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Abstract

Respiratory tract specific cell populations, or tissue engineered in vitro grown human lung, have the potential to be used as
research tools to mimic physiology, toxicology, pathology, as well as infectious diseases responses of cells or tissues. Studies
related to respiratory tract pathogenesis or drug toxicity testing in the past made use of basic systems where single cell popu-
lations were exposed to test agents followed by evaluations of simple cellular responses. Although these simple single-cell-type
systems provided good basic information related to cellular responses, much more can be learned from cells grown in fabricated
microenvironments which mimic in vivo conditions in specialized microfabricated chambers or by human tissue engineered three-
dimensional (3D) models which allow for more natural interactions between cells. Recent advances in microengineering technol-
ogy, microfluidics, and tissue engineering have provided a new approach to the development of 2D and 3D cell culture models
which enable production of more robust human in vitro respiratory tract models. Complex models containing multiple cell pheno-
types also provide a more reasonable approximation of what occurs in vivo without the confounding elements in the dynamic
in vivo environment. The goal of engineering good 3D human models is the formation of physiologically functional respiratory
tissue surrogates which can be used as pathogenesis models or in the case of 2D screening systems for drug therapy evaluation
as well as human toxicity testing. We hope that this manuscript will serve as a guide for development of future respiratory tract
model systems as well as a review of conventional models.
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Introduction development of specialized 2D chambers which mimic
tissue microenvironments or 3D tissue engineered human
lung constructs allows for the generation of models in
which cell types may be selectively added to create complex
systems which mimic very specific physiological inter-
actions within the lung. These types of model systems,
unlike in vivo animal models, also allow us to deconstruct
complex mechanisms of pathogenesis in order to simplify

In the past the most widely used experimental models for
physiologic and pathologic studies of the lungs included
static two-dimensional (2D) cell culture systems. Lung
models represented by tissue culture plate grown cell cul-
tures do not always accurately reflect the interactions
between cells or within tissue interfaces in the macro-

environment of the lung!? Although simple single- the study of individual cellular components, immune fac-
cell-type systems provide good basic information related tors, or effector molecules involved in lung disease.
to cellular responses much more can be learned from Throughout the years, various models have been developed
human models which allow for more natural interactions ¢, study physiological responses of the lungs and patho-
between cells or tissues. This is especially important for the  Jogical changes in lung disease. The differences between
design of studies related to human disease or pathogenesis models depend upon what region of the lungs the engin-
of respiratory pathogens. Using techniques for the eered system is attempting to mimic and the pathological
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condition being studied. Models have already been created
which allowed us to examine cellular mechanisms of lung
progenitor cell responses, critical cues in lung development
or responses of respiratory tissues to extracellular matrix
(ECM) and mechanical stimuli. Development of better
models in the future will revolutionize the way we study
human biology, physiology, and disease development.

Construction of human trachea, trachea-lung,
or distal lung models for research use

Production of tissue models that will be used to mimic
tissue or organ systems physiology or responses requires
the selection of an appropriate (1) scale for the model, (2)
cell source, (3) support scaffold, (4) culture support system,
and (5) method for validation and assessment. Before a
respiratory tract model can be constructed, for example,
the region of the system to be modeled must be carefully
considered. Respiratory tract models need to accurately
reflect morphological structures, functional features, and
cell phenotypes found in human trachea, bronchi, bronchi-
oles, or distal lungs. When designing any human tissue
model, it is important to determine what parameters must
be reconstituted in order to create a model that will be used
to study physiology, toxicology, pathology, or infectious dis-
eases. For the development of respiratory tract models
which include both trachea (upper respiratory tract) and
lung models (lower respiratory tract) consideration of the
above parameters is extremely important. Examination of
the influence of ECM of the entire respiratory tract on
embryonic stem cell (ESC) differentiation necessitated the
use of a whole trachea-lung.? Other models may focus on
specific regions of the upper or lower respiratory tract
alone. It is important to consider the unique anatomy and
physiology of the human respiratory tract when creating
human tissue mimics so that we create models which
increase our understanding of how diseases affect the
lungs or help us to identify new targets for drug develop-
ment to aid in treating lung diseases in the future.

Size matters

When designing a tissue model, the size of the system mat-
ters a great deal. To replicate human physiology and drug
responses it is critical that each type of tissue system has the
correct relative size to model desired responses.* Estimating
the number of cells necessary for creation of a model is a
difficult task. Estimates based on allometric scaling for the
distal lung or alveolar regions suggest that a plung (alveo-
lus) would contain approximately 184,000 cells.* Micro-
physiologic systems such as organ-on-a chip models of
the alveolar region of the lung based on allometric scaling
require few cells (less than a million) and can be maintained
in chambers supported by microfluidic systems which pro-
vide fresh media and growth factors into a cell chamber and
remove waste products from the system. These plung sys-
tems can be used to evaluate basic changes in cell viability,
apoptosis induction, or may even be used to design simple
pathological models.” Examination of cell products may be

limited in these plung models due to the small chamber size
and microfluidic perfusion rates.

Modeling of complex human disease pathologies on a
larger scale may require larger numbers of cells or combin-
ations of integrated tissues in order to support development
of a specific physiologic or pathologic response in the
model. Larger culture systems referred to as human organ
construct (HoC)* models would require use of heteroge-
neous mixtures of numerous cell phenotypes, the number
of which depends on the human disease one is attempting
to model. Engineering of 3D tissue models starts with gen-
erating healthy physiologically functioning tissue and
requires a holistic and robust understanding of cellular
and tissue responses. The size of a model may be limited
by diffusion capacity because of a lack of vascularization or
transport systems necessary for supporting the natural
metabolic processes of cells and tissues. Microfluidic sup-
port systems can be used to manage plung cultures but
larger HoC may require design and production of specia-
lized fluidic systems or development of vascularized tissue
that can be interfaced with fluidic support.

The critical cell types required to facilitate development
of specific responses or pathologies must also be taken into
consideration and, for the lung, often requires inclusion of
more than alveolar epithelial (AEC) type I and II cells.
Generation of milli-human distal lung models to examine
complex components of influenza A pathogenesis requires
the inclusion of approximately 1-2 million of type I and II
AEC, fibroblasts, 1 million endothelial cells, 0.5-1 million
smooth muscle cells, and 0.5-1 million leukocytes (unpub-
lished data from the authors). HOC systems often contain
6-10 million cells (unpublished data from the authors).
Biofabrication of macro-physiologic model systems to
study diseases such as diffuse alveolar damage (DAD)
would require at the minimum the presence of type I and
II AEC, macrophages, neutrophils, and endothelial cells.
The number of cells of each type which will be required
to induce DAD is difficult to estimate and often estimations
of required cell numbers cannot be determined until after
generation of physiologic lung tissue and examination of
the responses of the tissue in an integrated metabolic HoC
system.

What cell types can be used in modeling the
respiratory tract

Selection of an appropriate cell source is one of the greatest
hurdles in developing engineered lung models. Primary
human tracheal-bronchial cells and lung primary AECs
generally function as the “gold standard” to which all
other cell types are compared. Table 1 lists some of the
main cell types that have been used to engineer either tra-
chea-bronchi or distal lung models as well as some of the
advantages/disadvantages of each cell type. Problems
related to use of primary cells include the difficulty in
obtaining human tissue as well as isolation of cells with
low viability due to transport problems or delays in acqui-
sition of viable human tissues and in the isolation of cells.
One way to improve viability of lung tissue is to maintain
procured lungs on a Harvard apparatus system until cells



Table 1 Common cell types used in the generation of lung tissue models
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Cell Type

(+) Advantages

(-) Disadvantages

Primary NHBE
Normal human bronchial/
tracheal epithelial cells®®

HBSM(C)/HASM
Human bronchial/airway
smooth muscle cells®'2

16HBE140-
Human bronchial epithelial
cell line>'®

Calu-3
Human submucosal adeno-
carcinoma cell line'"~2"

Primary AECs

Human alveolar epithelial
type | and Il mix of primary
cells?724

Can manipulate growth and differentiation through
use of epinephrine and TGF-f.

Can be immortalized through expression of hnTERT
and Cdk4 to serve as a model to study molecular
pathogenesis of lung cancer.

Used in 3D models to study asthma on cross-sec-
tioned airway segments.

Presence of C3a and Cb5a receptors makes these
cells useful in modeling sepsis as well as asthma.
Express transcripts for IL-4 o, IL-13R o |, and IL-
13R «a Il and high affinity for IgE.

Capable of influencing airway inflammation and
growth factors via the production of prostanoids and
chemokines (IL-11, IL-6, IL-8, RANTES, eotaxin).
Ability to modify airway modeling by the production
of matrix-degrading enzymes (metalloproteinases).
Synthesize VEGF protein.

Forms polarized cell layers in vitro.

Provide a discriminatory barrier to solute transport
(suitable barrier properties by day 6 in culture).
Grown on monofibrillar collagen because of ease of
application, reproducibility, and uniformity of layers.
Express drug transport systems that are also pre-
sent in the human bronchus in vivo (P-gp, LRP, and
Cav-1).

Retains many features of differentiated bronchial
epithelial cells.

Form tight junctions (ZO-1 and occludin positive
stains).

Readily available cell line.

Well-characterized cell line.

Differentiates into monolayers of polarized cells of
varying phenotypes in 3D.

Their morphological features, presence of transport
systems, efflux pumps, and metabolic pathways
allows for qualitative prediction of the fate of drugs
exposed to the lung.

Impact airway surface liquid, mucins, etc

Can be grown at air-liquid interface.

Functional intracellular tight junctions mediate
monolayer restrictiveness (observed by staining of
the ZO-1 protein), thus high TEER values.
Maximum TEER values were achieved around days
10-14 after monolayers were seeded onto collagen-
coated filter membranes.

Exhibit passive diffusion and to a lower degree also
low-affinity mediated transport of antibiotics at the
apical and basolateral cell membranes.

Used as the gold standard for comparison of other
cell types.

Accurately demonstrate in vivo behavior.
Controllable cell division.

Used to validate the model.

Capable of TGF-B1 induced epithelial-mesenchy-
mal transition in culture.

Metabolically active.

Harbor necessary cell surface receptors for
signaling.

— Must be obtained within 12 h postmortem
though it becomes progressively more difficult to
establish a culture should the postmortem
interval exceed 6 h.

— Alternative method to obtain cells is via bron-
choscopy though it offers a much lower yield.

— Potential for microbial contamination.

— Underlying factor(s) of hyperplasia/hypertrophy
of these cells remain unidentified.

- Inevitable phenotypic modulations occur in cul-
ture.

— Contaminating epithelial cells; difficulty in
obtaining a pure population.

— How culture conditions affect expression of
airway-specific transport mechanisms is not fully
understood.

— Noninducible P450 enzymes.

— The transport of Gly-Ser and other peptide
substrates as well as insulin requires further
investigation before use for pulmonary drug
absorption models.

— Little is known about how these cells secrete
multidrug-resistant proteins (MRPs).

- Time consuming isolation.

— High risk for bacterial or fungal contamination
following isolation.

— Never 100% pure isolation.

- Financial cost for reagents used in isolation
(collagenase, dispase, etc.).

— Cells cannot be passaged repeatedly.

— Cells can be growth dependent and need to be
maintained at an adequate seeding density.

(continued)
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Table 1 Continued

Cell Type

(+) Advantages

(—) Disadvantages

A549
Human lung adenocarcin-

oma alveolar basal cell
Iine25'27

HUVEC
Human umbilical vein endo-
thelial cells?®=3

HuLECs/HPMECs

Primary human (lung/pul-
monary) microvascular
endothelial cells®**~3*

MRC-5
Human fetal lung fibroblast
cell ling®-3®

W1-38/CCL-75
Human fetal lung fibroblast
cell line®~%°

hESC
— Human embryonic stem
cells*®

iPS
Induced pluripotent stem
cells*!#

— Consistent AECII metabolic/transport properties.

