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Pathologies of the respiratory system such as lung infections, chronic inflammatory lung diseases, and lung can-
cer are among the leading causes ofmorbidity andmortality, killing one in six peopleworldwide. Development of
more effective treatments is hindered by the lack of preclinical models of the human lung that can capture the
disease complexity, highly heterogeneous disease phenotypes, and pharmacokinetics and pharmacodynamics
observed in patients. The merger of two novel technologies, Organs-on-Chips and human stem cell engineering,
has the potential to deliver such urgently needed models. Organs-on-Chips, which are microengineered
bioinspired tissue systems, recapitulate the mechanochemical environment and physiological functions of
human organs while concurrent advances in generating and differentiating human stem cells promise a renew-
able supply of patient-specific cells for personalized and precision medicine. Here, we discuss the challenges of
modeling human lung pathophysiology in vitro, evaluate past and currentmodels including Organs-on-Chips, re-
view the current status of lung tissue modeling using human pluripotent stem cells, explore in depth how stem-
cell based Lung-on-Chips may advance disease modeling and drug testing, and summarize practical consider-
ation for the design of Lung-on-Chips for academic and industry applications.
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1. Introduction

The lungs constitute the largest tissue interface between the human
body and its environment. Exposed to an average of seven liters of in-
haled air per minute, lungs are in direct contact with countless noxious
particles, viral or bacterial pathogens, hazardous chemicals or toxic
gases. As formulated byGreen et al., “Each day a surface as large as a ten-
nis court is exposed to a volume of air and contaminants thatwouldfill a
swimming pool” [1]. Not surprisingly the lungs are susceptible to nu-
merous deadly acute and chronic conditions that constitute an immense
global health burden. Indeed, respiratory diseases are directly responsi-
ble for one in six deaths worldwide [2], and chronic respiratory condi-
tions affect more than one billion people worldwide [3]. In Europe
alone, the total cost of respiratory disease amounts to more than €380
billion annually [4]. Among all respiratory diseases, five account for
themajority of morbidity andmortality worldwide: chronic obstructive
pulmonary disease (COPD), asthma, acute respiratory infections, tuber-
culosis, and lung cancer [5]. Recent reports suggest that onset or aggra-
vation of respiratory disease caused by in- and outdoor air pollution, is
responsible for 6.5 million deaths annually, a number likely to increase
even further in the future [6]. It is therefore imperative to develop new
therapeutic strategies for lung diseases, but this requires new tools to
better study respiratory diseases and understand the underlying
mechanisms.

Studying lung disease pathogenesis and drug efficacy, as well as in-
halation toxicology, necessitate physiologically relevant models of
human lung tissue. While animals, especially rodents, have provided
seminal insight into lung physiology and pathophysiology, they are lim-
ited in recapitulating the development, structure, disease symptoms,
and responses of the human respiratory system, providing a strong ra-
tionale for developing and investigating human in vitro lung models
for disease modeling, drug discovery, and drug testing [7,8]. For
instance, the timing of lung developmental events differs markedly be-
tween mice and humans. The prenatal saccular stage, in which alveolar
sacs with distinguishable alveolar cell types form and surfactant secre-
tion begins, takes place relatively earlier, and postnatal differentiation
of immature saccules continues for a relatively longer time in humans
compared to mice. This different pace of lung development results in a
greater degree of branching and complexity of human distal lung struc-
tures including respiratory bronchioles, alveolar ducts and associated
alveoli [9]. Cellular composition also differs between mouse and
human lung. For example, in themouse airways,mucus-producing gob-
let cells are rare and secretory club cells (formerly known as Clara cells)
are abundant, whereas the opposite applies to human airways [10]. Fur-
ther, many gene mutations induce different, if any, respiratory symp-
toms in mice compared to humans [11]. While rodents remain the
main animal model for pre-clinical studies, other non-rodent species
such as guinea pigs, dogs, sheep, pigs and non-human primates which
more closely mimic human lung physiology, are also used in preclinical
studies. However, ethical and financial issues as well as non-availability
of species-specific reagents often preclude their use for routine experi-
mentation. Taken together, these limitations demonstrate that animals
are imperfect models for a range of human lung diseases and their
drug treatment, necessitating the need for human-specific preclinical
models of the lung.

Standard 2D culture of cancer or immortalized cell lines still rep-
resents the most common alternative to animal models for the study
of tissue pathophysiology and response to pharmacological agents.
The great advantage of such cell lines, the ease of use for high-
throughput experiments, is clouded by their limited physiological
relevance and clinical predictivity. In the past 10 years, advances in
tissue engineering and soft lithography techniques have converged
to give rise to Organs-on-Chips, miniaturized microengineered
cell culture systems that recreate key functional and micro-
environmental features of human organs in vitro [12]. Importantly,
the idea is not to rebuild an entire human lung with its intricate ar-
chitecture as so far this remains technically not feasible and would
also greatly complicate the experimental manipulation, analysis,
and interpretation of the engineered system. Rather, the promise
and great benefit of Organs-on-Chips lies in their ability to recreate
well-defined functional units of the lung, such as the alveolar
epithelium-blood capillary interface, or the mucociliary barrier of
the airways. Each specific Lung-on-Chip model can then be used to
isolate, amplify, and systematically combine specific cellular and
acellular components of the tissue and dissect their interaction as
well as individual roles in health and disease processes.

Concurrent with the advances in Organs-on-Chips technology, the
field of developmental biology has made tremendous progress towards
efficient culture and differentiation of stem cell-derived human lung tis-
sue in the form of static 2D cultures or 3D organoids [7,13]. While stem
cell technology enables precise modeling of virtually any human tissue,
and long-term cultures of patient-derived cells, Organs-on-Chips pro-
vide the cell microenvironment, biomechanical forces, vascular perfu-
sion and circulation of immune cells, tissue relevant cyto-architecture,
and sampling capabilities that organoids lack. It is therefore possible
that combining both technologies will help to study human lung devel-
opment and pathophysiology, responses to inhaled toxicants, evaluate
drugs pharmacodynamics and pharmacokinetics (PK/PD), and discover
new diagnostics and therapeutics.

The purpose of this review is to provide a comprehensive survey of
existing state-of-the-art Organs-on-Chip systems that model human
lung tissue and envision how this innovative technology can converge
with the field of lung stem cells to establish highly relevant models of
lung development, respiratory diseases and drug PK/PD.
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2. Modeling the human lung

The difficulty of in vitro tissuemodeling lies in the challenge to iden-
tify and then faithfully recapitulate the essential structural and func-
tional elements of human tissue that govern healthy and pathological
organ responses. Especially in the case of complex organs such as the
human lungs, the challenge is increased by the incomplete understand-
ing of the organ's morphology and physiology as exemplified by the un-
clear role that several of the 40 different resident cells play in lung
homeostasis [14].While the lungs exert an essential but seemingly sim-
ple vital function by providing a constant supply of oxygen and removal
of CO2 through gas exchange between the inhaled air and circulating
blood, lung morphology is complex and consists of distinct units with
specific physiological roles.

These units include regional sections that can be defined by their re-
spective cellular composition and function, such as the trachea, bronchi,
bronchioles or small airways, alveoli or air sacs, stromal connective tis-
sue, blood vessels, and hematopoietic and lymphoid tissue, and func-
tional units such as the epithelial mesenchymal trophic unit (EMTU)
[15] or the alveolar-capillary interface (Fig. 1). Together, these units
build the organ's architecture and enable the process of gas exchange.
Specifically, inhaled air enters the respiratory tract through the nasal
and oral passages and flows through the conducting airways until it
reaches the distal airways and alveoli. The conducting airways are
Fig. 1. Cell population diversity and location in human lungs and corresponding on-chipmodels
primary cells).
composed of the trachea that divides into bronchi and bronchioles.
The bronchioles lead to the alveoli that constitute most of the lung sur-
face area and enable gas exchange with the circulating blood. The
conducting airways are lined with highly specialized cells including cil-
iated cells, mucus producing cells called goblet cells, and club cells,
while underlying basal cells act as progenitors. The relative proportion
of these cells depends on their location in the respiratory tract [14,16].
For instance, while club cells are almost nonexistent in the upper air-
ways lining, they constitute a large part of the terminal and respiratory
bronchioles cell population [16]. Similarly, goblet cells account for 10 to
15% of epithelial cells in large airways but are almost absent from termi-
nal and respiratory bronchioles [16]. This characteristic cell distribution
can be altered during chronic diseases. For example, increased goblet
cells number in the airway lining has been observed in patientswith ob-
structive respiratory diseases such as asthma and COPD [17,18].

The distal, respiratory part of the lungs contains an average of 450
million pulmonary alveoli constituted by thin, flat, non-dividing alveo-
lar type 1 (ATI) cells that enable gas exchange, and small, cuboidal alve-
olar type 2 (ATII) cells that secrete pulmonary surfactant and can divide
and differentiate to replace damaged alveolar cells [19]. In addition, the
human lungs are home to numerous resident and circulating immune
cells includingmacrophages, innate lymphoid cells, mast cells, lympho-
cytes, eosinophils and neutrophils that contribute to the protection
from pathogens and noxious particles continuously entering the lungs
. For each on-chipmodel, cell origin is indicated (L= human cell line; P= human-derived
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[20]. Further, the submucosa surrounding the conducting and respira-
tory airway epithelium includes airway smoothmuscle cells,fibroblasts,
myofibroblasts and neural cells that play major roles in health and dis-
ease [21,22]. Sub-mucosal cells also play critical roles in many respira-
tory diseases. For instance, secretion of pro-inflammatory mediators
and hyper-responsiveness to external stimuli by airway smoothmuscle
cells contribute to tissue inflammation and lead to bronchoconstriction
and airflow obstruction in asthma [23]. Similarly, uncontrolled activa-
tion of lungfibroblasts plays a central role in the development of pulmo-
nary fibrosis [24]. The submucosa also harbors a network of blood and
lymphatic vessels comprised of endothelial cells and pericytes that
help recruit circulating immune cells during the inflammatory response.
Hence, the human lung is a complex tissue comprised of numerous pop-
ulations of cells that interact and depend on each other to grow and
function properly [25].

The high diversity in cell types, numbers, function and tissue mor-
phology among the different lung regions and disease states is an essen-
tial parameter to consider when designing an in vitro model of the
human lungs and precludes a one-model-fits-all approach. Instead,
the appropriate model will depend on the experimental questions one
wishes to answer, with the goal of recapitulating the keymorphological
and functional features of the organ unit. Specifically, this might require
the spatiotemporal interaction of different cell types involved in the
function or pathophysiology of interest. An effective strategy is to ini-
tially create a simple, well characterized base model and increase com-
plexity by adding cellular components one by one, in order to reveal
their individual contributions.

