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Exploring In Vitro Models: Advances and Challenges in Human Respiratory Tract
Research

Exploracion de modelos in vitro: avances y desafios en la investigacion del tracto
respiratorio humano

Doris Cerecedo @

Abstract:

In recent years, significant efforts have been made to develop in vivo and ex vivo models that replicate the histology, physiology, and
pathology of human airways. However, translating these models to human applications has presented significant challenges,
particularly concerning ethical concerns related to the number of animals required for efficacy and safety assessments. As an
alternative, in vitro models have gained prominence, aiming to replicate human tissue characteristics. These models offer promising
correlations with human tissue, providing a more ethical, cost-effective, and rapid approach for obtaining reproducible results.
Standardizing patient-derived cell lines, spheroid and organoid culture models, scaffold and hydrogel cultures, tissue slices, tumor
xenograft models, patient-derived xenografts, and circulating tumor cells in vitro models is a crucial challenge. This standardization
would enhance the reproducibility and reliability of experimental outcomes, ultimately advancing our understanding of human biology
and disease mechanisms, and reducing the reliance on animal testing. In vitro models also offer the advantage of reducing reliance on
animal testing while providing a controlled environment that better elucidates cell-cell interactions compared to ex vivo models,
however, standardizing patient-derived cell lines, spheroid and organoid culture models, scaffold and hydrogel cultures, tissue slices,
tumour xenograft models, patient-derived xenograft and circulating tumour cell, is indeed a crucial challenge. The present manuscript
aims to summarize the state of the art regarding these culture tools designed to mimic specific human organ structures and functions,
with a focus on their application to regenerative pharmacology.
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Resumen:

En los ultimos afios, se han realizado importantes esfuerzos para desarrollar modelos in vivo y ex vivo que repliquen la histologia,
fisiologia y patologia de las vias respiratorias humanas. Sin embargo, traducir estos modelos a aplicaciones humanas ha presentado
desafios importantes, particularmente en lo que respecta a preocupaciones éticas relacionadas con la cantidad de animales necesarios
para las evaluaciones de eficacia y seguridad. Como alternativa, han ganado importancia los modelos in vitro, cuyo objetivo es replicar
las caracteristicas del tejido humano. Estos modelos ofrecen correlaciones prometedoras con el tejido humano, proporcionando un
enfoque mas ético, rentable y rapido para obtener resultados reproducibles. La estandarizacion de lineas celulares derivadas de
pacientes, modelos de cultivo de esferoides y organoides, cultivos de andamios e hidrogeles, cortes de tejido, modelos de xenoinjertos
tumorales, xenoinjertos derivados de pacientes y modelos in vitro de células tumorales circulantes es un desafio crucial. Esta
estandarizacion mejoraria la reproducibilidad y confiabilidad de los resultados experimentales, lo que en Ultima instancia mejoraria
nuestra comprension de la biologia humana y los mecanismos de las enfermedades, y reduciria la dependencia de las pruebas con
animales. Los modelos in vitro también ofrecen la ventaja de reducir la dependencia de las pruebas con animales al tiempo que
proporcionan un entorno controlado que aclara mejor las interacciones entre células en comparacion con los modelos ex vivo; sin
embargo, estandarizan lineas celulares derivadas de pacientes, modelos de cultivo de esferoides y organoides, cultivos de andamios e
hidrogeles. , cortes de tejido, modelos de xenoinjerto tumoral, xenoinjerto derivado de paciente y células tumorales circulantes, es de
hecho un desafio crucial. El presente manuscrito tiene como objetivo resumir el estado del arte con respecto a estas herramientas de
cultivo disefiadas para imitar estructuras y funciones de érganos humanos especificos, con un enfoque en su aplicacion a la
farmacologia regenerativa.
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INTRODUCTION

Air pollution, comprising particulate matter (PM), gaseous
pollutants, and traffic-related emissions, contributes to over two
million global deaths annually, causing significant respiratory
system damage.! Additionally, it accounts for 14% of childhood
asthma cases.? The upper airway epithelium serves as the
primary protective barrier against environmental pollutants.
While numerous in vitro and ex vivo models have been
developed to emulate respiratory diseases,® replicating complex
cell-cell interactions and tissue remodeling processes remains a
significant challenge in typical cell culture systems. An ideal
model should establish robust correlations between in vitro and
in vivo data, thereby expediting drug development, conserving
resources, and enhancing product quality.* Recent
improvements in in vitro models aim to establish better parallels
with human tissue.> However, methodological variations,
diverse cell sources across species, and differing drug delivery
systems often complicate result interpretation and hinder cross-
study comparisons. This review provides an overview of the
most commonly employed strategies in attempting to simulate
the in vitro development of airway models.

