antitumoral drugs, providing
specialized, robust, and time-efficient pharmaceutical testing
platforms. Interestingly, these patient-derived organoids have
unquestionably demonstrated that patient-specific tumor signa-
tures dictate the respective sensitivity to chemotherapeutic or
molecularly targeted drugs, due to the inherent heterogeneity
of lung cancer, thus emphasizing the importance of personal-
ized models and therapeutic regimens.

In the field of OOC, a lung chip containing an electrospun
nanofiber membrane for the co-culture of A549 lung cancer
cells, HFL-1 fetal lung fibroblasts, and HUVECs was built to
evaluate the effectiveness of gefitinib, an anti-tumor drug tar-
geting epidermal growth factor receptor (EGFR)."% In another
study, microfluidic 3D-co-culture systems of stromal and cancer
cells (both SPCA-1 and patient-derived cells) were used to assess
tumor responsiveness to varying concentrations and combina-
tion regimens of anti-tumor drugs, making use of concentra-
tion gradients for a fast dosage and efficacy screening.??% As a
final example, Huh and colleagues demonstrated the beneficial
effects of two agents, angiopoietin-1 and GSK2193874, on ame-
liorating interleukin (IL)-2-induced pulmonary edema using
their previously developed “breathing” lung-on-chip device.l>!l

2.3.3. Toxicological Studies

With the constantly increasing industrialization of the modern
world and persistent social behaviors such as tobacco and
electronic-cigarette (e-cigarette) smoking, the exposure to par-
ticulate matter, air pollutants, engine exhaust fumes, and other
nefarious chemicals is nearly ubiquitous. Assessing the toxic
effects of inhaled pollutants is essential to understand the
pathogenesis of several pulmonary diseases, design new strat-
egies for recovery, and establish environmental guidelines for
public health protection.[221222]

In fact, tobacco smoking is the main risk factor for the devel-
opment of COPD and it highly increases the probability of devel-
oping other pulmonary diseases, including cancer, potentially
causing deleterious effects even after passive (environmental)
exposure.??3l Accordingly, many researchers have been applying
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lung biomimetic models to studying the toxicological response to
tobacco-related products. Cadmium (Cd), for instance, is a highly
toxic heavy metal found in high concentrations in tobacco smoke
that has been associated with severe lung damage after both
short-term and long-term/chronic exposure.?? In an ALI model
derived from human primary bronchial epithelial cells, cadmium
treatment was shown to interfere with the cellular function
of both secretory and ciliated cells, resulting in oxidative stress
and secretion of pro-inflammatory cytokines (e.g., Interleukin-
1betha, Interleukin-6, tumor necrosis factor o (ITNF-0) and
enzymes involved in tissue remodeling, namely matrix metallo-
proteinases (MMPs).1?°] Similarly, in a recent paper, ALI models
derived from healthy individuals and COPD patients were used
to evaluate the effects of whole cigarette smoke exposure. It
was demonstrated that cigarette smoke affected cell differentia-
tion and function, compromising the epithelial barrier integrity
and decreasing the cilia beat frequency in ciliated cells, as well
as the area covered by actively moving cilia.??%l The impairment
of ciliary function caused by cigarette smoke was also observed
when tested in human small airway organotypic cultures.l%’]
Moreover, the effects of whole smoke from both conventional
tobacco and electronic cigarettes were assessed using a micro-
fabricated “breathing” small airway-on-chip device, in which
the pathophysiological responses induced by smoking in bron-
chiolar epithelium derived from healthy individuals and COPD
patients were compared.??®! Interestingly, analyses carried in in
vitro lung models have shown that tobacco substitutes, such as
e-(cigarettes)??”) and modified-risk tobacco products,*? may be a
safer alternative to traditional cigarettes, as the toxic effects they
exert in small airway cells are less pronounced.

Additionally, with the exponential advancement of nanotech-
nology and its growing use in the fields of medicine, cosmetics,
and food industry, concerns have been arising regarding local
and potentially systemic effects of nanoparticle uptake, in this
context, by inhalation.[?3% Exposure of ALI co-cultures of primary
bronchial epithelial cells and MRC-5 fibroblasts to aerosolized
palladium (Pd) nanoparticles caused the secretion of higher IL-8
amounts, particularly in IL-13-conditioned chronic bronchitis-like
cultures, indicating a potential exacerbation of an inflammatory
response, although cell viability was not affected.?3!l In turn, silica
nanoparticles elicited different responses in two different lung
cell lines, A549 (alveolar epithelial cells) and 16HBE (bronchial
epithelial cells): A549 cells presented higher resistance to the tox-
icity exerted by the nanoparticles compared to 16HBE cells.?32 As
an additional example, a co-culture model of bronchial epithelial
(Calu-3), endothelial (EA.hy926), and macrophage-like (THP-1)
cells was used to evaluate the effects of silver nanoparticle inhala-
tion and the translocation of this particulate material through the
epithelial and endothelial barriers.?**l In a recent study, ALI cul-
tures of A549 cells were used to identify the safest nanosystems
for the encapsulation and delivery of two antimicrobial peptides,
AA139 and M33, to be used as aerosol formulations for the treat-
ment of infectious respiratory diseases.?*

Airway-on-chip platforms in which human bronchial epi-
thelial cells could be cultured under ALI conditions were also
recently developed to evaluate cytotoxic effects caused by aerosol
inhalation exposure.?*} Alternatively, direct spraying at an ALI
can be performed,?'*236-238] leading toward a new generation
of advanced in vitro lung toolkits for human inhalation tox-
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icity assays. Cei et al. developed a dynamic in vitro model of
the alveolar interface with aerosol delivery,?*% in one of the
very few systems combining ALI models with dynamic flow
and stretch conditions. This moving ALI (MALI) is based on a
modular bioreactor?*%?#l composed of two chambers, between
which a flexible porous membrane is positioned for cell cultiva-
tion, mimicking the alveolar air-blood interface. In a distinct
study, a lung chip with a sandwich structure and three parallel
channels was designed, which were individually perfused with
human pulmonary epithelial cells (HPEpiC) alveolar epithelial
cells, Matrigel, and HUVECs. The device was used to evaluate
the effects of pulmonary nanoparticle exposure (titanium
dioxide (TiO,) and zink oxide (ZnO)) on cell morphology, con-
nexin expression, ROS generation, and epithelial and endothe-
lial cell apoptosis.[**?l Inhaled particle dynamics and deposition
in the lung could be further studied by a true-scale microfluidic
pulmonary acinar model (“acinus-on-chip”) consisting of three
PDMS layers stacked on top of a PDMS-covered glass slide.l?#]
A very important aspect of in vitro pharmacological screening
of new potential therapeutic candidates is the accurate predic-
tion of their toxicological profiles in lung tissues in vivo. Sivars
et al. showed that it was possible to assess drug epithelial tox-
icity in vitro, obtaining predictive results that reflected the
respective effects after in vivo administration, using a human
3D airway epithelial model (MucilAir).PY At last, but not least,
environmental pollutants arising from industrial®* and auto-
mobilel?*] exhaust fumes can also be tested using in vitro lung
models, so as to address the effects of the ever-growing world-
wide industrialization. Detailed reviews on the subject of in
vitro lung models for inhalation toxicity studies have been previ-
ously published!'®2#2#] and are out of the scope of this article.

3. Induced Pluripotent Stem Cell (iPSC)-Based
In Vitro Models

3.1. The Promise of Human iPSC-Derived Lung Cells

To date, a great variety of cells has been used in in vitro lung
models, including different pulmonary cell lines, primary cells,
multipotent stem cells and PSCs, each presenting advanta-
geous characteristics and shortcomings. Several commonly
used lung epithelial cell lines have been obtained from tumor
tissue, namely lung adenocarcinoma, including both bronchial
(Calu-3124829)) and alveolar (NCI-H4412°% and A549[25Y) epithe-
lial cells. In addition, immortalized cell lines such as 16HBE, 22
BEAS-2B[?*3 (human bronchial epithelial cells), and hAELVil2>4
(human alveolar epithelial cells) have also been widely used in
in vitro lung models. Apart from the pulmonary epithelial com-
partment, human lung microvascular endothelial cell (EC) lines
(e.g., HULEC cells) are equally available commercially and have
been previously explored, for instance, in pulmonary infec-
tious disease investigation.[?>>2¢] Cell lines are frequently used
in biological research due to their scalability, limitless supply,
low cost, and easy accessibility. However, their immortalized or
cancerous nature usually does not faithfully reproduce the phe-
notype of normal lung cells.'>?] A common alternative are pri-
mary lung cells, derived from lung tissue biopsies or surgical
resections, cadaveric lungs, and bronchoalveolar lavages, but
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Figure 6. iPSCs as a promising cell source for in vitro modeling and toxicological screening. Created with BioRender.com.

these tend to lose their native characteristics with successive
passaging and are hard to obtain in sufficient numbers, which
is a significant limitation given the restricted access to healthy
and diseased human lung tissue.?*-201 Moreover, unlike the
homogeneity of single-donor cell lines, primary cells are highly
heterogeneous, which, albeit more representative of the general
population, may compromise study reproducibility.!

As such, the self-renewal and multilineage differentiation
capability of stem cells can offer an answer to these issues.
Stem cells endowed with pluripotency, such as ESCs, have the
potential to generate all three germ layers of the developing
embryo and, therefore, the capacity to differentiate into all
somatic tissues in the human body, thus posing as promising
candidates for the generation of lung models composed of
multiple representative cell types. Nevertheless, the destruction
of human embryos for ESC isolation inevitably raises ethical
concerns tied to their use and the allogeneic origin of these
cells may result in immunological rejection upon transplanta-
tion.[262-264 Hence, an autologous cell source with vast differ-
entiation and self-renewal potential, easy accessibility, physi-
ological representativeness, and long-term phenotypic stability
is increasingly relevant in biomedical research.

The answer for this issue may rely on iPSCs, which can be
obtained from somatic cells via reprogramming with four key
factors (Oct4, Sox2, Klf4, c-Myc), first identified by Takahashi
and Yamanaka in 2006.2% These “induced” PSCs (iPSCs)
are virtually indistinguishable from ESCs, displaying similar
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transcriptional profiles, but hold distinct advantages (Figure 6),
because they can be routinely generated from somatic adult
cells without an invasive procedure while retaining the indi-
vidual genome of the original donor.

Thus, the generation of iPSCs was an enormous break-
through that paved the way for new therapeutic, cell-based
approaches. In fact, the possible autologous extraction of iPSCs
and their suitability for genetic manipulation have considerable
potential for a new generation of cell-based and gene therapy,
making use of gene editing technology such as the clustered
regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) system to insert, delete, or
modify and correct genetic sequences associated with patholog-
ical phenotypes.[266-270]

Besides this therapeutic application, iPSCs hold a great
promise in in vitro fundamental biology studies and disease
modeling (Figure 7). In the context of this review, the possi-
bility for iPSC genetic manipulation opens new windows for
the investigation of individual roles of particular genes involved
in lung development and disease pathogenesis.

Moreover, the embryonic-like nature of iPSCs implies that
these cells may be used to study and model every stage from
early to late lung development, and their high proliferative
capacity facilitates their in vitro culture and maintenance in
appropriate timeframes and provides a virtually limitless cell
supply.29*264 High-throughput drug screening and toxicolog-
ical studies can also be carried out using iPSCs, allowing for
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the development of targeted testing platforms through directed
differentiation to specific cell types, including those of limited
accessibility, and isolation from healthy donors or patients
afflicted with particular disorders, enabling the recapitulation
of these pathological characteristics in vitro.[203271.272]

In the field of lung research, iPSC technology has been a
seminal step, due to the opportunity to obtain patient-specific
cells from individuals with genetic and acquired lung dis-
eases'?3l In 2010, the first 100 lung disease-specific iPSC lines
were generated from patients, including the monogenic lung
diseases CF, ol-antitrypsin deficiency, and hereditary pulmo-
nary alveolar proteinosis (hPAP).2l Wong et al. differentiated
mature ciliated airway cells expressing functional CFTR protein,
displaying the crucial factor in the pathogenesis of CF.?”’l The
characteristic accumulation of misfolded mutant ol-antitrypsin
protein could be shown in iPSC-derived hepatocytes,?’¢! and
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impaired GM-CSF signaling in iPSC-derived macrophages of
hPAP-patients has also been demonstrated.*””! Therefore, iPSCs
help model person-to-person differences in these diseases, pro-
viding the opportunity to identify the efficacy or evaluate toxi-
cological profiles of new drugs toward personalized therapeutic
approaches. The focus should be kept further on generating
functional epithelial, endothelial, and interstitial lung cells,
which remains a challenging task,??l even though significant
progress has been made during the past decade for the genera-
tion of lung cell types, especially of epithelial lineages.[?¢%

3.2. iPSC Differentiation to Lung-Specific Cell Types

For the differentiation of lung-specific cell types from iPSCs,
key developmental pathways have to be reproduced in vitro.
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This process is referred to as directed differentiation, typically
achieved by a stepwise addition of signaling factors needed for
the recapitulation of the embryonic lung development. It entails
a series of steps, starting with generating definitive endoderm
(DE) and directing it toward anterior foregut endoderm (AFE),
followed by the induction of lung progenitor lineages, which
finally undergo cell-type specific differentiation and matura-
tion.[””] The key factors and pathways involved in these steps
were identified in mouse organogenesis studies and this knowl-
edge has already contributed to the development of differentia-
tion protocols for ESCs.12%! For the right implementation of the
directed differentiation approach, a good understanding of the
embryonic lung development is required.