2.1. Current in vitro models of the human lung

Given the technical and ethical difficulties of using real human or-
gans to carry out research, scientists have largely relied on simpler
and smaller surrogate models to gain insight into human physiology
and pathophysiology. Modeling human diseases in general, and lung
diseases in particular, largely depends on immortalized cell lines or pri-
mary cells combining one or more cell types, cultured in a static, 2D en-
vironment, and on animal models (Fig. 2). However, while cell
monolayers are easy and cheap to use and amenable to high throughput
studies, they cannot replicate the functions of many tissue-specific, dif-
ferentiated cell types or faithfully predict in vivo tissue functions and
drug effects observed in the native 3-dimensional human organ [26].
Fig. 2. Comparison of experimenta
On the other hand, although animal models provide access to 3D native
tissues and are indeed used for modeling human diseases and assessing
efficacy of therapeutics in a number of tissues and organs, they are often
poor predictors of clinical success due to species-species differences in
mechanisms of action or toxicities of drugs [27]. For instance, failure
was reported for 18 out of 23 Phase II/III clinical trials testing 17 distinct
therapeutic anticancer vaccines [28] due to elevated levels of circulating
immunosuppressive cytokines and various immunological checkpoints
in humans thatmay not be present in rodents [29]. Lung specific studies
equally suffer from these limitations and over-reliance on animals to
model complex human respiratory diseases such as asthma have con-
tributed to the lack of new efficacious treatment despite huge research
efforts, as animal models have a long record of failing to predict clinical
efficacy of novel therapies in human [30]. This is also true for several
other respiratory diseases, including cystic fibrosis. The DeltaF508 mu-
tation of the cystic fibrosis transmembrane conductance regulator
(CFTR) is the most common genetic cause of human cystic fibrosis;
however, mice with the DeltaF508 mutation do not have any respira-
tory abnormalities [31]. Also, investigations of human respiratory infec-
tions are hindered by the lack of human pathogen-specific receptor in
animals. For instance, a majority of rhinovirus types uses human inter-
cellular adhesion molecule 1 (ICAM-1) as an entry receptor but cannot
bind the murine form, precluding infection of mouse airway cells [32],
although transgenic mouse models expressing human ICAM-1 have re-
cently been developed [33]. Animal models are often also not permis-
sive for replication of human viruses [34,35]. The utility of animals to
study human chronic diseases such as asthma and develop therapeutics
is also controversial as most animal models do not naturally exhibit the
asthma disease phenotypes observed in humans [36].

The limited clinical predictive value of traditional cell culture and an-
imal models havemotivated the development of more complex human
in vitro 2D or 3D models that incorporate multiple types of differenti-
ated cells or involve cell patterning in order to be more representative
of the morphology and function of human organs. Three dimensional
cell culture usually relies on bioinspired scaffolds made of extracellular
matrix (ECM) or synthetic polymers aswell as specific growth factors or
co-cultured mesenchymal cells which induce cells to polarize and dif-
ferentiate into cellular structures resembling in vivo tissue morphology
and function. When grown in ECM hydrogels, cells can self-assemble
into 3D cellular clusters known as spheroids or organoids that contain
multiple cells types resembling the organ tissue architecture and
l strategies for lung modeling.
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recapitulating some specific organ function [37]. Lung organoids de-
rived from human primary lung tissues, embryonic stem cells (ESCs)
or induced pluripotent stem cells (iPSCs) are also referred to as
tracheospheres, bronchospheres, and pneumospheres (or
alveolospheres), and have been successfully employed to study lungde-
velopment and pathophysiology [19,38–40]. Nonetheless, they also
have limitations [41]; organoids lack the native organ microenviron-
ment and appropriate cyto-architecture that is often essential in disease
development, tissue growth and repair. Another drawback of 3D
organoid cultures is that analysis or stimulation of enclosed cells, partic-
ularly to measure transmembrane transporter activity, evaluate the
transport and metabolism of drugs across the cell layer, or to quantify
the release of inflammatory mediators or newly formed virions, is
often precluded by the difficulty of accessing and sampling luminal con-
tents. Also, exposing the organoids to uniform drug concentrationsmay
be hampered by the slow diffusion and interference with the ECM hy-
drogel, or the technical difficulty of micro-injection into the luminal
space. In addition, organoids usually lack tissue-tissue interfaces, such
as the interface between vascular endothelium and surrounding stroma
and parenchymal cells, which are essential for the morphology and
function of virtually all organs. Finally, exposing epithelia to airborne
substances to mimic environmental exposures or inhaled drug delivery
is not readily feasible in organoid cultures. While it is possible to break
up organoids and thereby expose their apical side to airborne sub-
stances, the mechanical forces used in the process, e.g. rapid pipetting
and sudden changes in themedia composition,may cause cellular stress
and therefore alter responses. 3D models of the human airway epithe-
lium based on air liquid interface cultures of primary epithelial cells in
transwells inserts have also been shown to closely mimic the gene ex-
pression signature of the human airway epithelium in vivo [42,43] and
to recapitulate several hallmarks of human airway epithelium in vivo,
leading to seminal insights into numerous biological processes in lung
development and pathophysiology [44–49]. However, as for organoids,
these models typically lack physiological fluid and solid mechanical
cues, including shear flow and tensile and compressive stresses that
cells experience in vivo. The absence of fluid flow also prevents perfu-
sion of cultured cells with circulating blood and immune cells and limits
modeling of inflammatory responses to infection or drugs. Though rela-
tively novel and not yet as familiar to investigators, the emergentfield of
Organs-on-Chips promises to overcome the limitations of traditional
in vitromodel systems by offeringmicroengineered features such as dy-
namic stresses and microscale flows. Thus, combining the best attri-
butes of stem cell assays and Organs-on-Chips technologies might
enable the design of a more powerful in vitromodel of the human lung.

3. Organs-on-Chips technology

Recent advances in microfabrication and tissue engineering have
made it possible to create Organs-on-Chips – i.e., continuously perfused
microchannels lined by living human cells. This design can reconstitute
key functional and microenvironmental features of whole organs in-
cluding tissue-tissue interfaces, mechanical forces, fluid flow, and bio-
chemical gradients [50–52]. Organs-on-Chips have been shown to
reproduce complex integrated organ-level responses to pathogens and
inflammatory cytokines, as well as nanoparticles and pharmaceuticals;
they can also effectively recapitulate disease states and complex patho-
physiological responses. Mechanically active Organs-on-Chips popu-
lated with human cells therefore promise to provide more predictive
models and provide lower-cost alternatives to animal and clinical stud-
ies for disease modeling, drug testing and safety applications [26]. As
discussed in the following, Organs-on-Chips aim to recreate the com-
plex, dynamic state in which living cells function within the native
human organ, including interactions with the substrate (extracellular
matrix), tissue-tissue interface, mechanical forces, immune cells and
blood components, and biochemical microenvironment, which are crit-
ical in lung health and disease.
3.1. Extracellular matrix

The ECM is the non-cellular component of a tissue that provides the
structural scaffolding and biochemical and biomechanical support to
the surrounding cells. In the lung and other organs, the ECM gives the
tissue its physical and mechanical properties, contributes to tissue de-
velopment, morphology and function, and influences cell shape and
cell-cell interactions [53]. In the lungs, the ECM influences fundamental
processes including cell signalingpathways [54], cell shape and function
[55], cytoskeletal organization and differentiation [56], organogenesis
[57], and wound healing [58]. The ECM composition is not only specific
to each organ but is also unique to the different regions of a tissue. In the
lungs, which is a relatively soft tissue with an elastic modulus ranging
between 1 and 5 kPa [59], alveolar ECM is composed of amix of collagen
III, IV, V, laminin, fibronectin and elastin [60] whereas the ECM of the
large airways includes collagens I, II (cartilage), V, laminin and fibronec-
tin [61]. Further, extensive ECM remodeling has been implicated in
many physiological and pathophysiological processes such as wound
healing and pulmonary fibrosis [62]. Therefore, the ECM composition
used in a model of the lungsmust be carefully selected and will depend
on the region and the disease state one seeks to model.

3.2. Cell-cell interactions

While lung ECM scaffolding modulates cellular function, shapes tis-
sue architecture and precisely compartmentalizes lung cell populations,
cell behavior is also determined by the constant interaction between
neighboring cellular compartments. Interactions can be mediated
through direct cell-to-cell contact, for example, between airway epithe-
lial cells and fibroblasts during fibrosis [63] and between alveolar mac-
rophages and alveolar epithelial cells in health and disease [64]. In
addition, cellular interactions can also leverage soluble factors, such as
in epithelial-endothelial cross talk during influenza virus-induced cyto-
kine storms [65], endothelial influence on epithelial differentiation [66],
and mesenchymal cell influence on epithelial development [15]. Such
cell-to-cell cross talk can modulate tissue growth, differentiation, and
cell activation mediating the recruitment of immune cells during in-
flammation. Such multi cell type interactions can also be recapitulated
in Organs-on-Chips; for instance, co-culture of differentiated human
primary airway epithelial cells and endothelium in close proximity re-
sults in cross-communication between both tissues following treatment
with a pro-inflammatory stimulus [52]. Similarly, stimulation of the ep-
ithelium with a pro-inflammatory agent results in activation of the un-
derlying endothelium, as indicated by overexpression of adhesion
molecules such as ICAM-1, VCAM-1 and E-Selectin [52,67].

3.3. Mechanical forces

Despite extensive studies, themagnitude and nature of themechan-
ical forces experienced by the lung epithelial cells during development,
breathing movements, and disease states are still not well understood
and remain the object of intense research [68]. It is admitted that during
normal breathing movements, lungs undergo dynamic deformation es-
timated to cause 4% stretch distension of the basement membrane
[69,70], while deep inspiration may induce a 12% stretch distension
[71]. During bronchoconstriction in e.g. asthma patients, compressive
forces act on parts of the airway wall [72]. These mechanical forces
strongly influence lung cells, including effects on growth and repair,
surfactant release, injury, inflammation [72–75], as well as tissue devel-
opment from fetal to adult stage [73,76]. Additional mechanical forces
that influence cell function and development include shear stresses in-
duced by the bidirectional air flow in the lumen of the conducting air-
ways and the blood flow in the capillaries. Endothelial cells are able to
sense and adapt to variation in the blood-flow and the vascular wall
serves as an interface between the blood and tissue and can respond
to hemodynamic cues. The physiological shear stresses acting on the
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vascular wall have been show to modulate gene expression, cell mor-
phology, and cell metabolism [77–79] of endothelial cells. Organs-on-
Chips offer the possibility to apply and control physiological biome-
chanical forces, including breathing movements [67,80] and shear
stresses resulting from air and blood flow [81,82] that cells experience
in vivo.

3.4. Biochemical microenvironment

The biochemical surroundings of cells are composed of elements
that are secreted or transported through the tissue. These include
growth factors, hormones, dissolved gases, and small molecules such
as salts and nutrients. In the lungs, biochemical mediators are central
to processes ranging from tissue development and homeostasis [83],
to inflammation and injury resolution [84]. Lung cells also play a signif-
icant role in the metabolism of xenobiotics and endogenous hormones
such as serotonin, leading to degradation aswell as activation of impor-
tant biologic properties [85]. Xenobiotic-metabolizing cytochrome P450
enzymes expressed in bronchial and bronchiolar epithelium, club cells,
type II alveolar cells, and alveolar macrophages in human lung activate
environmental chemicals, modifying cell biochemical microenviron-
ment and contributing to pathologies such as cancer and COPD [86]. Ex-
pression and activity of such enzymes is in part determined by epithelial
differentiation, indicating the need for appropriate cellular differentia-
tion in models [87]. Organs-on-Chips offer the possibility to accurately
control the regional and temporal biochemical microenvironment of
cells through controlled perfusion of growth medium and gases.

