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Novel in vitro respiratory models to study lung
development, physiology, pathology and toxicology
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Abstract

Detailed studies of lung pathology in patients

during the course of development of acute lung

injury or respiratory distress are limited, and in the

past information related to lung-specific responses

has been derived from the study of lungs from
patients who died at autopsy or from animal

models. Development of good in vitro human tissue
models would help to bridge the gap in our current
knowledge of lung responses and provide a better
understanding of lung development, physiology and
pathology. In vitro models of simple one-cell or two-
cell culture systems as well as complex multicellular
lung analogs that reproduce defined components

of specific human lung responses have already been
realized. A benefit of current in vitro lung models is
that hypotheses generated from review of data from
human or animal disease studies can be tested directly
in engineered human tissue models. Results of studies
done using simple in vitro lung systems or more
complex three-dimensional models have already been
used to examine cell-based responses, physiologic
functions, pathologic changes and even drug toxicity
or drug responses. In the future we will create models
with specific genetic profiles to test the importance

of single gene products or pathways of significance.
Recent development of microfluidics-based models
that support high-throughput screening will allow
early-stage toxicity testing in human systems and faster
development of new and innovative medical products.
Model design in the future will also allow for evaluation
of multiple organ systems at once, providing a more
holistic or whole-body approach to understanding
human physiology and responses.
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Introduction

Use of lung tissue slices to identify cellular events that
influence lung physiology has provided some information
related to lung responses and disease development. The
problems with culture of tissue slices are that human
organ slices can be difficult to obtain and survival of
slices is limited to a few days [1]. Because of these
problems, most researchers have utilized in vitro cell
culture models to answer basic questions related to human
cellular responses in the lung. The topic of engineering
lung tissue and development of respiratory models has
been extensively reviewed by the authors [2,3], and this
narrative is intended as an update and summary of the
field.

One of the earliest models used to study lung develop-
ment, an in vitro culture of pieces of intact fetal lung,
indicated that there were critical differences in the
development of submersion-cultured fetal lung cell-
scaffold constructs versus air-interface-cultured fetal
lung constructs [4]. Subsequent work focused on the con-
struction of alveolar-like tissue structures using primary
type II cells grown in three-dimensional (3D) collagen
gels that supported production of surfactant proteins [5].
Later models focused on formation of models of the
pulmonary-—alveolar—capillary barrier, the major anato-
mical component necessary for support of gas exchange
in the lung [6]. These early simple one-cell or two-cell
culture models provided information related to physio-
logic function of cell types found in the upper and lower
airways but did not allow for assessment of more complex
cell—cell or cell-matrix interactions.

Development of better 3D lung tissue models became
the goal, and this was driven by the desire to better
understand basic interactions of epithelial cells and extra-
cellular matrix [7,8]. Early reports by Blau and colleagues
indicated that rabbit fetal lung tissue cultured on
Englebreth—-Holm—-Swarm tumor membrane could
support production of type II pneumocytes [7]. Depend-
ing on the culture conditions, cuboidal cells could be
produced that contained lamellar bodies, a characteristic
marker of type II pneumocytes.

Information gained from these early systems paved the
way for later design and execution of more complex
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multicell engineered lung tissue equivalents [9-12].
Formation of human composite respiratory mucosa using
normal human bronchial cells cocultured with bone
marrow mesenchymal stem cells under air-interface
conditions allowed for the formation of mucus-producing
cells in vitro [12]. This model of respiratory epithelium
exhibited structural and functional features of tracheal
mucosa such as cytokeratin production, mucus produc-
tion and mucus secretion and modeled basic airway
repair mechanisms, an important step in the process of
developing more complex physiologic models.

An exceptional physiologic model of airway mucosa
used IMR-90 (human lung fibroblast) and normal human
bronchial epithelial cells in a collagen scaffold [13-15].
Collagen II, fibronectin and mucus were produced in this
system. This model was used to determine the role of
mechanical stress on epithelial and endothelial cell
development, response and survival, and provided infor-
mation related to epithelial cell interactions with extra-
cellular matrix.