THE AIRWAY SYSTEM

The respiratory system comprises a complex network, including
the trachea, airways, and distal alveoli, designed primarily for
gas exchange between blood and the external environment.
Environmental factors such as temperature fluctuations,
particulate matter, and allergens can pose risks to the overall
functionality of this branched airway network. Distinct
anatomical compartments within the lung's conducting airways
are lined with highly specialized epithelial cells, each with
specific functions that vary along the proximal-to-distal axis.
These  specialized  cells  establish  comprehensive
communication to facilitate their respective roles.®

The lung can be anatomically divided into two zones: the
conducting zone and the respiratory zone. The conducting zone
encompasses the trachea, bronchi, and conducting bronchioles,
while the respiratory zone includes regions responsible for gas
exchange—specifically, the terminal (respiratory) bronchioles
and alveoli (Figure 1).”* The lung presents a highly intricate
network of airways, lined with diverse luminal epithelial cell
types that manage airway hydration and safeguard against
pathogens and debris. Histologically these airway lineages are
sustained by basal cells capable of self-renewal and
differentiation into various luminal airway epithelia, including
goblet cells, club cells, multiciliated cells, neuroendocrine cells,
tuft cells, and ionocytes (Figure 2)"° arranged in a
pseudostratified epithelium. This epithelium plays a pivotal role
in protecting against inhaled toxins, particles, and pathogens. Its
structure and composition gradually shift from a
pseudostratified form with mainly ciliated cells to a simpler
columnar or cuboidal epithelium, with fewer ciliated cells and
an increased number of secretory cells, notably club cells. The
respiratory zone comprises endothelial cells in conjunction with

alveolar type 1 (AT1) and type 2 (AT2) cells. This intricate
arrangement, including the interjacent basement membrane,
facilitates the 0O2/CO2 exchange. This configuration
characterizes the critical respiratory zone (Figure 2).*%? In
humans, the airways gradually decrease in size, leading to the
generation of distinct compartments, such as the respiratory
bronchioles, ultimately culminating in the alveolar
parenchyma.’® The alveoli serve as sites where alveolar
epithelial type 1 (ATZ1) cells interface with the capillary plexus
to facilitate gas exchange between the external environment and
the vascular system. Alongside AT1 cells, the function of
alveolar epithelial type 2 (AT2) cells, which secrete pulmonary
surfactant, is crucial to prevent alveolar collapse at this air—
liquid interface. While the mature respiratory system maintains
its homeostatic structure and function, it possesses regenerative
capacities in response to injury. However, a deeper
understanding of the molecular mechanisms and available tools
governing the spatial and temporal guidance of cells during this
intricate regenerative process is crucial. '
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Figure 1. Anatomical model of human airway*

AIRWAY DEVELOPMENT

The development of the branched network of airways and gas
exchange surfaces is closely intertwined with the cardiovascular
system, establishing a crosstalk between endodermal
development and the lung mesoderm, influencing the various
cell lineages within the lung, airways, and vascular smooth
muscle and pericytes.’®*” In human development, the formation
of the right and left lung anlage arises from the primitive foregut
endoderm around day 26 post-conception (p.c.). This process is
guided by the hallmark transcription factor Nkx2.1. Subsequent
to the separation of the trachea from the esophagus, the two lung
buds emerge.® Both lung buds elongate, initiating repetitive
growth into the surrounding mesenchyme through branching
morphogenesis. These developmental events persist through the
canalicular and saccular stages. The terminal branches
progressively narrow, and the epithelial sacs cluster to form
alveoli, maturing during the alveolarization stage for respiration
at birth.*
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Figure 2. Cell types found in the proximal airways (trachea,
bronchi, bronchioles and alveoli). Basal cells in the airway
pseudostratified epithelium function as the primary
progenitors and could differentiate into virtually every
airway epithelium cell population.*?

Histologically, lung development and maturation are
categorized into four stages: pseudoglandular, canalicular,
terminal saccular, and alveolar. During the pseudoglandular
stage (5-17 weeks of human pregnancy), the epithelial tubes
resembling an exocrine gland undergo  branching
morphogenesis.’*?2  However, the immature fluid-filled
primitive respiratory tree at this stage cannot efficiently support
gas exchange. In the canalicular stage (16 to 25 weeks of human
pregnancy), the respiratory tree expands in diameter and length,
accompanied by vascularization and angiogenesis. The airway
undergoes segmentation into respiratory bronchioles and
alveolar ducts, with differentiation of airway epithelial cells into
peripheral squamous cells and proximal cuboidal cells.'42%!
From 24 weeks to the late fetal period in humans, the terminal
saccular stage is characterized by significant thinning of the
interstitium and clearer differentiation of alveolar epithelial
cells into mature squamous type | pneumocytes and secretory
rounded type 1l pneumocytes.?®?* This stage is crucial for the
development of surfactant synthesis and secretion, ensuring the
lung can support air exchange in prematurely born neonates
without collapsing.