The lung arises from the endoderm, one of the three germ
layers in a developing embryo. The endoderm participates
mainly in the generation of the epithelial lining of the diges-
tive tract, but also gives rise to the lung, liver, pancreas, and
thyroid. The DE, a part of the endoderm, which forms inside
of the embryo and does not contribute to extraembryonic struc-
tures, folds to make a gut tube and is patterned along an ante-
rior-posterior and dorsal-ventral axis. A primitive lung bud is
formed from the ventral side of the AFE surrounded by mesen-
chyme, soon starting to branch and generating the respiratory
tree.l”’?) Endoderm-derived cells start to undergo differentiation
into the respiratory and specialized epithelium, which lines
the airways and the alveoli, respectively. These lung epithelial
lineages developing from the foregut endoderm are first identi-
fied by the appearance of the key transcription factor NKX2.1.
Soon after, the proximal-distal patterning starts to occur at the
leading tips of the primary bud, denoted by the differential
expression of SOX2. SOX2* progenitors differentiate into cili-
ated cells, secretory cells, and basal cells, thus forming the epi-
thelial lining of the conducting airways. The most distal portion
of the branching epithelium are multipotent SOX9*/ID2* cells,
capable of regenerating both airway and alveolar epithelium.
SOX9* are distal progenitors restricted to generate AT1 and AT2
cells.?®% The epithelial-mesenchymal interactions that control
these stages of lung development entail a number of signaling
pathways, including sonic hedgehog (SHH), WNT, fibroblast
growth factor (FGF), bone morphogenetic proteins (BMP), and
retinoic acid (RA).126%

The two remaining germ layers are also involved in the
development of the lung: the ectoderm plays a role in the inner-
vation of the lung and the mesoderm gives rise to blood vessels,
airway smooth muscles, pulmonary fibroblasts, cartilage, and
other connective tissues in the trachea and lung.?”!

Contrarily to a long-term assumption, tissue-resident mac-
rophage populations, such as lung AMs, hepatic Kupffer cells,
and brain microglia, are not constantly replaced by monocytic
precursors, but they derive from mesodermal yolk-sac progeni-
tors during embryogenesis, completing their differentiation at
the tissue site and self‘maintaining under steady state condi-
tions without the contribution of bone-marrow cells.[?81-2831 AM
maintenance in the lung hence depends on a locally expanding
population. Thus, AMs are not bone-marrow derived and pro-
liferate independently from Myb and hematopoietic progeni-
tors.?#! Erythromyeloid progenitors generated in the yolk-sac
develop to fetal monocytes, emerging in the liver before the
vascular system of the embryo is completed?®! and migrating
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to embryonic tissues such as the lung, where they give rise to
AMs. GM-CSF signaling is essential for their differentiation
into immature AMs and their postnatal full maturation.[?3’]

3.2.1. Airway Epithelium

iPSC differentiation to airway epithelium, consisting of tracheal
and bronchial cell types, can be achieved by reproducing the
stages of lung development with the use of growth factors or
small molecules that trigger the activation or inhibition of the
decisive signaling pathways in vitro. The first step is to differen-
tiate PSCs into a population of DE cells expressing the classic
endoderm markers SOX17, CXCR4, and FOXA2. By addition
of the Nodal agonist Activin A, a member of the transforming
growth factor (TGF)-f superfamily, the primitive streak forma-
tion can be mimicked.?82%] In addition to Activin A, other
small molecules have been shown to induce DE in vitro.[?88l
DE differentiation protocols are now well established and are
the initial point for obtaining lung, intestine, % liver?® pan-
creas,?! and thyroid?*? cells, although these protocols vary
significantly in terms of medium composition, growth factor
combinations, and timing.1?*!

Analogous to the anterior-posterior axis patterning in the
primitive gut tube in vivo, FOXA2" definitive endodermal cells
have to be directed into an AFE fate. For AFE patterning, dif-
ferent approaches were published.?**2%! Green et al. identified
the dual inhibition of TGF-f and BMP signaling by the combi-
nation of Noggin, a physiological inhibitor of BMP signaling,
and SB-431542, a pharmacological inhibitor of Nodal and TGF-
B signaling, as the best condition to generate AFE cells. They
are characterized by the expression of SOX2, a pluripotency
marker that reemerges in this stage as a differentiation marker,
while the expression of FOXA2 is maintained and the expres-
sion of the hindgut marker CDX2 is suppressed.?*!l This dual
inhibition approach was adopted by many others;"?292:296.27]
alternatively, a different method relying on SHH and FGF2
signaling can be used.?”] After AFE patterning, a lung-specific
fate must be induced. In vivo, the lung primordium is formed
along the ventral anterior foregut and expresses the lung fate
marker NKX2.1. BMP signaling is important to inhibit SOX2 to
prime the lung domain, whereas FGF10 secreted from the sur-
rounding mesoderm as well as WNT ligands are necessary for
NKX2.1 expression.”’8] Since many more signaling pathways
are involved in the process of lung specification and they are
controlled in a very tight spatial and temporal manner in vivo,
it has been challenging to translate them to in vitro conditions.
Some groups use BMP, WNT, and RA activation to induce
NKX2.1 expression with varying efficiencies.**22%7-3%] A combi-
nation of TGF-f and BMP inhibition plus SHH and WNT acti-
vation leading to a lung specification has been demonstrated by
others.”’!

Within the proximal-distal patterning of the lung, NKX2.1*
lung progenitors can give rise to SOX2* proximal airways or
SOX9*/ID2* cells differentiating into alveolar cell types. The
SOX2* airway progenitor population can generate ciliated,
goblet, club, neuroendocrine, and basal cells. McCauley et al.
identified WNT signaling as a key regulator in the proximal-distal
patterning.?* By activation of Notch signaling, SOX2* cells are

© 2021 The Authors. Advanced Biology published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
BIOLOGY

www.advancedsciencenews.com

triggered to differentiate into secretory cell types, whereas the
inhibition of Notch promotes the differentiation of neuroendo-
crine and ciliated cells.”’®l In order to obtain proximal airway
and reduce distal airway differentiation, a reduction of factors
that promote distal specification, such as BMP4, and the admin-
istration of factors that result in proximal differentiation, such as
FGF18, led to over 50 % of cells being positive for P63, a marker
for basal cells, which function as progenitors for other airway
cell types.[*”®l An additional maturation phase at ALI conditions
resulted in an increase of mature airway cells and polarization
of the epithelium. This cell population expressed markers for
goblet, club, ciliated, and basal cells.?’]

Multicellular airway specification and differentiation can also
be efficiently obtained by culturing and differentiating iPSCs in
a 3D environment. Konishi et al. reported proximal airway pro-
genitor spheroids generated from NKX2.1" cells, which could
be induced to differentiate into multi-ciliated cells with motile
cilia and other airway cells in the absence of alveolar cells via
Notch signaling inhibition.?*?l Similar spheroids grown in a
3D ECM (Matrigel) overlaid with medium containing high
concentrations of FGF10 also formed a polarized airway epi-
thelium surrounded by mesenchyme and containing basal and
ciliated cells.””) However, an efficient derivation of basal cells,
evidenced by transcriptional profiling and demonstration of
differentiation capacities into multi-ciliated and secretory cells,
has not been convincingly achieved.?%”) Due to the lack of in
vitro or in vivo studies evaluating airway cellular physiological
functionality, assessing parameters such as the transport func-
tion of chloride channels of iPSC-derived airway cells, the ques-
tion remains whether these cells can be generated in a mature,
functional status.?%]

3.2.2. Alveolar Epithelium

The alveolar epithelium consists of AT1 and AT?2 cells, which
develop from NKX2.1/SOX9* progenitors. The derivation of
alveolar cell types in vitro has been attempted by the reca-
pitulation of active signaling factors around the distal buds
during branching in the developing embryo. To date, dif-
ferent approaches exist to generate AT1 and AT2 cells from
human iPSCs (hiPSCs).[2%%29%304 Huang et al. yielded AT1
and AT2 cells, besides a couple of other airway cell types,
using a long-term differentiation approach.!83 After the gen-
eration of AFE cells, these were cultivated with CHIR99021
(CHIR), BMP4, FGF10, FGF7, and RA for 15 days, followed
by CHIR, FGF10, and FGF7 for additional 25 days and,
finally, treatment with dexamethasone, cyclic adenosine
monophosphate (cAMP) and 3-isobutyl-1-methylxanthine
(IBMX), a mixture that stimulates alveolar gene expression
in vitro.?%] Others used WNT activation in AFE cells by
CHIR along with BMP4 and RA, defined as the minimal fac-
tors required for lung specification. The resulting NKX2.1*
population develops by cultivation with the factors CHIR,
keratinocyte growth factor (KGF), IBMX, cAMP, and dexa-
methasone into AT2 populations expressing typical markers
such as surfactant protein C (SFTPC), -B (SFIPB), -A
(SFTPA), -D (SFTPD), and ABCA3.1299:300.304305] Interestingly,
dexamethasone is also administered to premature infants
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to accelerate the maturation of the fetal lungs, resulting in
enhanced surfactant secretion from AT2 cells.[?’®l

Through the identification of carboxypeptidase M (CPM) as
a surface marker for NKX2.1* cells, a homogeneous progenitor
population for generating AT2 cells in alveolar spheroids could
be isolated by Gotoh et al.?%! The authors concluded that 3D
co-culture differentiation with fetal lung fibroblasts enabled a
more efficient differentiation into alveolar cell types than 2D
differentiation.?®”! The same group also developed a method
for the expansion of AT2 cells in alveolar organoids involving
human fetal lung fibroblasts.2* More recently, Jacob et al.
published a protocol for the generation and expansion of AT2
cells from a purified population of NKX2.1* progenitors seeded
in Matrigel drops without fibroblasts.?%! Within 25-30 days
of cultivation time along with the factors CHIR, KGF, IBMX,
cAMP, and dexamethasone, cell populations positive for the
AT2 marker SFTPC emerged in the cell aggregates. These
“alveolospheres” were capable of proliferation and suitable for
passaging, making it possible to maintain the culture for sev-
eral months.3%!

These protocols may help satisfy the need for human AT2
cells capable of long-term in vitro culture and expansion
without spontaneously transdifferentiating into AT1 cells, as
recurrently happens in cell cultures isolated from primary lung
tissue.?% Ghaedi et al. reported that NKX2.1* lung progenitor
cultures on human lung ECM proteins promoted AT1 and AT2
cell differentiation, indicating that physical and chemical envi-
ronments are important factors for alveolar differentiation as
well.1306]

Since AT2 cells act as AT1 cell progenitors in the alveoli, the
capability of transdifferentiation of AT2 into AT1 phenotypes
is an important functional feature. In a recent study, a WNT-
responsive AT2 cell subpopulation able to differentiate into AT1
cells was observed in alveolar organoids.”) Transdifferentia-
tion from hiPSC-AT2 cells into AT1 has also been achieved by
inhibition of canonical WNT signaling via the addition of the
rtho-kinase inhibitor Y27623 for 5 days. %! Additionally, the
authors compared the generation of AT1 cells in fibroblast-
dependent and fibroblast-free organoids generated from hiPSC-
AT?2 cells, concluding that AT1 phenotypes were mainly present
in feeder-dependent organoids and their transcriptomes were
comparable with their primary counterparts.’%l Another group
exposed hiPSC-derived AT2-like cells to the small molecule
IWR-1 for 7 days, resulting in a transition from an AT2 into an
AT1 phenotype, evidenced by the expression of the AT1-specific
markers AQP-5 and T1-¢..1306:30%)

Strategies for the directed differentiation of iPSCs into
proximal and distal pulmonary epithelium are summarized in
Figure 8.