— They are genetically homogenous.

— -Can be grown in large quantities.

— They produce confluent monolayers with AECII
morphology and lamellar bodies present.

— Has inducible P450 enzymes (IA1 and 1IB6) con-
sistent with in vivo AECIIs.

— Constitutively express appropriate cell markers
(ICAM-1, PECAM-1, MHC ).

— TNFa inducible expression of adhesion molecules
(VCAM-1, E-selectin).

— All major signaling pathways present/intact.

— Proper cytokine responses.

— Isolation/culture methods exist.

— Form a monolayer of density-inhibited cells with a
cobblestone-like morphology when grown on
Matrigel diluted 1:3 in serum-free cell culture
medium in a 24-well plate.

— Appropriate expression of von Willebrand factor
(VWF).

— Published isolation methods exist.

— Purity can be achieved using a highly specific
selective marker, Ulex Europaeus Agglutin-1
(UEA-1).

— There is high constitutive production of vVWF,
PECAM-1/CD31.

— Cells express two vascular endothelial growth factor

receptors Flt-1 and KDR.
— In vitro responses to TNFa, LPS, and IL-1p by

induction of cell adhesion molecules (ICAM-1/CD54,

VCAM-1/CD106, and E-selectin) and secretion of
proinflammatory cytokines (IL-6, IL-8, MCP-1, and
GM-CSF) via AEC interactions.

— Capable of responding to infectious agents via Toll-

like receptors expressed on their cell surface.

— Grow as adherent cells in culture.

- Exhibit fibroblast morphology.

— Well-characterized and well-defined nontumori-
genic phenotype.

— Widely used human diploid cell line.

— Grow as adherent cells in culture.

— Can be used to test antivirals.

— Well-characterized and well-defined nontumori-
genic phenotype.

— Widely used human diploid cell line.

— Ability to differentiate into progeny with differen-
tiated phenotypes (pluripotency).

— Production of all normal lung cell types.

— Cells provide a renewable source for population of
models.

— Potential for self-renewal and plasticity is excellent.

- Circumvents the difficulties faced when generating
patient- or disease-specific embryonic stem cells.

— Express many undifferentiated embryonic cell-
marker genes at equivalent or elevated levels:
OCT3/4, SOX2, NANOG, GDF3, FGF4, ESG1,
DPPA2, DPPA4, and hTER,; thus these cells have

- Monolayers formed are leaky because they lack
tight junctions.

- Very low trans-epithelial electrical resistance
(TEER) values which make it difficult to measure
the transport of low molecular weight molecules.

— Cells are genetically and phenotypically
homogenous.

— Low yields when isolated.

— Possibility of contamination with other cell types
at isolation.

- Can be difficult to culture.

— Can express altered expression of endothelial
markers during in vitro propagation.

— Need to prevent overgrowth.

- Contaminating fibroblasts, pericytes, smooth
muscle cells.

— Require considerable cell expansion, manipula-
tion, and in vitro culture time.

Develop into fibroblasts but no other cell types.

Develop into fibroblasts but no other cell types.

- Cells can be highly unstable.

— In culture cells often form teratomas.

- There are indications of genetic instability after
prolonged culture time (aneuploidy).

- There can be frequent epigenetic errors (SSEA-
4/STAT4 expression, TGFp signaling, telomere
length, collagen down-regulation, etc.).

- Cell production using retrovirus transduction to
force expression of c-Myc, Klf4, Oct 3/4, and
Sox2-can lead to transcription of undesired
genes and an increased risk of tumor formation.

- Existing alternative methods that do not utilize
transgenes often have a low yield.

(continued)
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Cell Type (+) Advantages

(—) Disadvantages

high flexibility.

— High telomerase activity and exponential prolifer-
ation for at least 4 months with a doubling time
equivalent to human embryonic cells (~46 h).

- Cell programming is dependent upon the original
cell type being transformed.

— Cell generation efficiency remains low despite
efforts to improve yield.

— Ability to form three germ layers in vitro observed by

embryoid body formation.

- Lineage-directed differentiation has been limited
and at low efficiency to lung lineages.

AEC: alveolar epithelial cell; BAL: bronchiolar alveolar lavage; BMPR2: bone morphogenetic protein receptor-2; ECM: extracellular matrix; HLA: human leukocyte
antigen; IFN: interferon; IL: interleukin; IT: intratracheal; IV: intravenous; MIP: macrophage inflammatory protein; NHBE: normal human bronchial epithelium; PAH:
pulmonary artery hypertension; PASMC: pulmonary artery smooth muscle cell; PF: pulmonary fibrosis; PMN: polymorphonuclear leukocyte; ROS: reactive oxygen
species; 3D: three-dimensional; TNF: tumor necrosis factor; VEGFR: vascular endothelial growth factor receptor.

can be isolated.*® Disadvantages of using transformed cell
lines are related to the loss of normal cell responses due to
the fact that these cells were isolated originally from human
cancers and therefore exhibit an increased growth rate and
are able to divide indefinitely.

Simple physiologic models of the lung have been pro-
duced from many of these cell types and provided basic
information related to epithelial cell attachment, inter-
actions with scaffold materials, and production of ECM
components or protein products. Lung models have been
created using mixtures of primary type I and II AECs,*
transformed cell lines such as A549,%°% fetal lung cells
(FLCs),***® somatic lung progenitor cells (SLPCs), as
well as ESCs**>°12 (Table 1). For generation of human
lung models, human microvasculature has been provided
by use of human umbilical vein endothelial cells****®* or
primary human pulmonary endothelial cells.”*’ Selection
of the cell type to be used in production of a lung model
therefore depends on the type of model being constructed
(physiologic, toxological, pathological, or disease). When
engineering an infectious disease model, for example, cell
selection must consider use of phenotypes of cells that are
permissive to a specific viral pathogen and support viral
replication. For example in humans, influenza viruses rep-
licate in the ciliated epithelium of conducting airways,
which consists of several distinct cell types with different
functions found in different regions of the respiratory
tract.* In order to produce a 3D upper respiratory model
to study human influenza A infection, differentiated cul-
tures of human tracheobronchial epithelium (HTBE)
should be used. The HTBE should resemble human
in vivo airway epithelium in that it is pseudostratified and
polarized and the model should contain ciliated, secretory,
and basal cells, with morphologic, physiologic, and func-
tional similarity to normal human tissues.

Although human embryonic stem cells (hESC)®® and
induced pluripotent stem cells (iPSC)® have been used to
generate lung epithelial cells neither cell type has been used
in the production of lung tissue or to generate physiologic
models of the lung. For the generation of standardized lung
models, production of lung tissue from cells derived from
renewable sources such as hESC or human iPSC is appeal-
ing, since it offers the possibility of production of replicate

cultures and exposure to toxins or microbial pathogens
under standardized conditions. Although models of
airway generated from hESC have not been realized, the
capacity of murine ESC to generate airway epithelia®" or
lung tissue® has been demonstrated. Generation of upper
and lower respiratory tract tissues including ciliated epithe-
lial cells, Clara cells, and production of type II AECs
expressing surfactant protein-A (SP-A) with production
and secretion of surfactant protein-A from murine embry-
onic stem cell (mESC) was described by Cortiella et al.®
Recent production of type I and II AEC from human iPS
cells®” and derivation of lung progenitors from patient-spe-
cific cystic fibrosis iPS cells®® have been important steps in
the production of differentiated lung epithelium for disease
modeling with potential use in the design of models for
testing of patient-specific therapies for cystic fibrosis or
other lung diseases in the future.*’

Selection of an appropriate scaffold

Selection of an appropriate scaffold to support production
of 3D tissue requires the use of materials which meet the
specific needs of the model being generated. For develop-
ment of lung tissue the scaffolding must provide the frame-
work necessary to support cell attachment, cell growth, and
tissue formation and in some instances possess the elasticity
of normal lung. Use of scaffold materials to engineer lung
tissue has been reviewed previously by the authors and will
not be discussed at length.®*~"! In brief variable degrees of
success have been achieved in the development of both nat-
ural and synthetic hydrogels as scaffolds for engineering of
lung model systems. A number of hydrogels have been
produced which are structurally similar to the ECM of
many tissues. Hydrogels can be designed to be environ-
mentally sensitive and react to small changes in light,”
pH, temperature, or even protein concentration making
them good scaffolds to use when producing environmen-
tally responsive models. Both synthetic and natural hydro-
gels have been used to produce engineered lung models.
Hydrogels such as Matrigel, > collagen 1> and
Pluronic F-127 (PE-127)%? as well as hydroxyethyl methacry-
late-alginate-gelatin (HAG)”* have all been used to support
development of lung models. Scaffolds that have been
used to generate trachea or lung models also include
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Engelbreth-Holm-Swarm  (EHS) tumor membrane,™

Gelfoam, Matrigel, collagen I, polyglycolic acid (PGA),
PF-127 hydrogel, poly-lactic-co-glycolic acid (PLGA),””
and poly-L-lactic-acid (PLLA)*” and HAG cryogel scaffold
which is a mixture of polysaccharide (alginate) and protein
(gelatin). All of these scaffolds have been used with some
success to support the generation of lung tissue in vitro.
Development of physiologic models of the lung has also
been accomplished using whole trachea-lung mouse or
rat acellular (AC) scaffolds.>****%7> In these studies
whole AC trachea-lung scaffolds were reconstituted with
mouse® or rat FLCs**”> or with mESCs.” Table 2 lists most
of the existing upper and lower respiratory tract models as
well as the scaffold material, cell types, and culture support
systems used in creation of each model. AC natural scaf-
folds are composed of the ECM secreted by the resident
cells of the tissue or organ from which they are produced.
Techniques used for tissue and whole organ decellulariza-
tion have been reviewed, including descriptions of solvents,
detergents, physical agents, and enzymes.”® The first study
of human AC lung to support cell adherence described
using strips of AC alveolar matrix seeded with rat type II
AECs to examine the influence of ECM on cell attachment
and morphology. The AC scaffold described contained col-
lagen I, II, IV, and V as well as laminin and fibronectin.””
Glycosoaminoglycans were also present as indicated by
immunostaining. Rat type II AEC seeded on the human
AC lung scaffold took on some of the morphological char-
acteristics of type I AECs. Models to examine remodeling of
ECM require scaffolds that are biomodifiable and contain
one or more of the normal components of lung ECM such as
collagen I.

Design and selection of respiratory model
platforms or support systems

Most of the existing engineered trachea or lung models
were created as physiological systems without any thought
regarding long-term fluidic support of the tissue. Simple
platforms utilized to support tissue development include
tissue culture plates or 12-, 24-, or 96-well plate systems
(Figure 1(a)), and slide chamber systems (Figure 1(c)).
Most researchers use these simple culture platforms to
develop and maintain respiratory tract epithelial cells or
lung equivalents (Table 2). Transwell plates (Corning,
Tewksbury, MA) allow for coculture of cells or development
of hanging drop suspensions of cells or cell constructs.
Slide-based culture chambers are also used but do not
allow media exchange or long-term support of developing
tissues (Figure 1(b) and (c)). Use of these platforms is lim-
ited in that replenishment of media and removal of wastes
is not automated and must be monitored and maintained
manually. Automation of media transfer and sampling
would facilitate the production of large quantities of cells,
but would also impact how 2D and 3D cells and tissues are
generated, how organs and tissues can be consistently pro-
duced and standardized, and how they will be used in drug
screening assays in the future.

Perfusion bioreactors have been developed in various
configurations and capacities for different biotechnological

applications yet their application in lung growth or cultur-
ing has been limited. The use of bioreactors (Figure 1(d)) for
support of engineered lung tissue offers several potential
advantages as compared to static 2D plate or 12-, 24-, or 96-
well plate culture. Bioreactors allow (1) uniform and effi-
cient mixing coupled with precise control over material
transfer rates; (2) regulation of shear stress within the cul-
ture vessel; (3) maintenance of constant pH, gas partial
pressures (pO,, pCO,), and nutrient levels; and (4) control
strategies which can match the changing needs of a growing
construct over the entire duration of its cultivation.
Bioreactor chambers come in a variety of sizes (from 1 to
500 mL) and have been shown to maintain tissue constructs
for 21 days in culture enabling long-term perfusion culture
of cells in a 3D environment.”