The alveolar stage (late fetal period to childhood in humans)
marks the culmination of lung development, showcasing
extensive surface area for efficient gas exchange,
approximately 70 m? in the human lung (Figure 3).1922-24

IN VITRO MODELS

Chronic respiratory diseases, ranked as the third leading cause
of death globally, prominently include chronic obstructive
pulmonary disease (COPD) and asthma, while conditions like

cystic fibrosis (CF) and primary ciliary dyskinesia (PCD) have
lower prevalence.?® The demand for effective treatments to
address the diverse clinical cases continues to rise. However,
many drug candidates, although proven safe and effective in
animal models, encounter setbacks during clinical trials.?6?7
These limitations have underscored disparities between animal
models and human physiology?, emphasizing the need for in
vitro models of differentiated airway epithelium that offer
practical and ethical advantages.?®
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Figure 3. Development of the airways. On average, an
airway of a human lung ends in an alveolar saccule after 23
generations; however, due to the shape of the lung, a range
of 18-30 generations.?*

IN VITRO MODELS

Chronic respiratory diseases, ranked as the third leading cause
of death globally, prominently include chronic obstructive
pulmonary disease (COPD) and asthma, while conditions like
cystic fibrosis (CF) and primary ciliary dyskinesia (PCD) have
lower prevalence.®® The demand for effective treatments to
address the diverse clinical cases continues to rise. However,
many drug candidates, although proven safe and effective in
animal models, encounter setbacks during clinical trials.??7
These limitations have underscored disparities between animal
models and human physiology?®, emphasizing the need for in
vitro models of differentiated airway epithelium that offer
practical and ethical advantages.?®

Recognizing the physiological relevance of 3-D biomimetic
human tissue models, the United States Food and Drug
Administration (FDA) waived the prerequisite for drugs in
development to undergo animal testing before human trial
participation in 2023.3° This shift highlights the imperative to
develop diverse in vitro models of airway epithelium. Presently,
these models vary in complexity and degree of differentiation,
encompassing two-dimensional (2-D) cell cultures that grow
cells as a monolayer on a flat plastic surface, offering a cost-
effective option but neglecting crucial cellular aspects such as
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polarity.®3 In response, more intricate models have emerged,
including air-liquid interface (ALI), organoid, lung-on-a-chip,
and three-dimensional (3-D) aggregate models utilizing rotating
wall vessel (RWV) bioreactors (Figure 4).

POrous
microcarmer

+ .:. boads
®e

N

h

| - _ }t.

e »

ung Spndkm ' Y V

monolayaer calls

Direaceor

‘\l.l&.i

B
AC

.¥ m'wm-«w e Thegoe
LOSNOEn Copry
P (3 tl‘;)\; 0

Cruaiad mon Sotnav cam

Figure 4. Trypsinized confluent monolayers get in contact
to porous microcarrier beads coated with extracellular
matrix are introduced into the slow-turning lateral vessel.
the lateral vessel is rotated along a horizontal axis offsets
sedimentation, causing gentle falling of the beads and cells
through the culture medium, resulting in the establishment
of three-dimensional tissue models.*

Air-liquid interface (ALI) cultures involve cells initially
submerged in cell culture medium using cell culture inserts on
microporous membranes. Once confluent, these cells undergo
differentiation upon exposure to air at the apical surface.>**
However, this model requires a 21-day incubation period and
involves expensive, labor-intensive maintenance, with
limitations in throughput. Organoids offer an alternative to
maintain in vivo cell characteristics, emerging as well-
organized 3-D structures derived from lung stem cells obtained
from bronchial brushing and embedded in an extracellular
matrix (ECM) gel.®* While efficient and physiologically
relevant, they pose challenges for infection studies.**4
Addressing this limitation, a recent innovation called "apical-
out" lungs has been introduced, specifically designed for
studying viral infections.*>4

The lung-on-a-chip model is another in vivo-like approach,
utilizing a microfluidic device that provides continuous
perfusion through porous membranes seeded with cells (Figure
5). This model simulates breathing motions under vacuum,
integrating phenotypic, structural, and biomechanical properties
akin to in vivo tissue, enhancing therapy responses.*+46
However, the model's extensive hands-on manipulation and
limited throughput constrain its widespread utilization.*’
Another alternative developed is the low fluid-shear culture
condition, where cells grow in an optimized suspension culture
on the surface of porous ECM-coated microcarrier beads. This
culture is facilitated within a rotating wall vessel (RWV)

bioreactor, promoting cell suspension (Figure 5).“*% This
method generates differentiated cell aggregates that are
accessible to external stimuli.®“32 Moreover, cells from the
bioreactor can be differentiated and distributed across multi-
well plates for simultaneous multi-testing under diverse

conditions.*8-%2
?"; :
b
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Figure 5. Lung in a chip model. This model includes
epithelial and lung-specific endothelial cells on either side of
a porous, ECM-coated membrane. Mechanical cues and
soluble factors critical to cell function and differentiation in
vivo are included.5®

The RWV-derived lung model predominantly utilizes the
adenocarcinoma A549 cell line, representing type Il alveolar
epithelial cells. This 3-D A549 model displays barrier function,
apical-basolateral polarity, and multicellular complexity. It
demonstrates a better replication of in vivo host responses to
infection compared to 2-D monolayers®° and accurately
mirrors the pathogen biofilm phenotype observed in chronic
lung diseases.>*

Furthermore, there are attempts to create engineered organ
replacements utilizing decellularized and recellularized lung
scaffolds.>® Although less probable, there's exploration into the
de novo generation of complex three-dimensional lung-like
tissues in culture, aiming for potential translational applications.