Studies by Cortiella and colleagues in 2006 used
engineered lung tissue constructs as a developmental
model to examine progenitor cell differentiation, res-
ponse to growth factors and lung tissue formation. In
vitro differentiation of a heterogeneous mixture of ovine
somatic lung progenitor cells into pulmonary epithelium
was performed on polyglycolic acid or pluronic F-127
scaffolds, producing cells expressing Clara cell protein 10,
cytokeratin and surfactant protein C by immunostaining,
which was validated by western blot for Clara cell protein
10 and surfactant protein C [16]. Scanning electron
microscopy of the engineered tissue constructs
demonstrated organization of the cells into pulmonary
structures morphologically similar to alveoli. Mondrinos
and colleagues used a similar engineered tissue model to
examine the differential effects of fibroblast growth
factor-2, fibroblast growth factor-7 and fibroblast growth
factor-10 on distal lung morphogenesis in collagen gel.
Results showed that fibroblast growth factor-2/fibroblast
growth factor-7/fibroblast growth factor-10 induced
robust budding of the epithelial cell structures, resulting
in formation of a uniform endothelial network parallel to
the epithelium [17].

Development of good in vitro models of lung disease or
lung pathology has been limited. A model of airway
mucosa produced from epithelial cells and fibroblasts
isolated from asthmatic and nonasthmatic volunteers
was used to form a human bronchi model and was an
early attempt to generate a pathologic airway response
system [4,18]. Another complex pathologic model
includes culture of human umbilical cord endothelial cell
line with an epithelial cell line, A549, to form a two-layer
construct that was used to examine early events in
Mycobacterium tuberculosis infection [19]. Peripheral
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blood-derived leukocytes were added to the cell layers
and this immune-tissue model allowed for examination
of leukocyte movement and the influence of inflamma-
tory cytokines on epithelial and endothelial cell growth
and survival following exposure to M. tuberculosis.

For the generation of standardized lung models, pro-
duction of lung tissue from cells derived from a
renewable source such as embryonic stem cells (ESC) or
induced pluripotent cells is appealing, since this offers
the possibility of production of many same-size portions
of 3D tissue for replicate culture and exposure under
homogeneous conditions. Although 3D models of airway
generated from human ESC have not been realized, the
capacity of murine ESC to generate airway epithelia has
been mentioned [20,21]. Ciliated epithelial cells, Clara
cells and type II alveolar epithelial cells expressing
surfactant protein A with production and secretion of
surfactant protein A was described by Cortiella and
colleagues, and an example of the tissue development
realized by this model is shown in Figure 1 [21]. These
were the first reports of the capability for differentiation
of ESC to produce differentiated airway epithelial tissue
and were milestones in the development of engineered
lung constructs from a renewable stem cell source. ESC
possess the potential to produce all cell types found in
the normal lung. A model consisting of 3D microgel
platforms seeded with ESC that mimicked stem cell
niches was used to promote vasculogenesis and pattern-
ing of tissue formation. This model provided substantial
information regarding extrinsic cues provided by soluble
factors or extracellular matrix at early stages of germ-
layer formation and embryonic development [22].
Derivation of lung progenitors from patient-specific
cystic-fibrosis-induced pluripotent stem cells has been an
important step in the production of differentiated lung
epithelium for disease modeling, with potential for use in
the design of patient-specific therapies for cystic fibrosis
or other lung diseases in the future [23].

