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Chapter

Innovative In Vitro Models for the 
Study of Lung Diseases
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Roberto Carnevale and Isotta Chimenti

Abstract

Basic and translational research on lung biology and pathology can greatly 
benefit from the development of 3D in vitro models with physiological relevance. 
Lung organoids and lungs-on-chip allow the creation of different kinds of in vitro 
microenvironments, that can be useful for the elucidation of novel pathogenetic 
pathways, for example concerning tissue fibrosis in chronic diseases. Moreover, 
they represent important translational models for the identification of novel thera-
peutic targets, and for preliminary testing of new drugs. In this chapter, we provide 
a selected overview of recent studies on innovative 3D in vitro models that have 
enhanced our knowledge on chronic obstructive pulmonary disease (COPD) and 
idiopathic pulmonary fibrosis (IPF), particularly concerning oxidative stress and 
pro-fibrotic pathogenetic mechanisms. Despite several limitations, these complex 
models must be considered as complementary in all respects to in vivo studies on 
animal models and clinical research.
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1. Lung chronic diseases: a brief overview

The primary function of the lungs is the exchange of gas occurring at the level 
of alveoli, which are arranged as acini in the lung parenchyma. There is strong need 
to understand the mechanisms of alveolar maintenance and repair because damage 
to this region underlies many chronic adult lung diseases, such as chronic obstruc-
tive pulmonary disease, idiopathic pulmonary fibrosis, acute respiratory failure 
in pneumonia, and acute respiratory distress syndrome. Additionally, insufficient 
development of alveoli results in various neonatal and childhood diseases includ-
ing bronchopulmonary dysplasia [1]. Despite the pivotal role of the alveoli in the 
development of lung diseases, the pathogenesis of these various conditions is still 
largely unknown, and treatment options for patients remain limited.

There is clear evidence that environmental exposures and genetic predisposi-
tion contribute to the pathogenesis of idiopathic pulmonary fibrosis (IPF). IPF is 
defined as a specific form of progressive chronic fibrotic interstitial pneumonia, 
that is occurring mainly in older adults, and is limited to the lungs [2]. IPF remains 
relatively rare, with an estimated incidence of roughly 10 cases per 100,000 person-
years. Nonetheless, IPF is a lethal lung disorder with a predicted survival of 3–6 years 
from the onset of symptoms. Most of the deaths among patients with IPF are due 
to respiratory failure or complicating comorbidities [3]. The pathogenesis of IPF is 
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characterized by continuous insults or micro-lesions to the alveolar epithelium, which 
result in abnormal activation of both epithelial cells and fibroblasts. Finally, there is an 
alteration in the deposition of collagen, which contributes to the irreversible fibrosis 
typical of the disease [4]. Various risk factors have been identified in the development 
of IPF, that can be divided between intrinsic and extrinsic [5]. Intrinsic risk factors 
include genetics, aging, sex, lung microbiome [6–9], while extrinsic risk factors 
comprise cigarette smoking, environmental exposures, and air pollution [10, 11]. 
Moreover, studies of familial clustering of pulmonary fibrosis provided evidence that 
IPF is associated with genetic susceptibility. Multiple genes can affect alveolar stabil-
ity, for example, genes encoding surfactant proteins A and C, genes associated with 
enhanced cell senescence by disruption of telomerase function, with the integrity of 
the epithelial barrier, and with mutant desmosome proteins [12–15].

Chronic obstructive pulmonary disease (COPD) is another chronic lung pathol-
ogy, representing a serious and growing global health problem, as it is currently a 
leading cause of death worldwide [16]. COPD is a disease characterized by irrevers-
ible airflow reduction, associated with a decline in lung function and increased 
inflammatory response [17]. It represents a massive health problem, and it is 
estimated to affect around 200 million people worldwide, with a projected estimate 
towards further increase in the near future [18]. COPD is the result of the interaction 
between genetic susceptibility and environmental factors [19]. A well acknowledged 
genetic cause is α1-antitrypsin deficiency [20], while among environmental factors 
cigarette smoking represents the main cause; nonetheless, environmental pollu-
tion, occupational exposure to dust and fumes, and exposure to passive smoke can 
induce an increased risk in non-smokers, as well [21, 22]. Exposure to cigarette 
smoke, which contains a large number of pro-oxidant molecules [23], causes direct 
damage to the epithelial cells of the airways, leading to increased inflammation and 
activation of neutrophils, macrophages and lymphocytes in the airways [24]. There 
is currently no cure for COPD, but fortunately most symptoms can be treated and 
controlled mostly pharmacologically, at least delaying its progression and worsening. 
It represents indeed the most common indication for lung transplantation, that is the 
only conclusive therapeutic option for severe COPD, particularly in younger patients.

2. Smoke, oxidative stress and fibrosis in lung pathogenesis

Cigarette smoking likely represents the single most significant risk factor for 
several lung conditions, and it is strongly associated with COPD and IPF, both 
familial and sporadic. Although observations about environmental risk factors have 
many biases and limitations [25], increasing knowledge on the underlying causes of 
lung diseases is evidencing how oxidative stress (OXS) and reactive oxygen species 
(ROS) play a crucial pathogenetic role (Figure 1).

The lungs are indeed highly susceptible to ROS-induced injuries. ROS are com-
monly thought to be a harmful by-product generated in cellular systems. However, 
recent studies have suggested that ROS physiological levels regulate important bio-
logical functions in cellular processes [2, 26]. Normally, ROS are tightly controlled 
by enzymes and antioxidant molecules. Nonetheless, excessive ROS accumulation 
may occur under certain conditions, thus making detoxification by the antioxidant 
system difficult. The result is indeed a condition called OXS that can affect cell 
proliferation, differentiation, aging, and death [27]. Cigarette smoke is responsible 
for significant oxidant burden and decreased antioxidant capacity even in plasma 
[28, 29]. ROS produced from cigarette smoke, combustion of organic matter and 
gases, like ozone and nitrogen dioxide, are featured on the lung epithelium [30], 
and could decrease antioxidant defenses, increasing OXS in the lungs [31].
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A disrupted function of the redox system can consequentially impact on key cell 
signaling pathways involved in disease progression. Conversely, several signals can 
alter the oxidative state of lung cells. For example, the lung is constantly exposed 
to biomechanical forces, such as fluid shear stress, cyclic stretch, and pressure, 
due to the blood flowing through the pulmonary vessels, and the distension of 
the lungs during the breathing cycle. It is indeed known that cells within the lung 
respond to these changes by activating signal transduction pathways that can also 
alter their redox state with pathophysiological consequences [32]. Particularly in the 
vasculature, the two types of biomechanical stimuli, such as frictional force known 
as shear stress (SS), or wall shear stress (WSS) that acts tangentially to the vessel, 
could determinate dysregulation of the cellular redox status, that in turn could have 
effects on intracellular signaling pathways involved in disease progression [33]. 
For example, exposure of endothelial cells to laminar SS can induce a suppression 
of ROS levels [34, 35]. Conversely, exposure of endothelial cells to WSS using an 
irregular flow induces an increase of ROS levels and a reduced bioavailability of the 
vasodilator molecule NO [36], which is involved in preventing the activation and 
adhesion of platelets and leukocytes to the wall of the injured vessel [37].