3D CULTURE SYSTEMS

3D culture systems, often referred to as organoids, have
significantly advanced the understanding of epithelial cell
behavior ex vivo, effectively mimicking the behaviors of their
in vivo counterparts.>”%® They have provided insights into the
role of the microenvironment that governs cell behavior.%%°
However, visualization of these 3D models can pose challenges,
often relying on imaging technologies for analysis.
Advancements in static and live imaging approaches, including
advanced organoid-clearing techniques and improved
automation in light-sheet fluorescence microscopy, have
facilitated  high-throughput  screening  of  organoid
experiments.®*
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The development of highly organized 3D tissues, known as
organoid culture systems, combining multiple lung cell types,
represents an optimal approach for regenerative strategies. They
replicate in vivo organogenesis processes by manipulating
critical aspects of the cell culture environment to mimic organ
structure and function.526® From airway and alveolar epithelial
progenitors, various organoids such as tracheospheres®,
alveospheres®, and other models have been developed.
Although significant progress has been made in delineating
lung development mechanisms and directing induced
pluripotent stem (iPS) cells towards mature lung lineages®-®7,
their application in tissue repair and translation to human
studies, especially for modeling severe infections®, is still in its
nascent stage.

Recently, the implementation of pluripotent stem cells (PSCs)
in organoid assay development has shown promising
correlations between mouse models and human diseases. This
integration of PSCs in organoids has opened avenues for
modeling genetic diseases, enabling drug screening, and the
potential development of cell therapies.®™

Previous studies have highlighted the regenerative potential of
cell lineages within the mammalian respiratory system,
demonstrating the capacity for regeneration following injury
through the activation of stem/progenitor populations or
proliferation-induced  cellular  expansion.  Furthermore,
significant progress has been made in generating lung epithelial
cells from embryonic stem cells (ESCs) and induced pluripotent
stem cells (iPSCs), providing an additional cell source for
disease modeling and potential cell-based therapies.”™ "2

In the realm of basic and applied research, significant
advancements have been made in tissue engineering. To
establish human airway models, researchers have often used
cancer-derived epithelial cell lines.”*™ Conversely, primary
airway epithelial cells possess the capacity to fully differentiate
into mature epithelium, yet challenges persist due to limited cell
duplications, donor tissue availability, and high donor
variability.®7®

Efforts to induce epithelial differentiation have incorporated
air-liquid-interface (ALI) culture methods™"’, which have
involved co-cultivation with fibroblasts to enhance the
differentiation potential of epithelial cells.”®™ Alternative
approaches have utilized collagen-coated transwell inserts®® or
multilayered cultures with more than one scaffold, although
maintaining cell-cell contacts poses challenges in these methods
(Figure 6).81%2 Key factors influencing the success of 3D human
airway models include the cell culture medium and the growth
factors added for enrichment.8182

The ultimate goal of many endeavors is to generate a human 3D
airway tissue model that develops a pseudostratified epithelium
comprising actively beating ciliated cells, mucin-secreting
goblet cells, and basal cells. These cell populations would be
complemented by stromal cells to form a biological scaffold.
Differentiated respiratory epithelium showcases distinct
characteristics including the formation of tight junctions, apical

and basolateral polarity, mucin secretion, and diverse cellular
complexity, encompassing ciliated cells, goblet cells, basal
cells, and club cells.® Tight junctions, situated at cell apices,
play a crucial role in regulating paracellular permeability and
defining the boundary between the apical and basolateral
surfaces, thereby establishing cell polarity.® Cell polarity,
crucial for vesicle, ion, and solute transportation, as well as the
localization of proteins and lipids, is delineated by the
orientation of the apical cell surface toward the lumen and the
basolateral surface away from it.%
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Figure 6. Schematic representation of the differentiation
protocol using culture of the air-liquid interface (ALI). This
method enables airway epithelial cells from diverse sources
to differentiate into a pseudostratified cell layer, consisting
of ciliated cells, goblet/secretory cells, and basal cells. a. Key
factors that must be considered during the process. b.
featuring a horizontal flow with exposure of culture media.
b. optimized fluid dynamics and an effective cell to gas
contact.®

ALI models of bronchial epithelial cells have emerged as
invaluale tools, particularly in studying conditions like COPD
and CF.%®8 These models allow for the evaluation of cell
differentiation, tight junction formation, polarity expression,
mucin production, and the presence of diverse epithelial cell
types using immunostaining and confocal microscopy, often
considered the gold standard by many researchers.

CONCLUSIONS

The generation of organoids is indeed a complex process, and
while primary cells derived from patients or induced pluripotent
stem cells (iPSCs) have facilitated the prediction of human
responses, several challenges remain. One such challenge is
ensuring the use of high-quality primary human cells and
validating their functionality in vitro. Additionally, the poor
functional fidelity of iPSCs derived from differentiated adult
tissues presents another hurdle. Addressing these challenges is
essential to improve the reliability and applicability of 3D
technologies to ease the economic burden of drug screening and
to provide highly predictive screening systems. However,
extensive evaluation and standardization of these systems is
required prior to their implementation in pre-clinical drug
screening.