3.5. Immune cells and blood components

Circulating and resident immune cells are key effectors of inflamma-
tion and play a central role in the pathogenesis and resolution of respi-
ratory diseases. Together with airway epithelial cells, lung resident and
circulating immune cells, such as dendritic cells and macrophages initi-
ate and orchestrate immune responses [88]. The ability to perfuse fluids
through Organs-on-Chips not only allows dynamic supply of nutrients
and gases, but also enables perfusion of immune cells under physiolog-
ical conditions, such as shear stress experienced within microvessels
[67,89]. This unique feature enables visualization and real timemonitor-
ing of the interaction between freshly isolated, circulating immune cells
with lung endothelial and epithelial cells [52,67]. Whole human blood
can also be perfused through Organs-on-Chips and, for example,
Fig. 3. Timeline highlighting key studies of Organs-on-Chips
thrombotic events have beenmodeled and utilized to assess drug deliv-
ery, toxicity, and efficacy [82,90].
4. A brief history of Organs-on-Chips

The field of Organs-on-Chips derives from “miniaturized total chem-
ical analysis systems” or μTAS, microscale chemical platforms directly
inspired from the development and miniaturization efforts of the elec-
tronic industry in the second half of the twentieth century [91,92]
(Fig. 3). These μTAS, later regrouped under the name “lab-on-a-chip”
systems, integrate fluidic microsystems into a single platform to per-
form several steps of a chemical assay [93,94]. Originally, these systems
did not contain any living components. Adding living cells was facili-
tated when new methods to fabricate microscale fluidic channels
were established as an alternative to fused silica capillaries [95]. Specif-
ically, Organs-on-Chips emerged from the convergence of cellular
micro-patterning methods designed to control cell shape and function
with early miniaturized systems for electrophoresis [96–99].

Micro-engineered cellular systems were initially called “cells on
chip” to illustrate the merger of cell biology with microfabrication
methods adapted from the computer microchip industry [50,51,100].
The more recent denomination “Organs-on-Chips” implies the model-
ing of complex physiological organ-level function in microfabricated
biochips. However, in place of silicon Organs-on-Chips are typically
made from hydrogels [101] or a silicone elastomer called poly
(dimethylsiloxane) (PDMS) which has played a central role in Organs-
on-Chips sudden popularity [95,102]. PDMS offers numerous mechani-
cal and chemical advantages over traditional micro-engineering mate-
rials such as glass and silicon [103]. First, PDMS is relatively
inexpensive compared to silicon, allowing cheap prototyping. PDMS
stiffness can also be easily modified by controlling the degree of cross-
linking between the polymer chains, enabling the design of soft and
stretchable surfaces similar to the mechanical environment of cells.
Moreover, since PDMS forms a tight seal with glass and can be revers-
ibly or irreversibly bound to plastic polymers, hybrid devices containing
rigid parts can be constructed. Importantly, PDMS is non-toxic and easy
toworkwith, and rapid prototypingmethods involving soft lithography
and replica molding permit the creation of inexpensive devices with
complex flow channel designs [102,104]. Finally, PDMS is gas perme-
able, biocompatible and optically clear which makes it particularly
well suited for growing living cells in enclosed fluidic microchannels
and monitoring their behavior using various types of light microscopy.
technology development. Review articles are italicized.
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Faced with the promises and challenges of tissue engineering, nota-
bly the need for cellular scaffolds and blood perfusion of engineered
in vitro tissue, researchers in the mid-nineties and early 2000s started
to adapt microfabrication approaches to culture human cells and engi-
neer human tissues [98–100,105,106]. Early attempts at cellular
micro-patterning used PDMS microchannels sealed against a tissue-
culture dish to support the alignment, perfusion, and growth of 3T3-J2
fibroblasts [97]. Later,microfluidic designsweremodeled to incorporate
blood capillary-like channels to support the culture of human endothe-
lial cells [107,108], quickly followed by other cell types, including liver
[109–112], muscles [113], bones [114], brain [115], gut [116], and kid-
ney [117,118]. In parallel, inter-connected culture chambers containing
cells derived from different organs and later called “body-on-chip” sys-
tems were developed and applied for pharmacological studies
[119,120].

Hence, Organs-on-Chips were originally developed to solve perfusion
and scaffolding challenges encountered in the field of tissue engineering.
However, their potential to recapitulate complex human organ-level
functions became rapidly evident and led to an array of advancedmodels
of human lung tissue, such as the “lung-on-a-chip”, “alveolus-on-a-chip”
and “small airway-on-a-chip” [50,52,80,82,121–123]. Applications in-
clude the study of lung cells growth and injury [122,123], modeling of
alveolar tissue-tissue interaction and inflammatory processes [50], re-
sponses of the alveolar epithelium to drugs, mechanical stresses
[81,121], and pulmonary thrombotic events [82], as well as lung cancer
[124].Most recently, a functional dynamicmodel of human airways com-
prising well-differentiated airway epithelial cells at air-liquid interface
has been developed. Importantly, the airway epithelium is supported by
a porous membrane and interacts with a continuously perfused pulmo-
narymicrovascular endothelium underneath that experiences physiolog-
ical shear stress allowing circulation of immune cells. Thismodel has been
leveraged to model human obstructive respiratory diseases and human
viral infection, and test novel therapeutics [52,125].

5. Modeling human lung alveolus pathophysiology on-chip

Several attempts have been made to develop and characterize a
functional alveolus unit on-Chip [67,80,82,121–124]. Most of these at-
tempts sought to recapitulate the alveolar-capillary interface by recreat-
ing the boundary between the lung's air sacs and its capillaries within a
microengineered system. The majority of the systems reviewed here
rely on a similar chip design: amicroengineered chamber divided longi-
tudinally into two parallel channels by a flexible, ECM-coated porous
membrane that recreates the alveolar interstitium. Such designs sup-
port the growth of human alveolar cell lines [67,81,121] or primary
[80,82,122,124] epithelial cells at an air-liquid interface, while human
pulmonary microvascular endothelial cells (HMVECs) or umbilical
vein endothelial cells (HUVECs) line the opposite side of the samemem-
brane and are exposed to the laminar flow of culture medium. The use
of elastic materials for membrane and chip housing enables linear or
3D cyclic stretch that recreates motions of a breathing lung and influ-
ences cell behavior [73–75].

These systems have been applied to replicate diseases of the lungs,
investigatemechanical stress and cell damage, explore immune cells re-
cruitment and extravasation, and test drug efficacy and toxicity. The
first alveolus-on-a-chip, originally called “Lung-on-a-chip” has been
used to recapitulate complex physiological mechanisms such as diape-
desis of circulating human primary neutrophils following stimulation
of the alveolar epithelium with TNF-α or infection with a strain of E.
coli [67]. In this disease model of bacterial infection of the lung, the en-
dothelium situated underneath the alveolar epithelium becomes acti-
vated, as indicated by a rapid increased expression of the adhesion
molecule ICAM-1, and promotes adhesion and extravasation of perfused
neutrophils. As Organs-on-Chips aremade of PDMS, a transparent poly-
mer, thewhole physiological process can be observed by real time, high
resolution microscopy [50]. Similarly, the “Lung-on-a-chip”
recapitulated silica nanoparticle-induced toxicity and uncovered the
critical role of breathing motions in production of reactive oxygen spe-
cies (ROS) aswell as the cellular uptake of nanoparticles and their trans-
port across both cell layers into the vascular channel [50]. Another
application of the original “Lung-on-a-chip” includes replication of
human pulmonary edema through IL-2-induced lung toxicity [81]. IL-
2 was shown to induce limited pulmonary vascular leakage into the
air channel under static conditions whereas physiological breathing
motions significantly increased vascular permeability, a response
which could be attenuated pharmacologically by a TRPV4 inhibitor [81].

Another model of the lung alveolar epithelium on-chip has been ap-
plied to investigate the effects of mechanical strain and surface tension
(propagation of the air–liquid interface) on cell death in A549 cells and
murine type II alveolar epithelial cells [121].Whereas the first Lung-on-
Chip recapitulates a linear stretch, this alternative design contains a cir-
cular stretchable diaphragm whose downward deflection enables a 3-
dimensional stretch of its tissue lining. More recently, efforts have
been made to increase the chip's physiological relevance by using
human primary alveolar epithelial cells and endothelial cells instead of
cell lines [80,90,124]. Stucki et al. designed another version of an
alveolus-on-a-chip that also supports a 3D cyclic deformation of
humanprimary alveolar epithelial cells [80]. This study found that, com-
pared to static conditions, cyclic stretch affects barrier permeability and
increases the metabolic activity of primary alveolar epithelial cells and
the release of inflammatory markers. A complex model of intravascular
thrombosis utilizing human primary alveolar epithelial and human um-
bilical vascular endothelial cells has been also developed to assess
antithrombic therapeutics [82]. In this model, all sides of the vascular
channel are coated with ECM and seeded with endothelial cells to pre-
vent clotting of the perfused human whole blood. The study shows
that treatment of the alveolar lumen of the epithelium-endothelium
co-culture with lipopolysaccharide (LPS) found in the outer membrane
of Gram-negative bacteria, triggered thrombotic events. Conversely, LPS
stimulation of endothelial cells alone did not lead to blood clot forma-
tion, thus highlighting the importance of recapitulating the tissue-
tissue interface in a model of inflammation-mediated thrombosis. A
model of lung cancer has also been developed in an alveolus-on-a-
chip [124]. The model features an epithelium-endothelium interface
with a small proportion of non-small cell lung cancer tumor cells in
the alveolar space and was used to investigate the influence of the
bio-mechanicalmicroenvironment on tumor cell growth andmigration.
The study shows that cyclic stretch limits tumor cell invasion of the vas-
cular compartment but also reduces the efficacy of thewidely used class
of cancer drugs, Tyrosine Kinase inhibitors, suggesting that local micro-
environment cues may influence cancer cell growth and drug efficacy.

6. Modeling human airways pathophysiology on-chip

Based on similar designs and microfabrication techniques used for
the compartmentalized microfluidic airway system [122] and later on
for the alveolus-on-chip [67], several on-chip assays modeling various
features of the human airways in health and disease have recently
been developed [52,126–128]. For instance, the new “small airway-
on-a-chip” recapitulates the human bronchial and bronchiolar
epithelium by supporting the full differentiation of a columnar,
pseudostratified, mucociliary, bronchiolar epithelium composed of
human primary airway epithelial cells isolated from normal or diseased
cells from patients. As in the alveolus model, the epithelium is
underlined by a functional human pulmonary microvascular endothe-
lium experiencing continuous fluid flow [52]. Human airway cells cul-
tured on-chip at air liquid interface for three weeks reconstitute an
in vivo-like epithelium composed of ciliated cells with physiological
cilia beating frequency as well as goblet cells secreting mucus into the
lumen resulting in robust mucociliary clearance [52]. Interestingly, the
proportions of ciliated, goblet and basal cells inside the mature small-
airway-on-a-chip are strikingly similar to those found in human lungs,
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suggesting that the reconstituted tissue closely recapitulates the mor-
phology and functions of the human airway epithelium (Table 1). Perfu-
sion of IL-13 through the vascular channel to recreate a
microenvironment enriched with inflammatory Type 2 T helper (Th2)
cells as observed in allergic asthma resulted in significant airway re-
modeling with goblet cells hyperplasia, increase of pro-inflammatory
cytokines, and reduction of cilia beating frequency. This phenotype
was suppressed following incubation with Tofacitinib, a Janus kinase
(JAK) inhibitor that blocks cytokine signaling, which is a therapeutic
prescribed for rheumatoid arthritis [52]. Using primary airway cells de-
rived from COPD patients, the small-airway-on-a-chip was also lever-
aged to investigate exacerbations in COPD, and to measure human
neutrophil recruitment to the activated endothelium following epithe-
lial exposure to pro-inflammatory stimuli. In addition, because the
small-airway-on-a-chip has a separate air channel, it is possible to circu-
late air-borne pollutants through the epithelial chamber and evaluate,
for example, the response of epithelial cells to cigarette smoke [126]. Re-
cent advances in airway modeling also include a new on-chip model of
viral-induced asthma exacerbations [125]. Derived from the original
small airway-on-a-chip, this new chip supports infection of fully differ-
entiated human airway epithelial cells with a human rhinovirus (HRV)
to high titers and enables immune cell diapedesis through a 3 μm pore
membrane. Stimulation with IL-13 altered HRV-induced pro-
inflammatory and interferon responses and increased neutrophil re-
cruitment to the vascular walls. This response was pharmacologically
inhibited by a CXCR2 antagonist.