A significant role in the pathogenesis of COPD is precisely the imbalance of ROS 
production and antioxidant capacity [38]. Changes in the redox balance in the lungs 
and circulatory system, genetic polymorphisms, and activation of transcription 
factors, such as the nuclear factor kappa B (NF-κB), lead to the molecular pathogen-
esis of COPD [39, 40]. Oxidized proteins and lipid products, such as isoprostanes 
and carbonylated proteins, can be identified in exhaled air, bronchoalveolar lavage 
fluid, and lung tissue from patients with fibrotic lung diseases and COPD [41, 42]. 
Furthermore, clinical worsening of COPD is often associated with down-regulation 
of the antioxidant system, thus a possible therapeutic method for COPD could be 
the administration of redox-protective antioxidants [38]. Finally, it is possible that 
maintaining a balance between oxidant and antioxidant species in COPD affected 
smokers may slow down disease progression [43].

As discussed, smoking, occupational exposures like asbestos or silica, and radia-
tion are the principal sources of OXS with overproduction of ROS, that could lead 

Figure 1. 
Oxidative stress in lung pathogenesis. Intrinsic and extrinsic risk factors contribute to the progression of 
lung damage in the development of idiopathic pulmonary fibrosis (IPF) and obstructive pulmonary disease 
(COPD). In particular, cigarette smoking, environmental exposures, and air pollution induce an increase of 
reactive oxygen species (ROS) and oxidative stress condition, which play a crucial pathogenetic role in lung 
diseases. ROS, such as H2O2 and O2−, generated from NOX2 and NOX4, have a central role in the pathogenesis 
of pulmonary diseases. Indeed, ROS produced by these enzymes are involved in alveolar epithelial cell 
apoptosis, activation of inflammation, and induction of tissue fibrosis, that are all mechanisms underlying the 
progression of IPF and COPD. Figure was prepared using images from Servier Medical Art by Servier (https://
smart.servier.com), which are licensed under a Creative Commons Attribution 3.0 Unported License.
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and contribute to pulmonary fibrosis [44]. Indeed, OXS is an important molecular 
mechanism underlying fibrosis in a variety of organs, including lungs. Bleomycin-
induced pulmonary fibrosis, the most commonly used experimental animal model, 
has been shown to be associated with marked increase in the level of ROS, oxidized 
proteins, DNA and lipids [45]. Following lung injury three main mechanisms (i.e. 
inflammation, coagulation disturbances, and OXS) are involved and alter the lung 
interstitial cell compartment and extracellular matrix (ECM) homeostasis, result-
ing overall in pulmonary fibrosis. ROS can be produced by several cellular types 
involved in fibrosis including alveolar macrophages [46–48] and lung epithelial 
cells [49]. In particular, ROS generated from the mitochondria of stressed or dam-
aged epithelial cells are very important; their mitochondrial dysfunction results in 
the generation and release of ROS, such as H2O2 and O2−, further enhancing OXS 
and cell damage [50]. As previously discussed, NAD(P)H oxidase is the main source 
of ROS, and isoforms NOX1, NOX2, and NOX4 have a central role in the pathogen-
esis of pulmonary fibrosis [51] (Figure 1). For example, NOX4 is strongly expressed 
in the hyperplastic alveolar epithelium of IPF patients [52], and ROS produced 
by NOX4 are involved in alveolar epithelial cell apoptosis. Continuous epithelial 
apoptosis further supports activation of inflammatory processes and cytokine 
release, including myofibroblast activating molecules, such as TGF-β1, PDGF, 
IL-1, and TNFα (Figure 1). There is also evidence of direct pathogenetic involve-
ment of these enzymes in IPF, for example for NOX2: in fact, supporting data have 
shown that mice genetically deficient in NOX2 do not develop IPF after bleomycin 
or carbon nanotubes exposure [51, 53]. Finally, the interplay between oxidative 
stress and TGF-β1 signaling is of great importance in promoting fibrosis. In fact, 
TGF-β1 is the most profibrogenic protein and can directly stimulate NOX-mediated 
ROS production, while OXS in turn can activate latent TGF-β1, setting up a vicious 
profibrogenic positive feedback loop [54].

3. Modelling lung diseases in 3D with organoids

As mentioned previously, fibrosis and oxidative stress are linked to a dysregula-
tion of cellular homeostasis and impaired alveolar structure in chronic lung diseases 
[55]. Despite the paramount importance of animal models in biomedical and clinical 
research, they often do not fully recapitulate the pathogenesis of human IPF [56]. 
Moreover, there is increasing social and political pressure on reducing animal experi-
mentation, according to the 3R’s principle of replacement, reduction, and refinement. 
Furthermore, the associated costs of animal purchasing, housing, and handling 
cannot be ignored, as well [57]. Under this perspective, 3D cultures (such as organ-
oids) and innovative microfluidic devices (such as “organs-on-chip”) represent useful 
platforms to perform significant investigations in vitro on multiple topics, including 
the pathogenesis of COPD, IPF, or other lung diseases. They grant simultaneous multi-
cellular culture and cell–cell interactions that overcome the limitations of standard 
monolayer cell cultures, allowing a step forward towards reproducing the complexity 
of tissues. Moreover, specific protocols and setups make it possible to simulate many 
more elaborated pathogenetic features, such as ontogenetic-like mechanisms, tunable 
biomechanical cues, altered gas/liquid interfaces, as well as immune cells recruitment 
and activation (Figure 2). Physiologically relevant in vitro systems are also suitable to 
discover and test new drugs and therapeutics, supporting the clinical translation of 
novel protocols in a “personalized medicine” perspective [1].