3.2.3. Vasculature

To enable gas exchanges between the environment and the
blood system, a fine capillary network surrounds the most distal
part of the lung, the alveoli. Thus, vasculature is a critical aspect
when developing lung models in vitro. During embryogenesis
vasculature, bone, cartilage, adipose tissue, and blood cells are
derived from the mesenchyme, leading to the development of
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Figure 8. Directed differentiation of induced pluripotent stem cells (iPSCs) into proximal airway and distal epithelial fates. Growth/differentiation fac-
tors highlighted in red represent the most commonly used strategies throughout the literature, with alternative factors presented in blue. AFE: anterior
foregut endoderm; BMP: bone morphogenetic protein; 8-Br-cAMP: 8-bromo-cyclic adenosine monophosphate; CHIR: CHIR99021; DAPT: N-[N-(3,5-
difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester; DE: definitive endoderm; DEX: dexamethasone; DOR: dorsomorphin; EGF: epithelial growth
factor; FGF: fibroblast growth factor; IBMX: 3-isobutyl-1-methylxanthine; KGF: keratinocyte growth factor; NOG: noggin; RA: retinoic acid; SHH: sonic

hedgehog. Created with BioRender.com.

cardiovascular, hematopoietic, skeletal, and soft tissues.’'! Such
mesenchymal cells are comprised of functionally and devel-
opmentally diverse cell populations including mesenchymal
stem/stromal cells (MSCs), pericytes, ECs, and smooth muscle
cells (SMCs).B The differentiation of hiPSCs into mesen-
chymal cells has long been hampered by the lack of knowl-
edge regarding the hierarchy of mesenchymal progenitors and
markers that allow discriminating different mesenchymal cell
populations.?1 An important milestone was the identification
of a common mesodermal progenitor for mesenchymal cells
and ECs, the mesenchymoangioblast (MB).13' Directing hiPSCs
toward a mesendodermal differentiation in vitro, hemangio-
blasts (HB), in analogy to MB, result, which can be further differ-
entiated into endothelial and hematopoietic cells. The formation
of MB colonies solely depends on the growth factor FGF2 and
requires serum-free medium.’™ MB colonies have broad dif-
ferentiation potential and generate different mesenchymal lin-
eages including MSCs, pericytes, and SMCs.B! However, the
major components of blood vessels are ECs and SMCs, which
are naturally required for vascular function. ECs arise from
mesodermal progenitors under the stimulus of FGF2, BMP4,
and vascular endothelial growth factor (VEGF) and organize into
primitive tubular networks, a process called vasculogenesis.l"!
Several studies described the differentiation of PSCs to vascular
cells by inducing mesoderm differentiation via the activation
of canonical WNT signaling with the GSK3 pathway inhibitors
CHIR or BMP4, followed by treatment with VEGF, resulting
in ECs, or platelet-derived growth factor (PDGF), resulting in
SMCs.3B331 The effect of VEGF, essential to induce EC differ-
entiation, could be enhanced by cAMP.3" hiPSC-derived ECs
have already been extensively characterized under shear-stress
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conditions in a microfluidic cell culture system.3®l Recently, the
directed differentiation of PSC-derived blood vessel organoids
was described. Starting from cell aggregation and mesoderm
induction via WNT activation with CHIR and BMP signaling,
followed by VEGF and FGF2 to induce vascular specification,
the cell aggregates grew into a sprouting vasculature in an ECM
matrix consisting of collagen and Matrigel.?"”! Additionally, co-
cultures of separately differentiated ECs and pericytes in 2D, as
well as culture with early vascular progenitor cells in 3D, has
been used previously to generate vascular networks.831 Alas,
the appearance of ECs or vascular networks in lung organoids
or in combination with hiPSC-derived airway or alveolar epithe-
lial cells has not been demonstrated.

3.2.4. Alveolar Macrophages

Compromised or altered function of AMs is often associated
with many chronic or acute lung diseases including hPAP,
CF, COPD, and asthma. Although AMs differ from bone-
marrow derived macrophages, recent studies suggest intratra-
cheal delivery of bone-marrow or blood-derived macrophages
to replace dysfunctional AMs in diseases like hPAP.320:321
This hematopoietic differentiation approach of disease hiPSCs
into macrophages and monocytes is described in recent
studies.[*”7322l However, other authors have proposed that alve-
olar-like macrophages could be best generated through yolk-sac
hematopoiesis of hiPSCs or ESCs. Litvack et al. first described
the generation of primitive yolk-sac macrophages from PSCs,
which could be conditioned with GM-CSF to alveolar-like
macrophages, representing the macrophage population of the
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alveolus better than bone-marrow derived macrophages.?®! The
Myb-independent yolk-sac macrophages could be generated by
recapitulating the primitive hematopoiesis during embryogen-
esis, mimicking primitive streak formation followed by the
stages of hemangioblasts and myeloid cells in a timely manner
for a minimum of 21 days. This embryoid body-based protocol
requires a series of growth factors and molecules including
Activin A, vascular endothelial growth factor (VEGF), bone
morphogenetic protein 4 (BMP4), IL-3, IL-6, stem cell factor
(SCF), GM-CSF, and macrophage CSF (M-CSF). The resulting
cells were examined for typical ligand markers CD45, CD11b,
CD68, CDI1Ic, the latter being only expressed by AMs.281 Stem-
cell derived AMs were then tested for therapeutic applications
in vivo, being capable of survival and enhancing tissue repair
without developing abnormal pathology and teratomas.[28

Similar protocols have been used to obtain not only AMs,
but also other populations of tissue-resident immune cells,
such as Kupffer cellsP?3 and microglia.?®? Macrophages from
different tissue sites are uniquely adapted and it is clear that
AMs, for instance, differ in their phenotype and function from
microglia, the specialized macrophages of the brain. Tissue
macrophage populations arise from different origins and sub-
populations and differentiate into specialized cells under the
influence of microenvironmental cues from the respective
organ.}?1 For more accurate hiPSC-derived tissue-resident
macrophages, Lee et al. suggested a co-culture of primitive
macrophages with hiPSC-derived isogenic tissue or organoids
to mimic these microenvironmental niches.34l

[283]

4. iPSC-Based Lung Models

The potential of iPSCs in modeling lung development, homeo-
static function, and pathogenesis has been drawing increasing
attention over the last decade (Figure 9). Their induced pluri-
potency enables the generation of virtually every cell type that
constitutes the lung and, therefore, iPSCs can be used as pro-
genitors for the development of multicellular models or differ-
entiated toward a single cell type for targeted studies.
iPSC-based lung models include 2D approaches, such as
submerged or ALI monolayers, and 3D models, including
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organoids, scaffold-based models, and lung-on-chip devices,
which can all have a valuable application in understanding both
the normal and diseased function of the lung. Each of these
models will be explored in the following sections.

4.1. 2D Models

Probably due to the limitations of 2D systems in modeling
the pulmonary architecture and microenvironment presented
previously, there are only a few studies that apply iPSC tech-
nology for the generation of 2D models to study lung biology.
Nevertheless, these approaches may have important applica-
tions in the early stages of drug development or for the inves-
tigation and testing of individual types of cells, due to their
ease of manipulation and high reproducibility, potential for
high-throughput screening, and suitability for single-cell anal-
ysis.% Accordingly, a wide variety of protocols have described
the generation of multicellular lung and airway epithelial 2D
models from iPSC differentiation,!?>>2°8325 which contain vir-
tually all the main types of airway and alveolar cells, including
basal, B2 multi-ciliated,?*® and neuroendocrinel?¥! cells. The
relative advantages of iPSC-derived lung cells compared to
commonly used lung cell lines are evident in a report by Heo
and coworkers:*?! while human iPSC-derived AT2 cells were
shown to respond similarly to primary AT2 after treatment with
Cadmium chloride (CdCl,), BEAS-2B cells, a human bronchial
cell line, did not accurately represent these responses. Cad-
mium (Cd) exerted a more toxic response in BEAS-2B, with
greater cell death and the expression of pro-inflammatory and
pro-apoptotic genes in comparison to iPSC-AT2 and primary
AT2 cells.B?8 As such, iPSC-derived lung cells can be used
for toxicological studies as a model that closely resembles the
response of primary cells.

In the same line of thought, a “long-lasting” (LL) AT2 cell line
was generated from iPSCs using a two-step differentiation pro-
tocol followed by transfection with two genes involved in stem
cell self-renewal, human telomerase (hTERT), and hBmi-1.32°]
iPSC-AT2 expressed SFTPC and presented lamellar bodies and
microvilli, typical characteristics of AT2 cells. After viral transfec-
tion, LL-iPSC-AT?2 expressed SFTPC and other epithelial markers
such as cytokeratin and occludin, while no expression of AQPS5,
a marker for AT1 cells, was observed. LL-iPSC-AT2 could also be
differentiated into AT1, replicating the in vivo behavior of these
cells. It is important to note that this cell line is not immortalized
despite the transfection procedure: it is reported to be suitable
for use until passage 30, after which cell growth rate is reduced
and epithelial marker expression is heterogeneous.?’!

Likewise, a model of alveolar repair under ALI was recently
developed using iPSC-derived AT2 cells.?3% However, while
these iPSC-AT2 cells presented lamellar bodies and expressed
several surfactant proteins, the levels of SFTPB and SFTPD
were markedly lower than those observed in human primary
AT2 cells. TEER values and the proliferation rate of iPSC-AT2
were also distinctly reduced compared to those recorded in
primary AT2 cells. Importantly, this study demonstrates that
obtaining fully mature and functional cells from iPSCs can
often be challenging and vary greatly among distinct differen-
tiation protocols and culture conditions.
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4.2. 3D Models
4.2.1. Self-Assembled Models: Spheroids and Organoids