Alternative on-chip systems of the human airway epithelium in-
clude a triple channel chip design where an additional compartment
containing fibroblasts is inserted between the epithelial and vascular
channels [128,131]. This configuration, however, so far does not support
full differentiation of the human primary airway epithelial cells but re-
mains promising for investigating cross communication between the
three different cell populations and their respective influence on each
other's growth and differentiation. In addition, including fibroblasts
may be useful for studying diseases such as idiopathic pulmonary fibro-
sis. Using a markedly different design approach, Nesmith et al. built a
human airwaymusculature-on-a-chip consisting of ECM cantilevers ac-
tuated by primary human bronchial smooth muscle cells [127]. When
stimulated with IL-13, increased cantilever curvature mimicked
acetylcholine-induced hypercontractility observed in asthmatics, a re-
sponse that could be reduced by a Rho kinase (ROCK) inhibitor.

To date, every Lung-on-Chip systems relies on cancer or immortal-
ized cell lines or primary cells to reconstitute lung tissue in vitro.
While cell lines are cost efficient and enable high-throughput studies,
they are progressively being replaced by primary cells isolated directly
from human or animal tissue as the biological relevance of cancerous
or otherwise immortalized cells is increasingly questioned [132]. Pri-
mary cells offer a number of advantages compared to cell lines including
recapitulation of original tissue characteristics, the ability to differenti-
ate to in vivo-like tissue, preservation of donor disease phenotypes, in-
creased predictiveness of human responses to drugs, control of cell
source, and increased donor diversity to reflect natural diversity of
human population. Nonetheless, primary cells also have important
drawbacks. First, primary cells usually have a limited lifespan, although
methods to prolong culture have been developed [133,134]. Primary
Table 1
Comparison of structure and function between a human airway epithelium in vivo and the
human Airway-Chip. Values for human airways were reported in [16,47,129,130]; values
from the Airway-Chip were reported in [52,125].

Parameters Human airway Airway chip (SD)

Mucociliary velocity 40–150 μm/s 103.5 μm/s (±46.1)
Cilia beating frequency (Hz) 9–20 Hz 16.35 (±2.6)
Ciliated cells (%) ~30 29.3 (±1.9)
Goblet cells (%) ~10–15 18.4 (±1.2)
Basal cells (%) ~6–30 10.4 (±3.8)
cells are also difficult and costly to genetically modify as transfection ef-
ficiency can be very low, hindering effective and economical gene
editing approaches. Finally, primary cell diversity can also be anobstacle
to long term in vitro studies as cells from the same patients are hard to
obtain. Human stem cells on the other hand can overcome some of
these limitations of primary cells. For instance, because adult stem
cells can be maintained indefinitely and are easy to transform, func-
tional gene studies are particularly straightforward and inexpensive.
Stem cells from a single patient can also be used to recreate virtually
any cell type. This possibility is exceedingly valuable when the primary
tissue is difficult to isolate, such as alveolar epithelial cells. Stem cells are
also advantageous when autologous co-cultures systems (i.e. cells ob-
tained from the same patient) are needed, for instance to insure com-
patibility when culturing epithelial and T cells together. It is therefore
important to consider replacing primary cells in Organs-on-Chips with
stem cells, either by differentiating 2D cultures of stem cells on-chip
or by directly seeding 3D organoids inside the chips. Furthermore, com-
bining Organs-on-chips with stem cell technology would potentially
enable features that are currently missing in lung organoids and other
stem cell-based systems, such as the recapitulation of dynamic physico-
chemical stem cells niches, access to luminal and vascular compart-
ments, dynamic immune cell circulation, and controlled application of
physiological mechanical cues (Table 2).

7. Human embryonic and induced pluripotent stem cells for human
lung modeling

7.1. Differentiating human pluripotent stem cells into lung tissue

Lung cells derived from human pluripotent stem cells (PSCs), partic-
ularly human embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs), hold great potential to build advanced in vitromodels
of human lung tissue and to further our understanding of lung physiol-
ogy and disease.While numerous attempts have beenmade to generate
airway and distal lung epithelial cells from human PSCs, only recently
has this undertaking gained significant traction. Initial studies first re-
ported efficient embryonic induction into mesodermal and ectodermal
lineages; however, maturation into the third endodermal germ layer
remained limited [135].While recreation of posterior endoderm cell de-
rivatives that give rise to organs such as the liver, intestine, and pancreas
became possible in the early 2000s [136–138], anterior foregut endo-
derm induction leading to lung tissues was not achievable until more
recently. In 2011, a key study eventually elucidated a mechanism per-
mitting stem cell differentiation into lung-specific endoderm precursor
[139], thus leading to an effective strategy for ESC and iPSC generation of
lung epithelial cells.

The basic protocol for generation of lung progenitor cells from ESCs
and iPSCs in vitro is accomplished through directed differentiation, a
process where in vivo tissue developmental stages are mimicked using
controlled sequences of endogenous signaling factors [140] (Fig. 4). Plu-
ripotent stem cells are first directed into definitive endoderm through
activin-A simulation, followed by anterior foregut endoderm (AFE) in-
duction through dual inhibition of the bone morphogenic protein
(BMP) and transforming growth factor (TGF-β) signaling pathways
[139]. Following AFE establishment, a ventral patterning step is needed
mirroring the morphogenesis of the endoderm where the trachea and
lung buds eventually emerge ventrally [141]. AFE ventralization is
largely achieved throughWNT, BMP, retinoic acid and fibroblast growth
factor (FGF) signaling [66,139] yielding cells expressing transcription
factor NKX2–1, themajormarker for lung epithelial lineage (in addition
to neural and thyroid tissue fate) [142]. This population of
NKX2–1+cells is considered the primordial lung epithelial progenitor
able to differentiate into proximal airway or distal lung bud lineages,
primarily defined by SOX2 and SOX9 expression, respectively [143].
Terminal differentiation is then directed by further pathway signaling
modification and determined by specific sets of markers. Methods



Table 2
Advantages and limitations of Organs-on-Chips and stem cell organoids.

Organs-on-Chips Stem cell organoids

Advantages Limitations Advantages Limitations

• Dynamic physio-
chemical microenvi-
ronment

• Recreates relevant
biomechanical forces

• Haemodynamic
vascular perfusion

• Circulating immune
cells

• Recapitulation of
immune cell diapede-
sis

• Easy access to luminal
and basal secretions

• Tissue-tissue inter-
faces and barriers

• Reproducibility of tis-
sue size and shape

• Tissue-specific ECM
• Adjustable complex-
ity of cellular
composition

• Repeated sampling

• Limited access to patient-
specific primary cells

• Limited access to different cell
types of same patient for co-
culture

• Relatively low experimental
throughput

• Requires non-standard labora-
tory equipment and protocols

• 3D tissue architecture
• Unlimited supply of patient specific cells through expansion
• Unlimited supply of wide diversity of cells from same patient
(epithelial, endothelial, stromal, immune…)

• Ideal for genome editing experiments
• Medium experimental throughput
• Can be expanded indefinitely, cryopreserved in biobanks and
easily manipulated using standard laboratory equipment and
protocols

• Static microenvironment
• Inability to recreate tissue-relevant
biomechanical forces and cyto-
architecture

• Absence of circulating immune cells in
culture

• Limited access to luminal secretion
• ECM scaffold may prevent drug
penetration

• High size and shape variability
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used for specification to proximal airway or distal alveolar progenitors
are discussed in the next paragraphs.

7.2. Advances in alveolar generation

Over the past three years, notable progress has been made using
NKX2-1+ lung progenitors to generate human alveolar epithelial cells,
by leveraging strategies for maintaining human primary cells. The com-
bination of glucocorticoids, growth factors, and cAMP effectors (dexa-
methasone, 8-br-cAMP, IBMX, and KGF/FGF7; collectively known as
DCIK) [144,145] has been shown to induce alveolar maturation through
activation of PKA and CDP-choline pathways which upregulate lamellar
body surfactant production in ATII cells [146]. Recognized markers of
the distal alveolar epithelium include Surfactant Protein C (SFTPC),
Fig. 4. Overview of the major stages of lung development in humans corresponding to the dire
various intermediate steps of development with key signaling factors and common markers ar
Surfactant Protein B (SFTPB) HTII-280, ABCA3, and LAMP3/DC-LAMP
for ATII cells, while Podoplanin, Caveolin (CAV1), and Aquaporin 5
(AQP5) primarily define ATI cells. Stimulation of two dimensional cul-
tures of differentiated PSCs growing in 2D with DCIK, FGF10 and WNT
activators leads to expression of ATI and ATII markers, mature pheno-
typic characteristics of lamellar bodies, and functional surfactant uptake
capability [147]. Similarly, PSCs spheroid cultures also induce cell matu-
ration of the alveoli epithelium. Interestingly, 3D co-culture with
human fetal lung fibroblasts and stimulation with DCIK yielded ATII
specific markers and lamellar bodies formation, although functional
maturity was not confirmed [148]. Functional lamellar bodies through
BODIPY-labeled SFTPB uptake was later shown by first generating PSC
lung bud organoids, followed by Matrigel culture with aWNT activator,
FGF10, KGF, BMP4 and RA in place of DCIK. ATII markers were found to
cted differentiation pathways of pluripotent stem cells towards a lung epithelial fate. The
e indicated.
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be abundant in this protocol while ATI markers were minimally
expressed [40]. Advanced maturation of ATII cells characterized by the
capacity of lamellar bodies to process surfactant proteins and produce
dipalmitoylphosphatidylcholine (DPPC) surfactant phospholipid was
demonstrated by maturing NKX2-1+ cells in Matrigel with DCIK and
temporally modulating WNT activity. Remarkably, mature forms of
SFTPB and SFTPC could also be detected in the lamellar bodies, consis-
tent with late-gestation primary fetal ATII cells [149].