Three-dimensional culture systems offer multiple advantages for in vitro 
phenotype control in order to obtain physiologically relevant settings [58]. The 
simplest 3D culture system is represented by spheroids, which can be obtained 
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from embryonic-like stem cells or several resident lung cell types, particularly 
those with a facultative stemness potential (e.g. pneumocytes, Clara cells [59]). 
Lung cell spheroids, despite their simplicity, can provide useful preliminary models 
even for the study of complex pathological issues. Alveoli-like structures obtained 
from distal airway stem cells [60] or Oct-4+ progenitor cells [61] have been used 
for the study of viral infections (e.g. H1N1 influenza virus, or SARS-CoV), the 
pathogenesis of tissue damage, and subsequent mechanisms of tissue repair. As 
another example, lung spheroids from stromal primitive cells [62] have signifi-
cantly contributed to the elucidation of novel pathogenetic mechanisms during 
organ reconditioning procedures, in particular during ex vivo lung perfusion 
(EVLP) protocols before lung transplantation. In fact, OXS strongly contributes 
to tissue damage during EVLP. It has been shown that inhibition of NOX2 activity 
during thermic stress and starvation (mimicking EVLP conditions) can reduce ROS 
production, thus being protective for lung epithelial cells [63, 64]. Finally, specific 
interference of cigarette smoke with Wnt/β-catenin signaling has been described 
in human fibroblasts, impairing their capacity to support spheroid growth of lung 
epithelial cells, which can be considered in this case as a stemness assay linked to the 
activation of a repair mechanism [65].

The more complex example of organotypic 3D cultures is represented by organ-
oids. Lung organoids are self-assembling structures of lung cell types that replicate 
cell–cell interaction, cell-ECM interaction, and organ structure and function at 
the microscale, as similar as possible to in vivo histological architecture. They can 
be used as models of both physiological and pathological settings. Strikoudis et al. 
have modelled pulmonary fibrosis in lung organoids to study Hermansky-Pudlak 
syndrome (HSP) [66]. IPF and HSP both are characterized by lung fibrosis, and are 
now considered as similar clinical entities, albeit with distinct etiology. Lung organ-
oids were generated from embryonic stem cells (ESCs) with specific mutations that 
strongly predispose to HSP. The resulting organoids displayed a fibrotic phenotype, 
with an enhanced number of mesenchymal cells, and increased deposition of fibro-
nectin and collagen. Interestingly, HSP organoids share a strong signature with lung 

Figure 2. 
In vitro models of lung pathology. Both organoids and lungs-on-chip allow the creation of 3D systems where 
complex cell–cell interactions and multi-cellular cultures are possible. Moreover, drug discovery and testing in 
these settings can provide important preliminary results in vitro. Several features, though, are better reproduced 
in specific 3D systems, for example the inclusion of an extracellular matrix, or the modelling of ontogenetic-
like mechanisms better fit in organoid cultures. Conversely, biomechanical cues, gas and liquid interfaces, and 
immune cells response are more finely tunable with organs-on-chip technology. Figure was prepared using 
images from Servier Medical Art by Servier (https://smart.servier.com), which are licensed under a Creative 
Commons Attribution 3.0 Unported License.
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samples from IPF patients, including the overexpression of interlukin-11 (IL-11), a 
key driver of the fibrotic process that is stimulated also from OXS [67]. This finding 
validates HSP lung organoids as a tool to study IPF and other lung diseases char-
acterized by fibrosis [66]. Similarly, Wilkinson et al. have developed an organoid 
from induced pluripotent stem cell (iPSC)-derived fibroblasts functionalized with 
hydrogel beads, that acts as a 3D alveolar template within a rotating bioreactor [68]. 
Interestingly, they discovered that organoid formation was not possible in their 
conditions without the inclusion of fetal lung fibroblasts. Treatment of cultures 
with exogenous TGF-β1 consistently increased contraction, expression of Collagen 
1 and α-SMA, and the emergence of fibroblastic foci within the treated organoid. 
This system showed features of tissue scarring similar to IPF, thus confirming the 
feasibility of organoid culture systems to model lung fibrosis. Moreover, these lung 
organoids can recapitulate even a more complex and representative lung microen-
vironment when cultured with endothelial and epithelial cells [68]. As an example, 
using lung organoids from patients with IPF, Surolia et al. described a 3D model to 
predict the invasive response of IPF fibroblasts to antifibrotic drugs therapy. They 
observed that inhibition of vimentin intermediate filaments assembly can reduce 
the invasiveness of lung fibroblasts derived from the majority of the IPF patients 
tested, uncovering a possible novel therapeutic target for pulmonary fibrosis [69].

Overall, these 3D self-assembled systems recapitulate numerous pathogenetic 
features of diseases, but nonetheless still show several limitations in their applica-
tion as models, such as lack of vascular network, immune cells, and other support-
ing cells (Figure 2). These features need to be implemented to reach higher levels of 
physiological relevance for lung disease modelling [69].

4. Organs-on-chip for the study of lung diseases

In the last decade, the integration of advanced bioengineering approaches (e.g. 
3D multicellular cultures) with microfluidic and microfabricated substrates has led 
to the development of devices called “organs-on-chip” [70]. These bioengineered 
tools allow fine control and tuning of the microenvironment architecture, media 
composition, and cell–cell interactions. The combination of lung cells and micro/
nanoengineering devices gave rise to new in vitro models for the study of therapeutic 
approaches in pulmonary diseases. In fact, lungs-on-chip can recapitulate typical 
features of the parenchymal structure, and primary physiological or pathological 
conditions of the human lung microenvironment, such as liquid and gas interfaces 
[71] (Figure 2). In 2010, Hu et al. for the first time created a lung-on-chip using 
a soft lithography technique. Soft lithography offers the advantage to control the 
molecular structure of surfaces, the pattern of complex molecules relevant to biol-
ogy, and to fabricate channel structures appropriate for microfluidics [72]. They 
produced a biomimetic microdevice that recapitulates the crucial alveolar-capillary 
interface of the human lung. This device is a 2.5D system since it contains monolay-
ers of epithelial and endothelial cells that mimic the alveolar-capillary barrier, and 
permits investigation under dynamic conditions, with biomechanical cues in the 
form of SS due to perfusion, and strain similar to breathing [71]. However, ECM 
components are lacking in this model, and this significantly limits the relevance of 
this device, in particular concerning the study of pulmonary fibrosis. To address 
these limitations, other groups have designed arrays of 3D microtissue that are sus-
pended over multiple flexible poly-dimethylsiloxane (PMDS) micropillars [73–75]. 
In particular, Sellgren et al. produced an advanced model by co-culturing interstitial 
fibroblasts with epithelial and endothelial cells [75]. They demonstrated the feasibil-
ity of including a stromal layer within lung-on-chip devices. Similarly, Asmani et al. 
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have developed a human lung device to model key biomechanical events occurring 
during lung fibrogenesis, which include progressive stiffening and contraction of 
alveolar tissue. They used this system for predicting the efficacy of anti-fibrotic 
drugs for IPF patients, demonstrating that preventative treatments with these drugs 
can reduce tissue contractility, and counteract tissue stiffening and decline in tissue 
compliance [73]. Overall, these new approaches will give a better understanding of 
the complex pathogenesis of IPF.