Recently a series of microfluidic 3D lung-on-a-chip
models have been produced that are specifically designed
to meet the high-throughput needs of drug and toxicity
testing [24,25]. These microfluidic-based in vitro devices
recreate specific components of lung physiology and
pathology such as air-interface responses or epithelial—
capillary barriers. Microfluidic lung models have also
been used to create a human disease model-on-a-chip
that mimics pulmonary edema [26]. This device was used
to reproduce drug toxicity-induced pulmonary edema
observed in human cancer patients. Of particular interest
is the development of patient-specific 3D lung cancer
systems with potential for use in the formulation of
individualized chemotherapy schemes to select specific
drugs or drug combinations for patient-based lung
cancer therapy [25].
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Figure 1. Production of respiratory tissue from murine embryonic stem cells on whole acellular trachea-lung scaffold. (A) Staining
control, 4,6-diamidino-2-phenylindole (DAPI)-blue. (B), (C) Production of ciliated epithelial cells in the lower trachea. (D) Staining control for (E).
(E) Production of Clara cells in upper bronchi of whole recellularized trachea—lung. CC10, Clara cell protein 10. (F) Staining control for (G). (G)
Production of cells expressing surfactant protein A (SPA) indicating the presence of type Il alveolar epithelial cells. Modified version of a figure

adapted from Cortiella and colleagues [21].
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Analysis of the knowledge gaps

The mechanism of lung injury to be studied defines the
cell-type requirements and, often, the critical numbers or
types of cells necessary to support development of
mechanistic responses in lung models. Some human
disease mechanisms are difficult to reproduce in vitro due
to the complex interplay between different cell or tissue
types. Traditional cell culture assays to examine toxicity or
pathogenicity in two-dimensional systems are often flawed
due to dependency on immortalized cell lines that do not
adequately reflect biology and response of primary human
cells, due to reliance on single-cell systems that fail to
recognize cell-cell interactions with the microenviron-
ment, and due to reliance on artificial two-dimensional
monolayers for modeling complex diseases.

Modeling a complex 3D soft tissue such as the lung is
difficult since, pathophysiologically, even lung toxicity
involves alveolar epithelial type I and type II cells, lung
fibroblasts, endothelial cells and potentially many other
cell types. Models that examine lung injury due to

trauma, microbial pathogenesis or adverse drug reactions
in the lung have been produced. These models generally
focus on responses of the pulmonary parenchyma, the
pleura, the airways or the pulmonary endothelium, and
few allow for examination of complex problems such as
development of lung fibrosis. Even models that examine
the direct action of toxins/drugs that cause cell death,
induce apoptosis, or modulate biomolecule production
by lung cells do not allow for evaluation of the responses
of immune that also contribute to lung damage. Because
of these problems, little is known regarding mechanisms
involving lung damage, lung fibrosis or metabolism of
drugs in the human lung.

Projecting future needs and directions

Although a great deal of information regarding cell
contact and rudimentary tissue formation has been
gathered from the study of transformed and clonally
related cell lines grown in either two-dimensional or 3D
systems, long-term culture of these models will not be
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possible until microfluidic support devices are developed
to provide adequate circulation of media into and meta-
bolic waste out of these cultures. In the future, models will
need to be developed from reproducible or standardized
cell sources such as human immortalized adult cells,
human ESC or human induced pluripotent stem cells to fit
the needs of high-throughput evaluations of drugs or drug
toxicity. Formation of lung-on-a-chip-based microfluidic
systems will help to answer many of the questions we have
regarding lung pathology and toxicology.

Engineered 3D lung tissue constructs that mimic
complex tissue physiology have amazing potential for use
as lung physiology or disease pathology models, but
models requiring large numbers of cells (greater than
5 million to 6 million per well), multiple cell populations
or use of specific extracellular components or natural
scaffolds are often not suitable for the generation of
standardized microfluidics-based high-throughput sys-
tems for drug discovery or toxicity testing. In the future,
to produce a more holistic view of human drug responses,
platforms will need to be developed that support linkage
of lung-on-a-chip devices with other microphysiological
organotypic chips such as the kidney, heart, liver or skin.
Lung on a chip type devices would allow the evaluation of
the effects of toxic metabolites or physiologic waste
materials produced from other organ systems on lung-
specific responses, lung diseases and development of
drug toxicity in the lung.

Abbreviations
3D, three-dimensional; ESC, embryonic stem cells.

Competing interests
The authors declare that they have no competing interests.