16



Biannual Publication, Mexican Journal of Medical Research ICSa, Vol. 12, No. 24 (2024) 12-19

REFERENCES

[1] Jiang XQ, Mei XD, Feng D. Air pollution and chronic airway diseases:
what should people know and do? J. Thorac. Dis. 2016;8(1):E31-40.

[2] Guarnieri M, Balmes JR. Outdoor air pollution and asthma. Lancet
2014;383(9928):1581-92.

[3] Clippinger AJ, Ahluwalia A, Allen D, Bonner JC, Casey W, Castranova
V, et al. Expert consensus on an in vitro approach to assess pulmonary
fibrogenic potential of aerosolized nanomaterials. Arch. Toxicol.
2016;90(7):1769-83.

[4] Emami J. In vitro - in vivo correlation: from theory to applications. J.
Pharm. Pharm. Sci. 2006;9(2):169-89.

[5] Wadell C, Bjork E, Camber O. Permeability of porcine nasal mucosa
correlated with human nasal absorption. Eur. J. Pharm. Sci.
2003;18(1):47-53.

[6] Rackley CR, Stripp BR. Building and maintaining the epithelium of the
lung. J. Clin. Inv. 2012;122(8):2724-30.

[7] Davis JD, Wypych TP. Cellular and functional heterogeneity of the
airway epithelium. Mucosal Immunol. 2021;14(5):978-90.

[8] Montoro DT, Haber AL, Biton M, Vinarsky V, Lin B, Birket SE, et al.
A revised airway epithelial hierarchy includes CFTR-expressing
ionocytes. Nature 2018;560(7718):319-24.

[9] Rock JR, Onaitis MW, Rawlins EL, Lu Y, Clark CP, Xue Y, et al. Basal
cells as stem cells of the mouse trachea and human airway epithelium.
Proc. Natl. Acad. Sci. USA. 2009;106(31):12771-5.

[10] Hajj R, Lesimple P, Nawrocki-Raby B, Birembaut P, Puchelle E,
Coraux C. Human airway surface epithelial regeneration is delayed and
abnormal in cystic fibrosis. J. Pathol. 2007;211(3):340-50.

[11] Crystal RG, Randell SH, Engelhardt JF, Voynow J, Sunday ME.
Airway epithelial cells: current concepts and challenges. Proc. Am.
Thorac. Soc. 2008;5(7):772-7.

[12] Rock JR, Randell SH, Hogan BL. Airway basal stem cells: a
perspective on their roles in epithelial homeostasis and remodeling. Dis.
Model Mech. 2010;3(9-10):545-56.

[13] Hsia CC, Schmitz A, Lambertz M, Perry SF, Maina JN. Evolution of
air breathing: oxygen homeostasis and the transitions from water to land
and sky. Compr. Physiol. 2013;3(2):849-915.

[14] Ahookhosh K, Pourmehran O, Aminfar H, Mohammadpourfard M,
Sarafraz MM, Hamishehkar H. Development of human respiratory
airway models: A review. Eur. J. Pharm. Sci. 2020;145:105233.

[15] Schittny JC, Mund SI, Stampanoni M. Evidence and structural
mechanism for late lung alveolarization. Am. J. Physiol. Lung Cell Mol.
Physiol. 2008;294(2):L246-54.

[16] Morrisey EE, Hogan BL. Preparing for the first breath: genetic and
cellular mechanisms in lung development. Dev. Cell. 2010;18(1):8-23.

[17] Frank DB, Penkala 1J, Zepp JA, Sivakumar A, Linares-Saldana R,
Zacharias WJ, et al. Early lineage specification defines alveolar
epithelial ontogeny in the murine lung. Proc. Natl. Acad. Sci. USA.
2019;116(10):4362-71.

[18] Cardoso WV, Lu J. Regulation of early lung morphogenesis: questions,
facts and controversies. Development 2006;133(9):1611-24.

[19] Herriges M, Morrisey EE. Lung development: orchestrating the
generation and regeneration of a complex organ. Development
2014;141(3):502-13.

[20] Hashimoto S, Nakano H, Singh G, Katyal S. Expression of Spred and
Sprouty in developing rat lung. Mech. Dev. 2002;119 Suppl 1:5303-9.

[21] Warburton D, El-Hashash A, Carraro G, Tiozzo C, Sala F, Rogers O,
et al. Lung organogenesis. Curr. Top. Dev. Biol. 2010;90:73-158.

[22] Zepp JA, Morrisey EE. Cellular crosstalk in the development and
regeneration of the respiratory system. Nature reviews. Molecular cell
biology 2019;20(9):551-66.

[23] Hines EA, Sun X. Tissue crosstalk in lung development. J. Cell
Biochem. 2014;115(9):1469-77.

[24] Schittny JC. Development of the lung. Cell Tissue Res.
2017;367(3):427-44.

[25] Labaki WW, Han MK. Chronic respiratory diseases: a global view.
Lancet Respir. Med. 2020;8(6):531-3.

[26] Barnes PJ, Bonini S, Seeger W, Belvisi MG, Ward B, Holmes A.
Barriers to new drug development in respiratory disease. Eur. Respir. J.
2015;45(5):1197-207.