Long-term expansion of alveolar epithelial cells, a challenge with
distal lung cell cultures, was recently achieved using an organoid ap-
proach and a refined differentiation sequence after AFE induction
[150]. This sequence differs from previous protocols by more closely
mimicking the distal tip cell microenvironment through a precondition-
ing step ofWNT activation, DAPT-mediated notch inhibition, and FGF10
plus KGF supplementation, resulting in SFTPC gene expression similar to
levels found in the fetal lung. These cells were thenmatured using DCIK
in organoids co-culturedwith fibroblasts. Interestingly, co-cultureswith
fetal lung fibroblasts lines resulted in SFTPC expressing cells, though ex-
tremely variable (ranging from2% to 51%),whereas incorporating a der-
mal fibroblast line showed no SFTPC induction. With passaging, the
proportion of ATII cells in the culture increased to approximately 70%,
and ATI-like cells were also present. Notably, induction of SFTPC expres-
sion was also achieved in fibroblast-free cultures using DCIK plus ROCK
inhibition, WNT activation, and TGF-β inhibition, albeit at a lower effi-
ciency of 23%.

7.3. Advances in proximal lung generation

Protocols for proximal airway differentiation also advanced in the
past few years. Differentiation of PSCs into airway epithelial cells was
achieved in spheroids cultures using FGF10, KGF, WNT agonist and
Notch inhibition [151]. More recently, modifying WNT signaling in the
directed differentiation strategy efficiently induced proximal fate, po-
tentially explaining why previous studies encountered difficulty in
maintaining airway epithelial markers in culture. SuppressingWNT sig-
naling after ventralizing AFE promoted proximal fate and led to epithe-
lial cells expressing the classic markers SCGB1A1/CC10 for club cells,
MUC5AC in goblet cells, and p63 and Keratin 5 for basal cells [152].To
promote cilia development of the airway, Notch inhibition in organoids
or air-liquid interface in 2D cultures produced motile multiciliated cells
characterized by acetylated alpha-tubulin (α-Tub) staining [152–154].
Another protocol used 2D air-liquid interface cultures with FGF18 stim-
ulation to generate a mature and polarized epithelial layer, in which
motile cilia and mucus could be observed at the apical surface [155]. It
was shown that the scaffold and micro-environment of iPSC-derived
lung progenitors is a major determinant for achieving a mature airway
epithelial phenotype, as shown using human iPSC-derived lung
organoids [156] providedwith a bioartificial scaffold before transplanta-
tion to mouse epididymal fat pads [157]. Eight weeks following trans-
plantation airway-like structures were observed only in organoids
cultured and transplanted on the scaffold. For long-term expansion of
iPSC-derived airway epithelial cells, it may be possible to incorporate
findings from human primary cell cultures. Specifically, inhibition of
TGF-β/BMP/SMAD signaling pathways was recently found to enable
the long-term expansion of primary p63+ airway basal cells by
inhibiting terminal differentiation and promoting self-renewal [134],
pathways that may also be utilized to improve proximal PSC lung
cultures.

7.4. Challenges

Tracing the respiratory developmental path has provided major in-
sights into lung differentiation, yet the majority of our knowledge
about lung development stems from rodent studies due to limited avail-
ability of human samples. Recently, new studies have been conducted
examining human lung development using various gestational week
human fetal lungs [158]. The genetic transcriptome for mouse lung de-
velopment was found to be remarkably similar to humans; further, dif-
ferences between both may help identify targets and develop better
strategies to advance human lung modeling. For instance, lung bud tip
signaling is associated with BMP4 and Sonic hedgehog (Shh) in the
mouse, yet BMP2, BMP7, and Indian hedgehog (IHH) were found to be
expressed in human tips. Additionally, human pseudoglandular tips
were found to initially express both SOX2 and SOX9 rather than solely
SOX9. Interestingly, these tip cells were used successfully as stem cells
for forming organoids without mesenchymal cells under conventional
FGF, WNT, BMP, and TGF-β signaling modifications [158].

Despite progress in recapitulating in vivo developmental pathways
for lung differentiation,many signalingmechanisms still require further
investigation. For instance, incorporating WNT signaling inhibition ear-
lier in combination with TGF-β and BMP inhibition increased NKX2-1
expression, suggesting ventral patterning may begin before AFE [159].
Additionally, utilizing FGF2 and Sonic hedgehog (SHH) signaling for
promoting AFE expressing NKX2-1 was successful, albeit with subopti-
mal efficiency [153]. Further, studies indicate that FGF signaling may
be dispensable for lung specification, highlighting a need to explore
the essential timing of FGF signaling [159,160].

While current differentiation protocols are effective for both ESCs
and iPSC sources, high induction efficiency remains one of the major
challenges. The directed differentiation strategy results in heteroge-
neous populations of NKX2-1+ cells with efficiencies widely ranging
from 20% to 87%, an outcome that led to the questioning of NKX2-1 as
a lung originationmarker, but was recently confirmed [161]. Additional
tools for purifying lung progenitor cells could ultimately provide the
necessary supply for in vitro applications. Recently, this was accom-
plished with the discovery of highly specific cell surface markers CD47
[161] and Carboxypeptidase M (CPM). These markers allowed for live
tracking and sorting resulting in an impressive ~90% purity of NKX2-
1+ cells when differentiating into ventralized AFE [150].

Despite substantial progress in advancing the differentiation of lung
stem cells, full maturation is still a key challenge as parameters defining
fully differentiated epithelial cells are still evolving. For example, dem-
onstrating SFTPC and SFTPB gene expression was initially sufficient to
claim ATII cell differentiation. However, with the accelerated progress
in lung PSC protocols, more strict metrics are now being considered to
reach the ultimate goal of generating a supply of cells that recapitulates
the same molecular, biochemical, phenotypical, and functional features
found in the adult lung. Beers andMoodley, alongwith other leading ex-
perts and pioneers in the lungfield, reviewed this concern and proposed
a set of standards specific to alveolar cell generation in order to bridge
lung biology with stem cell development [162]. In summary, for
claiming terminal ATII cell maturation, cells need to demonstrate mor-
phological similarity with in vivo tissue, a significantly mature surfac-
tant system, characteristic lamellar body ultrastructure by
transmission electron microscopy, functional maintenance and repair
of barrier function, self-renewal and regeneration, and transcriptomic
analysis comparable to isolatedATII cells. This initiative to assist alveolar
stem cell development calls for highly sophisticated techniques and
protocols that Lung-on-Chip platformsmay assist with, and requires re-
searchers to fully characterize cell populations. These notions are appli-
cable for all lung epithelial generation and paramount for developing
relevant and standardized in vitro applications.

7.5. Rationale for stem cell-derived Lung-on-Chip

Incorporation of stem cell-derived differentiated cultures into Lung-
on-Chips models offers new opportunities to study lung development
and to develop patient-specific diseasemodels. It also enables investiga-
tors to include different cell types (e.g. airway epithelial and endothelial
cells) derived from the same donor within one model. By closely recre-
ating the spatiotemporal dynamics and heterogeneity found in the lung,
Lung-on-Chip models may also be useful for appropriate differentiation



22 J.C. Nawroth et al. / Advanced Drug Delivery Reviews 140 (2019) 12–32
andmaturation of stem cell-derived lung cells. Indeed, chemical signals,
structural cues, ECM, and additional cell types have all been shown to
enhance maturation of lung epithelial PSCs: implantation into injured
mice, scaffolding using decellularized lung matrix, or multi-culturing
with lung mesenchyme and fibroblasts have led to the development
of lung epithelia of all fates [40,148,156,157,159,161,163,164]. Further-
more, many lung PSC culture systems utilize a 3D system to create ad-
vanced lung organoids. Likewise, Lung-on-Chip models provide a
dynamic microenvironment with increased cellular complexity, factors
known to influence stem cell differentiation [165]. By delicately dissoci-
ating stem-cell derived organoids, it may be possible to seed matured
lung cells onto the surface of the ECM-coated porous membrane
forming a monolayer within the chip channels, thus supplying cells
with a microenvironment characterized by physiological ECM, air-
liquid interface, stretch, and fluid shear. This will also allow introducing
added complexity from a vascular channel for additional cell types such
as endothelial cells and fibroblasts, which can be derived from the same
iPSC donors resulting in a patient-specificmodel. Further, fluid flow and
apical/basal distinctions in the Lung-on-Chip can be utilized to finely
tune the timing and distribution of signaling factors, and explore spatio-
temporal responses to stimuli. Themultitude of parameters Organs-on-
Chips technology provides for isolating dynamic and spatiotemporally
heterogeneous aspects of in vivo physiology holds great potential for
fully maturing lung PSCs and advancing in vitro lung models.

8. Applications of stem cell-based human Lung-on-Chip systems in
disease modeling and drug development

8.1. Respiratory disease modeling

Human microengineered systems, such as Organs-on-Chips, aim to
provide additional insights into the pathogenesis of human tissues
and enable the prediction of drug efficacy and safety in a physiologically
relevant context. Once such benefits are clearly established, combining
Organs-on-Chips with human stem cells in which all cell types come
from the same donor would offer the opportunity to test compounds
that correct patient specific phenotypes associated with defined geno-
types or genes mutations, thus creating predictive platforms for the
field of personalized medicine that offer complementary advantages
to models based on animals and immortalized or primary cells [13].
While maturation potential and genetic stability of embryonic stem
cells (ESCs) remain superior [166], tissue-derived induced pluripotent
stem cells (iPSCs) present key advantages over ESCs, including renew-
able supply of patient-specific cells from individuals with acquired
and genetic lung disease. The first 100 lung disease–specific iPSC lines
were generated, including lines from individuals with cystic fibrosis
and α1-antitrypsin deficiency, the two most common monogenic lung
diseases [167]. Immediate research applications of these disease–
specific cell lines include probing the relative contribution of somati-
cally acquired versus genetic risk factors, genetic engineering to induce
or repair putative disease-causing mutations, the comparison of tissues
derived from patients and their healthy relatives, and the study of both
disease pathology in different genetic backgrounds and their response
to drugs [168]. Direct consequences for clinical research are imminent:
because stem cells are derived from a specific patient, analysis of their
response to various stimuli or drugs should predict individual patient
responses. For example, if a compound improves a specific function in
a model using iPSC derived from a patient, the same result may be
achieved in the patient. Conversely, if adverse drug effects are identified
in human iPSC-derived tissues with a specific genetic background, it
might predict drug failure in the clinical trial for this subset of patients.
In monoculture, iPSCs are most suitable for investigating monogenetic
diseases that have complete penetrance and well-defined cellular phe-
notypes caused by themutation (cell-autonomous disease), such as cys-
tic fibrosis cells with mutations of the cystic fibrosis transmembrane
conductance regulator (CFTR) gene,which impair chloride ion transport
in cells that express CFTR. However, by integrating multiple cell types,
immune cells, and a dynamic mechanochemical environment, Organs-
on-Chip technology provides the ability to also study non-cell-
autonomous diseases such as asthma, in which environmental agents
in concert with airway and immune cells generate a diversity of pheno-
types. Lastly, Lung-on-Chip systems combined with iPSCs could facili-
tate research in rare pulmonary diseases for which there are no
preclinical disease models [169]. In the following, we will discuss dis-
eases that might benefit from stem cell-based Lung-on-Chip system.
To provide a tangible example, specific research questions are outlined
that could be studied in a Lung-on-Chipmodel of cysticfibrosis, but sim-
ilar approaches are relevant to the other diseases discussed below.
8.1.1. Cystic fibrosis
Mutations in the CFTR gene cause cystic fibrosis in humans, a debil-