More recent design and execution of microfluidic based
platforms for single cell analysis, as reviewed by Lin and
Singh, or that allow for examination of small-scale evalu-
ation of cell-to-cell interactions as reviewed by Delamarch
et al., provide support for small numbers of cells or small 3D
tissue constructs (Figure 1(e)).”®”” These micro-culture sys-
tems have been designed to meet the needs of high through-
put preclinical screening of tissue responses to drugs or
potentially toxic materials. Production of compartmenta-
lized micro-devices uses techniques such as photolithog-
raphy,go'82 microprinting,80 and replica moldinggo’81 to
generate the chambers and fluidic channels to support cell
attachment and growth (Figure 2). The example shown in
Figure 1(e) of this review shows a replica molded multi-
chamber system produced from polydimethylsiloxane
(PDMS) which is one of the fundamental materials used
in the fabrication of microfluidic chips.®” PDMS is highly
permeable to gasses and has frequently been employed in
production of cell-microfluidic applications.*” Cells-on-a-
chip devices which form plung microfluidic support sys-
tems have great potential to expedite early stages of drug
discovery or drug target analysis. Design and execution of
microfluidic supported lung tissue combined with analysis
of key disease biomarkers will also allow for production of
high-throughput systems. Cheap, easily replicated, and
standardized testing systems for evaluating lung toxicity
would help to minimize the morbidity and mortality asso-
ciated with drug-induced respiratory problems. More than
380 medications are known to cause pulmonary toxicity
and this number increases as new medications are devel-
oped.®®* Diagnosis of drug-induced toxicity in the lung is
usually based on clinical findings which include problems
with respiration. Few systems to examine human drug tox-
icity in the lung exist and the adverse reactions that do
occur can involve the pulmonary parenchyma, the pleura,
the bronchi, and the vascular system of the lung (endothe-
lium). Production of lung-on-a-chips containing cells or tis-
sues using cells from one or, potentially, all of these regions
of the distal lung would help us to develop a better under-
standing of drug-induced lung toxicity and will allow us to
screen medications for potential lung toxicity before human
use. Design of microfluidic supported lung tissues which
consider the need for systems that support analysis of key
lung disease biomarkers will also allow for production of



1141

Modeling the lung

Nichols et al.

(penunuo9)

's||90
oljewyise yum INgH3
ur Jeybiy Apueoiu
-Bis sem so1ho0ydwiA|
G-I Jo aBejusdiad
's||90 Aiojeloes
snonw Jo asuasaid
aul yum wnijay}
-1ds pejel|io payies
-sopnasd e pajuasaid

S||99 |ewliou yum NgHT

(6-oseuiejoidojerow
XlJew pue ‘g9-7| ‘g-TI
‘0-4N 1L —sJolelpaw
Aiorewiwejjul

JO 92Jn0S ulew) NY
s||eo [eljeyuda
[elyOUOIq ‘SISE|qOIq)

‘s||ed [ellsyiopus ‘|| O3V

1103V

1103V

SaI}ARD |BJjuad Buioey
IACIOIW YHM S|[D
(selpoq Jejlswe) || DIV

(selpoq Jejlswey) || DIV

abeloyoue ue Bul
-ureyuoo (1eyowelp
ww-Ge) saysip Lied

saueJquBW
onusells
Xa|joIg Ureyuoo
s|lem Jo wonog
'sojeld |lom-9
a|gnop Buiureuoo
Jagweyd wopoq
e yum se|bixa|d
juasedsuel} wo.y

spew Bun| onse|d

saye|d
2IN}ND anssl} ||oM-Z

sojed

2IN}Nd anssi [[eM-g|

saje|d ainyno [[am-{g

soje|d
2IN}Nd anssl} ||loM-8t

Xijew
106 usbejj0o
B oju| pajelod
-loou sise|q
-04ql} UewnH

|19bure
10 dueIq
-waw Jowny

(SH3) wiems
-WIoH-yso4qjebul

Xuyew
196 uabejj0n

sjeb uiyy pue
301y} sueiq
-wiew Jown}

(SH3) wiems
-WIoH-yieiqiebul

sjuawbely
JejoaAle Jejn|
-|9oe Bun| uewnH

sjusijed onewyise

JO poo|q [eJd

-yduad ay} wou} pale|

-0s] sa1fo0oydwA| |

's108[qns |[ewJou pue

Ol]JeWUY}SE JO SuswIo

-ads Asdoiq [elyouo.q

wo.y paje|os| sise|q

-0.ql} pue s||90 [el|
-ayyda [elyouoiq uewny

SEs)
L-dHL uewny oniAoou
-owo.d juaieypeuou
‘poo|q essyduad wouy
(synaw) sebeydoioew
panusp-akoouowl
uewny ‘4Jadued yum
sBun| jo ebeae| woly
paiejos! Ny uewny

‘syse|qodqly Bun| Arewnd
uewny ‘s|@o v |
-139 [elydouoliq uewny
‘sl|od [eljayropus

9z6AU'Y3 ‘slI90 BGHY

uonelsab
Aep-gz sa1hoow
-naud || dA} 1qgel |eje

syeJ pjo-Aep-gz
0} - |.g woJ} sayhoow
-naud || 8dA} 184 Arewid

uoleiseb Aep
-6¢ WOl s||90 Hiqqed [ejed

se1ho00wnaud
|| 8dAy 184 Arewiid

o160joyred
‘a1bojoisAud

olbojoyyed
‘o1bojoisAud

olbojoisAyd

‘leyuswdolanag

ol6ojoyred
‘o1bojoisAyd
‘leluswdolanag

oi60ojoisAyd
‘leyuswdojanag

o160|joIsAud

"BUWYISE Ul suoljoelalul Jejnjjed
pue ‘yredas Aemure ‘uolewiwEjUl

10 swisiueyoaw Apnis 0} pasn aoe}

-Jajul pinbii-ire ul (NgH3) esoonw

|elyouoig uewny paJlasuibus Jo [9pOIN

‘uolewiwe Ul
PadNpul-Uoiie|iJUSA [edl
-ueyosw Buunp (AY) sebeydoioew
JejoaAje Buipnjoul s||90 Bun| jo Ayal
-JeA e Jo asuodsai Alojeuwwelul sy}
Apnis 0} pasn [9poA 24Ny nd Ul s||80
0 Bulyojasis-ainssaud 011040 w0}
-1ad 0} AHjige sy yum jgpow  Buni

oliseld,, 044 ul ue jo Juswdojenaqg

S9INJoNJ}S 9YI|-Je[0dA[R JO UOIFewIoH

‘lloaAe Bunyosye siapiosip

Areuow|nd pue xuyew (Qg) [euols

-USWIP-894Y} B UO UOIjBIUSISHIP
a1Aoownaud || 8dA} Apnis 0} pasn |apoN

‘sejAoownaud JO ain}No Wwis}

-Buo| pue uoIeIIUBIBHIP |90 B8} Uo

suBIqUIBSW JUBWSSE] PaIN}IISUCDaI

© JO S}08}48 8y} Apnis o} pasn

[OPOIA "SusWIN| [B43USD YIM (STV)
s8JN}on)s aYl|-Jejoane Jo Juswdoljanaq

sejhoownaud || 8dA} Jo uon

-ouny pue ABojoydiow ay} uo aueiq

-Wwaw Juawaseq Bun| ay} Jo 10840
Bunejnpow ayy Apnis o} pasn [8POA

ogPEUD

ou1bnd

ogouyo

cgBIeyIbng

Jheig

,,Wesesn\-efngem

paonpoad adA L
1120 leuld

ainy)no anssi] 10}
swialsAg wuoneld

ployeds

204n0S |19

|9PO Jo 2dAL

|9PONl Bun pasaauibug
Jo uonduosaq

paysijand
Jea pue Joyiny

s|epow 10eJ} Alojelidsal Jamo| pue Jaddn ajqejieAe AjJusiind Jo maIneY g dlqel



1142 Experimental Biology and Medicine Volume 239 September 2014

(penunuo9)

ujjoe 8|osNW Yjoows
eydje passaidxa sainy
-0NJiS 8I|-Jej0dAje
Buipunouns sjj@0 Aep-|
s||90
leleyuda Jeuwn|oo
paiel|io palens-opnesd

saje|d
2JN}NO anssI} ||loM

SEETS

(ovD)-usb
-e||00 | 8dA} Jo

‘uolelsab shep
61 PUE 9| S}el WOl

anssi} bun| jo

uolelauabal ayy J0} spjoyeds (HyD)
ueoA|BouiwesooA|B-uabeljoo Buned
-a4d Joy} salbajelis Jo Apnis 8y} a1e}

-1[10®} 0} PAsSN |9POIA "S8INJONJIS I

11 O3v -2 | pejeod-esoteby so|dwes ayI|-¥sig s||90 bun| [eye) Atewd olbojoisAyd -Jejoanfe o1dAjolsiy Bun| jo uonewlo4 JSIEIVe)
(Buiures
HIYSS pIoe dIpo
-iad-an|q uedly Aq
paliuspl) s|[90 Alo}eloes
(s101deoeu pioe olfels
payull-g-g) sIi9d parelD
(s103deoau 'sanssi} *S9SNJIA BZUSN|JUI UBIAE PUE UBWNY
pIoe Oljels payull-9-g) |eseu pue |elyouoiq Jo wisidoJy Jen||@o Apnis 0} pasn |9pOoA
s||90 [elyude |eayo soyeld /leayoeJ} wodj s||90 ‘wnieyyds Aemire
-BJ] UBWINY pajel|louoN 2JN}ND ||loMSUE. | leljeyyds uewny Arewrd o|bojoyred uewny Jo s|epow aInyNd |[89 OJYA U ggUoINOSOIBIN
sbun| onewyise
woJl o3gH ul eljio
painquisip Ajesieds
'sbun| [ewJou jo poddns
O3gH Ul BljId snoJswnn pajeAse [euaiul ‘sbun| onjewylse pue
(unuawin) ue pue (Jjeded ‘uoisuadsns lew.ou jo saisdoiq
O4gH uewey Jo Bun D4gH & yum woyy payejos! (O4gH)
(6-dINN a|18)1s) abeioyoue 106 uabejj0o S||92 onse|qoiql
g aseuneen ‘g-dAIIN |esayduiad Buy | dA} jo pesod |elyouoiqg uewny pue "BWIYISE Ul POAJOAUI SWSI
V 9seuljeley) ‘unelay|) -urejuoo (1eyewelp -Wwoo Jake| (D3gH) sl1e2 [eljeyyde oiBojoyred -ueyoaw Apnis 0} pasn [9polA *(39)
23gH ww-Gg) saysip M1ed lewAyoussay [elyouoiq uewny Atewd ‘a16ojoisAud sjualeAInba [elyouoiq Jo uoiONPoId ,gonenbed
"HP¥H ION
pue gGY ‘seull ||99
BWOUIOIBO0USPE Bun|
uewnH "4eoued Bun|
obe)s Alies o} salwo)
-09q0| JuUsmiapun
oym sjuaijed wouy
(uuaypeo-3A ‘LE @) suswioads Bun| jo
O3INdH suolpod [ewlou wody
(saIpoq Jejjpwe) paje|os! (DJNdH) *Ainful Bun| 81noe wouy A1snodai pue
‘uleyped-3 ‘g-ds ‘0 Jayly peyeod | adAy S||99 [eljeyiopus siseusboyied ay; ul Jelueq Ale|ided
-dS ‘g-dS ‘v-dS ‘1-411) uabe|j0o e yum Je|nosenoloiw Ae ol6ojoyred —JejoaAje 8y} Apnis 0] pasn [9poA
11 O3V saje|d [[amsuel] -1g -uownd uewny Arewd ‘o1bojoisAud ‘Bun| [esip uewny Jo wajsAs ainyno-09) spSuuewIsH
paosnpo.id adA} a2.n}jn) anssi} 10} plojjeos 9294Nn0S |99 [9PO Jo adA} |9poNl BunT passauibug paysijand

119D |euly

swa)sAs wione|d

jo uonduosaqg Jea A pue Joyiny

panupuo) g slqeL



1143

Modeling the lung

Nichols et al.