Mishima's group has developed proximal airway epithelial sphe-
roidsB% and alveolar (distal) epithelial spheroids®®®” from human
pluripotent stem cells (hPSCs), including both ESCs and iPSCs. In
these studies, the surface marker carboxypeptidase M (CPM) was
used to isolate NKX2.1* ventralized AFE cells. In the former model,
proximal airway epithelial spheroids were derived from CPM?*
progenitor cells in a 3D environment without the presence of a
feeder layer?"? Differentiated proximal lung cell populations in
these spheroids included FOXJ1* (multi-ciliated) cells, MUC5AC*
(goblet) cells, KRT5" (basal) cells, SCGB1A1* (club) cells, and chro-
mogranin (CHGA)"/synaptophysin (SYP)* (pulmonary neuroen-
docrine) cells (Figure 10A,B), while staining for distal lung markers
such as AQP5 (AT1) and SFTPC (AT2) was almost completely
absent. Importantly, hiPSC-derived multi-ciliated cells displayed cil-
iary beating function, as well as mucociliary clearance capability.?*
Conversely, in the latter study, alveolar spheroids were
developed from hiPSC-derived CPM* SFTPC-GFP reporter
cells in 3D co-culture with fetal human lung fibroblasts, in
which the expression of AT2-specific markers, namely sur-
factant proteins, was greater than that observed in 2D cul-
ture systems.?””] Lamellar body-like structures were also
clearly observed in induced AT2 cells (Figure 10C,D).?*") More
recently, another study from the same group reported the
long-term maintenance of hiPSC-derived alveolar organoids
containing SFTPC* AT2-like cells, both in the presence and
in the absence of a fibroblast feeder component.3** hiPSC-
derived AT2 cells displayed gene expression profiles similar
to those of adult lung AT2 cells, as well as lamellar bodies,
and were able to uptake BODIPY-labeled phosphatidylcholine,
a key component of pulmonary surfactant. Furthermore, the
iPSC-derived alveolar organoids were able to recapitulate fea-
tures of in vivo AT2 cell damage induced by two distinct drugs,
amiodarone and GNE7915, revealing their applicability as plat-
forms for toxicological screening. Interestingly, the presence
of a fibroblast feeder layer in alveolar organoids appears to be
paramount for the differentiation of hiPSC-derived AT2 to AT1
cells, demonstrating the importance of models incorporating
multiple cellular types originating from distinct germ layers.
Accordingly, the generation and characterization of human
lung organoids from hPSCs containing cell populations
deriving from multiple germ layers, namely endoderm and
mesoderm, have also been described.”® After DE induction,
hPSCs (hESCs and hiPSCs) were first self-assembled into
anterior foregut spheroids, which were then embedded into
Matrigel to provide a suitable 3D environment for the develop-
ment of lung organoids (details on differentiation factors can
be consulted in Table 2). After long-term culture (>2 months),
both proximal airway and alveolar lung cell markers were
identified in these organoids, together with a network of mes-
enchymal cells expressing myofibroblast (platelet-derived
growth factor receptor o (PDGFR@)*/vimentin (VIM)*), fibro-
blast (PDGFRa/VIM?), and smooth muscle cell (PDGFRo//
smooth muscle actin (SMA)*) markers (Figure 11). The pres-
ence of cells in early stages of differentiation, such as FOXJ1*
cells with no visible cilia, and RNA-sequencing data revealed
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that these organoids were remarkably similar to human fetal
lungs in terms of gene expression and developmental stage.
Curiously, when plated onto acellular lung sections, anterior
foregut spheroids gave rise to organoids with FOX]J1* cells dis-
playing mature ACTTUB® cilia, suggesting that structures with
a more advanced maturation stage could be obtained providing
the appropriate biochemical and architectural environment.””!
To further confirm this hypothesis, hPSC-derived lung orga-
noids were suspended in Matrigel, seeded onto a poly(lactic-co-
glycolic acid) (PLGA) microporous scaffold, and subsequently
implanted into the epididymal fat pad of a mouse model.l33!
Indeed, human lung organoids that had undergone in vivo dif-
ferentiation resulted in more mature epithelial structures and
enhanced cell differentiation, resembling adult lung epithelium
more closely than organoids grown in vitro. The lumen of in
vivo-grown human lung organoids was composed of multi-
ciliated FOX]J1" cells, with beating ciliary function, and several
basal-like cells staining positive for P63, KRTS5, and NGFR.
Other proximal airway cells were detected, such as MUC5AC*
goblet-like cells and CC10"/PLUNC* club-like cells, whereas
distal (alveolar) cell markers were not present in in vivo differ-
entiated human lung organoids, therefore implying that, despite
their presence during in vitro culture, these cells do not thrive
in the conditions of this in vivo protocol. The network of mes-
enchymal cells observed in vitro, however, was still present after
in vivo growth; several myofibroblast- and smooth muscle-like
cells were present in this model, and organized cartilage depo-
sition was also observed.>*) Of note, only hESC-derived orga-
noids were studied in this report, implying that these results
may not translate directly to hiPSC-derived organoids. Never-
theless, these two last studies demonstrate that in vitro hPSC
differentiation protocols may be insufficient to achieve terminal
cell differentiation, and that the attainment of fully mature orga-
noids may be dependent on 3D bioengineered scaffolds and
transplantation into a dynamic in vivo environment. Hence,
investigation of human lung development and morphogenesis,
encompassing not only the pulmonary epithelium, but also epi-
thelial-mesenchymal cell communication, can be carried using
these models. In later studies, the same protocol for the generation
of hPSC-derived anterior foregut spheroids was then used to
develop lung bud tip organoids.[332333 After Matrigel embed-
ding and culture in the presence of a minimum of three fac-
tors (fibroblast growth factor (FGF) 7, all-trans RA, and CHIR)
these spheroids gave rise to “patterned lung organoids”, in
which separate proximal airway-like and bud tip-like branched
domains could be distinctively observed, but no mesenchyme
appeared to be generated. Moreover, needle passaging of pat-
terned lung organoids produced NKX2.1* SOX2* SOX9* epithe-
lial cysts (bud tip organoids), which displayed a greater propor-
tion of highly proliferative, Ki67* SOX9" progenitor cells. The
multilineage differentiation potential of hiPSC-derived bud tip
organoids was first assessed in vitro, where culture in the pres-
ence of FGF7 only resulted in the expression of several proximal
airway and alveolar cell markers, but no multi-ciliated cell phe-
notypes were detected. Interestingly, after intratracheal injection
of hiPSC-derived bud tip organoids in injured mouse lungs,
progenitor cells appeared to commit to an airway fate, as no
alveolar expression markers were detected after in vivo growth,
but multi-ciliated, neuroendocrine, and mucus-producing cells
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Figure 10. Generation of proximal airway (A,B) and alveolar (C,D) epithelial spheroids. A) Immunostaining of proximal airway epithelial spheroids, in
which the markers for ciliated cells (FOX]1*/Ac-Tub"), goblet cells (MUC5AC), and neuroendocrine cells (CHGA*/SYP*) can be detected. Negative
controls were adult human thyroid (AHT) and fetal human liver (FHLiv). The white circles indicate MUCS5AC* cells. B) Positive signal for SCGB1A1 (club
cell marker) and KRT5 (basal cell marker) was also detected. Scale bars: 50 um. (A) and (B) were adapted with permission.*2 Copyright 2016, Elsevier.
C) Transmission electron microscopy (TEM) images of carboxypeptidase M (CPM)* cells derived from hPSCs in 3D co-culture with fetal human lung fibro-
blasts. Lamellar body-like structures can be observed in these cells, comparing to adult and fetal murine lung cells. D) Immunostaining of CPM* surfactant
protein C (SFTPC)-green fluorescent protein (GFP) reporter hPSC-derived spheroids, which stained positively for NKX2.1 (early lung and thyroid develop-
ment marker), SFTPC (AT2 marker) and AQP5 (AT1 marker). Scale bars: 100 um. (C) and (D) were adapted with permission.?*®l Copyright 2014, Elsevier.

were present in the explants.?32l Such models in which lung Of note, hPSC-derived lung bud tip organoids had also been
epithelial progenitors are present can be used for the investiga-  generated in a previous report.® While double-positive SOX2*
tion of cell fate and differentiation during lung development.?33l  SOX9" cells were also observed, cellular components from both
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Figure 11. Generation of lung organoids from human pluripotent stem cells (hPSCs). A-D) Human lung organoids express proximal and distal lung
markers. A) D65 human lung organoids displayed proximal epithelial (BCAT*) structures in which P63* and FOX|1* cells were surrounded by smooth
muscle actin positive (SMA*) mesenchymal tissue. Scale bars: 50 um (top) and 10 um (bottom). B,C) Proximal-airway-like epithelium also stained
positive for ciliated cell marker ACTTUB and club cell marker SCGB1A1. DAPI: 4’,6-diamidino-2-phenylindole (DNA marker). Scale bars: 50 um (top)
and 10 um (bottom). D) Human lung organoids contained SFTPC*/SFTPB* (AT2 markers) and PDPN* (AT1 marker) cells. Adapted with permission./)

Copyright 2015, eLife Sciences Publications Ltd.

mesodermal and endodermal origins were present in these
3D structures, and transplantation into a mouse kidney cap-
sule resulted in a cell differentiation and specialization pattern
similar to the proximodistal specification that occurs during
lung branching morphogenesis. As such, both proximal airway
(mucus-producing cells, multi-ciliated and neuroendocrine cells)
and alveolar (AT1-like and AT2-like) cells, surrounded by a sup-
porting mesenchymal tissue, were present in the explants after
growth in an in vivo environment. Conversely, following in vitro
culture, organoids were distinctively biased toward a distal fate,
displaying mainly AT2-like cells with lamellar bodies and sur-
factant uptake function, but no mature proximal airway cell pop-
ulations such as club cells, multi-ciliated cells, or basal cells.*!
There is a tendency in the abovementioned studies for the
attainment of organoid models that present immature differen-
tiation profiles in vitro, of which full maturation can often only
be achieved after in vivo engraftment and growth. While there
are no definitive explanations for this phenomenon yet,’? there
are a few factors that may help explain this difficulty in gen-
erating organoid models with an accurate replication of adult
lung cellular phenotypes and organization in vitro. Naturally,
recapitulating the native pulmonary environment is highly chal-
lenging, due to the inherently complex architecture of the lung
and ECM composition. Moreover, important lung cell types,
such as immune cells, as well as the supporting pulmonary
vasculature and smooth muscle cell network that enables gas
and metabolite exchange are most frequently not represented
in organoid models. It is, therefore, expected that the absence
of these components in in vitro representations of the lung will
affect the way cells self-assemble, differentiate, and function.
Importantly, spheroids and organoids are usually spherical and
possess an interior lumen filled with liquid, implying that the
artificial lung epithelium is not exposed to air.176:334-3%] In
vivo, however, epithelial cells of the respiratory tract stand in
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direct interaction with air, representing a very important point
for the future application of organoids in toxicological and
pharmaceutical research, since toxicants or drugs reach the
lung epithelium through air during breathing. A recent study
by Lamers et al., in which a 2D ALI model consisting of lung
cells grown from fetal lung bud organoids was presented for
studying SARS-CoV-2 viral infection, shows the possibility to
obtain the target lung cell types from organoids and adapting
them afterwards to air-liquid conditions.!33®!

These limitations may explain the consistent challenges in
producing adult-like lung organoid models, unraveling new
opportunities for the improvement and development of lung
biomimetic models. Nevertheless, it should still be noted that
the fetal-like state of the explored lung organoids provides excel-
lent means for investigating both homeostatic mechanisms
occurring during lung morphogenesis and developmental or
early postnatal diseases.

4.2.2. Decellularized ECM-Based Models and “Bioengineered Lungs”

Because current evidence seems to support that typical in vitro
culture systems, even in the presence of a 3D hydrogel matrix
such as Matrigel, may be insufficient to guide iPSC-derived cells
and tissues toward full maturation, numerous reports have been
dedicated to scaffold-based iPSC culture, with special attention to
decellularized lung ECM. hiPSC-derived AT?2 cells, for instance,
have been cultured on rat and human decellularized lung sec-
tions and whole rat lungs.2%! AT2 cells diffusely repopulated the
alveolar structures of the decellularized matrices, maintaining
their proliferative capability and the expression of epithelial and
AT2 markers such as NKX2.1 and SFTPC, respectively. Interest-
ingly, spontaneous differentiation into an AT1 phenotype was
also observed, represented by the expression of the AT1 marker
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Tla and loss of NKX2.1 expression, as well as changes from a
cuboidal (AT2) to a squamous-like, flat morphology. Gilpin and
co-workers opted to culture hiPSC-derived ECs and epithelial
progenitors rather than differentiated epithelial cells in decellu-
larized human lung slices and whole rat lungs.13* In the latter
model, hiPSC-derived ECs were first perfused through the pul-
monary artery of the lungs, after which hiPSC-derived epithelial
progenitors were delivered to the airway structure. Generally,
cells could adhere and proliferate in both human and rat decel-
lularized ECMs. CD31" ECs were observed in the vascular struc-
ture of the decellularized lungs, and proximal airway (FOXJ1,
Clara cell secretory protein (CCSP)) and alveolar (Mucin-1, Tle/
PDPN) markers were equally identified (Table 2), indicating that
these scaffold matrices were able to support cell growth and
differentiation into relevant cell types. The use of both iPSC-
derived endothelial and epithelial cells in this study should be
specially highlighted, since a fundamental functional compo-
nent of the lungs is precisely the vascular structure surrounding
the airways and alveoli.

However, while the reports mentioned previously proved the
potential of culturing iPSC-derived lung cells onto decellular-
ized ECM, the cell populations obtained were still quite lim-
ited, representing only a small fraction of the cellular diversity
characteristic of the human lung. To tackle this issue, Ghaedi
et al. used hiPSCs to generate AT2 and proximal airway pro-
genitor cells in vitro before transplantation into decellularized
ECM.B*! hiPSC-derived epithelial cells were first cultured in
decellularized human lung, diffusely repopulating both airway
and alveolar structures in the matrix. The expression of several
mature lung cell markers was subsequently detected, namely
FOX]J1, CCSP, NKX2.1 and SFTPC. Nevertheless, such marker
expression was not site-specific, that is, alveolar markers were
observed in cells present in airway structures and vice versa.
Similar results were observed after culturing hiPSC-derived epi-
thelial cells in decellularized whole rat lungs, where the basal
cell marker P63 was also expressed. These results suggest that
the ECM itself is not sufficient to induce site-specific cell attach-
ment, resulting in stochastic cell organization and mixed airway
and alveolar cell populations throughout the lung matrix.134!

Other work has instead been focused on the generation of a
mature vascular structure in decellularized lung ECM, making
use of the pluripotency of iPSCs to generate endothelial and
perivascular (mesenchymal) cells.2* Decellularized rat lungs
were seeded with a mixture of both cell types, which formed
an extensive vascular endothelial network in which perivascular
spaces were occupied by perivascular cells. Apical-basolateral
specification could be observed, generating a distinct endothe-
lial lumen supported by mesenchymal cells, and a gradual
improvement of the endothelial barrier function and a decrease
in vascular resistance were registered with increasing culture
time (up to 6 days). Notwithstanding, when this approach was
upscaled to a decellularized human lung lobe, a very low EC
coverage was observed after 6 days of culture, presumably due
to the seeding of a much lower number of ECs (<10 %) than
those present in native adult human lung.