As discussed above, COPD is a syndrome defined by progressive and chronic 
airflow limitation, due to the fact that lungs become inflamed, damaged, and 
narrowed. The main cause is smoking, but others exist such as long-term exposure 
to harmful fumes or dust, and rare genetic conditions [43]. As for IPF, the animal 
models of COPD present some limitations. For example, modelling cigarette smoke 
exposure fails to recapitulate some major airway phenotypes of COPD, such as 
hyperplasia of basal and mucin-producing cells, and mucus plugging of the airways 
[76]. Before the advent of lung-on-chip technology, the best-established in vitro 
model to study COPD disease and to address cigarette smoke-induced damage on 
human airway epithelial cells was the air-liquid-interface (ALI) culture system [77]. 
The defining feature of ALI cultures is that the basal surface of the cell is in contact 
with a liquid culture medium, whereas the apical surface is exposed to air [78]. 
These systems mimic the conditions found in the human airway, and drive differ-
entiation towards different phenotypes [79]. One major limitation of conventional 
ALI models is that these static culture systems make dynamic processes, such as 
nutrient exchange and immune cell migration [80], difficult to study.

In this regard, innovative approaches, such as microfluidic lungs-on-chip, have 
been developed in the last years and helped filling this gap. In 2016, Benam et al. 
developed the human lung “small airway-on-a-chip”, a microfluidic device that 
supports and drives full differentiation of a columnar, pseudostratified, mucocili-
ary bronchiolar epithelium, composed of cells isolated from healthy individuals or 
people with COPD, underlined by a functional microvascular endothelium [81]. 
They demonstrated that COPD small airway chips recapitulate important features 
of the disease, such as selective cytokine hypersecretion and neutrophil recruitment 
from the vascular flow in response to epithelial activation by pathogen-like stimuli. 
Moreover, exposure of the healthy epithelium to interleukin-13 (IL-13) recon-
stituted the asthmatic phenotype that involves goblet cells hyperplasia, cytokine 
hypersecretion, and decreased ciliary function [82]. The same group improved this 
system by developing a “Breathing-Smoking Human Lung-on-Chip”, a novel device 
that consists of four components: a small airway on-chip, a smoke generating robot, 
a micro-respirator, and a control software that mimics human smoking and breath-
ing. This smoking airway-on-a-chip system effectively recapitulated several key 
smoke-triggered molecular changes that are known to occur in lung epithelial cells, 
including increased OXS [83]. When human airway chips fabricated using cells 
from healthy donors were exposed to whole cigarette smoke, the authors observed 
a significant increase in the expression of the anti-oxidant gene heme oxygenase 
1 (HMOX1), and increased phosphorylation of the transcription factor nuclear 
factor-like 2 (Nrf2). The latter induces expression of cytoprotective genes, includ-
ing HMOX1, protecting cells from OXS and chemical toxicity. Furthermore, they 
identified new smoke-induced dysfunction, such as reduced ciliary beating, a novel 
biomarker of COPD disease, and studied the epithelial responses to smoke gener-
ated by electronic cigarettes [84]. However, the main limitation of this system is the 
absence of cellular stromal components.

As mentioned before, COPD represents a group of lung diseases that also 
include refractory severe asthma. In this regard, Nesmith et al. have designed a 
human airway musculature-on-a-chip with bronchiolar smooth muscle cells on 
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an elastomeric thin film. To recapitulate asthmatic inflammation in vitro, they 
exposed this biomimetic tissue to IL-13, which resulted in hypercontractility and 
altered relaxation. Interestingly, the authors were able to show reverse asthmatic 
hypercontraction of smooth muscle cells using a muscarinic antagonist and a 
β-agonist, which are used clinically to relax constricted airway [85]. Similarly, 
Villenave et al. developed a model of severe asthma-on-chip containing a fully 
differentiated mucociliary bronchiolar epithelium underlined by a microvascular 
endothelium with fluid flow [86]. They infected the engineered tissue with 
human Rhinovirus (HRV), a leading cause of asthma exacerbation in children 
and adults; this led to a pro-inflammatory response characterized by ciliated cells 
death, goblet cells hyperplasia, release of cytokines, recruitment from the fluid 
flow and extravasation of human neutrophils across the endothelium. Infection 
of IL-13-treated Airway Chips with HRV to mimic the molecular response 
observed in severe asthma patients, induced upregulation of adhesion molecules 
(E- and P-Selectin, ICAM-1) in endothelial cells, and increase of neutrophil 
recruitment when compared with IL-13 or HRV stimulation alone [87]. The same 
group implemented this device to study the integrity of epithelial monolayers-
on-chip, measuring trans-epithelial electrical resistance (TERT). They designed 
a new microfluidic device within a human lung airway chip that contains embed-
ded electrodes, and demonstrated its utility for the assessment of airway barrier 
function, formation, and disruption in response to relevant external stimuli [88]. 
These studies suggest that Airway Chips may provide unique opportunities to 
explore lung pathogenesis, including responses to drug treatments for the evalu-
ation of safety and efficacy of new drugs. Moreover, the possibility of studying 
the involvement and activation of immune cells certainly brings added value to 
these systems, allowing the study of physiologically relevant issues within an 
integrated model.

5. Conclusions

Basic and translational research on lung biology and pathology can greatly ben-
efit from the development of 3D in vitro models that can maintain cell phenotypes 
and functions in a physiologically relevant way. Lung organoids and lungs-on-chip 
allow the creation of different kinds of in vitro microenvironments (Figure 2), that 
can be useful for the study of specific diseases, and for the elucidation of novel 
pathogenetic pathways. They represent in fact important translational models for 
the study of clinically relevant issues, for the identification of novel therapeutic 
targets, and for preliminary testing of new drugs. The main challenge in future 
developments is represented by the standardization of integrated protocols for the 
simultaneous inclusion of extracellular matrix, stromal components, immune cells, 
and biomechanical cues within 3D in vitro models. This step forward would provide 
a clinically relevant system for lung research, which would include all the actors 
involved in endogenous responses occurring in vivo. Nonetheless, despite several 
limitations still existing, the complexity of these models has been rapidly increasing 
in the past decade, and they must be considered as complementary in all respects to 
in vivo studies carried on in animal models.