(penuiuo9)

‘L€ @) slIvo [elleYIopuUg
(unessy
-0340 ‘0-dS-04d) || OFV

(¢1494)
Joydeoal onsusboyd

-Jow [eljpyyde (01
494) wniisyuda sy jo
Jaonpui ojusboydiow
pPaALIBP-BWAYOUSSSIN
(uuswin)

S[199 [eWAYoUSSaN
(ss1poq

Jejpwe| ‘O-ds) Il O3V

soje|d ainynod ||eM-g

J010B8I0Iq [9SSOA
[rem Bunejos Jw GG

xuyew |ob
uabe|o0o | adA]

(v11d)
pioe-onoe|
-I-Ajod “(v91d)
pIoE 21j09
-K|6-00-2110€|
-Ajod ‘|eboipAy
1ebue Jo
S90l1BW Sno.q
-ljoueu pue
Sweoy} snoiod

Xlyew
(221-4d)

Odd G'I Aep oluo
-Aquwis suunw Arewd

(Dd4) s|1@o Areuow
-Ind e84 g1 Aep oluo
-Aqwie suunw Arewnd

|eoibojoyred

‘leaibojoisAyd

‘leyuswdolanag

|eaibojoyied

‘leaibojoisAyd

‘leluswdolanag

Bun| Apnis 01 pasn [9pOIA ‘PaAIBSO
S| 9oBpB)UI [Bl]oYlopUS—[EldYNde UE

yoIyM Ul aNnssiy Bun [e3sIp (e384 4O [9PO

‘eisejdodAy Areuownd

[ejeuOaU Ul SB yons anssi} Bun| pases
-s|p Buioe|dai Joy anssiy Areuownd
[eisip 1o uonesausb ayy Apnis 0} pasn
19poIN “siseusboydiow Buiyoueiq
pue (N4y) SHun Bujw.oy JejodAe Jo
uonewlo} Aq ainjoayyose Bun) [eisip

olwiW ey} s}onJisuod anssiy Areuowing

‘anssi} Bun|

JO uolesauab 8y} ul spoyldew paseq
-p|oyeos pue S||90 wals Jojusb
-0.d jo [eipusiod 8y} Apnis 0} pasn
|opo "enssiy Bun| Bunelsusb jo sjge

£SOULPUOI

,cSOULIPUON

(unesex01AD /21-4 ououn|d anssi} -deo (sDd1S) s||e2 Joyuaboid Bun)
‘9-dS) Il D3V Xurew (Yod) Bun| wouy paje|osi olbojoisAyd O[JBWOS SUINO PAJEIJUSISHIP WO}
(01D9) sl|e0 esen) SHSel} WG/ pioe 21109A|6Aj04 SOd1S duino Arewd ‘leyuswdojanag OAIA U] PUB OJ}A Ul YiMOIB SNnsSI} Je|0aAlY 29ElIBIH0D
'suoljoeJalul |[92 Alojew
-wepul pue ‘podsuely [eljeyydasuesy
‘Buiepowas Aemure Apnis o3 pasn
(s471H) siselq |9POIN ‘|lem AemJie a8y} Jo sainjes)
s||om ouswAjod -04qy Bun| [e1e) uewny [e2160]021X0} [BuOI1oUN} PUB [EDIWOYBU. SOIWIW
s||90 Buietoas snonjy snoJod yum seeid El§ (S3gHN) sl1e2 [eljeynde ‘o16ojoyied 1By} 8oBHSIUI pInbi—ie ue 1e pain)
s||90 peel|lD [[oMSuel} [[oM-9 uebe|j0o | adA) [elyouoIq UBWNY [BWION ‘oibojoisAud -|N9 BSOONW [BIYOUOIq UBWNY JO [SPOIA 2,20UD
(se|nuelb
A1010108s asusp ‘seysip
-U0J}08|9 pue BUp uo paoe|d sauelq ‘sueJa}|qo
-Uoyoo}W snosswnu -waw snosod sijloIyouo.q JO ‘sisoiqly J13SAD
‘wninonaJ olw VH-1I921IIIN ‘eise|dsAp Areuowindoyouolq se
-se|dopua ybnoJ juep ‘payeoo-uabe||0o yons ‘saseasip Aemiie ul wnipyuds
-unge ‘g-ds ‘0199) I\ 8dA} Jo ‘pareod Aemure ainyisuooal 01 Adessyy (|99 jJo
S||190 BJE|D Paje||IOUON -uabe||0o | 8dA} spoyiaw Apnis 0} pasn [9POIA "S||99
S||90 8)BIpaWIdU| ‘pareos-ueleh (S3) weys oluoAigqws suunw pajer
(g uingny) s|jeo pajeliD ‘pejeoo-usbe||0o 84D 8ul| |89 S3 oibojoisAyd -UaJapip wouy soepeiul pinbi|-ie
(rg-1-SD) sl|eo |eseg | 8dA} :saysip L1ed asnow pajenualayipun ‘leyuswdojanaqg ue ul wnjjgyyds Aemuie Jo [gpoul ainynd LgXNeI0)
"JOBJJUOD
0} 9|qe aJam pue
paonpoid adA L ain}jn) anssi] 10} plojjeos 92.n08S |99 |9pON Jo adAL |°PON BunT pasaauibug paysiiand

119D |euly

swe)sAs wuoneld

Jo uonduosaq

Jea pue Joyiny

panunuo) g alqeL



Experimental Biology and Medicine Volume 239 September 2014

1144

(penunuo9)

(uononpoud juejoepns
selpoq Je|lswe)) || DIV

(YNS

-6v S[|®9 8|9shw yjoows
(LI-WvD3d

‘1£a0) sl199 [elyiopul
(-4

wnijyyda Buidojaneqg

(0-ds-04d) || O3V

(0109) slleo eren
(81-uness)03£0)

s||eo [eljeynde perel|io

(seunjoiko Aoy

-ewwepjui-oid jo uon

-onpoud ‘uononpoud |
-INVOIS) sije0 O3 pue d3
s||90 snonw snowenbg
|90 |eseq [eplognd

(€a) se1kooydwiA| |
(89aD) sebeydoioey

(s¥a2)
sa1A00¥ N8| Buneyu|
(103084 puEIgE||IM
UOA) s][99 [eljayjopus

(dSD9) sl1eo eren
(0-ds-04d) || O3V

(2

/1/014D4) Buioepieiul
[elleyropus—ferpyndy

(uny

-se[90do.} ‘UljuBWIA)
S||8d _mE>co:®w®_\4

(Fgunoe|os! ‘2H4D3IA

‘1449D3A ‘1-WvO3d

sI 1By} sjau
-UBYD04OIW YUM
9IASP JIPIN|JOIDIN

J010B8J0Iq
Arejol qwi0g

sesayoel]

Hqqes ol
pajuedwi saoueN
seje(d |om-8y
sagn}

ausjAdoidAjod Jw-G|

sare|d ainyno [joM-1g

sbun| 1e4 ol

uoljejue|/dWl W0y 8L

pa1e0o sauelq

-wsw siNad
snoJodouol|N

Xupew

Bun yes (V)
Je|njj@oe a|oym

WEeo}Ion yim

peeod (Sdo1)

aualfisAjod
24N}No 8nssi|

abuods weoyen

‘O3ANH ‘s|I92 [eljd9y}
-0pud JB|NOSBAOIOIW
uewny Jo au| |10

os3w

(dTHN)

aull 199 1se|qoiqy
mcs_ uewny jewlioN
SOIANH

(03)

S||99 |eljayiopus dipoe

uewny ‘s|j@ (d3) [el
-ayyde |elyouoiq uewnH

‘sjouop
Auresy jo poojq
8|0YM wouy paje|osl
(sONgd) slIeo Jesjonu
-ouow poo|q _m._mr_a_‘_mn_

s||e0 Bun| |18} 1y

1e0160]001X0}
‘o1bojoyyed
‘o1BbojoisAyd

ol6ojoisAyd
‘lewuswdolanag

o16ojoyied
‘o1bojoIsAud

olB6ojoyied

|eoibojoisAyd
‘lewuswdolanag

8y} jJo aoepelul Asejjideo—Jejoanfe

8U} S8INYISU0D8I JBY} 8oBMSIUI PINbI|

—Jle UB YIM WalsAsoIoiw onawiwolg

sobeaul|
olj10ads-Bun| ojul uolEIIUSISHIP

0S3 uo Xujew Bun| [einjeu Jo s}oeys
8y} Apnis 0} pasnh [epoA “Xuiew Bun|
[eanjeu sjoym e uo (DSJw) s||ed weis

2lUOAIqUIS BULINW PaleIIUISHIP
Buisn anssiy Bun| 10e.) Alojelidsal
Jamo| pue Jaddn Qg jo uoljeiausn)

JredaJ pue

Ainfur Aeemure Apnis 03 pasn |9pojN

's||80 [eljeyiopus pue [elpynde

uewny yum payesbus saeouyew usb
-e||00 Buisn |apow Aunfur Aemure oAl uf

"uolo8yUl
sIsojnaJeqny WneeqodAp

Bunp sesuodsal [eojbojounwiwi pue

Jejn||eo pue uofewllo} ewojnuelb
Apnis 0} |9pow B Se pasn s||90
uewny jo seyebaibbe Jen|jeo papunoy

‘uolessuabal

Bun| Jo} senbjuyos} peseq-p|oyeos
pue -||92 jo [enusjod a8y} Apnis o}
pasn |9POA "SHUN JBjOSAE O} Jejlwis

aJe 1.y} sainjonJis snoiod Jo uoljelsusr)

‘selbojoyied

Areuownd oujeipad ul uoizeluBWBbNE

Bun| o} syoniisuod Bun| Bujessusb
JO spoyjaw Jo} pue jJuswdojersp

ortNH

¢EBII_IHOD

eqlUeZ

seSSewIg

scPPBIpUY

paosnpoud adA}
112D |euld

ainyngy anssi] 1o}
swa)jsAg wuopeld

ployess

22.n0S 12D

PO Jo adAL

[I9PO Bun patasuibug
Jo uonduosaq

paysliqnd
JB9A pue Joyiny

penupuo) g alqeL



1145

Modeling the lung

Nichols et al.