Using decellularized lung ECM and iPSC-derived cells to
achieve “bioengineered lungs” can, therefore, be challenging.
There are significant difficulties in promoting site-specific cell
homing and directed differentiation,** thus hindering the
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generation of mature airway and alveolar structures. Likewise,
obtaining mature vasculature is not straightforward, as it is dif-
ficult to attain homogeneous EC distribution throughout the
scaffold and proper cell-cell and cell-ECM interactions needed
for endothelial barrier formation and function.?*!! As an alter-
native, it is possible to selectively remove the epithelial com-
ponent of the pulmonary airways, which can then be reseeded
with iPSC-derived epithelium, while preserving a viable vas-
culature and basement membrane.?*2343] While, to the best of
our knowledge, the latter procedure has only been tested in a
rodent lung model, such a chimeric approach could allow the
maintenance of iPSC-derived epithelial cells in an in vivo-like
environment and the occurrence of gas and nutrient exchange
between alveolar and vascular compartments, thereby con-
stituting a potentially valuable platform to study pulmonary
physiology and disease. However, the ability to bioengineer
whole lungs would have incredible applications not only in in
vitro modelling, where, for instance, cell-lECM communication
could be more accurately represented and investigated, ' but
especially in regenerative medicine, as the only solution for
serious pulmonary damage and disfunction is lung transplan-
tation. The typical obstacles associated with organ transplanta-
tion, namely the shortage of donors, high rejection rates, and
immunosuppressive regimens required,?®! could be overcome
with the existence of tissue-engineered, iPSC-based (and, thus,
patient-specific) lungs (Figure 7). In addition, if the decellulari-
zation process is completely effective, thereby removing all cells
and antigenic elements, allogeneic and xenogeneic lung ECM
(e.g., from porcine origin) could be used, improving the acces-
sibility of suitable lung tissue."

There is still a long way to go until fully functional bioengi-
neered lung tissue is available: even if uniform and site-specific
cell distribution are achieved, these pulmonary artificial units
need to perform gas exchange efficiently after transplanta-
tion and maintain vascular patency and perfusion without the
development of edema, thrombi or hemorrhages. In a pio-
neering study by Petersen and co-workers, decellularized rat
lungs were recellularized with neonatal lung epithelial cells
and microvascular ECs, resulting in location-specific expres-
sion of airway and alveolar markers and uniform distribution
of the ECs throughout the construct.'%! Remarkably, after
orthotopic transplantation in a rat model, the bioengineered
lungs participated in gas exchange (implantation times between
45 and 120 min), thereby demonstrating some level of res-
piratory functionality. Promising results were also achieved by
Gilpin et al., where decellularized rat lungs seeded with iPSC-
derived endothelial and epithelial cells could be ventilated and
perfused after in vivo transplantation.?**! Of note, permeation
of red blood cells (RBCs) was observed in alveolar/airway struc-
tures in both studies, indicating that the endothelial barrier
function was not completely established or the decellularization
procedure may have compromised the lung structural integrity.
A study by Ott et al. is equally noteworthy, in which decellular-
ized rat lungs were seeded with fetal rat lung cells and human
umbilical vein ECs (HUVECs) and subsequently transplanted
orthotopically into a rat model.3* The bioartificial lungs were
successfully perfused and gas exchange was observed in vivo;
such respiratory function was maintained even after extuba-
tion of the animals for 6 h after the operation. However, after
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some time, pulmonary edema started to occur in the tissue-
engineered constructs. Relevantly, a recent report has dem-
onstrated that treatment with a small molecule cAMP analog
(8-(p-chlorophenylthio)-2”-O-methyladenosine-3”,5-cAMP  or
8CPT-2Me-cAMP) improves the barrier function of HUVECs
and iPSC-derived ECs, and this effect was also observed after
iPSC-EC culture in decellularized whole rat lungs, providing a
potential solution for incomplete endothelial barrier formation
or maturation.’?*! As a final example, decellularized rat lungs
co-seeded with HUVECs and MSCs were able to withstand
perfusion for three days after orthotopic transplantation.3*!l It
should be taken into consideration that many of these results
were obtained using primary cells or cell lines that are not,
therefore, viable for clinical-grade, larger scale bioartificial lung
manufacturing. Extensive studies focusing preferably on autolo-
gous and highly expandable cell sources, namely iPSCs, must be
carried to make progress in this field toward clinical translation.

4.2.3. Electrospinning and 3D Printing in iPSC-Based
Lung Modeling

While several studies have focused on the application of elec-
trospinning and 3D printing concomitantly with iPSC-based
technology to other fields of regenerative medicine, such as
cardiac repair and modeling,?*-3*¥ blood-brain barrier mod-
eling 3*! and neural tissue engineering,**" there is a scarcity
of reports that use such methods to generate lung biomimetics
and study pulmonary physiology. Nevertheless, a few research
groups have already described the use of iPSC culture on
electrospun fibers and 3D-printed constructs in lung-related
applications. Hoveizi and co-workers have proven that hiPSCs
cultured on Matrigel-coated PLA/gelatin electrospun scaf-
folds are able to differentiate into FOXA2*/SOX17*/goosecoid
(GSC)* DE progenitors upon treatment with activin A/Wnt3a
or the small molecule inducer of DE 1 (IDE-1), although the
differentiation efficiency is greater with the former.® DE is
the precursor for several organs besides the lung, such as the
intestine, liver, and pancreas, but the potential for further dif-
ferentiation into any organ-specific cell type was not assessed.
Electrospinning and 3D printing technology have also been
used for the development of iPSC-based tracheal grafts. Tubular
constructs with an inner layer of electrospun PCL fibers
seeded with primary human bronchial epithelial cells and a
3D-printed PCL outer layer seeded with iPSC-derived MSCs
or chondrocytes (in Matrigel) (Figure 12A,B) were cultured in
vitro using a bioreactor system and subsequently implanted in
a rabbit tracheal defect model.?>? Importantly, cells adhered to
both scaffold layers and contributed to tracheal repair in vivo.

www.advanced-bio.com

Furthermore, 3D bioprinting (3D printing of living cells) can be
used for the fabrication of scaffold-free, cell-based constructs.
Still in the field of tracheal restauration, scaffold-free tubular
cell constructs, built from HUVEC-, human lung microvascular
endothelial cell-, or hiPSC-derived endothelial cell spheroids,
were developed using bioprinting (Figure 12C-1).53>3

Intriguingly, iPSC-derived endothelial cells generated ECM
with lower contents of collagen and GAGs than that produced
by HUVECs and microvascular endothelial cells, highlighting
the difficulty in achieving fully functional and differentiated
cells from PSCs. Notably, it was not possible to find any reports
employing electrospinning/3D printing and iPSCs to model
airway and distal lung structures, perhaps illustrating how hard
artificial reproductions of the lung are to achieve.

Vascular tissue engineering is a field of expertise in which
these manufacturing methods have been extensively used, and
this knowledge might prove valuable for the construction of
vascularized lung scaffolds or, for instance, the development of
models of the alveolar barrier, in which endothelial and epithe-
lial cells are in close communication. Electrospun fibers con-
stituted by PCL-gelatin blends were shown to promote iPSC-
derived EC attachment, proliferation, and maintenance of the
endothelial phenotype. Moreover, hypoxia-induced gene expres-
sion of angiogenic and remodeling factors including placental
growth factor, epidermal growth factor (EGF) and VEGF was
greater in cells seeded onto PCL-gelatin blends than in those
cultured on traditional tissue culture plastic.l>>¥

As tissue engineering manufacturing technologies advance,
incredible progress is being made toward whole artificial
organs. From the collection of human and porcine omental
tissue, Noor et al. isolated and reprogrammed the cellular
components to generate iPSCs and used the remaining tissue
to produce decellularized ECM hydrogels, thereby assembling
these components into patient-specific, personalized cardiac
patches.?>! By mixing iPSC-derived cardiomyocytes (CMs) and
ECs with ECM and gelatin hydrogels, respectively, two distinct
bioinks were formed and subsequently used for 3D bioprinting
of biomimetic cardiac tissue and blood vessels. Ingeniously,
gelatin worked as a sacrificial ink, which could be removed after
the fabrication of the 3D constructs and result in open vascular-
like channels lined by ECs and capable of perfusion. Afterward,
using both iPSC-derived CMs and ECs in ECM hydrogel as
bioinks, free-form 3D bioprinting was performed into a fluid
medium composed of alginate microbeads capable of sup-
porting the printed structures and undergoing a gentle removal
procedure after printing. Triaxial and perfusable lumens were
successfully obtained using this innovative technique; impres-
sively, small scaled, cellularized whole heart models with major
blood vessels were also 3D printed in this work.%’]

Figure 12. Biofabricated tracheal grafts using electrospinning and 3D (bio)printing. A) Schematic representation of the biofabrication process of
electrospun/3D printed hybrid scaffolds. An inner layer of electrospun PCL fibres is then used as substrate for 3D printing. Scanning electron micros-
copy (SEM) micrographs prove that the two layers are composed of fibers with distinct dimensions and micro/nanoarchitecture. B) Hybrid scaffolds
were seeded with human bronchial epithelial cells on the inner layer and iPSC-derived MSCs or chondrocytes embedded in Matrigel on the outer
layer. Fluorescence microscopy confirmed the presence of chondrocytes (in red, PKH-26 staining) and bronchial epithelial cells (in blue, DAPI) in the
respective layers. Scale bar: 200 um. Adapted with permissionl332l Copyright 2020, Nature Research. C-F) 3D bioprinting process of HUVEC, human
lung microvascular endothelial cell (HLMEC), and iPSC-derived endothelial cell spheroid-based tracheal-like tubular structures. C) Spheroids were
first printed onto a needle array, D,E) followed by growth, maturation and fusion on a bioreactor, after which the F) 3D structures were transferred to
plastic catheters and maintained in culture. G-I) Macroscopic view of the tracheal-like structures bioprinted from HUVEC, HLMEC, and iPSC-derived
endothelial cell (iCell) spheroids. Adapted with permission.B333 Copyright 2020, Elsevier Ltd.
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In turn, Lewis’ group also used free form/embedded 3D
printing to print sacrificial gelatin channels within compacted
matrices of embryoid bodies and iPSC-derived organoids,
termed “organ-building blocks” (OBB), developing a novel tech-
nology named sacrificial writing into functional tissue (SWIFT)
(Figure 13A).°° The self-healing and viscoelastic properties
of the OBB allowed the 3D printing process to occur with no
structural defects, and cell viability and organoid integrity were
preserved during SWIFT printing. The removal of the gelatin
template generates a network of vascular-like channels (resolu-
tion of 400 um) that can be efficiently perfused, contributing for
a more distributed culture media supply throughout the OBB
matrix and avoiding the formation of necrotic cores observed
in non-perfused models (Figure 13B-E).**®l Importantly, using
this SWIFT methodology with lung organoids or multicellular
spheroids will, in theory, allow for the development of perfus-
able pulmonary 3D models that may be a valuable asset for in
vitro pathophysiological and toxicological studies.

Recently, in a remarkable study by Grigoryan et al,
“breathing” poly(ethylene glycol) diacrylate hydrogel-based
alveoli compartments enveloped by a perfusable vascular-
like network were achieved via stereolithography 3D printing
(Figure 14).31 The alveoli compartment of these bioinspired
constructs visibly expanded and deflated upon cyclic ventila-
tion, mimicking the behavior of pulmonary alveoli during
respiration, and could be seeded with human alveolar epithe-
lial (A549) cells and lung fibroblasts (IMR-90). In addition,
perfusion of deoxygenated RBCs through the tubular network
during this cyclic ventilation process revealed that gas exchange
occurred between the vascular and alveolar mimetic compart-
ments, observed by monitoring oxygen pressure and saturation
in RBCs exiting through the outlet channel. Further develop-
ment of these devices, for example, through seeding with iPSC-
derived human endothelial and alveolar cells may generate
functional and more physiological representations of the pul-
monary respiratory units.