Acknowledgements

This work was supported by grant # 2015BN82FK from the Italian Ministry of 
Education, University and Research (MIUR) to Isotta Chimenti.



9

Innovative In Vitro Models for the Study of Lung Diseases
DOI: http://dx.doi.org/10.5772/intechopen.95300

Author details

Vittorio Picchio1, Vittoria Cammisotto1, Francesca Pagano2, Roberto Carnevale1,3 
and Isotta Chimenti1,3*

1 Department of Medical Surgical Sciences and Biotechnologies, Sapienza 
University, Italy

2 Institute of Biochemistry and Cell Biology, National Council of Research  
(IBBC-CNR), Italy

3 Mediterranea Cardiocentro, Napoli, Italy

*Address all correspondence to: isotta.chimenti@uniroma1.it

Conflict of interest

The authors declare no conflict of interest.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 



10

Cell Interaction - Molecular and Immunological Basis for Disease Management

[1] Evans K V., Lee JH. Alveolar wars: 
The rise of in vitro models to understand 
human lung alveolar maintenance, 
regeneration, and disease. Vol. 9, Stem 
Cells Translational Medicine. John Wiley 
and Sons Ltd.; 2020. p. 867-81.

[2] Raghu G, Remy-Jardin M, Myers JL, 
Richeldi L, Ryerson CJ, Lederer DJ, et 
al. Diagnosis of idiopathic pulmonary 
fibrosis An Official ATS/ERS/JRS/
ALAT Clinical practice guideline. 
Am J Respir Crit Care Med. 2018 Sep 
1;198(5):e44-68.

[3] Bocchino M, Agnese S, Fagone E, 
Svegliati S, Grieco D, Vancheri C, et al. 
Reactive Oxygen Species Are Required 
for Maintenance and Differentiation 
of Primary Lung Fibroblasts in 
Idiopathic Pulmonary Fibrosis. 
Koenigshoff M, editor. PLoS One. 2010 
Nov 16;5(11):e14003.

[4] King TE, Pardo A, Selman M. 
Idiopathic pulmonary fibrosis. In: The 
Lancet. Lancet; 2011. p. 1949-61.

[5] Zaman T, Lee JS. Risk Factors for the 
Development of Idiopathic Pulmonary 
Fibrosis: a Review. Curr Pulmonol 
Reports. 2018 Dec;7(4):118-25.

[6] Kropski JA, Blackwell TS, Loyd JE.  
The genetic basis of idiopathic 
pulmonary fibrosis. Eur Respir J. 2015 
Jun 1;45(6):1717-27.

[7] Raghu G, Chen SY, Hou Q , Yeh WS, 
Collard HR. Incidence and prevalence 
of idiopathic pulmonary fibrosis in US 
adults 18-64 years old. Eur Respir J. 2016 
Jul 1;48(1):179-86.

[8] Jo HE, Glaspole I, Grainge C, Goh N, 
Hopkins PMA, Moodley Y, et al. Baseline 
characteristics of idiopathic pulmonary 
fibrosis: Analysis from the Australian 
Idiopathic Pulmonary Fibrosis Registry. 
Eur Respir J. 2017 Feb 1;49(2).

[9] Molyneaux PL, Cox MJ, 
Willis-Owen SAG, Mallia P, Russell KE, 
Russell AM, et al. The role of bacteria 
in the pathogenesis and progression 
of idiopathic pulmonary fibrosis. 
Am J Respir Crit Care Med. 2014 Oct 
15;190(8):906-13.

[10] Oh CK, Murray LA, Molfino NA. 
Smoking and idiopathic pulmonary 
fibrosis. Vol. 2012, Pulmonary Medicine. 
Hindawi Limited; 2012.

[11] Conti S, Harari S, Caminati A, 
Zanobetti A, Schwartz JD, Bertazzi PA, 
et al. The association between air 
pollution and the incidence of idiopathic 
pulmonary fibrosis in Northern Italy. 
Eur Respir J. 2018 Jan 1;51(1).

[12] Kaur A, Mathai SK, Schwartz DA. 
Genetics in idiopathic pulmonary 
fibrosis pathogenesis, prognosis, and 
treatment. Vol. 4, Frontiers in Medicine. 
Frontiers Media S.A.; 2017.

[13] Fingerlin TE, Murphy E, Zhang W, 
Peljto AL, Brown KK, Steele MP, et 
al. Genome-wide association study 
identifies multiple susceptibility loci 
for pulmonary fibrosis. Nat Genet. 2013 
Jun;45(6):613-20.

[14] Noth I, Zhang Y, Ma SF, Flores C,  
Barber M, Huang Y, et al. Genetic 
variants associated with idiopathic 
pulmonary fibrosis susceptibility and 
mortality: A genome-wide association 
study. Lancet Respir Med. 2013 Jun;1(4) 
:309-17.

[15] Seibold MA, Wise AL, Speer MC, 
Steele MP, Brown KK, Loyd JE, et 
al. A common MUC5B promoter 
polymorphism and pulmonary fibrosis. 
N Engl J Med. 2011 Apr 21;364(16): 
1503-12.

[16] Lozano R, Naghavi M, Foreman K, 
Lim S, Shibuya K, Aboyans V, et al. 
Global and regional mortality from 

References



11

Innovative In Vitro Models for the Study of Lung Diseases
DOI: http://dx.doi.org/10.5772/intechopen.95300

235 causes of death for 20 age groups 
in 1990 and 2010: A systematic 
analysis for the Global Burden of 
Disease Study 2010. Lancet. 2012 Dec 
1;380(9859):2095-128.

[17] Decramer M, Janssens W, 
Miravitlles M. Chronic obstructive 
pulmonary disease. In: The Lancet. 
Lancet Publishing Group; 2012.  
p. 1341-51.

[18] Vos T, Allen C, Arora M, Barber RM, 
Brown A, Carter A, et al. Global, 
regional, and national incidence, 
prevalence, and years lived with 
disability for 310 diseases and injuries, 
1990-2015: a systematic analysis for the 
Global Burden of Disease Study 2015. 
Lancet. 2016 Oct 8;388(10053):1545-602.

[19] Barnes PJ. Chronic obstructive 
pulmonary disease. Vol. 343, New 
England Journal of Medicine. N Engl J 
Med; 2000. p. 269-80.

[20] Gooptu B, Ekeowa UI, Lomas DA.  
Mechanisms of emphysema in 
α1-antitrypsin deficiency: Molecular 
and cellular insights. Vol. 34, European 
Respiratory Journal. Eur Respir J; 2008. 
p. 475-88.