(penunuo9)

(unuswia) sise|goiqid
(L£@D) slieo [elpyIopUT
(Sdov) | 03v
(0-ds-04d) || O3V

(Ledo) slieo [eljpyiopul
(0-ds
-0id ‘g-ds-04d) || DIV
(Sdov) | 03V
(dSD9) slieo eseln
S|182 [eljey}
|_Qw Jeuwn|od palelin

(unuswin) syse|qoiqid
(o-11) 103V
|L-uljoeAe)
(1L
‘V-dS ‘0-dS-04d) || O3V

(unuawiA ‘ureys Anesy
uisoAw
9|osnw yjoows ‘YNS
-10) S|[99 8]oSNW Yjoows
(e110 yo uon
-onpoud ‘GL-y ‘uronw
‘Al usfe|joo ‘g|-ulye
-19)0}A9) S|199 [elley}
-1de AemJre |lews uewnH
(ungni-g)
sjse|qo.qy Bun| uewnH

(uueypeo-3A ‘L
-INVOI) SlIe2 [elayiopul

woj)sAs Jojoeslolq
deo Jsyiy skl IinynD

Jojoeslolg

Jojoealolg

Hun pjow (341d)
auajAyaoJlonyy

-eJ1o1Ajod e surey

-Uuo9 jey} Jojoealolg

Buiyolens

211940 @onpoud
0] WNNOBA pa||oJ}
-uo92-191ndwoo
yum peyesborul

sbun| aojw

Bun|
Jel pazue|n||eoeQ

xuyew bun| el
Je|njj@oe 8oy

Sise|qolqy
Bun| uewny
pappaque
yum xuyew [ob
uabe|0o | adA]

uoauoIql
Jo |9b
uabe||00 yum

s||90 Bun| [e1e}
/ Aep oluoAique 991N

o160joisAyd
‘leuswdojenag

S1182 [eljayiopus
Bun| JejnosenoIoIN

S|199 [el|ay}

-1de Bun| 1eJ [eyeuosu
10 suonendod paxiy

|eaibojoisAyd
‘leluswidolanag

O3ANH
s|[99 Bun| |e19} 18y oi1bojoisAyd
B67SY ‘leyuswdolanag

(L¥5209) slI9o [eljdu}
-ide AemJie |lews uewnH
(925200)
S||90 9josnw
yloows Aemuie uewnH
(€15200)
sise|qoJqy Bun| rewiou

Arewnd uewnyH o160|jo1sAud

sJjouop
Auyesy jo pooiq
S|OYyM WO} pare|os!
S||92 2npuUsp uewny
‘(se1hoownaud || adAy
Je|OdAe WOJ) POALSP
aul| ||90 oluabLIow
-Njuou ‘pazijepoww]
ue) 013 ‘6¥SY ‘(LyvH
ION) s|[99 [eljey}

-1ds Jejoane uewny

B Jo sjusuodwod Apnis 0} pasn [9POIA
'senssi} pazie|n|[eosp
woJ} sedlyew Bun| [einjeu eonpoud
0} wajsAs Jojoealolq e jo uswdoprsq 09221d
‘SP|OJJEOS SE Sanss|} paziie|
-n||@08p Buisn 044 ul payessusbal
Qg ued anssi} Bunj §i Apnis 0} pasn
[9POIA "S¥ed ol pajue|dwi uaym
awi} jo spolad poys Joj abueyoxs
seb ul uoriouny yeyy pue bBun)
SAIJBU JO SaINjes} [BIN}08}YDJe0lolw

Auew Aeidsip 1eyy sbun| paissuibu] o, Uesiered

‘uoiesusbai
Bunj jo spoyew Apnis 0} pasn [9POIA
*UOI}OUN} OAJA U JO} POSSOSSe
pue uoysod oidojoypuo ol
pajue|dsuel) a1om S}oNJsuod Bun|
pajessuabay "anssiy Bun| [eljyiopus
pue [eljlayida ureuod Jey; syonis
-Uo9 anssi} Bun| Jo uonewloy} oA uf

nle)

Bulepowal Aemire
1O swisiueyoaw Apnis 01 pasn [9poN
‘90BpBIUI JIe
Ue Ul [gpow 8jolyouoiq padeys-ed
-upuyAo Bun| uewny e jo Juswdojanaq

‘suaboyied Jo ‘suixoy ‘sbnup jo Bui
-uaaJos IndybnoJyi-ybiy Joy sjppowl
Se pasnh aq os|e Aew swalsAg sa|0

-luedoueu 03 sesuodsal pue suoloe
-J2)ul Jejn||eo Apnis 0} [spow e se
pasn wajsAs palesuibusoioly “Bun)

paosnpoad adAL
lI®9 leuld

ainyny anssi] 10}
swe)sAs wuoneld

ployedss

92.n08S |99 |°oPO Jo adAL

|°PON Bun- pasasuibug
Jo uonduosaq

paysiignd
Jea pue Joyiny

panunuo) g alqeL



1146 Experimental Biology and Medicine Volume 239 September 2014

(penunuoo)

(uosuoiqyy

saouyew Bun|
pazye|n||eosp

‘pole|os|

"s10nJ1sU09 Bun| 818810 0] S||80
uewiNy yum paspaess sbun| o130.iq1y

Je|n(|99 ‘YINS-©) O siapuljho aJoMm S)se|go.qy olbojoyred pue sBun| [ewJou wo.y seouyew
S1SB|qoIqUOAN saje|d ainyno |[em-g yound Asdoig Bun| uewny Arewd ‘a1bojoisAud Bun| uewny Jejnjj@oe Jo waisAs ainynd Leuroog
*SUOIIPUOD
ymnoJb orjels snsian olweuAp ul
"BWOUIDIBO0USPE (LNDMIN) segnijoueu uogJed pajjem
Bun| -1}Inw 0} asuodsaJ Aiojewwejjul
wayshs uewny e wo.y sajeulb pUB dAI}ePIXO pue uoljesayljoid 8340
1000% snid -110 pue ABojoydiow -ownaud Apnis 01 pasn |apoA ‘Bun|
uoIsua] B yum ur ayil-feleyuda || olbojoyred 8y} JO JUSWUOIIAUS [EDlUBYOBW BU}
I D3V soje|d xa|Joig |[em-9 adA} sI 1ey) aul| 190 67SY ‘o1bojoisAud olwIW 0} waisAs ymmolb |90 olweuAq ,clered
“Juswdojanap
anssi} saje|npow siy} Moy pue
S9N [BJUSWIUOIIAUS BUIA|OAS 1O Dlje)S
‘anssi Aq pa1osye ale suoloelalUl Jejn|jed
Bun| |eisip 1es wouy moy Apnis 03 pasn |9po|A “AjjeJodway
[eLo1eW 8seq paje|os! || OV Aewlid -oljeds paj|0Ju09 S| JUBWUOIIAUD
9|lqe|-awAzus “ewoulo eO0USPE -0JOIW Je|N||80 8y} JO AHAI}OSUUOD pue
(o-11) | O3V ‘gligejoioyd uo Bun| uewny wouy Ayowoab
(0-ds-04d) || O3V seye|d ainyno |lem-g | siohe| [9BoIpAH paje|os! aul| |90 67SY oifojoisAyd aU} yoIym ur wioyeld 81nynd (|90 ogUIXO
R=TTET o)
(wpnjoo0 *S||990 [eljeylopus Areuow|nd jo [opowl e se pasn
‘usypeo-3,) sulel S[oUUBYD0.IOIW unosuoIqy Jejnoseno.olw Areuow 99IAap dIpINpoIIA “Bun| uewny
-oud [euonoun( |90 ey JOMO| yum -ind uewny jo au| [|9D [e0160]001X0} oy} Jo aoepLlul Ase|ideo—lejoanje
-9Y}opus JBNISBACIOIN pue Jaddn ypm pa}e09d saue.q "LyyH-IDN aul| (|90 ‘o16ojoyied 9} SOIWIW JBy} MOJ} PINj} PUE JIe YHM
1103y 90IASP DIPINJIOIOIN -Wwaw snoiod Jeljoyyda Jejoanje uewny ‘o16ojoisAyd 90IAP 2IPINJIOJOIW B Jo Juswdojeraqg JUnH
"POO|Q B|OYM WO}
pajejosi O paAlep
-9}Ao0uoWw UewWNH
aull 199 [eljdy}
-1da |elyouoliq uewny asuodsal Aio}
paziepowwl ue ‘JgH9 L -BUWWeJjUl UE JO sisejsoawoy Buunp
'SN}8} 9|eW p|O-Ydom suonouny (DQ) |92 2ipusp Bul
S}Se|go.ql -1 e jo anssi Bun| -1e|nfa) UO JUSWUOIIAUSOIDIW BNSSI}
(¥1ao 4oy sposul Yyum [ewJou WoJy paALsp 8y Jo @ousN|ul 8y} Apnis 01 pasn [9POIA
anebau pue e g 4o} [lomsues} wi papass xujew G-OHIN ‘aull |90 "BSOONW AeMJe UBWNY 8U}
aniysod ‘NHIS-0d) Od -0°c yum sareid |lom-9 106 uabejj0n 1se|jqo.qy bun| uewnH o160jo1sAud 10 |apow oidAjouehlo ue jo uoljelausr) o0eUSANBN
“uswdojanap
anss|} Bun| poddns o} Ayjige
S} pue xujew Bun| pazien|j@oap
paonpo.id adA} ain}n anssi} 10} ployeoss 294Nn0S [|199 [9PONI Jo adA} |9po BunT passauibug paysijand

119D |euly

swieysAs wuoneld

Jo uonduosaq

Jea pue Joyiny

panupuo g alqel



1147

Modeling the lung

Nichols et al.

"ymmou6 Jowny jo uoissaiboid
Apnis 0} pasn s| pue sa|Npow Jown}

‘BYSY SWJOJ |9POIA 'S||92 Jedued uewny
sbun| au| 190 [elleynda yum xuyew Bun| jesnyeu Buisn [ppow
Ko =\ Jojyoealolg JeJ pazuen|j@oeqg |eseq JejoaAje uBwWNH o|6ojoyred J90UBD Bun| 0AlA X8 ue Jo Juswdoljansq ecBIUSIN
‘Il O3V Apueuiwopasid
ase yoym (D3vH)
s||e2 || 8dAy [elleyyde
Jejoane uewny Aew
-ud pue (sOSINING)
weoyen S||90 wiels [ewAyoussaw 'seourew Bun| [einjeu Buisn anssi}
Jo ‘|aburen panusp Bun| Jo uswdojenep o.3A ur yoddns
‘sbun| uewny -moulew auoq 6id 0} pasn [apo|\ "sedA} ||90 jualayIp
pue auid ‘(D714H) sl192 Bun| [eyay J0 AJal/BA B UM papass seoljew
(SdOV) | D3V -lod Jejnjjeoe uewny ‘(DS3w) s||90 Bun| uewny pue Bid Jejnjj@oe Buisn
(D-ds-04d) || O3V soje|d ainynod ||eM-g jo seoald (WO G0 wials oluoAigquue aulny| o160joIsAud $10NJ1SU0D anssi} Bun| jo Juswdojeaaqg »SIOYOIN
‘sjuaiyed
Jaoued Bun| wouy
anss|} Bun| pejossal
Jo suojpod |ejow
-Njuou pue |ejowny
woJy s4N pue s4vQ (4N) sise|qoiq} [ewiou O}
(unesey-ued ‘uiusWIA) payorew-jusied pasedwoo usym (s4y9) sise|qoiqu
4N pue 4y9 yiog -peje|os| sise|qo.qly pajeloosse-1aoued Jo saljljige Bujow
(uon Bun| uewny Aewd -oJd-Jowny 8y} Apnis 03 pasn |9poN
-oeJu0D |96 usebe||00 seoLew [ob 617GV oul| |[92 BwOUID ol6ojoyred 's||e0 Jooued
paouByUd ‘YINS-©) S4VD saje|d ainyno |[am-9 uabe|oo | adA] -leoouspe Bun| uewnH ‘o1bojoisAud Bun| uewny jo Aesse ainynN2-09 Qg 2gOHOH
s||o0 Buipsss ‘uoneJayijosd
10} 3|21yaA pue ‘uonebuoe ‘Juswyoene
B se ainixiu (DY) s|190 wals |10 uo Xuyew Bun| pazien|j@osp
asoJebe ue lewAyoussaw panUep JO S}08}8 8y} ApNnis 0} pasn [8poN
(enusod-13NNL yyum sbun| snb -asodipe pue (OSING) *S||90 wials [ewAyous
pue -/91 ‘uonels -eOBW Snsayy S||90 wajs [ewAyous -sew pue sbun| senbeoew snseyy
-Jij04d JO JusWsSsasse) Je|njjeoe -SaW PaALISP-MmoLeW olbojoisAyd pazue|n|j@osp Buisn [gpow Bun|
OSY pue OSING soje|d [jom-9 JO S8q0| JoamoT] auoq Aewud snsayy ‘leluswdolanag a1ewnd uewnyuou e jo wswdojanag seUleliauog
sjualed
sisoiqy Are
-uow|nd [enis *adAjousyd
-Jajul woJj pue 1se|go.qy seouanjul sbun|
sbun| Ayyeay 21104q1} PUE [BWIOU JO XIBew Jen|
|ewiou wouy -|99BJIX8 8Y} MOy Apnis 0} pasn [9pPoA
paosnpoad adAL ain}jn) anssi] 10} plojjeos 92.n08S |99 |°oPO Jo adAL |°PON Bun- pasasuibug paysiignd