[27] Lehr CM, Yeo L, Sznitman J. Editorial: Innovative In Vitro Models for
Pulmonary Physiology and Drug Delivery in Health and Disease. Front.
Bioeng. Biotechnol. 2021;9:788682.

[28] Metersky M, Waterer G. Can animal models really teach us anything
about pneumonia? Con. Eur. Respir. J. 2020;55(1).

[29] Mou H, Wang J, Hu H, Xu W, Chen Q. [Non-small cell lung cancer
95D cells co-cultured with 3D-bioprinted scaffold to construct a lung
cancer model in vitro]. Zhonghua Zhong Liu Za Zhi 2015;37(10):736-
40.

[30] Wadman M. FDA no longer has to require animal testing for new
drugs. Science 2023;379(6628):127-8.

[31] Barrila J, Crabbe A, Yang J, Franco K, Nydam SD, Forsyth RJ, et al.
Modeling Host-Pathogen Interactions in the Context of the
Microenvironment: Three-Dimensional Cell Culture Comes of Age.
Infect. Immun. 2018;86(11):e00282-18.

[32] Barrila J, Radtke AL, Crabbe A, Sarker SF, Herbst-Kralovetz MM, Ott
CM, et al. Organotypic 3D cell culture models: using the rotating wall
vessel to study host-pathogen interactions. Nat. Rev. Microbiol.
2010;8(11):791-801.

[33] Kapalczynska M, Kolenda T, Przybyla W, Zajaczkowska M, Teresiak
A, Filas V, et al. 2D and 3D cell cultures - a comparison of different
types of cancer cell cultures. Arch. Med. Sci. 2018;14(4):910-9.

[34] Dvorak A, Tilley AE, Shaykhiev R, Wang R, Crystal RG. Do airway
epithelium air-liquid cultures represent the in vivo airway epithelium
transcriptome? Am. J. Respir. Cell Mol. Biol. 2011;44(4):465-73.

[35] Heijink IH, Kuchibhotla VNS, Roffel MP, Maes T, Knight DA, Sayers
I, et al. Epithelial cell dysfunction, a major driver of asthma
development. Allergy 2020;75(8):1902-17.

[36] McDougall CM, Blaylock MG, Douglas JG, Brooker RJ, Helms PJ,
Walsh GM. Nasal epithelial cells as surrogates for bronchial epithelial
cells in airway inflammation studies. Am. J. Respir. Cell Mol. Biol.
2008;39(5):560-8.

17



Biannual Publication, Mexican Journal of Medical Research ICSa, Vol. 12, No. 24 (2024) 12-19

[37] Moreau-Marquis S, Redelman CV, Stanton BA, Anderson GG. Co-
culture models of Pseudomonas aeruginosa biofilms grown on live
human airway cells. J. Vis. Exp. 2010(44):2186.

[38] Eenjes E, van Riet S, Kroon AA, Slats AM, Khedoe P, Boerema-de
Munck A, et al. Disease modeling following organoid-based expansion
of airway epithelial cells. Am. J. Physiol. Lung Cell Mol. Physiol.
2021;321(4):L775-L86.

[39] Hiemstra PS, Bals R. Effects of E-Cigarette Use on Human Lung
Tissue. On Harm Reduction and Causing Harm. Am. J. Respir. Crit.
Care Med. 2018;198(1):6-7.

[40] Bartfeld S, Clevers H. Organoids as Model for Infectious Diseases:
Culture of Human and Murine Stomach Organoids and Microinjection
of Helicobacter Pylori. J. Vis. Exp. 2015;12(105):53359.

[41] Hiemstra PS, Tetley TD, Janes SM. Airway and alveolar epithelial cells
in culture. Eur. Respir. J. 2019;54(5):1900742.

[42] Chiu MC, Zhang S, Li C, Liu X, Yu Y, Huang J, et al. Apical-Out
Human Airway Organoids Modeling SARS-CoV-2 Infection. Viruses
2023;15(5):1166.

[43] Stroulios G, Brown T, Moreni G, Kondro D, Dei A, Eaves A, et al.
Apical-out airway organoids as a platform for studying viral infections
and screening for antiviral drugs. Sci. Rep. 2022;12(1):7673.

[44] Huh D, Matthews BD, Mammoto A, Montoya-Zavala M, Hsin HY,
Ingber DE. Reconstituting organ-level lung functions on a chip. Science
2010;328(5986):1662-8.

[45] Huh DD. A human breathing lung-on-a-chip. Ann. Am. Thorac. Soc.
2015;12 Suppl 1(Suppl 1):S42-4.

[46] Hassell BA, Goyal G, Lee E, Sontheimer-Phelps A, Levy O, Chen CS,
et al. Human Organ Chip Models Recapitulate Orthotopic Lung Cancer
Growth, Therapeutic Responses, and Tumor Dormancy In Vitro. Cell
Rep. 2017;21(2):508-16.

[47] Artzy-Schnirman A, Hobi N, Schneider-Daum N, Guenat OT, Lehr
CM, Sznitman J. Advanced in vitro lung-on-chip platforms for
inhalation assays: From prospect to pipeline. Eur. J. Pharm. Biopharm.
2019;144:11-7.