[21] Mannino DM, Buist AS. Global 
burden of COPD: risk factors, 
prevalence, and future trends. Vol. 370, 
Lancet. Lancet; 2007. p. 765-73.

[22] Eisner MD, Anthonisen N, 
Coultas D, Kuenzli N, Perez-Padilla R, 
Postma D, et al. An official American 
Thoracic Society public policy 
statement: Novel risk factors and the 
global burden of chronic obstructive 
pulmonary disease. Vol. 182, American 
Journal of Respiratory and Critical Care 
Medicine. Am J Respir Crit Care Med; 
2010. p. 693-718.

[23] PRYOR WA, STONE K. Oxidants 
in Cigarette Smoke Radicals, 
Hydrogen Peroxide, Peroxynitrate, 
and Peroxynitrite. Ann N Y Acad Sci. 
1993;686(1):12-27.

[24] Zinellu E, Zinellu A, Fois AG, 
 Carru C, Pirina P. Circulating 
biomarkers of oxidative stress in chronic 
obstructive pulmonary disease: A 
systematic review. Vol. 17, Respiratory 
Research. BioMed Central Ltd.; 2016.  
p. 150.

[25] Raghu G, Collard HR, Egan JJ, 
Martinez FJ, Behr J, Brown KK, et al. An 
Official ATS/ERS/JRS/ALAT Statement: 
Idiopathic pulmonary fibrosis: 
Evidence-based guidelines for diagnosis 
and management. Am J Respir Crit Care 
Med. 2011 Mar 15;183(6):788-824.

[26] Reczek CR, Chandel NS. ROS-
dependent signal transduction. Vol. 33,  
Current Opinion in Cell Biology. 
Elsevier Ltd; 2015. p. 8-13.

[27] Lee J, Cho YS, Jung H, Choi I. 
Pharmacological regulation of oxidative 
stress in stem cells. Vol. 2018, Oxidative 
Medicine and Cellular Longevity. 
Hindawi Limited; 2018.

[28] Carnevale R, Sciarretta S, Violi F, 
Nocella C, Loffredo L, Perri L, et al. 
Acute Impact of Tobacco vs Electronic 
Cigarette Smoking on Oxidative Stress 
and Vascular Function. Chest. 2016 Sep 
1;150(3):606-12.

[29] Frati G, Carnevale R, Nocella C, 
Peruzzi M, Marullo AGM, De Falco E, 
et al. Profiling the Acute Effects of 
Modified Risk Products: Evidence from 
the SUR-VAPES (Sapienza University 
of Rome-Vascular Assessment of 
Proatherosclerotic Effects of Smoking) 
Cluster Study. Vol. 22, Current 
Atherosclerosis Reports. Springer; 2020. 
p. 1-11.

[30] Kuwano K, Nakashima N, 
Inoshima I, Hagimoto N, Fujita M, 
Yoshimi M, et al. Oxidative stress in 
lung epithelial cells from patients with 
idiopathic interstitial pneumonias. Eur 
Respir J. 2003 Feb 1;21(2):232-40.

[31] Barreiro E, Peinado VI, Galdiz JB, 
Ferrer E, Marin-Corral J, Sánchez F, et al. 



Cell Interaction - Molecular and Immunological Basis for Disease Management

12

Cigarette smoke-induced oxidative stress: 
A role in chronic obstructive pulmonary 
disease skeletal muscle dysfunction. 
Am J Respir Crit Care Med. 2010 Aug 
15;182(4):477-88.

[32] Zemskov EA, Lu Q, Ornatowski W, 
Klinger CN, Desai AA, Maltepe E, et al.  
Biomechanical Forces and Oxidative 
Stress: Implications for Pulmonary 
Vascular Disease. Antioxid Redox 
Signal. 2019 Oct 20 [cited 2020 Sep 8]; 
31(12):819-42.

[33] Davies PF. Flow-mediated 
endothelial mechanotransduction. Vol. 
75, Physiological Reviews. American 
Physiological Society; 1995. p. 519-60.

[34] Mohan S, Koyoma K, Thangasamy A, 
Nakano H, Glickman RD, Mohan N. 
Low shear stress preferentially enhances 
IKK activity through selective sources of 
ROS for persistent activation of NF-κB 
in endothelial cells. Am J Physiol Physiol. 
2007 Jan;292(1):C362-71.

[35] White SJ, Hayes EM, Lehoux S, 
Jeremy JY, Horrevoets AJG, Newby AC. 
Characterization of the differential 
response of endothelial cells exposed to 
normal and elevated laminar shear stress. 
J Cell Physiol. 2011 Nov;226(11):2841-8.

[36] Lu X, Kassab GS. Nitric oxide is 
significantly reduced in ex vivo porcine 
arteries during reverse flow because 
of increased superoxide production. J 
Physiol. 2004 Dec 1;561(2):575-82.

[37] Kubes P, Suzuki M, Granger DN. 
Nitric oxide: An endogenous modulator 
of leukocyte adhesion. Proc Natl Acad 
Sci U S A. 1991 Jun 1;88(11):4651-5.

[38] Marginean C, Popescu MS, 
Vladaia M, Tudorascu D, Pirvu DC, 
Petrescu F. Involvement of Oxidative 
Stress in COPD. Curr Heal Sci J. 2018; 
44(1):48-55.

[39] Murray CJL, Lopez AD. Measuring 
the global burden of disease. Vol. 369, 

New England Journal of Medicine. 
Massachussetts Medical Society; 2013. 
p. 448-57.

[40] Repine JE, Bast A, Lankhorst I. 
Oxidative stress in chronic obstructive 
pulmonary disease. Vol. 156, American 
Journal of Respiratory and Critical Care 
Medicine. American Thoracic Society; 
1997. p. 341-57.

[41] Kinnula VL, Crapo JD. Superoxide 
dismutases in the lung and human lung 
diseases. Vol. 167, American Journal of 
Respiratory and Critical Care Medicine. 
Am J Respir Crit Care Med; 2003.  
p. 1600-19.

[42] Pastori D, Andreozzi P, 
Carnevale R, Bartimoccia S, Limaj S, 
Melandri S, et al. Does the Coexistence 
of Chronic Obstructive Pulmonary 
Disease and Atrial Fibrillation Affect 
Nox2 Activity and Urinary Isoprostanes 
Excretion? Vol. 31, Antioxidants and 
Redox Signaling. Mary Ann Liebert Inc.; 
2019. p. 786-90.

[43] Birben E, Sahiner UM, Sackesen C, 
Erzurum S, Kalayci O. Oxidative stress 
and antioxidant defense. Vol. 5, World 
Allergy Organization Journal. BioMed 
Central Ltd.; 2012. p. 9-19.