itating disease characterized by persistent airway infections and perma-
nent damage to the lung resulting from changes in chloride ion
transport, mucus rheology, inflammation and bacterial adherence
[170]. Over the past 20 years, there has been tremendous progress in al-
leviating the symptoms and even treating some of the underlying mo-
lecular causes of the disease, leading to a significance increase in life
expectancy [171]. This advancement would have been impossible with-
out the development of a host of preclinical assay in animal and tradi-
tional cell culture models [172]. However, there remains a lack of
suitable model systems for certain mechanisms, including the predom-
inant cause of pulmonary decline in CF patients, the infection with
biofilm-forming phenotypes of Pseudomonas aeruginosa that emerge
in the CF lung [173].Micewith deletion of the CFTR gene do not develop
the spontaneous lung disease or chronic bacterial infections seen in
humans [174] and, unlike humans, CFTRmutantmice appear to have al-
ternate chloride ion channels compensating for dysfunctional transport
by CFTR [175]. Recent development of pig and ferret models of CF alle-
viate some of these limitations and have been shown to recapitulate
key aspects of CF in humans, including persistent bacterial infection of
the lung [176], however, these animal models do not replicate the
highly specific association with P. aeruginosa seen in human patients,
and are unlikely to support genotype-phenotype studies for most of
the 2000 mutant CFTR alleles known to impair synthesis, trafficking,
stability and/or ion gating function of CFTR [177,178]. Human Organs-
on-Chips, whose vascular and interstitial flow channels support the
controlled addition of circulating or resident immune cells as well as
bacteria, are a promising new avenue for studying the interactions be-
tween microbes, epithelium, and immune system [179,180]. Among
many applications, such a system could shed light on the development
of the suspended 3D biofilm P. aeruginosa typically forms in affected pa-
tients, on the recruitment and response of polymorphonuclear leuko-
cytes (PMN) to biofilms, the role of phagocytosis, neutrophil
extracellular traps (NET) and neutrophil microvesicles on clearing, or
failing to clear, P. aeruginosa, and the potential contribution of patient-
specific (=CFTR-defective) PMNs to enabling chronic infection
(Fig. 5A) [181].

As CF is characterized by heterogeneity in the therapeutic response
rate, the interpretation of clinical trials can be problematic, suggesting
that personalized treatment is required, based on appropriate endpoints
and biomarkers [182]. Recently, a CFTR-dependent swelling-response of
stem-cell derived gut organoids has beenused as a bioassay to probe the
disease phenotypes of different CFTR mutations and screen the
mutation-specific efficacy of CFTR-restoring compounds [183]. Other,
fluorescent signal-based assays enable phenotypic profiling by measur-
ing CFTR-mediated conductance [184]. Stem-cell derived Lung-on-Chip
models can augment these efforts by enabling the measurement of
lung-specific functions, such asmucociliary transport, and clinically rel-
evant endpoints, such as transepithelial potential difference and inflam-
mation markers [185]. In addition to identifying new biomarkers most
sensitive for classifying disease phenotypes and detecting drug



Fig. 5. Example application for Lung-on-Chip for diseasemodeling. Small airway epithelium derived from stem cells of cystic fibrosis patients can be used to study universal cystic fibrosis
disease mechanisms as well as the role of specific CFTR mutations within the context of the dynamic micro-environment at the blood-mucus-air interface. For example, the chip can be
used to studyA, the interaction between PMNs, biofilm-producing bacteria such as P. aeruginosa, and antibiotics treatment; B, the sensitivity and patient-specificity of new and established
markers of lung function, including transepithelial potential difference, mucociliary clearance, and biomarkers of inflammation; and C, the efficacy of delivery and action of drugs for the
treatment of cystic fibrosis patients, such as CFTR modulators and antibodies.
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responses, it could be probed, for example, how much functional CFTR
needs to be present to normalize mucociliary clearance (Fig. 5B).

Another potential application of Lung-on-Chip models is to probe
the pharmacokinetics and pharmacodynamics of treatments for cystic
fibrosis patients, such as inhaled antibiotics [186], or CFTR modulators
[187] (Fig. 5C). CFTR modulators demonstrated that direct repair of
the malfunctioning protein can partly restore normal lung function
[188]. However, this treatment requires continuous pharmacological in-
tervention. Hence, great hopes are placed into restorative therapies
which would bring longer-lasting relief. Recently, CRISPR-Cas9 genome
editing technology was used to restore normal functional CFTR intesti-
nal stem cell organoids, demonstrating the powerful potential of these
systems for testing human gene therapy [189]. Moreover, in 2017 a
RNA-editing strategy for the most common CF mutation [190] success-
fully completed the Phase I trial (NCT02532764). Extending the limited
functional readouts provided by organoids, Lung-on-Chip models can
be used for gauging the improvement of tissue-wide functions, such
as mucociliary clearance and transepithelial conductance.

8.1.2. Congenital pediatric lung diseases
A range of pediatric lung diseases are due to mutations in genes

encoding surfactant proteins (SP-C, SP-B) or factors required for surfac-
tant trafficking (ABCA3), causing surfactant deficiency. Mouse models
generated by gene deletion tend to recapitulate only a subset of the clin-
ical spectrum observed in human populations, likely because of differ-
ent lung physiology, and no therapy has been developed thus far
[191]. Stem-cell based in vitro models of human lung development
[40] provide a new system for studying etiology and pathogenesis of
these and other pediatric congenital lung diseases, and might lead to
novel therapeutic approaches.

8.1.3. Inflammatory obstructive lung diseases
Chronic obstructive lung disease (COPD) and asthma are the most

prevalent of all chronic respiratory diseases worldwide, and they rank
among the top 20 conditions causing disability globally [192]. Both con-
ditions engender respiratory distress and chronic inflammation of the
lung and are thought to result from environmental exposure in geneti-
cally susceptible individuals [193,194]. The symptoms can be further
exacerbated by airborne particles, or viral and bacterial infection of
the airways. Currently, there are many treatment options for managing
severe asthma and COPD; however no treatments reduce disease pro-
gression [195,196]. To advance this research, a plethora of model sys-
tems has been developed over multiple decades, ranging from very
simple models using human cells (e.g. bronchial epithelial cells and fi-
broblasts) inmono- or co-culture, whole tissue explants (biopsies,mus-
cle strips, bronchial rings) to in vivo studies in animals or in humans
[197]. While these platforms cover substantial grounds, the addition of
dynamically perfused, patient-specific microtissues could help dissect
the contributions of environmental factors, genetic predispositions,
and acquired susceptibility. In fact, animal models do not naturally de-
velop asthma [36], and evenwhen they can be rendered sensitive to an-
tigens, they fail to recapitulate all aspects of the human pathogenesis
[198–200]. This is likely due towell-known differences in airways phys-
iology, anatomy, and immunology between animals and humans
[201–203]. For instance, secretory goblet cells are increased in size
and number in COPD and asthmatic airways; this pathological hyper-
plasia is likely mediated by Notch signaling-directing differentiation of
basal cells, the stem cells of the large airway, towards a secretory fate
[204]. Mice, however, exhibit a much lower abundance of goblet cells
than humans and therefore do not provide a good model for develop-
ment and homeostasis of goblet cells in healthy and diseased human
lungs. Traditional cell culture models using airway epithelial cells from
asthmatics [205] or mimicking asthma by exposing normal epithelial
cells to asthma-associated cytokines such as IL-13 [206], have helped re-
veal the role of inflammation and the innate immune system in asthma
[207], however, the spatiotemporal dynamics of this process cannot
easily be studied in either static culture nor in animal systems. Also,
the origin of pathological inflammatory responsesmight be found in de-
velopmental events that are human- or even patient-specific, such as in
utero fetal programming of gene expression involved in lung develop-
ment [208], or signaling from themicrobiome during a critical postnatal
timewindow thought to promote immune tolerance [209]. Human pri-
mary cell 3D models of the airways have demonstrated a new avenue
towards addressing these and other questions in vitro [52,210]. In the
future, human stem-cell based Lung-on-Chip models that support the
dynamic interaction with circulating immune cells, essential in asthma
and COPD pathogenesis, could model inflammation and exacerbation,
and lead to the evaluation of new therapies and treatment options.

8.1.4. Pulmonary fibrosis
In pulmonary fibrosis, normal parenchymal tissue is gradually re-

placed byfibrotic tissue as a result of scarring, resulting in functional im-
pairment. Pulmonary fibrosis may develop secondary to other diseases,
such as autoimmune disorders or hypersensitivity pneumonitis. Idio-
pathic pulmonary fibrosis (IPF) develops without a known cause, al-
though the identification of disease-specific mutations in subsets of
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patients is clear evidence of a genetic predisposition [211]. IPF is a par-
ticular severe form of pulmonary fibrosis with a progressive decline in
lung function, that causes the death of 80,000 US Americans and
Europeans each year [212]. To date no therapy is available to reverse
the disease process. In the recent years, two pharmaco-therapeutic
agents, pirfenidone and nintedanib, have been developed that can halt
disease progression, however use of both drugs is associated with ad-
verse effects [213]. While the precise disease mechanisms are still un-
known, it is believed that myofibroblasts and fibrosis progenitor cells
are responsible for the fibrotic architectural remodeling in the lung
[63,214]. Alteredmucociliary properties could also contribute to the dis-
ease process by reducing clearance of noxious agents from the epithe-
lium [215]. Several genetic polymorphisms and mutations predispose
to IPF but how the fibrotic process is initiated and sustained remains un-
clear, partly because no good mouse model of the disease exist, leading
to poor preclinical to clinical translation and extensive clinical trial fail-
ures [216]. Patient-specific in vitromodels of the human alveolar epithe-
lium are urgently needed to help elucidate the pathogenesis and role of
genetic predisposition and environmental exposure in determining dis-
ease penetrance [214,217]. Specifically, on-chip model comprising the
different cell types of the alveolar epithelium, ideally from the same pa-
tient, and recapitulating the cross talk between alveolar epithelial cells
and the surrounding fibroblasts could reveal unknown mechanisms of
pathogenesis and lead to new therapeutic targets. In addition, the ability
to test the influence of physiologicalmechanical stretch on alveolar cells
in vitro is another attractive feature of Lung-on-Chip for modeling IPF.