112D |eul4 swe)sAs wuoneld

Jo uonduosaq

Jea pue Joyiny

panunuo) g alqeL



Experimental Biology and Medicine Volume 239 September 2014

Figure 1 Platforms used in the development of 3D lung tissue models. (a) 12 -, 24 -, 96-well format plates. (b) Transwell type culture platform. (c) Slide chamber
platform for support of imaging of 3D lung tissue. (d) Rotary bioreactor for culture of 3D lung constructs.® Black arrow points to either whole trachea-lung culture (top
right) or aggregate cultures of alveolar type | and Il cells (bottom right). (e) Diagram of a basic microfluidic system with media inlet and outlet ports and image of current
chamber system produced by the authors for lung cell culture (unpublished data). (A color version of this figure is available in the online journal.)
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Figure 2 Methods for production of microfluidic supported cell culture sys-
tems. (a) Photolithography which uses light to transfer a pattern from a photo-
mask to a light sensitive chemical resist, placed on a substrate. (b) Replica
molding which creates many copies of a specific pattern or structure by cre-
ation of a mold and then a reverse mold to create copies. (c) Microcontact
printing which is a form of soft lithography where patterns are transferred to a
surface using a stamp. (A color version of this figure is available in the online
journal.)

more useful high-throughput systems to examine lung dis-
eases in the future.

The main problems associated with design and develop-
ment of microfluidic support systems for 2D microfluidics
culture are related to design of the platform and include
control of tissue perfusion related to perfusion speed and
force, need for bubble trapping, and determination of how
cell responses will be analyzed. One of the motivations for
use of microfluidic supported cell platforms is the automa-
tion of labor-intensive fluid transfer procedures. Media per-
fusion rates must be low enough (less than 1mL/day) that
fluid flow in the cell chamber does not interfere with cell or
tissue responses or with immune cell migration. Bubble
trapping may require the incorporation of bubble traps
existing in the platform itself or in the media reservoir
line. Release of small bubbles into the cell chamber alters
cell responses and reduces the ability to image cells or col-
lect standardized aliquots of culture supernatants.
Determinations related to analysis of cell viability, cytokine
production, or metabolite evaluation need to be dealt with
during the design phase of platform development. HoC
systems allow for production of high enough levels of
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Figure 3 Production of lung-specific biomarkers by a distal lung human organ
construct (HoC) system. HoC system (containing an estimated 6-9 million cells)
with identification of lung protein markers by (a) immunocytochemistry for iden-
tification of surfactant protein-A (SP-A) or (b) immunoprecipitation of SP-A. The
HoC was produced on whole trachea-lung scaffolds which were cultured in a
rotary bioreactor for 21 days. (This is a revision of the original figure and is
reprinted with permission from the authors). Blue nuclear stain is 4',6" diamino-2-
phenylindole (DAPI). SP-A (red) is indicated by positive phycoerythrin (PE)
staining. (A color version of this figure is available in the online journal.)®

proteins that immunostaining and standard techniques
such as enzyme-linked immunosorbent assay (ELISA) or
immuneprecipitation of proteins such as SP-A can be
used to identify biological products (Figure 3). For analysis
readouts that require microscopy special incubator, cham-
bers housing specialized microscopes may need to be con-
structed.””* Analysis systems that focus on biologic targets
produced by chip experiments are more difficult to accom-
plish. Microfluidics systems handle microliter in micro-
channels 1-1000 um in size*® which severely limits the
volume of harvested cell supernatants. Polymerase chain
reaction (PCR) can be used to identify the presence of
lung specific products such as surfactant proteins A, B, C,
and D or thyroid transcription factor-1 (TTF-1) by lung pro-
genitor cells or the presence of endothelial markers such as
platelet endothelial cell adhesion molecule (PECAM-1),
vascular endothelial growth factor (VEGFR), or CD133
when culturing endothelial cells (Figure 4). For small
lung-on-a chip systems PCR analysis of cell products such
as those mentioned earlier may not be possible. Specialized
techniques such as real time (RT-qPCR)***” or cycling probe
technology have been designed as alternatives to PCR spe-
cifically for sample analysis related to microfluidic or chip
experiments”® and other micro-analytical methods such
as gas-phase chromatography and capillary electrophoresis
may also be used. Single-cell analysis strategies for gene
expression, single-cell mRNA analysis, or single-cell DNA
sequencing based on microfluidic technology have already
been developed and can be coupled to cell-on-a-chip

Early lung epithelium
markers.
PECAM-1
VEGF R2 Endothelium Markers
CD133

Figure 4 Expression of epithelial and endothelial marker genes from human
plung cultures cultures. Human plung containing 1-1.5 million cells were evalu-
ated using PCR for evaluation of development of lung epithelium and endothe-
lium. (1) Spontaneously differentiated murine embryonic stem cells (MESC), (2)
differentiated mESC enriched for potential to give rise to lung epithelium and
grown on a lung acellular (AC) scaffold and AC scaffold alone. Presence of RNA
for surfactant protein C, SP-C; TTF-1, thyroid transcription factor-1, TTF-1;
Platelet endothelial cell adhesion molecule-1, PECAM-1; Vascular endothelial
growth factor receptor-2,VEGFR, (Authors unpublished data) was examined.

systems to allow for examination of molecular events
related to cell responses.'**

Evaluation and validation of model systems

Evaluation of engineered respiratory tissue models
includes measurements of cell functionality and cell
response. In order to successfully develop lung tissue
models, evaluation of cell types, cell survival, and attach-
ment of cells to scaffolds or generation of cell products is
necessary to ensure the functionality of the model. For
physiologic lung models, early lung products of epithelial
cells have been used to indicate the ability of lung epithelial
cells to function. Some of these products have included pro-
duction of surfactant proteins A-D by type Il
AECs>#547-5057-606275 and Clara cell protein-10 (CC10)
generated by Clara cells.**"** In later developmental
models of the lung produced using FLCs or ESCs, markers
of cell differentiation included TTF-1° which is produced by
immature epithelial cell types as well as surfactant protein-
C, a type IT AEC product of more mature cells.> Obviously
for respiratory tissue mimics, production of mucin by cells
in the trachea,®>”*”*% surfactant proteins by Clara or type
II AEC cells,*>*”°%7% or other lung specific biomarkers are
indicators of successful tissue development. Respiratory
tract toxicology models often use cell viability or induction
of apoptosis as indicators of appropriate cell
responses.”*®”?  Pathogenesis and infectious disease
models require an understanding of the disease to be mod-
eled as well as the types of cells involved in a pathological
response.' % The ability to deconstruct a response using
the fewest cell types required to elicit that response is what
makes design and production of human engineered models
both problematic and captivating. Once a disease model has
been produced it must be standardized. Simple one- or two-
cell based plung models are fairly easy to standardize but
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complex macro-physiological systems, HoC, which require
large numbers of cells, many different cell types or forma-
tion of tissue in specific patterns such as endothelium and
distal lung are much more difficult. Models that require a
functional immune response are also difficult to construct
and standardize. Addition of innate immune cells to model
systems does not require consideration of human leukocyte
antigen (HLA) tissue type but use of Tand B lymphocytes in
engineered tissue models may require development of
immune tolerant cells or at least an HLA or tissue type
half-match between the donor cells and the engineered
tissue model. Validating production of lung lineage cell
products or expression of specific lung associated mem-
brane proteins or transcription factors using PCR, gel elec-
trophoresis, or other methods is necessary especially when
designing more advanced toxicology, pathogenesis, or
infectious disease models of the lung. Tissue models must
also be subjected to evaluation of precision as a test plat-
form. Examination of intra-assay (within) and inter-assay
(between) variability must be done for each model system
once it has been established and shown to be reproducible
and is the reason that plate culture experiments are usu-
ally done in triplicate with presentation of the data as a
mean and standard deviation for each set of data. Intra-
assay variation describes the variation of results within a
data set obtained from one experiment. Inter-assay vari-
ation is the amount of variation between experiments
done at different times. This is a good indicator of repro-
ducibility of the model and how it will function over
time. The reproducibility between assays should be moni-
tored by the use of untreated controls. Analyzing controls
along with experimental unknowns in each tissue model
should give reliable evaluations and conclusions, although
the experiments may have been conducted at different
times.

Current perfused models of lung function

Microfluidic lung models currently described in the litera-
ture examine engineering principles (sheer stress, influence
of pressure gradients, mechanical strain, and surfactant-
induced airway tensions) rather than biological principles.
Many of the microfluidic platforms for respiratory tract
modeling that have been recently developed are designed
to mimic the alveolar-capillary interface.***”” In order to
recreate the epithelial and endothelial barrier, porous mem-
branes coated with collagen gels are often placed between
micro-channels. These collagen-coated membranes are also
thought to provide an ECM-like three-dimensionality for
the system but cells are cultured as monolayers within
micro-channels.*® To study the effect of mechanical ventila-
tion on the epithelial cell barrier, human AECs lines (A549
and H441) were cultured on a multiphase microfluidic plat-
form to mimic alveoli.'® This microfluidic platform is
referred to as a pressure chip that contains a top sealing
panel and a base imaging panel, with each of these panels
containing eight culture wells. Side access ports on the pres-
sure chip are used as inlets and outlets for medium flow
and air flow which allow air pressure to be applied. One of
the interesting features of this pressure chip is that on the

basolateral surface, medium is replenished at a continuous
low flow and at the same time, on the apical surface the air
flow maintains a steady rate.'’® This was also a key feature
of the microfluidic platform designed by Huh et al.*®
Similar features are important to consider when designing
macro- or micro-fluidic platforms for lung models that
require an air-liquid interface to better resemble in vivo
physiological conditions. The development of this pressure
chip allows for studies of ventilator-induced lung injury
(VILI) or other conditions where the lung is exposed to
mechanical disruptions or aerodynamic sheer stress.'”
For this study, alveolar membrane integrity was measured
as transepithelial electrical resistance (TEER) upon cell
exposure to pressure of varying magnitudes, and measure-
ments of TEER were taken at 24-h intervals.'® Preliminary
results indicated a dose-dependent response where cells
exposed to higher air-pressure magnitudes showed a net
decrease in TEER. Disruptions of cell layers were observed
during pressure application although cells seemed to
recover in the postapplication period and minimal cell
death was observed.'®

Although the design of this pressure chip allows it to be
used in various applications and may provide insights
about cellular responses and cell-cell interactions when
exposed to different stresses, there are limitations to the
use of this platform. One of these limitations is that results
obtained from this pressure chip are not necessarily com-
parable to human physiological responses even though
human cells are used because cells are cultured on the pres-
sure chip as monolayers or multilayers of stacked cells that
greatly differ from their organization in lung tissue. Cellular
behavior and responses are altered by this change in com-
position and results may be misleading when compared to
their responses in vivo where the structural microenviron-
ment influences reactions.