Acknowledgements

This research, and publication of this article, was supported by a U18
grant from the National Institutes of Health, National Center for Advancing
Translational Sciences (NCATS)[Grant No. 1-U18-TR-000560].

Declarations

Publication of this supplement has not been supported by sponsorship.
Articles have undergone the journal’s standard review process. The Editors
declare that they have no competing interests.

This article has been published as part of Stem Cell Research & Therapy
Volume 4 Supplement 1, 2013: Stem cells on bioengineered
microphysiological platforms for disease modeling and drug testing.
The full contents of the supplement are available online at
http://www.stemcellres.com/supplements/4/51.

Author details

'Department of Internal Medicine, Division of Infectious Diseases, University
of Texas Medical Branch, 301 University Boulevard, Galveston, TX 77555-0435,
USA. 2Department of Microbiology and Immunology, University of Texas
Medical Branch, 301 University Boulevard, Galveston, TX 77555-0435, USA.
*Department of Anesthesiology, University of Texas Medical Branch, 301
University Boulevard, Galveston, TX 77555-0591, USA.

Published: 20 December 2013

References
1. Sanderson MJ: Exploring lung physiology in health and disease with lung
slices. Pulm Pharmacol Ther 2011, 24:452-465.

20.

21.

22.

23.

24.

25.

Page 4 of 5

Nichols JE, Cortiella J: Engineering of a complex organ: progress toward
development of a tissue-engineered lung. Proc Am Thorac Soc 2008,
5:723-730.

Nichols JE, Niles JA, Cortiella J: Design and development of tissue
engineered lung: Progress and challenges. Organogenesis 2009, 5:57-61.
Chakir J, Pagé N, Hamid Q, Laviolette M, Boulet LP, Rouabhia M: Bronchial
mucosa produced by tissue engineering: a new tool to study cellular
interactions in asthma. J Allergy Clin Immunol 2001, 107:36-40.

Sugihara H, Toda S, Miyabara S, Fujiyama C, Yonemitsu N: Reconstruction of
alveolus-like structure from alveolar type Il epithelial cells in three-
dimensional collagen gel matrix culture. Am J Pathol 1993, 142:783-792.
Hermanns MI, Unger RE, Kehe K, Peters K, Kirkpatrick CJ: Lung epithelial cell
lines in coculture with human pulmonary microvascular endothelial cells:
development of an alveolo-capillary barrier in vitro. Lab Invest 2004,
84:736-752.

Blau H, Guzowski DE, Siddiqi ZA, Scarpelli EM, Bienkowski RS: Fetal type 2
pneumocytes form alveolar-like structures and maintain long-term
differentiation on extracellular matrix. J Cell Physiol 1988, 136:203-214.
Andrade CF, Wong AP, Waddell TK, Keshavjee S, Liu M: Cell-based tissue
engineering for lung regeneration. Am J Physiol Lung Cell Mol Physiol 2007,
292:L510-L518.

Chen P, Marsilio E, Goldstein RH, Yannas IV, Spector M: Formation of lung
alveolar-like structures in collagen-glycosaminoglycan scaffolds in vitro.
Tissue Eng 2005, 11:1436-1448.

DuY,LoE, Ali'S, Khademhosseini A: Directed assembly of cell-laden microgels
for fabrication of 3D tissue constructs. Proc Natl Acad Sci U S A 2008,
105:9522-9527.

Miller C, George S, Niklason L: Developing a tissue-engineered model of the
human bronchiole. J Tissue Eng Regen Med 2010, 4:619-627.

Le Visage C, Dunham B, Flint P, Leong KW: Coculture of mesenchymal stem
cells and respiratory epithelial cells to engineer a human composite
respiratory mucosa. Tissue Eng 2004, 10:1426-1435.

Choe MM, Sporn PH, Swartz MA: An in vitro airway wall model of remodeling.
Am J Physiol Lung Cell Mol Physiol 2003, 285:L427-.433.