8.1.5. Lung cancer
Lung cancer is the leading cause of cancermortality and causesmore

than 160,000 deaths per year in theUnited States [218]. Development of
drug-resistant tumor cells and eventually fatal metastases is common
despite aggressive treatment with surgery, radiation and chemother-
apy, and long-term survival rates of lung cancer patients remain low
[219]. Clearly, new treatment strategies are needed. Approaches that
elicit anti-tumor immune responses such as antibody-based immune
checkpoint receptor inhibitor therapy [220] or enhanced T-cell activa-
tion using gene editing [220] have raised great hopes; however, in
many cases preclinical efficacy does not translate to human trials. For
example, in some cases, immunologic response was not correlated
with survival [221]. Perhapsmore concerning, in recent phase II/III clin-
ical trials, nearly 80% of all the studies failed [28] due to elevated levels
of circulating immunosuppressive cytokines and various immunological
checkpoints in humans that may not be present in animal models [29].
Indeed, there is a lack of human-relevant model systems where tumor
biology in response to treatment and immune responses can be ob-
served and quantified. Conventional subcutaneous implants of tumor
tissue in mouse models do not mimic organ-specific differences in can-
cer growth or responses to drugs observed in the clinic [222]. Notably,
human tumor xenografts implanted in mice at the corresponding
organ site fromwhich the tumorswere derived are better at recapitulat-
ing physiological tumor growth and metastasis [223,224]. These results
indicate the importance of the organ-specific microenvironment in de-
termining tumor biology and drug response; however, the contribu-
tions and spatiotemporal dynamics of the tumor-organ interactions
have remained a “black box” because of the difficulty to visualize and
probe tumor development in vivo. Conventional 2D in vitro cancer cul-
tures, on the other hand, are amenable to real time imaging and inves-
tigation and have been the workhorse for studying molecular
mechanisms of cancer, providing high throughput and direct compari-
son of experimental results with a wealth of literature and online data
[225,226]. However, there is evidence that the 3D architecture of real
tumors might lead to different growth profiles and drug responses,
and this has driven the development of 3D cancer cultures [227]. Ex-
tending these approaches to include the organ-specific microenviron-
ment and heterogeneous cell populations, Organ-on-Chip models of
human lung cancer provide an alternative approach by recapitulating
the organ-specific 3D microenvironment, tissue-tissue interfaces,
mechano-chemical cues, vascular perfusion and potential interactions
with immune cells while also enabling continuous monitoring of
tumor evolution and tumor-organ interactions [124]. Combining these
approacheswith stem-cell derived tumor tissues could improve transla-
tion of efficacy data from preclinical testing to the clinical and aid in the
development of patient-specific therapies and treatment strategies
overcoming tumor drug-resistance [228].

8.1.6. Pulmonary infectious disease
Respiratory infections of the lung from a viral or bacterial source are

a major cause of human mortality worldwide. Third only to stroke and
cardiovascular disease, lower respiratory infections constitute the
most deadly communicable diseases, causing 3.2 million deaths in
2015 [2]. Tuberculosis and other bacterial diseases, together with influ-
enza, as well as diseases caused by respiratory syncytial viruses, human
metapneumovirus, parainfluenza virus, adenoviruses and
coronaviruses, can cause life threatening conditions in healthy people.
Even otherwise harmless infections can cause complications in patients
with pre-existing lung diseases such as asthma, COPD, bronchiectasis,
cystic fibrosis, or primary immunodeficiencies, and other conditions
that alter immunologic mechanisms against microbial invasion [229].
Susceptibility to infection as well as onset, duration and severity of
symptoms is controlled by dynamic and patient-specific host-microbe
interactions which, in addition to the rise in antibiotic resistance, has
contributed to the difficulty of developing effective treatments
[230–232]. Lung homeostasis relies on a finely regulated balance be-
tween immune tolerance towards innocuous exogenous particles that
continuously enter the lungs on the one hand, and defensemechanisms
against infectious agents on the other hand. An imbalance in immune
homeostasis of the lung can lead to exaggerated inflammatory re-
sponses such as allergies or a “cytokine storm” following viral infections
which can lead to extensive tissue damage [233]. Respiratory infection
pathogenesis is largely mediated by the interaction between the in-
fected tissue and the host immune system, including lung resident
and circulating immune cells. While most in vitro systems enable the
study of isolated immune cells or epithelial cells in static conditions,
human Lung-on-Chip models are dynamic fluidic systems that offer
the unprecedented possibility to investigate interaction of lung endo-
thelium and epithelium with the ability to flow immune cells in a dy-
namic fashion through lung capillaries. This unique feature can be
leveraged to dissect individual roles of infiltrating immune cells in
lung infection, to probe underlying disease mechanisms and to identify
new therapeutic targets or facilitate vaccines development. Disease
phenotypes are also modulated by more subtle interactions with the
patient's resident immune cells. For example, pathogenesis of the tuber-
culosis causing bacterium Mycobacterium tuberculosis involves modifi-
cation of core cell signaling pathways in immune cells and differences
in patient-specific immune cell responses may explain why responses
to infection are highly variable between patients [234,235]. Hence,
both the development of novel, host-directed therapies as well as un-
derstanding themechanisms of disease onset and progression in tuber-
culosis would benefit from patient-specific in vitro models of the
dynamic interactions between bacteria, lung cells, and the immune sys-
tem [236–238].

8.2. Pulmonary drug and toxicity testing

Preclinical drug discovery and development process involves testing
of drug's safety, efficacy, pharmacodynamics, and pharmacokinetics (in-
cluding drug absorption, distribution, metabolism, and excretion), as
well as potential drug–drug interactions. Lung toxicity can also arise
from inhalation of airborne substances or from prenatal exposure to
blood borne chemicals. For the same reasons previously addressed, an-
imal models, and particularly rodents, are limited in their ability to
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predict human responses, pointing to the opportunity of using stem-cell
based Lung-on-Chips to advance the field.

8.2.1. Safety of pulmonary drugs and lung toxicity
Drug candidates can induce specific adverse effects in the lungs, and

the lungs may be affected by general cytotoxicity too. Several hundred
medications, delivered by various routes, are known to cause drug-
induced adverse responses and respiratory complications [239]. Be-
cause the clinical, and histological symptoms are often non-specific, it
can be difficult to diagnose lung-related adverse drug reactions, espe-
cially if the patient is taking multiple drugs, and hence pulmonary tox-
icity, estimated at approximately 3%, is likely under-diagnosed
[240,241]. Adverse effects can be idiosyncratic or due to a toxic reaction
of the drug or one of its metabolites, since the lungs metabolize certain
substances. In addition, secondarymechanisms such as immune system
responses can cause further damage. For example, drug-induced inter-
stitial lung disease (DILD) is a common complication which can cause
acute respiratory distress leading to pulmonary fibrosis (characterized
by proliferation of fibroblasts and extensive ECM deposition)
[242,243]. DILD is thought to be caused by direct, dose-dependent cyto-
toxicity to bronchial epithelial cells or the alveolar capillary endothe-
lium, but also by a T-cell mediated immune response. While age, sex,
existing lung disease, drug interactions, and drug dose are risk factors
known to correlate with phenotype of DILD and other drug-induced re-
spiratory diseases, a mechanistic understanding of factors influencing
disease onset and progression is lacking. Human Lung-on-Chip models
could help isolate and probe genetic predispositions of specific patient
populations, elucidate interdependencies of risk factors, predict safety
risks, and identify safe drug dosing regimens.

In addition to probing drug safety, Lung-on-Chip models are also an
attractive route towards improved in vitromodels of inhalation toxicol-
ogy to probe adverse effects of inhaled substances originating from en-
vironmental, occupational or other external sources [244]. In particular,
exposure to cigarette smoke, airborne nanoparticles and ultrafine par-
ticulates has become an emerging health concern and is associated,
among other adverse health effects, with inflammation, exacerbation
of preexisting respiratory disease, lung cancer, and particle-induced
lung fibrosis. Furthermore, inhalation of toxic gaseous airborne sub-
stances remains an important cause of lung injury through occupational
exposure and, in some parts of the world, chemical warfare. For many
toxic gases, mechanistic understanding and specific treatment options
for acute and chronic injury are lacking, and human in vitro inhalation
models of gas toxicity would address an unmet need [245]. The
in vitro modeling of inhalation toxicity is particularly challenging be-
cause no standardized procedure for delivering airborne toxins and
gases to an air-liquid interphase exist, let alone for incorporating the ef-
fects of breathing flow dynamics. Mode of delivery and flow dynamics,
however, can greatly affect the relative exposure times and effective
dose of toxicants and safety margins. Hence, the lack of standardized
procedures also prevents standardized toxicity and dosing assays for in-
haled agents [246]. Lung-on-Chipmodels present the opportunity to ad-
dress this challenge and deliver airborne toxic particles and gases in a
spatiotemporally controlled manner, enabling the study of toxicity by
physiological inhalation and also, in the future, providing a means to
standardize safety testing for inhaled substances [126].

Lastly, stem-cell based Lung-on-Chip models could also provide a
system for studying the ability of chemicals to disrupt neonatal develop-
ment of the lung. For example, it is known from animal studies that ma-
ternal exposure to nicotine, which passes through the placenta and can
accumulate in amniotic fluid, causes alterations in postnatal lung func-
tion, such as overexpression of nicotinic acetylcholine receptors and col-
lagens [247–249]. Studies in human embryonic stem cells have
demonstrated the direct modulation of differentiation pathways in
lung fibroblasts by nicotine, supporting the hypothesis that lungmatrix
deposition and hence connective tissue mechanics could be altered in
postnatal lungs [250]. A Lung-on-Chip model recapitulating some
steps of airway development could enable the real-time study of how
complexmulti-cell type interactions and deposition of ECM are affected
by exposure to nicotine.

8.2.2. Efficacy of pulmonary drugs
Formost chronic lung diseases the available treatments are aimed at

providing symptomatic relief rather than curing underlying disease
mechanisms [251]. Further, many new drugs being developed are
based on disease targets that were identified many years ago with clin-
ical trials plagued by high failure rates. A number of recent trials have
shown promise only to fail at later stages [252] which underlies the
need for better understanding of patient phenotypes and preclinical
models with greater relevance, reproducibility and predictability. For
carefully designed scenarios and disease stages, Lung-on-Chip models
in particular could help identify preclinical endpoints that can be trans-
lated to the clinic, stratify diagnosis and therapeutic care based on mo-
lecular mechanisms, tailor treatments to patient subgroups, and design
trial end-points that better predict drug efficacy. Indeed, in 2014, the
Respiratory Expert Council (REC), a global team of research and clinical
experts, presented recommendations for improving drug research and
development for airway diseases [253], three of which human Lung-
on-Chip models are poised to facilitate.

First, to capture and understand the heterogeneity of airway disease
pathophysiology and clinical presentation, airway diseases need to be
redefined based on molecular mechanisms and systems-biology-based
strategies, particularly network analysis, to characterize variability due
to patient to patient differences and due to progression of the disease
through various stages [254]. Categorizing the disease in this way
could facilitate the design of patient-specific and stage-specific thera-
pies and advance personalized respiratory medicine [255]. In the sim-
plest application, systems-biology-based disease definitions can help
address questions such as whether a new drug should be developed
and tested in a broaddisease category, such as COPD, or focus on specific
disease phenotypes. In particular, even if patients exhibit similar symp-
toms on the clinical level, themolecular factors driving disease progres-
sion can be different, and vice versa [256]. Stem-cell based models can
provide a platform to reveal genotype-phenotype relationships affect-
ing drug responses in different patient populations. These
pharmacogenomic insights could inform the design of clinical trials
and determine the inclusion and exclusion criteria of patients to assure
optimal drug targeting.

Second, preclinical studies also need to take into account systemic
manifestations of airway diseases, such as inflammation and immune
system responses [257] and link them both to molecular and tissue-
level disease symptoms as well as clinical endpoints. Vascularized
Lung-on-Chip models provide the dynamic environment allowing for
controlled and experimentally accessible interaction between local
lung tissue and systemic factors, such as immune system components,
and even other organ tissues.