[44] Cheresh P, Kim SJ, Tulasiram S,  
Kamp DW. Oxidative stress and 
pulmonary fibrosis. Vol. 1832, 
Biochimica et Biophysica Acta - 
Molecular Basis of Disease. Biochim 
Biophys Acta; 2013. p. 1028-40.

[45] Jones DP. Extracellular redox state: 
Refining the definition of oxidative 
stress in aging. In: Rejuvenation 
Research. Rejuvenation Res; 2006. p. 
169-81.

[46] Osborn-Heaford HL, Ryan AJ, 
Murthy S, Racila AM, He C, Sieren JC, et 
al. Mitochondrial Rac1 GTPase import 
and electron transfer from cytochrome 
c are required for pulmonary fibrosis. J 
Biol Chem. 2012 Jan 27;287(5):3301-12.



13

Innovative In Vitro Models for the Study of Lung Diseases
DOI: http://dx.doi.org/10.5772/intechopen.95300

[47] Murthy S, Adamcakova-Dodd A, 
Perry SS, Tephly LA, Keller RM, 
Metwali N, et al. Modulation of reactive 
oxygen species by Rac1 or catalase 
prevents asbestos-induced pulmonary 
fibrosis. Am J Physiol - Lung Cell Mol 
Physiol. 2009 Nov;297(5).

[48] He C, Murthy S, McCormick ML,  
Spitz DR, Ryan AJ, Carter AB. 
Mitochondrial Cu,Zn-superoxide 
dismutase mediates pulmonary fibrosis 
by augmenting H2O2 generation. J Biol 
Chem. 2011 Apr 29;286(17):15597-607.

[49] Liu G, Cheresh P, Kamp DW. 
Molecular basis of asbestos-induced 
lung disease. Vol. 8, Annual Review 
of Pathology: Mechanisms of Disease. 
Annual Reviews Inc.; 2013. p. 161-87.

[50] Galluzzi L, Kepp O, Trojel-Hansen C, 
Kroemer G. Non-apoptotic functions of 
apoptosis-regulatory proteins. Vol. 13, 
EMBO Reports. EMBO Rep; 2012.  
p. 322-30.

[51] Crestani B, Besnard V, Boczkowski J. 
Signalling pathways from NADPH 
oxidase-4 to idiopathic pulmonary 
fibrosis. Vol. 43, International Journal of 
Biochemistry and Cell Biology. Elsevier 
Ltd; 2011. p. 1086-9.

[52] Carnesecchi S, Deffert C, Donati Y, 
Basset O, Hinz B, Preynat-Seauve O, 
et al. A key role for NOX4 in epithelial 
cell death during development of lung 
fibrosis. Antioxidants Redox Signal. 
2011 Aug 1;15(3):607-19.

[53] Manoury B, Nennan S, Leclerc O, 
Guenon I, Boichot E, Planquois JM, 
et al. The absence of reactive oxygen 
species production protects mice against 
bleomycin-induced pulmonary fibrosis. 
Respir Res. 2005 Jan 21;6(1).

[54] Liu RM, Gaston Pravia KA. 
Oxidative stress and glutathione in 
TGF-β-mediated fibrogenesis. Vol. 48, 
Free Radical Biology and Medicine. Free 
Radic Biol Med; 2010. p. 1-15.

[55] Todd NW, Luzina IG, Atamas SP. 
Molecular and cellular mechanisms of 
pulmonary fibrosis. Vol. 5, Fibrogenesis 
and Tissue Repair. BioMed Central; 
2012. p. 11.

[56] Moeller A, Ask K, Warburton D, 
Gauldie J, Kolb M. The bleomycin 
animal model: A useful tool to 
investigate treatment options for 
idiopathic pulmonary fibrosis? Vol. 40, 
International Journal of Biochemistry 
and Cell Biology. Pergamon; 2008.  
p. 362-82.

[57] Sneddon LU, Halsey LG, Bury NR.  
Considering aspects of the 3Rs 
principles within experimental 
animal biology. Vol. 220, Journal of 
Experimental Biology. Company of 
Biologists Ltd; 2017. p. 3007-16.

[58] Shamir ER, Ewald AJ. Three-
dimensional organotypic culture: 
Experimental models of mammalian 
biology and disease. Vol. 15, Nature 
Reviews Molecular Cell Biology. Nature 
Publishing Group; 2014. p. 647-64.

[59] Kotton DN, Morrisey EE. Lung 
regeneration: Mechanisms, applications 
and emerging stem cell populations. Vol. 
20, Nature Medicine. Nature Publishing 
Group; 2014. p. 822-32.

[60] Kumar PA, Hu Y, Yamamoto Y, 
Hoe NB, Wei TS, Mu D, et al. Distal 
airway stem cells yield alveoli in vitro 
and during lung regeneration following 
H1N1 influenza infection. Cell. 2011 Oct 
28;147(3):525-38.

[61] Ling TY, Kuo M Der, Li CL, Yu AL, 
Huang YH, Wu TJ, et al. Identification 
of pulmonary Oct-4+ stem/progenitor 
cells and demonstration of their 
susceptibility to SARS coronavirus 
(SARS-CoV) infection in vitro. 
Proc Natl Acad Sci U S A. 2006 Jun 
20;103(25):9530-5.

[62] Chimenti I, Pagano F, Angelini F, 
Siciliano C, Mangino G, Picchio V, et al. 



Cell Interaction - Molecular and Immunological Basis for Disease Management

14

Human lung spheroids as in vitro niches 
of lung progenitor cells with distinctive 
paracrine and plasticity properties. Stem 
Cells Transl Med. 2017;6(3).

[63] Pagano F, Nocella C, Sciarretta S, 
Fianchini L, Siciliano C, Mangino G, 
et al. Cytoprotective and Antioxidant 
Effects of Steen Solution on Human 
Lung Spheroids and Human Endothelial 
Cells. Am J Transplant. 2017 Jul 1;17(7): 
1885-94.

[64] Carnevale R, Biondi-Zoccai G, 
Peruzzi M, De Falco E, Chimenti I, 
Venuta F, et al. New insights into the 
steen solution properties: Breakthrough 
in antioxidant effects via NOX2 
downregulation. Oxid Med Cell Longev; 
2014.

[65] Khedoe PPSJ, Ng-Blichfeldt J-P,  
Van Schadewijk A, Marciniak SJ,  
Koenigshoff M, Gosens R, et al. 
Impairment of lung organoid formation 
by cigarette smoke treatment of 
mesenchymal cells. In: European 
Respiratory Journal. European 
Respiratory Society (ERS); 2018. 
p. PA4274.