4.3. iPSC-Based Lung Models of Disease

In addition to the application of iPSC-based lung models as
test systems for toxicological studies, specific disease models
derived from iPSCs can also be developed and used for basic
research or pharmacological screening in drug development.
Since the publication of the first report in which lung disease
patient-derived iPSCs were generated, over a decade ago,l?’4
an increasing number of studies has been focused on the idea
of using iPSC technology to develop personalized lung disease
models and therapeutic regimes. Relevant progress made in
this field is explored and discussed in the next sections.

www.advanced-bio.com

4.3.1. Pulmonary Fibrotic Diseases

Idiopathic Pulmonary Fibrosis: Pulmonary fibrosis typically
originates from an exacerbated inflammatory environment that
promotes a dysregulated fibrotic response and results in aber-
rant tissue remodeling and ECM production, culminating in
tissue scarring, loss of physiological function, and ultimately
respiratory failure.l3°3> Fibrotic responses are a common fea-
ture of ILDs, a group of parenchymal lung diseases that can
arise from exposure to toxicants or allergens, autoimmune
diseases, or due to an unknown cause, which is the case of idi-
opathic interstitial pneumonias. Idiopathic pulmonary fibrosis
(IPF) is the most common form of ILD and it represents a par-
ticularly aggressive type of idiopathic interstitial pneumonia,
characterized by a chronic, progressive fibrotic nature that con-
tinuously destroys the pulmonary tissue, compromises lung
function, and often leads to pulmonary failure and death.l3%%!
IPF affects mainly the older population and is associated with a
very poor prognosis, having a median survival of 3.8 years after
diagnosis in patients over 65 years of age.’*®3%! Even though
considerable progress has been made in the last few years
regarding clinical management of IPF, there is an inherent het-
erogeneity among different patients in terms of disease mani-
festation, progression, and therapy response, implying a need
for personalized diagnosis and treatment.>%7

To this end, patient-derived iPSC-based platforms may be
groundbreaking tools to uncover individual features of each
IPF case and determine the best therapeutic course to be fol-
lowed. Accordingly, a few studies have already been directed at
fulfilling this goal. In a recent report, a 2D ALI culture method
was developed for the culture and differentiation of iPSCs
into AT2 cells (Table 2), which were then treated with a pro-
fibrotic cytokine cocktail that aimed to mimic the biochemical
microenvironment observed in IPF-afflicted lungs.?%?! This
treatment was able to recapitulate some modifications in epi-
thelial gene and protein expression that are also observed in
IPF cases, causing an up-regulation of markers associated with
ECM remodeling and organization. Interestingly, administra-
tion of the cytokine cocktail to iPSC-derived AT2-like cells also
increased the expression of proximal airway epithelial genes,
such as FOXJ1, MUC5B, SCGB1A1, and KRTS5, reflecting a par-
ticular characteristic observed in IPF-affected alveoli termed
“bronchiolization” (loss of proximodistal specification illus-
trated by the emergence of proximal airway cell markers within
the alveoli). This phenomenon was accompanied by a decreased
expression of the AT2-specific gene SFTPC.362!

A different approach was based on the culture of iPSC-
derived mesenchymal-like cells onto stiff polyacrylamide hydro-
gels, with the objective of emulating the mechanical behavior
of fibrotic tissues and, therefore, guide the seeded cells toward

Figure 13. Embedded 3D printing (SWIFT) for the generation of biomimetic vascularized cardiac tissue. A) Schematic step-by-step representation
of the SWIFT process. B,C) Comparison of tissue viability in matrices with no interior channels (C-i) and perfused OBB matrices following SWIFT
printing and culture in both normoxic (21% O,; C-ii) and hyperoxic (95 % O,; C-iii) medium using live/dead (green/red) fluorescent staining, together
with the normalized cell viability values (C-iv). Scale bars: 500 um. D) Overview of the SWIFT free form 3D printing process originating a network of
vascular-like channels embedded into a matrix of embryoid bodies (EBs) connected to inlet and outlet tubes. Scale bar: 10 mm. E) Cross-sections of
a perfused OBB matrix stained for live (green) and dead (red) cells 12 h after SWIFT printing. The dashed lines illustrate the typical viability depth
observed in controls with no interiorly perfused channels (C-i). Scale bar: 1 mm. Adapted with permission.B> Copyright 2019, American Association
for the Advancement of Science.
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Figure 14. 3D-printed bioinspired vascularized alveolar models. A) Schematic representation of the idealized lung biomimetic design, capable of
undergoing tidal ventilation and composed of B) several artificial alveolar units surrounded by a functional vasculature. C) Photograph of a 3D-printed
hydrogel-based alveolar unit undergoing tidal O, ventilation and RBC perfusion through the adjacent tubular network. Scale bar: 1 mm. Adapted with
permission.”] Copyright 2019, American Association for the Advancement of Science.

a diseased phenotype.’®®l Indeed, the obtained mesenchymal-
like cells demonstrated a high proliferative capacity and the
expression of fibrotic markers, such as o-SMA, type I collagen,
and TGF-f. Moreover, rather than growing in a monolayer as
primary lung fibroblasts, these cells aggregated into scar-like
phenotypes on the hydrogel. Importantly, such activated fibro-
blastic phenotypes closely resembled those observed in several
fibrotic organs regarding gene and protein expression profiles,
not limited to the lung, but encompassing liver and kidney
tissues. The potential applicability of this 2D model in high-
throughput toxicological studies was readily validated, with the
identification of a novel small molecule compound (AAS5) that
demonstrated strong anti-fibrotic action in vitro, ex vivo (using
human IPF lung slices) and, subsequently, in murine models
of fibrotic ocular and lung disease.>*l

Likewise, 3D models of IPF have already been described.
Wilkinson and co-workers have generated a 3D self-assembling
alveolar model of IPF utilizing collagen-coated alginate beads
as templates for cell attachment, growth, and organization into
organoids.?* Using a rotating bioreactor apparatus, both fetal
human lung fibroblasts and iPSC-derived mesenchymal-like
cells were able to adhere to the alginate beads and self-assemble
into organoids. Expression of fibrotic markers in fetal human
lung fibroblast organoids, namely a-SMA and type I collagen,
was successfully induced by exogenous administration of TGF-
Bl, and iPSC-derived mesenchymal cells exhibited similar
behavior. Interestingly, the introduction of other cell types,
including pulmonary fibroblasts, HUVECs, and small airway
epithelial cells, to the system resulted in their self-organization
into alveolar-like structures, with epithelial cells surrounding
the surface of alginate microbeads, mesenchymal cells occu-
pying the interstitial space between adjacent beads, and
endothelial cells sparsely distributed without, however, sponta-
neous formation of vascular-like structures.3%4

Cystic Fibrosis: CF, an autosomal recessive disorder, is the
most frequent monogenetic disease amid the Caucasian popu-
lation and results from mutations in the gene that codes for
CFTR, a chloride and bicarbonate ion transporter, consequently
leading to defective CFTR protein production.*® In the lung,
CF is associated with faulty mucociliary clearance, repeated
infection and exacerbated inflammation, and ultimately,
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respiratory failure.’3%! Even though CF affects the epithelial
secretory balance of other organs, such as the intestine, liver,
pancreas, and gallbladder, its manifestation in the lungs is the
principal factor driving high morbidity and mortality rates.3¢!
There is a vast heterogeneity in the disease phenotype manifested
among patients carrying similar mutant CFTR variants, revealing
an ambiguous genotype-phenotype relationship that can be influ-
enced by modifier genes and environmental factors.[36>3¢7]

The amenability for genetic manipulation of iPSCs allows,
in principle, to isolate and reprogram somatic cells from CF
patients back to pluripotency, analyze their respective genotype
and identify individual CFTR mutant variants, and, applying
advanced gene editing technology, correct such mutations,
recovering CFTR protein function. The most frequent muta-
tions observed in CF correspond to a deletion of three base
pairs (bp) that code for a phenylalanine amino acid in the posi-
tion 508 (AF508) of the CFTR gene, but numerous mutant
alleles carrying distinct missense or nonsense mutations have
been described.?3®] Several reports have focused on the devel-
opment of iPSC-based in vitro models to study CF pathogen-
esis and evaluate the potential of gene therapy in the treatment
of CF. In an earlier study, Mou et al. successfully generated
NKX2.1* lung progenitors from several CF iPSC lines, one of
which was compound heterozygous for CFTR mutant alleles
AF508 and G551D (AF508/G551D) and the remaining lines
homozygous for the AF508 mutation (AF508/AF508).3% Later,
in 2015, two different research groups reported the generation
of gene-corrected CF patient-derived iPSCs using both zinc-
finger nuclease®*% and CRISPR-Cas91”% gene editing technolo-
gies, resulting in the recovery of normal CFTR expression and
ion transport function.

More recently, McCauley and colleagues have gener-
ated epithelial airway organoids from AF508/AF508 patient-
derived iPSCs, subsequently using CRISPR-Cas9 technology
to correct the CFTR mutations and rescue protein function
(Figure 15A).3%U Expression of functional CFTR channels in
gene-corrected iPSC-derived lung epithelial cells was shown by
organoid swelling after treatment with forskolin (Figure 15B,C),
a cAMP-dependent CFTR agonist, similarly to wild-type
CFTR-expressing organoids and contrary to those expressing
mutated and dysfunctional CFTR genes.3%!
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Figure 15. Generation of CF patient-derived organoids and CFTR function recovery in gene-corrected cells. A) Protocol overview for the generation
of CF patient-derived iPSCs and differentiation into lung epithelium. B) Recovery of forskolin-induced iPSC-derived organoid swelling after CFTR
gene correction (WT/AF508), compared with non-corrected organoids (AF508/AF508). Living cells were stained with calcein green. Scale bars:
100 um. C) Time-lapse imaging of gene-corrected organoids demonstrates increasing swelling behavior over 24 h of forskolin treatment. Adapted

with permission.® Copyright 2017, Elsevier Inc.

Importantly, CF patient-derived airway organoids are capable
of recapitulating in vivo disease features such as thicker mucus
deposition and dysfunctional CFTR activity.”®3%U The versatility
of iPSCs in generating CF models was further demonstrated
by Ruan et al., who made use of CRISPR-Cas9 tools to intro-
duce three different CFTR mutant variants (AF508, G551D,
and G542X, a nonsense mutation) into the genome of wild-
type iPSCs.”’! In addition, a CF patient-derived iPSC cell
line carrying a N1303K CFTR mutation has also been recently
developed.l’’? Such a wide portfolio of in vitro iPSC-based CF
disease models has an immeasurable potential to investigate
genotype-phenotype relationships and disease progression
under different CFTR mutations, test for individual drug effi-
cacy, and assist gene therapy and precision medicine research.

Hermansky—Pudlak Syndrome: Hermansky—Pudlak Syndrome
(HPS) is a rare autosomal recessive genetic disease, with a
global incidence of 1-9 cases per million individuals that may
arise from several disease-causing variants in genes involved in
the biogenesis and trafficking of lysosome-related organelles.
This hereditary condition is often linked with abnormal pig-
mentation, resulting in oculocutaneous albinism, and bleeding
diathesis. Genetic variants associated with 4 of the 10 HPS
types (HPS-1, -2, -4, and -10) cause the manifestation of ILD
or pulmonary fibrosis, displaying certain pathological features
similar to those observed in IPF.?73:374

Given the genetic nature of this disorder, patient iPSC-
derived models may also prove valuable to investigate different
disease-causing mechanisms and characterize and replicate
the pathophysiology of HPS in vitro. A HPS-1 iPSC line has
already been established from the skin fibroblasts of a female
patient carrying a mutant variant of HPSI, with a homozygous
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duplication of 16 bp in exon 15 of this gene.l’”” In a recent
study, HPS-2 patient-derived iPSCs carrying compound het-
erozygous mutations in exons 15 and 18 of the gene AP3BI
were genetically corrected using CRISPR-Cas9 technology and
subsequently differentiated into AT2 cells to form alveolar orga-
noids.® While diseased organoids, containing HPS2-iPSCs
with no gene editing interventions, demonstrated alterations
in AT2 cell physiology, with impaired surfactant secretion and
abnormal lamellar body dimensions and cellular distribution,
gene-corrected iPSC-derived alveolar organoids had restored
AT2 cell function, similar to that of control (non-mutated)
iPSC-derived organoids. Patient-derived iPSCs carrying distinct
genetic alterations that culminate in HPS can, therefore, be
used to model this disease and search for therapeutic solutions.

4.3.2. Infectious Diseases

The use of iPSC-based models to study human lung infectious
diseases has been mainly focused on pathogenic agents of viral
nature. Two studies from the same research group have identi-
fied rare genetic variants underlying severe influenza cases in
children, shedding light on the mechanisms leading to such
aggravated responses to influenza. In the first report, whole-
exome sequencing was performed in a 7-year-old child, whom,
following HIN1 (influenza A) infection, suffered ARDS. This
genetic analysis revealed the presence of compound heterozy-
gous missense (F410V) and nonsense (Q421X) mutations in
the gene coding for interferon regulatory factor 7 (IRF7).17%l
The generation of patient-derived iPSCs carrying these vari-
ants and subsequent differentiation into pulmonary epithelial
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cells demonstrated that cell-intrinsic innate immune responses
related to type I and III interferons (IFNs) were severely
impaired, which may explain the patient's ARDS. In the fol-
lowing study, three unrelated children suffering from ARDS
caused by influenza A infection were identified as heterozy-
gous carriers of rare missense mutations (P554S and P680OL)
in the gene coding for Toll-like receptor 3 (TLR3), which were
shown to cause autosomal dominant TLR3 dysfunction.l’””]
TLR3 is a transmembrane receptor involved in the defense
against viral pathogens due to its ability to recognize double-
stranded RNA, which is commonly originated during viral rep-
lication.l*”®l Once again, the generation of patient iPSC-derived
TLR3-deficient pulmonary epithelial cells demonstrated sus-
ceptibility to influenza A viral infection, which was prevented
by pre-treatment with exogenous IFNo2b (type I) and IFN-4
(type 111).577] As such, both these genetic studies suggest that
recombinant IFN-based treatment strategies may help manage
severe respiratory disruption caused by influenza A viral infec-
tions in children.