Finally, new biomarkers of lung function are needed that can be
translated between experimentalmodels and the clinic. Of particular in-
terest is the development of imaging markers and biomarkers that are
sensitive to different stages of airway disease, demarcate early-stage
lung disease, and group patients into distinct phenotype or endotype
populations. Towards these goals, Lung-on-Chip models provide a sys-
tem to identify dynamic morphological, soluble, genetic and ‘omics’
markers that could be integrated with clinical readouts from blood
tests, biopsies, imaging, patient-reported outcomes and clinical end-
points, such as forced expiratory volume in 1 s (FEV1). Such multi-
dimensional disease signatures would then support the design of end-
points that can bemeasured both in vitro and in the clinic which are di-
rectly related to disease progression and drug efficacy [258,259].

8.2.3. Pulmonary drug delivery
Inhalation is an attractive route for drug delivery because its large

surface area (70–140 m2 in adults), good vascularization, and thin
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alveolar epithelium offer the potential for rapid absorption of pharma-
ceuticals either for local deposition or for systemic delivery [260–262].
There is also great interest in the development of inhaled drugs for lo-
calized treatment of lung diseases, including pneumonia [263]. How-
ever, accurate pulmonary drug delivery is not a trivial task because of
the complex mechanical, chemical, and biological pharmacokinetics
(PK) mechanisms at play, including drug deposition, absorption, distri-
bution, metabolism, and various clearance mechanisms. The first step,
drug deposition, depends mostly on the fluid-mechanics of lung mor-
phology, breathing pattern, aerosol velocity, particle size and density.
Only part of the dosewill reach the target site in the lungwhereas a sig-
nificant fraction can remain in the inhalation device or be deposited in
the mouth and throat. Due to the large spatial scales involved, under-
standing and predicting initial drug deposition relies on computational
models and perfused animal lungs [264,265]. Organ-on-Chip models
have great potential, however, to aid modeling of many aspects of
drug fate following deposition in different regions of the lung; this is
in addition to providing insight into region-specific pharmacodynamic
activity due to varying target expression and density throughout the
lung. Specifically, for pulmonary absorption into tissue and blood circu-
lation to occur, deposited drug particles have to (i) dissolve in the sur-
face lining fluids, (ii) overcome various defense mechanisms by which
the lung clears inhaled particles, including mechanical (i.e., mucociliary
clearance), chemical (e.g., surfactant lipids, antiproteases), and immu-
nological (e.g., phagocytosis) responses, (iii) pass the transepithelial
air-blood barrier by passive diffusion or carrier-mediated active trans-
port via paracellular or transcellular pathway, and (iv) withstand (or
be activated by) the lung's metabolic activity [264]. The relative role of
these mechanisms in drug absorption varies depending on airway re-
gion. For example, the conducting airways (nasal cavity, sinuses, naso-
pharynx, oropharynx, larynx, trachea, bronchi, and bronchioles) are
lined by ciliated cells and mucus-secreting cells, which together enable
the mucociliary clearance of about 90% of inhaled particles, greatly re-
ducing bioavailability of drug compounds [266]. In the respiratory re-
gions, on the other hand, which comprise about 95% of the total
surface area and consist of respiratory bronchioles, alveolar ducts, and
alveolar sacs, drug bioavailability is limited by absorption, transport
across the pulmonary air-blood barrier, andmetabolic and macrophage
clearance [267]. Because of the complexity of the lung morphology, the
quantitative characterization of the in vivo interplay of all contributing
factors either with in vitro assays or with in silicomethods is an ongo-
ing challenge. For example, rodents are generally exposed intra-
tracheally or via nose-only inhalation, and hence the resulting
plasma pharmacokinetics are a result of absorption from different
regions of the lung [268]. Computational modeling approaches at-
tempt to derive PK parameters mechanistically based on the
physico-chemical characteristics of the drug (e.g., aqueous solubil-
ity) and the anatomical and physiological tissue properties, or, alter-
natively, from clinical PK data by means of statistical correlation;
these approaches are limited by preexisting knowledge and data. Re-
cently, there have also been microfluidic approaches to studying the
dynamics and deposition of particles in true-scale, but cell-free,
physical models of the pulmonary acinus which can help to isolate
purely mechanical mechanisms [269]. Stem-cell based Lung-on-
Chip models could complement these approaches and enable the
empirical measurement of PK parameters of drug absorption at the
cellular and tissue level. For example, local drug dissolution could
be measured, which, especially for lipophilic drugs, can represent
the rate-limiting process for pulmonary absorption. Further, tempo-
ral dynamics and patient-specific conditions can be revealed by reca-
pitulating organ-specific barrier functions such as endothelial cell
junctions and electrical resistance, presence of specific membrane
transporters and metabolic enzymes, genotypic variation, disease
conditions, and drug-drug interactions. Also, the effect of elimina-
tion processes such as mucociliary clearance on pulmonary bioavail-
ability could bemeasured [270]. In addition, the flow environment of
Organs-on-Chips enables the realistic test of time-dependent effects
such as built-up of drug residue or drug carriers that can cause local
toxicity [271].

8.3. Practical considerations and challenges of Lung-on-Chips engineering

The two principal challenges involved in the design and engineering
of Lung-on-Chip models suitable for reproducible and scalable research
are (i) to build the biology, i.e., to decide on the cells, ECM elements and
the dynamic microenvironment that together enact the desired
structure-function relationships of the organ [272], and (ii) to build
the chip hardware, i.e. to identify materials and geometries supporting
study andmaintenance of tissue biology that are at the same time ame-
nable to reliable batch fabrication and application (Fig. 6).

8.3.1. Biology
As discussed in great detail before, the main components determin-

ing the biology of the system are cell types, sources and architecture,
ECM composition and distribution, and biomechanical forces such as
flow shear and tissue strain. As with all model systems, tissue compo-
nents and their mechanical properties have to be chosen carefully to
achieve the structure-function relationships of interest without overly
complexifying the system, which could mask important mechanisms,
hinder reproducibility and make the results harder to interpret [273].

8.3.2. Hardware/materials
Complementary to the biological components, chip geometry and

materials need to be chosen to provide appropriate structural support,
implement the desired flow dynamics and mechanical forces, and sup-
port instrumentation for tissue maintenance and experimental read-
outs. Ideally, materials need to be non-toxic, optically clear, affordable,
moldable or machinable, non-degrading under cell culture conditions,
flexible to allow stretching, and not altering the chemistry of the fluid
environment. Together, these criteria are difficult to achieve. For exam-
ple, as discussed earlier, PDMS has been thematerial of choice for many
proof-of-concept Organs-on-Chips designs; however, despite all its ad-
vantages for rapid prototyping, its use is sometimes limited by its
tendency to absorb specific small hydrophobic pharmaceutical com-
pounds, encouraging the development of new, non-absorbing Organs-
on-Chips materials [274]. Similarly, chip geometry constitutes a major
factor in providing a physiologically-relevant environment amenable
to sampling. While most Organs-on-Chips currently published feature
rather simple flow circuits serving mostly perfusion and gas exchange,
more sophisticated scenarios containing in-flow sensors and drug dis-
pensers could be designed with the help of design and simulation soft-
ware, as is routinely done formicrofluidics applications [275]. However,
introducing complex fluidic microchannel networks may increase bub-
ble formationwhich could in turn damage cultures through shear forces
and cells drying out when bubbles block medium perfusion.

8.3.3. Fabrication, integration and scaling
Eventually, however, the success of Lung-on-Chip models in achiev-

ing significant scientific impact will depend as much on the scientific
merits as on its ease of use and fabrication, which directly relate to re-
producibility of results across samples, experiments, and users, as well
as scalability of experimental work to provide sufficient capacity. For
this reason, efforts need to be directed towards achieving the same
streamlining of chip manufacture as has happened in non-biological
microfluidics [276] and towards developing user-friendly platforms
that can support large-scale experimental work [277]. Considering all
these aspects together when designing a chip seems a daunting pros-
pect. However, other branches of industry dealing with complex
micro-engineered systems, such as mechatronics, have developed a
range of computational and simulation tools for optimizing design and
fabrication based on desired usage goals and past experiences. These
same tools have started to emerge in the Organs-on-Chips community,
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promising yet another technology transfer from electronical to biologi-
cal micro-engineering [278].

9. Conclusion and outlook

The recent advances in the development of Organs-on-Chips and
stem cell based organoids make their combination particularly attrac-
tive for studying dynamic processes in lung development, regeneration,
and pathogenesis, as well as for personalized medicine. However, now-
adays a multitude of models are available, and it needs to be noted that
each approach has its merits. Therefore, it is essential that researchers
adapt their choice of amodel based on the research questions and logis-
tic considerations. Thus far, Lung-on-Chip models have been developed
and mostly employed in academic research to generate proof-of-
concept data. Broader accessibility of the technology and increased ex-
perimental throughput will enable the translation of this technology
to pharmaceutical industry and clinical decision making. To meet the
high expectations of Lung-on-Chip models, however, there is a need
for a careful balance between continued increases in biological rele-
vancy and complexity of the chip design on the one hand, and
optimization for implementation in industry that requires greater re-
producibility, capacity, and ease of use on the other hand. Meanwhile,
patient-specific cells are already being used to predict the efficacy of
drugs in the clinic; for example, in the Netherlands, the health care sys-
tem covers the evaluation of cystic fibrosis drugs in patient-specific
human organoids to assess whether a patient would benefit from the
medication [183,279]. Merging the two technologies to engineer
patient-specific, stem-cell based Lung-on-Chip models will amplify
their respective advantages and enable the design of human models
for predicting efficacy and safety, drug-drug interactions, clinical trial
applications and precision medicine.

The demand for such models is expected to grow continuously,
given that the current ban on animal testing for development of con-
sumer products will likely expand from Europe (European Union Direc-
tive 76/768/EEC) to North America and worldwide, and given the
pressing need for more predictive preclinical models for drug discovery
and development. To enable such applications, however, the new Lung-
on-Chipmodels need to be held to stringent and uniformquality control
criteria [280]. This is a formidable challenge as many different chip
designs are currently being developed in academic laboratories,
highlighting the need for creating standards and user guidelines, in ad-
dition to harnessing the inherent variability of the cell sources.

One challenge is to balance the trade-off between increasing the bi-
ological complexity of the chip on one hand, andmaintaining scalability
of fabrication and ease of use on the other hand. In general, a greater de-
gree of biological complexitywill extend the range of functions that can
be studied and are physiologically relevant, butmight conversely impair
economic factors, such asnumber of fabrication steps per sample, repro-
ducibility of results, ease of use, throughput and volume of cells and re-
agents needed, and therefore slow down general adoption. To address
this hurdle, US American funding agencies have started an initiative to-
wards consolidatingdevelopment of Organs-on-Chips and achieving ro-
bustness and replicability. The National Institutes of Health (NIH), in
partnership with the Defense Advanced Research Projects Agency
(DARPA), the FDA, and more recently the pharmaceutical industry,
has invested in academic teams and companies to develop Organs-on-
Chips technology suitable for industry applications.

These and other initiatives promise to address the challenges
discussed in this review. If the current pace of innovation continues,
we might soon witness the emergence of an “ideal human lung
model” that can provide both large-scale screens of molecular level
analysis of cell-cell interactions, and at the same timeprovide a platform
to study or treat lung disorders with a personalized medicine approach.
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