[48] Barrila J, Yang J, Crabbe A, Sarker SF, Liu Y, Ott CM, et al. Three-
dimensional organotypic co-culture model of intestinal epithelial cells
and macrophages to study Salmonella enterica colonization patterns.
NPJ Microgravity 2017;3:10.

[49] Carterson AJ, Honer zu Bentrup K, Ott CM, Clarke MS, Pierson DL,
Vanderburg CR, et al. A549 lung epithelial cells grown as three-
dimensional aggregates: alternative tissue culture model for
Pseudomonas aeruginosa pathogenesis. Infect. Immun.
2005;73(2):1129-40.

[50] Crabbe A, Sarker SF, Van Houdt R, Ott CM, Leys N, Cornelis P, et al.
Alveolar epithelium protects macrophages from quorum sensing-
induced cytotoxicity in a three-dimensional co-culture model. Cell
Microbiol. 2011;13(3):469-81.

[51] Goeteyn E, Grassi L, Van den Bossche S, Rigauts C, Vande Weygaerde
Y, Van Braeckel E, et al. Commensal bacteria of the lung microbiota
synergistically inhibit inflammation in a three-dimensional epithelial
cell model. Front. Immunol. 2023;14:1176044.

[52] Rigauts C, Aizawa J, Taylor SL, Rogers GB, Govaerts M, Cos P, et al.
R othia mucilaginosa is an anti-inflammatory bacterium in the
respiratory tract of patients with chronic lung disease. Eur. Respir. J.
2022;59(5).

[53] Goyal G, Belgur C, Ingber DE. Human organ chips for regenerative
pharmacology. Pharmacol. Res. Perspect. 2024;12(1):e01159.

[54] Crabbe A, Liu Y, Matthijs N, Rigole P, De La Fuente-Nunez C, Davis
R, etal. Antimicrobial efficacy against Pseudomonas aeruginosa biofilm
formation in a three-dimensional lung epithelial model and the influence
of fetal bovine serum. Sci. Rep. 2017;7:43321.

[55] Van den Driessche F, Vanhoutte B, Brackman G, Crabbe A, Rigole P,
Vercruysse J, et al. Evaluation of combination therapy for Burkholderia
cenocepacia lung infection in different in vitro and in vivo models. PloS
one 2017;12(3):e0172723.

[56] Crabbe A, Liu Y, Sarker SF, Bonenfant NR, Barrila J, Borg ZD, et al.
Recellularization of decellularized lung scaffolds is enhanced by
dynamic suspension culture. PloS one 2015;10(5):e0126846.

[57] Clevers H. Modeling Development and Disease with Organoids. Cell
2016;165(7):1586-97.

[58] Lou YR, Leung AW. Next generation organoids for biomedical
research and applications. Biotechnol. Adv. 2018;36(1):132-49.

[59] Nossa R, Costa J, Cacopardo L, Ahluwalia A. Breathing in vitro:
Designs and applications of engineered lung models. J. Tissue. Eng.
2021;12:20417314211008696.

[60] Tortorella I, Argentati C, Emiliani C, Martino S, Morena F. The role
of physical cues in the development of stem cell-derived organoids. Eur.
Biophys. J. 2022;51(2):105-17.

[61] Cunniff B, Druso JE, van der Velden JL. Lung organoids: advances in
generation and  3D-visualization.  Histochem.  Cell  Biol.
2021;155(2):301-8.

[62] Zorn AM, Wells JM. Vertebrate endoderm development and organ
formation. Annu. Rev. Cell Dev. Biol. 2009;25:221-51.

[63] Sasai Y. Next-generation regenerative medicine: organogenesis from
stem cells in 3D culture. Cell Stem Cell 2013;12(5):520-30.

[64] Barkauskas CE, Cronce MJ, Rackley CR, Bowie EJ, Keene DR, Stripp
BR, et al. Type 2 alveolar cells are stem cells in adult lung. J. Clin.
Invest. 2013;123(7):3025-36.

[65] Kotton DN, Rossant J. Modeling pulmonary alveolar proteinosis with
induced pluripotent stem cells. Am. J. Respir. Crit. Care Med.
2014;189(2):124-6.

[66] Hogan BL, Barkauskas CE, Chapman HA, Epstein JA, Jain R, Hsia
CC, etal. Repair and regeneration of the respiratory system: complexity,
plasticity, and mechanisms of lung stem cell function. Cell Stem Cell
2014;15(2):123-38.

[67] Huang SX, Green MD, de Carvalho AT, Mumau M, Chen YW,
D'Souza SL, et al. The in vitro generation of lung and airway progenitor
cells from human pluripotent stem cells. Nat. Protoc. 2015;10(3):413-
25.

[68] Rosen C, Shezen E, Aronovich A, Klionsky YZ, Yaakov Y, Assayag
M, et al. Preconditioning allows engraftment of mouse and human
embryonic lung cells, enabling lung repair in mice. Nat. Med.
2015;21(8):869-79.