The mechanics of fluid flow in the pulmonary system is
of great importance in the design of models that better
recreate interfacial flows that happen when injury or dis-
ease causes liquid obstructions within the airways.'” An
example of this is acute lung injury in which disruption of
the alveolar-capillary junctions leads to increased perme-
ability allowing the entry of fluid and inflammatory medi-
ators that will result in pulmonary edema and prevent
breathing. Understanding the effect of liquid obstructions
or surface tension stresses on airway closure and reopening
is an integral part of biofluid interactions between the air-
ways and vasculature of the lungs. The viscoelastic proper-
ties of surfactant and mucus must also be considered when
comparing pathological conditions with normal physiology
in the airways.'” Current models of pulmonary airways
containing epithelium and endothelium are simplified
models consisting of single airways, collagen gel-based sys-
tems, or microfluidic systems that try to recreate small com-
ponents of the alveolar-capillary interface.**”>” Tt is
important to understand that cellular responses within
simplified systems or cell monolayers that lie flat on
micro-channels or other surfaces will be very different
when compared to their responses within the ECM of the
tissues. Although these models have provided valuable
insights about pathologic alterations to the lungs, the



structure and design of these models is very different from
the 3D architecture of the human airways where responses
are interdependent within regions of the lungs.
Development of more complex models that contain distal
lung regions with numerous alveoli interconnected with
bronchial airways and blood vessels is necessary to repro-
duce the dynamic in vivo setting in the human lungs.
Models that have a more complete lung ultrastructure
will be essential in understanding how mechanical stresses
and fluid flows affect cellular responses and the integrity of
cellular membranes in a more realistic macroenvironment.
The use of the natural lung ECM for development of
more complex macromolecular models or possibly whole-
lung lobe models is a suitable method since it already con-
tains the necessary 3D structure, mechanical properties,
chemical composition, and structural organization of
native lung.''°

2D and 3D physiologic models of trachea or
upper respiratory tract

We have attempted to provide a broad overview of current
upper and lower respiratory tract models and these are pre-
sented in Table 2. We selected studies based on (1) cell type
used, (2) scaffold material, (3) platform, (4) goal of the study
(development of physiologic tissue, evaluation of toxicity,
use in pathogenesis studies), or (5) novelty of platform
design or goal of study. An early but well-designed patho-
logic 3D model of upper airway was engineered from
human bronchial mucosa grown on a collagen gel scaffold
seeded with primary cells derived from normal and asth-
matic lung tissues cultured in an air-liquid interface.®® In
this study, human bronchial fibroblasts from normal and
asthmatic donors were incorporated into a collagen gel.
Bronchial epithelial cells were seeded over this gel and
then cultured in an air-liquid interface in the presence or
the absence of T lymphocytes. Small biopsy specimens from
these models of engineered mucosa were taken for struc-
tural and ultrastructural analysis, and T lymphocytes were
harvested and wused to localize interleukin-5 (IL-5).
Histologic analysis showed that engineered mucosa with
normal bronchial cells presented a pseudostratified ciliated
epithelium with the presence of mucus secretory cells.
Electron microscopy analysis confirmed these histologic
results. These features were comparable with those
observed in normal bronchial tissues. However, in engin-
eered mucosa from asthmatic subjects, the tissue structure
was disorganized, particularly the epithelial cell arrange-
ment. The percentage of IL-5 positive lymphocytes was sig-
nificantly (P =.03) higher in engineered bronchial mucosa
from asthmatic subjects (87% +2%) compared with mucosa
from normal volunteers (2% + 0.3%).5® Another physiologic
model of bronchi was developed from mESC seeded onto
type I collagen coated dishes.”" This culture model allowed
for derivation of the principal cell types composing the
airway epithelium (basal cells, Clara cells, and ciliated
airway epithelial cells) from mESCs. The cells in this culture
model organized themselves to give rise to fully mature
epithelial airway tissue containing ciliated airway epithe-
lium and Clara cells producing CC10 as well as SP-D.

Nichols et al. Modeling the lung

Later 3D models of human bronchial mucosa were gener-
ated using porous polymeric wells and a collagen gel scaf-
fold”? or implants of the bronchial epithelium and
endothelium using Gelfoam collagen matrices as scaf-
folds.”® Models of human airway have been used to study
mechanisms of airway remodeling using a cylindrical--
shaped bronchiole model in an air interface seeded with
normal lung fibroblasts, human airway smooth muscle
cells, and human small airway epithelial cells.”” One com-
plex organotypic model of airway mucosa was used to
evaluate the influence of the tissue microenvironment on
regulating dendritic cell (DC) functions during homeostasis
or an inflammatory response.”” This model contained
human fibroblasts, bronchial epithelial cells, and human
peripheral blood monocyte-derived DC.

The respiratory tract models listed earlier were not pro-
duced using microfluidic support platforms and all
required a great deal of manual manipulation for addition
of media, removal of waste, or for sample harvesting. All of
these models provided critical information regarding lung
cell or tissue responses, but survival of cells in these types of
in vitro models has been limited due to lack of simple per-
fusion systems for media exchange and waste removal
which are currently under development.

Current 3D lung models or HoC

Early lung system models (Table 2) functioned mainly as
physiologic models and provided for examination of basic
components of AEC function when AECs were cultured on
natural lung AC scaffold,”” EHS tumor membrane,* colla-
gen,”>® or Matrigel.”® The goal of these early studies was to
maintain primary type II AECs in vitro. One early model
was designed to study the inflammatory response of a var-
iety of lung cells including alveolar macrophages during
mechanical ventilation-induced  inflammation.*®  This
model, based on use of human transformed cell lines and
primary human monocyte-macrophages, provided basic
information related to the influence of stretch on immune
and lung cell responses.

Attempts were made later to engineer alveolar-capillary
junctions® or alveolar-like structures using rat FLCs seeded
onto glycosaminoglycan scaffolds.”® SLPC seeded onto
PGA and PF-127 were shown to develop into lung
tissue.°> In wvitro differentiation of a mixture of ovine
SLPCs into pulmonary epithelium on PGA or PF-127 scaf-
folds with expression of CC10, cytokeratin, and SP-C was
validated by western blot. Scanning electron microscopy
(SEM) of the engineered tissue demonstrated organization
of the cells into identifiable pulmonary structures morpho-
logically similar to alveoli.® Other attempts to produce
alveolar like structures in witro include work by
Mondrinos et al.’” and Andrade et al.> In these simple
models of the lung, fetal rat cells were seeded onto
Gelfoam,* Matrigel, PLGA, and PLLA scaffolds.®” During
this period of time cell-scaffold constructs were made from
a variety of source materials. Often alveolar development
was limited due to poor design of scaffold materials that
did not meet the specific needs of lung epithelial cells.
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Use of models to examine stem cell
responses, cell differentiation, or lung
development

One of the first lung developmental models was produced
from primary isolates of fetal pulmonary cells grown in
collagen gel scaffold.”® This system was used to test the
differential effects of fibroblast growth factor (FGF)-2,
FGF-7, and FGF-10 on distal lung morphogenesis. Results
showed that FGF-2/7/10 induced robust budding of the
epithelial structures and supported formation of a uniform
endothelial network. A series of studies using whole-tra-
chea lungs produced on AC natural lung showed that the
scaffold supported growth and differentiation of rat FLCs,*’
rat neonatal lung cells,”” and mouse embryonic lung cells®
as well as formation of lung epithelial cells and, in some
instances, endothelial cells***”° and primary AECs.®®

We are just beginning to understand the influence of
lung ECM on the differentiation of stem or progenitor
cells and on subsequent tissue formation. Studies to exam-
ine this role have been limited although the field of tensegr-
ity-based mechano-sensing suggests that (1) regional
variation of ECM remodeling that occurs during embryo-
genesis leads to local differences in ECM structure and
mechanics, (2) changes in matrix compliance (e.g. increased
stiffness when the basement membrane is stretched) alter
mechanical forces across membrane receptors that mediate
cell-ECM adhesion, and (3) altering the level of forces that
are transmitted to the internal cytoskeleton will produce
cell structural changes and alter intracellular biochemistry,
thereby causing cells to switch between growth, differenti-
ation, and apoptosis." In the respiratory tract the regional
variability that occurs in ECM in both composition and stiff-
ness as one progresses from the trachea to the bronchi and
bronchioles and then to distal lung is extensive. One of the
first reports regarding the influence of ECM on ESC differ-
entiation into lung epithelial and endothelial lineages
examined the efficiency of differentiation after allowing
mESCs to attach to individual components of ECM. In
these studies ECM proteins, such as collagen I, laminin,
and fibronectin, were shown to induce production of type
IT AEC from mESC cultured in 2D or 3D."? Efficiency of
differentiation of mESCs into lung lineage phenotypes was
measured by expression of SP-C-eGFP in cells using micros-
copy and PCR. Production of SP-C and -A by type II AEC
and aquaporin-5 (AQP5) by type I AEC were enhanced by
the presence of laminin. Similar results were found when
mESCs were cultured on whole AC rat lung scaffold in
order to examine the role of ECM on site-specific differen-
tiation of stem cells.® Efficiency of differentiation in this
model was measured by evaluation of CD31, cytokeratin-
18, and pro-SP-C expression, which was shown to be
increased by mESCs cultured on AC lung compared to com-
mercially available matrices Gelfoam, collagen I, or
Matrigel. Production of organized lung tissue as well as
significant production of surfactant proteins A and C was
only seen for mESCs cultured on AC lung and not on any of
the other matrices used.’

Changes in ECM structure and composition have the
ability to influence cell adhesion and provide critical cues

that orchestrate tissue formation and induce cell responses
via signaling through integrin-mediated pathways. Cells
directly sense the rigidity of the local site they are engraft-
ing to during and studies have examined the relative ECM
stiffness at specific sites in the respiratory tract. Atomic
force microscopy (AFM) and SEM studies examined the
local stiffness of AC lung scaffold for five different sites:
alveolar septa, alveolar junctions, pleura, and vessels’
tunica intima and tunica adventitia. The local stiffness of
the matrix materials significantly depended on the site
within the matrix (p < 0.001), ranging from ~15 kPa at the
alveolar septum to ~60 kPa at the tunica intima."*® Figure 5
shows a whole AC rat lung, the site of AFM probe place-
ment, and an SEM of the scaffold in the region of the alveo-
lar septum and potential AEC attachment. These stiffness
differences must be considered when developing microfab-
ricated chambers or selecting scaffolds for respiratory tract
modeling. Other reports also support the concept that
organ-specific stroma or ECM may even be required for
proper site-specific differentiation and organization of
lung tissues.”''* A comparison between liver- and lung-
derived AC scaffolds indicated that liver-derived scaffolds
maintained the differentiation state of primary hepatocytes
while lung-derived scaffolds allowed for both induction of
lung lineage and maintenance of site-specific development

Figure 5 Components of acellular scaffolds which influence cell attachment
and responses. How local micromechanical properties such as matrix stiffness
and elasticity of decellularized lung scaffolds measured using atomic force
microscopy.'® (a) Decellularized whole rat lung, (b) AFM mechanical probe on
distal lung portion of the scaffold showing alveolar septum, (c) scanning electron
micrograph (SEM) of alveolar septum that was imaged using atomic force
microscopy (AFM). (This is a revision of the original figure and is reprinted with
permission from the authors). The micromechanical properties include the stiff-
ness and elasticity of decellularized lung tissue. Different regions of the lungs,
including the pleura, alveolar wall segment, and alveolar junction are probed by
an AFM cantilever. (A color version of this figure is available in the online journal.)