In light of the on-going COVID-19 global pandemic, hiPSC-
based models have also been developed to explore SARS-CoV-2
infection processes and possible therapeutic routes. Surendran
and co-workers (2020) reported the generation of proximal and
distal epithelial cells from hiPSCs in 2D monolayers, as well as
2D ALI epithelial airway models containing multi-ciliated and
basal cells. However, upon SARS-CoV-2 infection, iPSC-derived
cells demonstrated lower infectivity comparing to the Vero and
Vero E6 kidney epithelial cell lines, therefore needing further
optimization toward a more representative model.’?””l In turn,
Huang et al.® (2020) differentiated hiPSCs into AT2-like cells
(1AT2s), achieving simplified 2D ALI alveolar models to study
SARS-CoV-2 cellular entry and replication. In these models,
time-dependent SARS-CoV-2 infection and pathology were
observed, resulting in vast transcriptional alterations that illus-
trated a loss of the mature AT?2 cell program (that is, diminished
expression of mature AT2 markers such as SFTPC, SFTPD, and
SFTPAI) and upregulation of the pro-inflammatory NF-xB sign-
aling pathway. Furthermore, this iAT2 cell model was responsive
to treatment with two drugs (camostat mesylate, an inhibitor of
the pulmonary tissue protease TMPRSS2 (involved in SARS-
CoV-2 pathological progression), and remsivir, a broad-spectrum
antiviral drug), resulting in decreased detectable viral tran-
scripts.™! In a parallel report, this hiPSC-based model was used
to detect proteomic and phosphoproteomic changes in iAT2 cells
upon SARS-CoV-2 infection, helping uncover the pathological
mechanisms underlying COVID-19, and to test for new potential
antiviral therapies.?®”) Hence, such human cell-based models of
infectious diseases may prove highly valuable for initial research
on unknown pathogenic agents or new viral strains and the
respective pathogenic programs and drug susceptibilities.

hiPSC-derived lung and intestinal organoids have also been
recently developed to study the innate immune response of
these mucosal organs to pathogenic threats.*®!l Expression of
PRRs, such as TLR2 and TLR4, was observed in lung organoids,
and activation of host defense mechanisms in response to puri-
fied microbial ligands or mimetics representing bacteria, fungi,
and viruses (including lipopolysaccharide (LPS), poly(I:C), CpG,
among others) was detected. Furthermore, it was possible to
establish co-cultures of both lung and intestinal organoids with
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peripheral blood monocytes, therefore constituting interesting
models for the investigation of mucosal tissue infection. 38!

4.3.3. Lung Cancer

Lung cancer is the global leading cause of cancer-related death.l
The development of lung malignant tumors is highly dependent
on environmental exposure to harmful elements, such as tobacco
smoke and pollutants, albeit intrinsic individual characteristics,
such as genetic predisposition, may also play an important part
in this process.’®?! Clinically, lung cancer can be divided in two
categories: small cell and non-small cell lung cancer (SCLC and
NSCLC, respectively). NSCLC corresponds to 85% of all lung
cancers, of which lung adenocarcinoma and squamous cell car-
cinoma are two of the most frequent examples,’®3l whereas the
remaining 15% of cases are linked to SCLC, a neuroendocrine
carcinoma with extremely poor prognosis and survival rates.%4
Even though considerable progress in the management of
lung cancer has been achieved in the last couple of decades,
responding to the current demand for specialized, targeted thera-
pies will require, on one hand, access to accurately predictive
tools for precise evaluation of the therapeutic effectiveness of
new agents and, on the other hand, understanding the mecha-
nisms leading to drug resistance and loss of responsiveness.#’l
Accordingly, iPSC-based models may prove useful in this context.

Dost et al. reported the use of iPSC-derived organoids to
model early-stage lung adenocarcinoma driven by the expres-
sion of an oncogenic KRAS mutant (G12D).?%] Transcriptomic
and proteomic analysis revealed that iPSC-derived KRAS-
mutant AT2 cells displayed profound alterations in gene and
protein expression, unravelling a loss of differentiated AT2
phenotype and the emergence of developmental marker expres-
sion. In addition, these changes were reflected in murine
KRAS-mutant cell-derived organoids, primary human early-
stage lung adenocarcinoma AT2 cells, and in vivo, using a
genetically manipulated mouse model of the disease, implying
that iPSC-derived organoids can be used as faithful representa-
tions of these malignancies.

As a further example, 3D hydrogel-based models of lym-
phangioleiomyomatosis (LAM), a rare neoplastic and invasive
lung disorder, were created for disease modeling and high-
throughput screening.?8% The biomimetic hydrogel was mainly
composed of hyaluronic acid and methylcellulose, displaying sev-
eral chemical crosslinking peptide motifs, suitable for protease-
specific degradation, and physical polymer chain attachments
driven by weak (e.g., hydrophobic) interactions, which could
be easily disrupted and remodeled by protease-independent
mechanisms. This hybrid approach was generated to assess
both protease-dependent and protease-independent cell migra-
tion and invasion processes, both thought to be involved in LAM
and metastatic cancers. LAM patient-derived iPSCs differenti-
ated into SMCs (LAM-SMCs) and cultured on the 3D hydrogels
displayed higher migration capability than SMCs derived from
healthy individuals, showing that this model can differentiate
the behavior of healthy versus malignant cells.*¥] Moreover, the
authors demonstrated the potential of this 3D construct in mod-
eling several types of lung cancer, making use of primary cells
or cell lines of both NSCLC and SCLC and proving these also
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Figure 16. Leibel et al. differentiated iPSC-derived lung progenitor cells to 3D lung organoids. A) To form organoids, lung progenitor cells (LPC) were
transferred into Matrigel-containing Transwell inserts and underwent directed differentiation. B) Phase contrast images of 3D lung organoids (based
on different iPSCs) at different time points during the differentiation process. Scale bars: 50 um. C) Hematoxylin/eosin staining of the organoids at
day 40. Scale bar: 50 um. Adapted with permission.?”] Copyright 2019, Springer Nature.

behave differently in the established 3D environment, depending
on the tumor of origin. The relevance of iPSCs in the field of
lung cancer modeling is further accentuated by the common
characteristics between these cells and cancer cells, namely the
virtually never-ending proliferative capacity, the expression of
oncogenic markers, such as Oct-4 and ¢-Myc, and similar meta-
bolic profiles.l*¥”3%8] Importantly, the ability for genetic manipu-
lation and editing of iPSCs could also enable the activation or
inactivation of oncogenes or tumor suppressing genes and assess
the effects of these modifications in tumor development.!3%¥!

4.3.4. Others

iPSC technology has equally demonstrated potential for in
vitro modeling and therapeutic research of pulmonary arterial
hypertension (PAH), a rare chronic and progressive disease in
which pulmonary vascular resistance and arterial pressure are
increased, eventually resulting in right ventricular failure and,
in the absence of proper treatment, death.®] Heterozygous
mutations in the gene BMPR2 (BMP receptor 2) are frequently
observed particularly in familial cases of PAH, although this has
also been reported in idiopathic PAH. However, the penetrance
of these mutations is only about 20%, implying that only this
fraction of individuals carrying mutant variants of BMPR2 will
develop symptoms.?*? iPSC-derived ECs from familial PAH
patients and unaffected individuals carrying BMPR2 mutations
showed distinct functional characteristics, with the former
showing decreased survival and migration rates and impaired
angiogenic potential, further illustrating how patient-derived
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iPSCs are able to preserve specific features from the donor indi-
viduals after differentiation.?! These findings are supported by
another study from the same research group, in which familial
and idiopathic PAH patient-derived iPSC-ECs were compared to
primary pulmonary arterial ECs from the same individuals.??
Importantly, this technology also helped uncover compensa-
tory mechanisms in unaffected mutation carriers that protect
against disease manifestation, thereby exposing potential thera-
peutic avenues for PAH.P%U Conversely, fibroblasts obtained
from non-COPD donor-derived and COPD patient-derived
iPSCs showed similar behavior, whereas primary COPD and
non-COPD fibroblasts presented distinct functionality and gene
expression.??3] The elimination of COPD-specific characteris-
tics during iPSC generation and subsequent differentiation is,
in this context, associated with the loss of epigenetic signatures
during cellular reprogramming.3%3]

Kunisaki and colleagues have recently developed an iPSC-
based organoid model of Bochdalek congenital diaphragmatic
hernia, a polygenic disease in which developmental defects in
the diaphragm cause herniation of abdominal organs, such
as the stomach, intestines, liver, and spleen, into the thoracic
cavity, causing severe pulmonary compression and hypo-
plasia.}%3%] Other studies have used iPSC technology to
explore gene therapy in SFTPB deficiency, a rare autosomal
recessive disorder that results in fatal respiratory failure in
infants.?%! CRISPR-Cas9-mediated gene editing of patient-
derived iAT2 cells carrying an SFTPB mutation allowed the
successful recovery of a functional AT2 phenotype and rescued
surfactant production,3% a result that was also observed
after lentiviral delivery of wildtype SFTPB to mutant iPSCs
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(Figure 16).°””] Such an abundance of reports applying iPSC
technology to a wide plethora of pulmonary diseases thereby
showcases their extensive potential as promising tools for in
vitro lung pathophysiological research.

4.4. iPSC-Based OOC Devices

Many commercially available cell types have been used in OOC
systems so far. However, since these cells are frequently immor-
talized or derived from cancer tissue, the next necessary step
toward a human tissue-specific model — especially personalized
tissue models — is the use of stem cells, such as iPSCs. iPSC-
based approaches are very promising because they have the
potential to create various types of specialized cells suitable for
OOC studies, including, among many others, CMs, kidney podo-
cytes, brain microvascular endothelial cells, and intestinal entero-
cytes.3%41 Ag such, there is a clear upward trend in studies that
use hiPSCs to develop personalized healthy or diseased tissue
and organ models, which could be used for drug and toxicity
screening, recapitulating individual patient's physiological char-
acteristics much closer than animal models.*2#%] For these rea-
sons, iPSC-based OOC devices could revolutionize preclinical
testing, providing an unlimited, patient-specific pluripotent cell
source, requiring low cell numbers and reagent volumes, and
allowing for tight regulation of the cellular microenvironment
and the establishment of biochemical concentration gradients,**l
thereby testing multiple drug dosage regimens in a single assay.

So far, there are only a few hiPSC-based OOC devices
described, often focused in the generation of specialized
human cells that have a very restricted accessibility or limited
expansion capabilities in vitro. Accordingly, in 2015, Mathur
et al. cultured hiPSC-derived CMs in a biomimetic cardiovas-
cular system to produce a heart-on-chip device in which cellular
drug toxicity and efficacy could be tested.l** In the same topic
of cardiovascular modeling, hiPSC-CMs and hiPSC-ECs were
co-cultured to reproduce cardiac and blood vessel tissues by
means of a myocardium-on-chip./ %! Hence, hiPSCs can repre-
sent an unlimited source for healthy and disease-specific CMs
for in vitro cardiac modeling.0’)

In the field of neurobiology and neurological disease, Wood-
ruff et al. used a microfluidic system containing hiPSC-derived
neurons to investigate early phenotypic changes caused by
familial mutations of Alzheimer's disease.*®® In a distinct
study, culturing iPSC-derived motoneurons and brain micro-
vascular endothelial cells together in an OOC model of the
neuromuscular unit significantly enhanced function and in
vivo-like maturation of spinal cord neural tissue.**! Several
other studies were dedicated to emulate the BBB, since it is
still a substantial challenge to artificially reproduce the intri-
cate and highly selective and impermeable structure of this
biological barrier. A microfluidic BBB biomimetic platform, in
which hiPSC-derived brain microvascular ECs were co-cultured
with rat astrocytes, was used to analyze drug permeability.3®]
Making use of both 3D printing and electrospinning tech-
nologies, Qi et al. developed a microchip for the co-culture of
hiPSC-derived brain microvascular ECs and astrocytes, subse-
quently evaluating the permeability of this BBB model to anti-
brain tumor drugs and a neurotoxic amyloid peptide.>*!
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Nevertheless, iPSC-based OOC technology has not been
limited to cardiovascular and brain tissue modeling: Workman
et al. investigated an intestine chip by converging human
iPSC-derived intestinal organoids and microengineering tech-
niques, %l while Musah and colleagues differentiated hiPSCs
into podocytes to be used in a human glomerulus-on-chip
mode].[144:3%]

Among all applications previously identified in this work,
lung-on-chip models have been used to analyze the effects of
flow rate,% air liquid interface (ALI) culture under positive
pressure, ! cyclic mechanical stresses,$13% and air plugs!?
on cellular viability, phenotype and response to chemical
stimuli/drugs.® However, all models described so far are
mainly based on cell lines and, occasionally, on primary cells
rather than iPSCs, presumably owing to the complex, time-
consuming, and very demanding differentiation of iPSCs into
bronchial and alveolar lung cells, for which standardized proto-
cols are still lacking.