[69] Hawkins FJ, Suzuki S, Beermann ML, Barilla C, Wang R, Villacorta-
Martin C, et al. Derivation of Airway Basal Stem Cells from Human
Pluripotent Stem Cells. Cell Stem Cell 2021;28(1):79-95.€8.

18



Biannual Publication, Mexican Journal of Medical Research ICSa, Vol. 12, No. 24 (2024) 12-19

[70] Kong J, Wen S, Cao W, Yue P, Xu X, Zhang Y, et al. Lung organoids,
useful tools for investigating epithelial repair after lung injury. Stem
Cell Res. Ther. 2021;12(1):95.

[71] Longmire TA, Ikonomou L, Kotton DN. Mouse ESC Differentiation
to Nkx2.1+ Lung and Thyroid Progenitors. Bio. Protoc.
2012;2(22):€295.

[72] Mou H, Zhao R, Sherwood R, Ahfeldt T, Lapey A, Wain J, et al.
Generation of multipotent lung and airway progenitors from mouse
ESCs and patient-specific cystic fibrosis iPSCs. Cell Stem Cell
2012;10(4):385-97.

[73] Lodes N, Seidensticker K, Perniss A, Nietzer S, Oberwinkler H, May
T, et al. Investigation on Ciliary Functionality of Different Airway
Epithelial Cell Lines in Three-Dimensional Cell Culture. Tissue Eng.
Part A. 2020;26(7-8):432-40.

[74] Wiese-Rischke C, Murkar RS, Walles H. Biological Models of the
Lower Human Airways-Challenges and Special Requirements of
Human 3D Barrier Models for Biomedical Research. Pharmaceutics
2021;13(12):2115.

[75] Zscheppang K, Berg J, Hedtrich S, Verheyen L, Wagner DE, Suttorp
N, et al. Human Pulmonary 3D Models for Translational Research.
Biotechnol. J. 2018;13(1):1700341.

[76] Bovard D, Giralt A, Trivedi K, Neau L, Kanellos P, Iskandar A, et al.
Comparison of the basic morphology and function of 3D lung epithelial
cultures derived from several donors. Curr. Res. Toxicol. 2020;1:56-69.

[77] Chen AJ, Dong J, Yuan XH, Bo H, Li SZ, Wang C, et al. Anti-H7N9
avian influenza A virus activity of interferon in pseudostratified human
airway epithelium cell cultures. Virol. J. 2019;16(1):44.

[78] Myerburg MM, Latoche JD, McKenna EE, Stabile LP, Siegfried JS,
Feghali-Bostwick CA, et al. Hepatocyte growth factor and other
fibroblast secretions modulate the phenotype of human bronchial
epithelial cells. Am. J. Physiol. Lung Cell Mol. Physiol.
2007;292(6):L1352-60.

[79] Steinke M, Gross R, Walles H, Gangnus R, Schutze K, Walles T. An
engineered 3D human airway mucosa model based on an SIS scaffold.
Biomaterials 2014;35(26):7355-62.

[80] Ishikawa S, Ishimori K, Ito S. A 3D epithelial-mesenchymal co-culture
model of human bronchial tissue recapitulates multiple features of
airway tissue remodeling by TGF-betal treatment. Respir. Res.
2017;18(1):195.

[81] Scheffler S, Dieken H, Krischenowski O, Aufderheide M. Cytotoxic
Evaluation of e-Liquid Aerosol using Different Lung-Derived Cell
Models. Int. J. Environ Res. Public Health 2015;12(10):12466-74.

[82] Rayner RE, Makena P, Prasad GL, Cormet-Boyaka E. Optimization of
Normal Human Bronchial Epithelial (NHBE) Cell 3D Cultures for in
vitro Lung Model Studies. Sci. Rep. 2019;9(1):500.

[83] Lacroix G, Koch W, Ritter D, Gutleb AC, Larsen ST, Loret T, et al.
Air-Liquid Interface In Vitro Models for Respiratory Toxicology
Research: Consensus Workshop and Recommendations. Appl. In Vitro
Toxicol. 2018;4(2):91-106.

[84] Bukowy-Bieryllo Z. Long-term differentiating primary human airway
epithelial cell cultures: how far are we? Cell Commun. Signal
2021;19(1):63.

[85] Zihni C, Mills C, Matter K, Balda MS. Tight junctions: from simple
barriers to multifunctional molecular gates. Nature reviews. Mol. Cell
Biol. 2016;17(9):564-80.

[86] Tapia R, Kralicek SE, Hecht GA. Modulation of epithelial cell polarity
by bacterial pathogens. Ann. N. Y. Acad. Sci. 2017;1405(1):16-24.

[87] Molenda N, Urbanova K, Weiser N, Kusche-Vihrog K, Gunzel D,
Schillers H. Paracellular transport through healthy and cystic fibrosis
bronchial epithelial cell lines--do we have a proper model? PloS one
2014;9(6):€100621.

[88] Gao W, Li L, Wang Y, Zhang S, Adcock IM, Barnes PJ, et al. Bronchial
epithelial cells: The key effector cells in the pathogenesis of chronic
obstructive pulmonary disease? Respirology 2015;20(5):722-9.

19