[66] Strikoudis A, Cieślak A, Loffredo L,  
Chen YW, Patel N, Saqi A, et al. 
Modeling of Fibrotic Lung Disease 
Using 3D Organoids Derived from 
Human Pluripotent Stem Cells. Cell Rep. 
2019 Jun 18;27(12):3709-3723.e5.

[67] Nishina T, Komazawa-Sakon S, 
Yanaka S, Piao X, Zheng D-M, Piao J-H, 
et al. Interleukin-11 Links Oxidative 
Stress and Compensatory Proliferation. 
Sci Signal. 2012 Jan 17;5(207):ra5–ra5.

[68] Wilkinson DC, Alva-Ornelas JA, 
Sucre JMS, Vijayaraj P, Durra A, 
Richardson W, et al. Development of 
a Three-Dimensional Bioengineering 
Technology to Generate Lung Tissue for 
Personalized Disease Modeling. Stem 
Cells Transl Med. 2017 Feb;6(2):622-33.

[69] Surolia R, Li FJ, Wang Z, Li H, 
Dsouza K, Thomas V, et al. Vimentin 

intermediate filament assembly 
regulates fibroblast invasion in fibro-
genic lung injury. JCI Insight. 2019 Apr 
4;4(7).

[70] Wu Q , Liu J, Wang X, Feng L, Wu J, 
Zhu X, et al. Organ-on-a-chip: Recent 
breakthroughs and future prospects. 
Vol. 19, BioMedical Engineering Online. 
BioMed Central Ltd.; 2020. p. 1-19.

[71] Huh D, Matthews BD, Mammoto A,  
Montoya-Zavala M, Hsin HY, 
Science DEI. Reconstituting Organ-
Level Lung Functions on a Chip. 2010.

[72] Whitesides GM, Ostuni E, 
Takayama S, Jiang X, Ingber DE. SOFT 
LITHOGRAPHY IN BIOLOGY AND 
BIOCHEMISTRY. 2001.

[73] Asmani M, Velumani S, Li Y, 
Wawrzyniak N, Hsia I, Chen Z, et al. 
Fibrotic microtissue array to predict 
anti-fibrosis drug efficacy. Nat 
Commun. 2018 Dec 1;9(1):1-12.

[74] Zhao R, Boudou T, Wang WG, 
Chen CS, Reich DH. Decoupling cell 
and matrix mechanics in engineered 
microtissues using magnetically 
actuated microcantilevers. Adv Mater. 
2013 Mar 25;25(12):1699-705.

[75] Sellgren KL, Butala EJ, Gilmour BP, 
Randell SH, Grego S. A biomimetic 
multicellular model of the airways using 
primary human cells. Lab Chip. 2014 
Sep 7;14(17):3349-58.

[76] Mortaz E, Adcock IA. Limitation 
of COPD Studies in Animal Modeling. 
Tanaffos. 2012;11(3):7-8.

[77] Adamson J, E L, Phillips G, D M. 
In vitro Models of Chronic Obstructive 
Pulmonary Disease (COPD). In: 
Bronchitis. InTech; 2011.

[78] Bals R, Beisswenger C, Blouquit S,  
Chinet T. Isolation and air-liquid 
interface culture of human large airway 
and bronchiolar epithelial cells. J Cyst 
Fibros. 2004 Aug 1;3(SUPPL. 2):49-51.



15

Innovative In Vitro Models for the Study of Lung Diseases
DOI: http://dx.doi.org/10.5772/intechopen.95300

[79] van Riet S, Ninaber DK, 
Mikkers HMM, Tetley TD, Jost CR, 
Mulder AA, et al. In vitro modelling of 
alveolar repair at the air-liquid interface 
using alveolar epithelial cells derived 
from human induced pluripotent stem 
cells. Sci Rep. 2020 Dec 1;10(1):1-12.

[80] Shrestha J, Razavi Bazaz S,  
Aboulkheyr Es H, Yaghobian 
Azari D, Thierry B, Ebrahimi 
Warkiani M, et al. Lung-on-a-chip: the 
future of respiratory disease models 
and pharmacological studies. Crit Rev 
Biotechnol. 2020 Feb 17;40(2):213-30.

[81] Benam KH, Mazur M, Choe Y,  
Ferrante TC, Novak R, Ingber DE. 
Human lung small airway-on-a-chip 
protocol. In: Methods in Molecular 
Biology. Humana Press Inc.; 2017.  
p. 345-65.

[82] Benam KH, Villenave R, Lucchesi C, 
Varone A, Hubeau C, Lee HH, et al. 
Small airway-on-a-chip enables analysis 
of human lung inflammation and drug 
responses in vitro. Nat Methods. 2016 
Feb 1;13(2):151-7.

[83] Benam KH, Novak R, Ferrante TC, 
Choe Y, Ingber DE. Biomimetic smoking 
robot for in vitro inhalation exposure 
compatible with microfluidic 
organ chips. Nat Protoc. 2020 Feb 
1;15(2):183-206.

[84] Benam KH, Novak R, Nawroth J, 
Hirano-Kobayashi M, Ferrante TC, 
Choe Y, et al. Matched-Comparative 
Modeling of Normal and Diseased 
Human Airway Responses Using a 
Microengineered Breathing Lung Chip. 
Cell Syst. 2016 Nov 23;3(5):456-466.e4.

[85] Nesmith AP, Agarwal A, Mccain ML, 
Parker KK. Human Airway Musculature 
on a Chip: An In vitro Model of Allergic 
Asthmatic Bronchoconstriction and 
Bronchodilation.

[86] Nawroth JC, Lucchesi C, Cheng D, 
Shukla A, Ngyuen J, Shroff T, et al. A 

Micro-Engineered Airway Lung-Chip 
Models Key Features of Viral-Induced 
Exacerbation of Asthma. Am J Respir 
Cell Mol Biol. 2020 Jul 24;

[87] Villenave R, Lucchesi C, Lee 
H-H, Nguyen J, Varone A, Karalis K, 
et al. Severe Asthma on-Chip: a novel 
platform enables study of viral-
induced exacerbations in asthma and 
drug response In vitro. In: European 
Respiratory Journal. European 
Respiratory Society (ERS); 2017.  
p. PA4136.

[88] Henry OYF, Villenave R, Cronce MJ, 
Leineweber WD, Benz MA, Ingber DE. 
Organs-on-chips with integrated 
electrodes for trans-epithelial electrical 
resistance (TEER) measurements of 
human epithelial barrier function. Lab 
Chip. 2017 Jul 7;17(13):2264-71.