OOC devices and, particularly, hiPSC-based technology
can be truly groundbreaking in the context of preclinical and
clinical research, enabling extensive in vitro testing and pos-
sibly replacing animal experiments entirely, generating more
physiologically relevant data and allowing for a tight control of
experimental variables and conditions. Importantly, reduction
or replacement of animal experimentation is not only ethically
and scientifically desirable, but also highly beneficial from an
economic and logistic point of view, possibly shortening the
duration of preclinical trials and decreasing the exorbitant costs
typically associated with in vivo research.

Even though the primary uses for OOC systems have been
mainly associated with preclinical drug safety and mechanistic
studies,* additional applications exist, in principle, in virtu-
ally every field in which animal testing is currently performed.
The potential of OOC systems in personalized medicine should
be especially highlighted, since these devices are amenable
to the use of patient-derived primary cells or iPSCs (patient-
on-a-chip,®! Figure 17). Furthermore, such systems are also
suitable for infectious disease research and host-pathogen
interaction modeling, being especially valuable for the develop-
ment of anti-viral therapies such as those newly established for
SARS-CoV-2.[M8 Taking this information into consideration, it
is becoming evident that further improvement and streamlined
production of personalized OOCs can be an important asset in
medical and pharmacological research, possibly decreasing the
number of clinical trials required for drug approval through
individualizing drug dosage and, thus, avoiding clinical failure
and substantial economic loss.[*034 Within REACH, lung-on-
chip devices come into play, for instance, to study the effect of
inhaled particulate matter and to mimic absorption, distribu-
tion, metabolism, and excretion (ADME) stages after inhalation
of chemicals or nanomaterials. Besides fundamental and phar-
macological research, also encompassing new drug design(*”!
and drug delivery investigation,##°1 OOCs can find a place
in cosmetic and chemical industries, where there is a great
demand for alternative test methods.[20421]

With further advancements in this technology, it is possible
to build multiorgan models that include, for instance, both a
pulmonary and a hepatic compartment, which allow the inves-
tigation of how inhaled drugs are processed and metabolized by
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Figure 17. Schematics of the cyclic process used for the application of lung-on-chip devices in personalized medicine. Somatic cells are isolated
from skin biopsies or blood samples of respiratory disease patients and subsequently cultured and reprogrammed to different cell types of interest.
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maintenance. Target drug candidates are tested using the lung-on-chip model, in which extensive safety and efficacy analyses are performed, followed
by in vivo testing, after which the final personalized formulation is finally achieved. The main goal of OOC technology is to surpass the need for in
vivo validation (dashed blue arrow), therefore allowing the formulation of patient-specific treatments based exclusively on in vitro experimental data.

Created with BioRender.com.

the liver and how the resulting byproducts affect the lung.[*??!
Such multiorgan microfluidic platformst 33 may be greatly
advantageous in their suitability for investigating pharmacoki-
netics (fate of an administered substance during the four stages
of ADME) and pharmacodynamics (physiological effect of the
substance and its products in the organism). The ultimate
goal in this approach would be to attain body-on-chip devices,
complex microphysiological systems in which multiple organ
compartments are in intricate communication via microfluidic
channels and reliable predictions on drug metabolism, efficacy,
and off-target interactions and side effects can be performed.
Some progress has already been made toward this objective,
with body-on-chip devices simultaneously containing three,*34
five, 331 and six*3! different types of tissue being successfully
demonstrated. Recently, an eight-organ vascularized OOC
device was described by Ingber's group, in which the multiple
tissues (liver, gut, lung, heart, skin, blood-brain barrier, kidney,
and brain) were connected via a circulatory system and main-
tained with a universal blood substitute.?3] Interestingly, in
this device, both lung and skin compartments were maintained
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at an ALI, proving once again the suitability of OOC technology
to mimic native organ environments and replicating complex
human biology.

It should be emphasized, however, that OOC technology is at
its inception, with most of the published reports still at a proof-
of-concept stage and there is no profound investigation and
accumulated knowledge about specific tissue or organ types.[!l
Most of the OOC devices described to date also lack important
biological elements, namely immune cells, which may play a
fundamental role on disease modeling and pharmacological
response.*¥”] Of note, though the concept of multiorgan and
body-on-chip devices is undoubtedly attractive for preclinical
research, practical issues arise when emulating diversified tis-
sues with distinct cellular compositions and organization in
a single device. First, it is often challenging to find universal
cell culture media and environmental conditions capable of
sustaining multiple cell types in coexistence; second, while the
physiological relevance and representativeness may increase
with the inclusion of distinct tissue and organ compartments,
this increased complexity may be difficult to achieve and
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reproduce on an industrial scale."*#15] Moreover, advancements
in biofabrication and device manufacturing tend to occur at
faster rates than those on cellular technology, such as iPSCs,
and this discrepancy will require close communication and col-
laboration of stakeholders (academic researchers, clinicians,
industrial partners) to ensure smooth integration and mutual
adaptation of cellular and bioengineered components and
maximize the impact and utility of OOC devices in the labora-
tory and in the clinic.**#¥] As such, generalized incorporation
of these devices into the drug development pipeline will first
require extensive optimization and upscaling of device manu-
facturing and cell harvesting and propagation, which should be
performed in a high-throughput and affordable fashion.*¥”l In
addition, current device manipulation must be performed by
specialized personnel that controls all components involved in
0O0C technology (pumps, actuators, readout equipment);**l fur-
ther simplification and connection to user-friendly interfaces or
process automatization using robotics*?*l may help improve the
accessibility of these systems and facilitate translation from lab-
scaled models to the clinic and the pharmaceutical industry.**7!

4.5. Limitations of iPSC Technology

The progress made in iPSC technology since its first descrip-
tion and the promise it poses for in vitro research and person-
alized therapy are undeniable. In fact, this cell reprogramming
technology has represented an unrivaled platform to investigate
human development and disease pathogenesis, providing a lim-
itless cell supply, suitability for high-throughput studies, and the
opportunity to investigate and tackle individual disease charac-
teristics by preserving the genetic signature and antigenic profile
from the corresponding donors. However, the widespread use of
iPSCs both in the laboratory and in the clinic has been hampered
by a number of limitations that are important to bear in mind.
First, it is important to consider the high cost associated
with the laborious, time-consuming process for the generation
of iPSCs and subsequent differentiation into the cell types of
interest, which limits their accessibility and practicality. Addi-
tionally, iPSCs are frequently generated and maintained using
poorly-defined culture conditions, due to the presence of serum
or Matrigel, which may affect the reproducibility among dif-
ferent studies and preclude an eventual clinical translation.
Likewise, many of the developed protocols for the generation
of iPSCs from somatic cells involve retroviral- or lentiviral-
mediated transfection and definitive genomic integration of
transgenes coding for the pluripotency transcription factor
cocktail (Oct4, Klf4, Sox2, c-Myc), resulting in possible changes
on cellular identity and differentiation potential, oncogene
activation or tumor suppressor gene inactivation.?023%] Nev-
ertheless, temporary transfection methods have already been
developed and applied, most frequently based on Sendai virus,
episomal DNA, or synthetic messengerRNA (mRNA).3%
Indeed, though these methods may present lower transfection
efficiency, the high proliferative capacity of iPSCs enables the
selection and subsequent expansion of a small number of suc-
cessfully transfected colonies.[?° In addition, as it was possible
to conclude from this review, there are numerous protocols for
the generation of the same differentiated cell types from iPSCs,
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among which different growth/differentiation factors and time-
points are used. It is, therefore, necessary to streamline these
different strategies toward simplified, easily reproductible, and
more efficient differentiation protocols.?*4 Another limitation
resides in the difficulty in obtaining fully differentiated iPSCs,
thereby restricting the use of these tools for developmental or
early post-natal biology and disease research.[264

Moreover, in the process of selection and isolation of iPSCs
for disease investigation, it should be taken into consideration
that cellular behavior can be heavily influenced particularly by
individual genetic background, though environmental and life-
style elements, as well as ethnic characteristics, may also play
an important role.38 In fact, inter-donor genetic variability has
been repeatedly demonstrated as a preponderate factor in iPSC
differentiation, gene expression, and phenotype,****2l more
than any other potentially interfering factor, determining 5-46%
of the differences across distinct iPSC phenotypes.*?! While it
is important to investigate human genetic heterogeneity and its
influence on disease pathogenesis and drug response, such an
interindividual variability may introduce confounding factors
in disease modeling if suitable controls are not included.[*
Accordingly, control and diseased iPSC lines should be
matched for sex, age, ethnicity, and time in culture.*? Addi-
tionally, in disorders caused by known genetic mutant variants,
it is possible to use gene editing technology to obtain healthy
and diseased isogenic iPSC cell lines from the same donor,
thus enabling the use of control and pathological iPSCs with
identical genetic backgrounds.**#¥ Lastly, iPSC biobanking
and the widespread use of well-characterized iPSC lines and
common controls across studies, after strict and extensive
genomic, transcriptomic, and proteomic profiling, may facili-
tate reproducibility and comparison of results and help iden-
tify sources of inter-study variability.*! For a few years now,
the number of iPSC lines available for research purposes has
been growing. Several companies (e.g., Thermo Fisher Scien-
tific,°! Takara Bio,*”! Tempo Biosciencel*®)) and certified cell
biobanks, like the nonprofit, global biological resource center
and leading developer and supplier of authenticated cells lines
and microorganisms American type culture collection (ATCC),
offer iPSC cell lines for research use. The iPSCs provided by
ATCC are derived from primary cardiac fibroblasts obtained
from a healthy donor (ACS-1021, ATCC-CYS0105). In addi-
tion, the European Bank for Induced Pluripotent Stem Cells
(EBiSC) collection of human iPSCs is available to academic and
commercial researchers for use in disease modeling and other
forms of preclinical research.®% It currently includes 896 cell
lines, but it is constantly being expanded.l*!! Furthermore, first
good manufacturing practice (GMP)-grade iPSCs suitable for
clinical use are commercially available.?! This indicates that
the relevance of iPSCs in pharmaceutical research and medical
science has been fully recognized and increasing sources of
IPSC lines are driving the development of novel in vitro models
and therapeutic approaches in the near future.

5. Concluding Remarks

The complexity of the pulmonary architecture and microen-
vironment, the inaccessibility of primary lung cells, and the
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difficulty in maintaining cellular identity and specific pheno-
type in vitro have hindered the development of suitable
platforms for basic and developmental lung research, disease
modeling, and pharmacological screening. Conversely, the easy
accessibility, virtually unlimited proliferation and differentia-
tion potential, and patient-specific nature of iPSCs promise to
revolutionize human biology and disease in vitro modeling,
effectively counteracting the disadvantages of other commonly
used cellular sources. Thus, it is important to consider the sig-
nificant hurdles that are still associated with iPSC methodolo-
gies, in which the time-consuming and expensive protocols,
lack of standardization, and the proven inter-individual vari-
ability arising from distinct genetic backgrounds may compro-
mise the scalability and reproducibility of these models and,
therefore, their clinical translation and industrial production.
The combination of iPSCs with OOC systems may provide
physiologically relevant and patient-specific models capable of
faithfully reproducing the lung microenvironment, where cel-
lular, biochemical, and biomechanical elements come into play
and jointly influence cellular behavior and identity. The inte-
gration of these models into the pharmaceutical industry and
the drug development process will benefit from close interdis-
ciplinary communication of biomedical researchers, engineers,
physicians and industrial partners, in order to assist with the
translation of these devices from the bench to the clinic.
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