Choe MM, Sporn PH, Swartz MA: Extracellular matrix remodeling by dynamic
strain in a three-dimensional tissue-engineered human airway wall model.
Am J Respir Cell Mol Biol 2006, 35:306-313.

Choe MM, Tomei AA, Swartz MA: Physiological 3D tissue model of the airway
wall and mucosa. Nat Protoc 2006, 1:357-362.

Cortiella J, Nichols JE, Kojima K, Bonassar LJ, Dargon P, Roy AK, Vacant MP, Niles
JA, Vacanti CA: Tissue-engineered lung: an in vivo and in vitro comparison of
polyglycolic acid and pluronic F-127 hydrogel/somatic lung progenitor cell
constructs to support tissue growth. Tissue Eng 2006, 12:1213-1225.
Mondrinos MJ, Koutzaki S, Lelkes P, Finck CM: A tissue-engineered model of
fetal distal lung tissue. Am J Physiol Lung Cell Mol Physiol 2007, 293:L639-L650.
Paquette JS, MoulinV, Tremblay P, Bernier V, Boutet M, Laviolette M, Auger FA,
Boulet LP, Goulet F: Tissue-engineered human asthmatic bronchial
equivalents. Fur Cell Mater 2004, 7:1-11.

Birkness KA, Guarner J, Sable SB, Tripp RA, Kellar KL, Bartlett J, Quinn FD:

An in vitro model of the leukocyte interactions associated with granuloma
formation in Mycobacterium tuberculosis infection. Immunol Cell Biol 2007,
85:160-168.

Coraux C, Nawrocki-Raby B, Hinnrasky J, Kileztky C, Gaillard D, Dani C, Puchelle
E: Embryonic stem cells generate airway epithelial tissue. Am J Respir Cell Mol
Biol 2005, 32:87-92.

Cortiella J, Niles J, Cantu A, Brettler A, Pham A, Vargas G, Winston S, Wang J,
Walls S, Nichols JE: Influence of acellular natural lung matrix on murine
embryonic stem cell differentiation and tissue formation. Tissue Eng Part A
2010, 16:2565-2580.

QiH, DuY,Wang L, Kaji H, Bae H, Khademhosseini: A Patterned differentiation
of individual embryoid bodies in spatially organized 3D hybrid microgels.
Adv Mater 2010, 22:5276-5281.

Mou H, Zhao R, Sherwood R, Ahfeldt T, Lapey A, Wain J, Sicilian L, Izvolsky K,
Musunuru K, Cowan C, Rajagopal J: Generation of multipotent lung and
airway progenitors from mouse ESCs and patient-specific cystic fibrosis
iPSCs. Cell Stem Cell 2012, 10:385-397.

Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, Hsin HY, Ingber DE:
Reconstituting organ-level lung functions on a chip. Science 2010,
328:1662-1668.

XuZ,GaoY,HaoY, Li £, Wang Y, Zhang J, Wang W, Gao Z, Wang Q: Application
of a microfluidic chip-based 3D co-culture to test drug sensitivity for
individualized treatment of lung cancer. Biomaterials 2013, 34:4109-4117.



Nichols et al. Stem Cell Research & Therapy 2013, 4(Suppl 1):S7
http://stemcellres.com/content/4/S1/S7

26. Huh D, Leslie DC, Matthews BD, Fraser JP, Jurek S, Hamilton GA, Thorneloe KS,
McAlexander MA, Ingber DE: A human disease model of drug toxicity-
induced pulmonary edema in a lung-on-a-chip microdevice. Sci Trans/ Med
2012,4:159ra147.

Page 50of 5

doi:10.1186/scrt368

Cite this article as: Nichols JE, et al.: Novel in vitro respiratory models to
study lung development, physiology, pathology and toxicology. Stem Cell
Research & Therapy 2013, 4(Suppl 1):S7.




	Abstract
	Introduction
	Analysis of the knowledge gaps
	Projecting future needs and directions
	Abbreviations
	Competing interests
	Acknowledgements
	Declarations
	Author details
	References