of AE type II cells."'* Recently, a well-based cell culture
platform was developed that enables control of the geom-
etry and connectivity of cellular microenvironments spatio-
temporally. The base material is a hydrogel comprised of
photo-labile and enzyme-labile crosslinks and pendant cell
adhesion sequences, enabling spatially specific, in situ pat-
terning with light and cell-dictated microenvironment
remodeling through enzyme secretion.”® Arrays of culture
wells of varying shape and size were patterned into the
hydrogel surface using photolithography. The geometry of
these devices was subsequently modified through sequen-
tial patterning, while changes in cell geometry and con-
nectivity were examined.”® This type of in vitro system
allows for dynamic evaluation of the influence of physical
cues on tissue morphogenesis. The effect of well shape
and size on lung epithelial cell differentiation (i.e. primary
mouse type II AECs) was assessed using this model.”
Shapes inspired by lung alveoli were produced on the
hydrogel surfaces. Type II AECs were then seeded
within the well-based arrays and encapsulated by the
addition of a top hydrogel layer.”® Cell differentiation in
response to specific geometries was characterized over 7
days of culture with immunocytochemistry evaluation of
lung lineages showing production of SP-C by type II
AEC, proliferation and oxidative and inflammatory
responses to multiwalled carbon nanotubes in dynamic
versus static growth conditions.”® Models have even
been developed to study how the ECM of normal and
fibrotic lungs influences fibroblast phenotype by using
biopsy punch cylinders of decellularized lung matrices
from normal healthy lungs and from interstitial pulmon-
ary fibrosis patients.”’ Recent studies suggest that soft-
lithography printing techniques that deposit appropriate
cell matrix materials in systems supporting 2D culture of
cells can mimic tissue-specific differentiation similar to
that seen in 3D cultures."'*""'®

Physical forces also play an important role in influencing
and regulating lung cell function and response and sensing
of ECM—cell interactions influences cell responses. The lung
is continually subjected to the complex physical forces pro-
duced by breathing and the pulmonary force of blood
flow."" Breathing movements can be observed in the
human fetus using sonography as early as 10 weeks of ges-
tation.""? Adhesion of cells to ECM is a critical regulator of
cell function and integrin signaling plays a major role in cell
signaling.'?"'* We also know that VILI and the physical
forces exerted on lung cells can cause damage to the lung
tissue.'”® Mechanotransduction induces a wide array of cel-
lular responses and DNA microarrays of lung AEC sub-
jected to culture platforms that evaluate stretch exhibit
upregulation of genes involved in amino acid transport,
growth factor receptors, and signaling molecules such as
integrins.'**'* Microfluidic platforms that provide for ana-
lysis of cell stretch have been produced which examine the
influence of cell stretching on cellular responses*®'2*-'2%
and tissue culture plates that allow for evaluation of stretch
are currently commercially available from a number of
sources.

Nichols et al. Modeling the lung

Current lung pathology and infectious
disease models

Identifying new therapeutic targets for lung disease relies
on our basic understanding of the pathogenesis of various
lung diseases. Recreating pathology can be challenging but
important in order to isolate key players in the pathogenesis
of a specific disease. Although in vitro models utilizing
human tissue have been developed for certain pathologies
such as lung cancer and pneumoconiosis, animal models or
human pathology specimens have, so far, provided the
basis for our understanding of human lung disease patho-
genesis. Differences in genetics, immune response, metab-
olism, and anatomical structure make animals a less than
perfect platform for studying human disease. A list of
human lung diseases, the pathogenesis of the disease, the
current animal models and, where appropriate, the in vitro
lung tissue models used to mimic each disease are listed in
Table 3. Emerging lung models using human cells and tis-
sues could provide illuminating perspectives in lung dis-
ease pathogenesis and yet few systems have been
produced. From a clinical perspective, it is essential to
build accurate pathological models of lung disease to
develop new targeted therapies. Some of the major cate-
gories of lung disease with pathologies that either have
been or could be modeled include pulmonary edema,
DAD, emphysema, sarcoidosis, bronchiolitis obliterans
(BO), bronchiectasis, chronic interstitial lung disease,
pneumoconiosis, pulmonary hypertension, and cancer.
Table 3 contains a list of lung diseases, the pathology to
be modeled for each disease, animal models used to
approximate each disease, and in vitro model systems
where they exist.

Microchip models of pulmonary edema

Most models of pulmonary edema have been designed to
examine the development of edema in relation to micro-
vascular injury and subsequent vascular leakage into the
alveolar space and interstitium. A common approach to
induce vascular leakage is the intravascular administration
of interleukin-2 (IL-2) in in vivo animal models. One such
animal study injected human recombinant IL-2 intraven-
ously into rabbits to induce microvascular injury. The histo-
logical specimens of rabbit lung tissue closely mirrored
human pathology of vascular leakage, cell damage, and
pulmonary edema. The lung tissue showed separation of
endothelial cells from the basement membrane, interstitial
edema, and migration of lymphocytes into the intersti-
tium.'?’ Injecting IL-2 in animals provides a response simi-
lar to humans but is an imperfect model. Immune responses
and signals developed differently in animals versus
humans due to evolutionary pressures in individual bio-
logical niches."*® Therefore, it is possible to induce pulmon-
ary edema in animals using similar immune mechanisms in
humans, but it is impossible to piece together an accurate
model of pathogenesis. Unlike in vitro studies, factors such
as production of and influence of an individual cytokine or
chemokine or even specific responses of selected groups of
immune cells are not easily determined in vivo. Therefore,
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reliance on animal models fails to give an accurate picture
of immune cascades and fails to allow for easy identifica-
tion of key factors leading to endothelial injury or vascular
permeability. Interestingly, animal models using IL-2 injec-
tion were based on the observation that IL-2 was linked to
vascular leak syndrome and subsequent development of
pulmonary edema. Previous studies indicated that IL-2
itself does not activate vascular leakage, but rather IL-2
induces a cytokine cascade resulting in elevated levels of
interferon-gamma, tumor necrosis factor (TNF), lympho-
toxin, and IL-1 leading to endothelial activation and subse-
quent leakage.'®®! A complex immune signaling cascade
was thought to be necessary in order to induce vascular
permeability making animal models appealing tools for
studying development of pulmonary edema. The exact
role of IL-2 in vascular permeability is now being elucidated
using an in vitro microfluidics model of pulmonary edema
developed by Huh et al.> They determined that IL-2 alone
was enough to cause vascular leakage. Their lung-on-a-chip
microfluidics model separates alveolar and vascular com-
partments by separating parallel microchannels on the
microchip with a porous membrane. Mimicking the alveo-
lar-vascular interface, a single layer of human endothelial
cells was cultured in one microchannel filled with fluid, and
human type I AECs were cultured in the other air filled
microchannel. To induce vascular injury IL-2 was adminis-
tered through the plasma filled vascular compartment lined
with endothelial cells. Fibrin clots were seen in the alveolar
microchannel after the administration of IL-2 in the vascu-
lar compartment indicating that IL-2 induced vascular and
type I AEC permeability through the leakage of fibrin from
the vascular microchannel over to the alveolar microchan-
nel. Co-administration of IL-2 with an agent known to pre-
vent vascular leakage, Ang-1, prevented vascular leakage
and pulmonary edema illustrating that the microchip offers
an elegant solution for high-throughput drug screening in
addition to eliminating complex variables seen in in vivo
studies.” Another animal model of pulmonary edema via
microvascular injury used a similar strategy of toxin-
induced injury and injected lipopolysaccharide (LPS) intra-
venously into the tail vein of Wistar rats to observe the
effects on the endothelium of the lung. Vascular permeabil-
ity increased and neutrophil activity peaked 30-60min
postinjection.’® The scope of this model extends beyond
the study of pulmonary edema. Injecting LPS has also
been used for sepsis models in animals as well as for mod-
eling DAD. In relation to pulmonary edema, however, it is
unclear as with IL-2 what the key factors are for inducing
vascular leakage with LPS. LPS is known to trigger an
innate immune response via Toll like receptor-4 (TLR-4)
on macrophages, but it is possible that either direct inter-
action of immune cells with the endothelium or indirect
cytokine signaling induces vascular leakage. Additionally,
TLR-4 in rats and mice recognize different LPS molecules
than human TLR-4.

Current models of BO

Animal models of BO attempt to induce cellular injury
through instillations of a toxic substance into the trachea

Nichols et al. Modeling the lung

of rats, using either diacetyl or nitric acid.”**'*® In these
models, bronchial epithelial cell metaplasia and dysplasia
were seen along with some inflammatory immune
response. After 14 days of intratracheal exposure to nitric
acid, atelectasis was observed in Wistar rats, and after
7 days of intratracheal exposure to diacetyl, intraluminal-
induced fibrotic lesions were seen in Sprague-Dawley rats.
However, these animal models generated variable results.
Nitric acid exposure elicited alveolar hemorrhages while
diacetyl exposed rats demonstrated no hemorrhaging but
induced eosinophilic infiltrate which was not detected in
nitric acid exposure. Developing an in vitro model for BO
may lead to a better understanding of pathogenesis and
may help to reduce variability of model responses.

So far, a current microfluidics approach to disease mod-
eling has provided insight into how an in vitro model could
be used to study cellular injury in diseases such as BO. An
in vitro model has been developed to test cellular injury
after the introduction of mucus plugs in small airways.
Tavana ef al. used a microfluidics construct that contained
an air chamber lined with small airway epithelial cells and a
vascular compartment lined with endothelial cells."*!
Nonsurfactant liquid plugs were injected into the air cham-
ber followed by the introduction of a higher pressure air
bubble. Air pressure was continuously applied until the air
bubble was popped. Interestingly, cellular viability
decreased with the amount of nonsurfactant liquid plugs
run through the chamber. However, surfactant liquid plugs
had no effect on cell survival.'"*! Although this model does
not claim to be a model specifically for BO, the principles of
cellular injury can be applied to epithelial injury seen in BO
in the presence of mucus or liquid plugs.

Pneumoconiosis models

Numerous animal studies inject particulate matter into the
trachea in order to determine the distribution and effects of
mineral dusts, silica, and asbestos. Critically, examining the
distribution patterns in animals may be misleading due to
anatomical differences.’”>'* Rats, unlike humans, have a
higher distribution of particulate in the alveolar region'”
whereas reconstructed 3D human airway lung casts dem-
onstrate particle deposition is greatest at airway bifurca-
tions.'?® Several 2D in vitro models using human cell lines
have been used to study cellular response to particulate
exposure. Not surprisingly, incubating cultured cells with
silica matter induced a cytokine response,'*®> and cell-
amphibole asbestos fiber interaction was dependent on
the morphology of the amphibole fiber."”” One dynamic
in vitro model of particulate exposure incubated A549
cells on stretchable scaffolds. Cellular scaffolds were com-
posed either of fibronectin or collagen I and cells were
seeded over the constructs. When glass or asbestos particles
were incubated with A549 cells, a significant increase in
interleukin-8 (IL-8) secretion was seen in the dynamically
stretched cultures compared to static cultures. Critically, the
dynamic stretching appeared to cause repeated mechanical
cellular damage.'*®
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Other lung disease models

Currently, no in vitro human models exist for the study of
DAD, emphysema, sarcoidosis, bronchiectasis, chronic
interstitial lung disease, or pulmonary hypertension
although the pathology of each of these diseases and cur-
rent animal model data provide the critical information
necessary for the generation of these respiratory tissue
models (Table 3).

Existing infectious disease models

A number of in vitro physiologic models of human airway
epithelium and lung have been produced but few have
been used to examine human responses following exposure
to microbial pathogens (Table 3). Human lung tissue
models, or models of other tissues, are also exceptionally
suitable for use in the study of microbial pathogenesis of
biohazardous agents which require work to be done in high
and maximum biocontainment where the use of animals is
problematic. Animal models often do not adequately repli-
cate responses or pathogenesis seen in human disease.'”
Human 3D tissue models have great potential for use in the
examination of Ilung disease pathogenesis and host
response to biohazardous agents such as the recently
emerged avian influenza A H7N9 virus, severe acute
respiratory syndrome (SARS)-like respiratory virus,*®
and Middle Eastern Respiratory Syndrome Corona virus
(MERS-CoV)."® In the future human 3D lung tissue
models will provide a means for systematic, repetitive,
and quantitative evaluations of human lung disease and a
modality to examine drug responses. Ex vivo cultures of
nasopharynx, bronchus, and lung, as well as in vitro cul-
tures of human nasopharyngeal, bronchial, and AECs have
been exposed to A/HongKong/415742/09 (H1N1pdm)
and various other strains of seasonal and avian influenza
viruses'” but development of respiratory infectious disease
models has been limited. One pathologic model used cellu-
lar aggregates of human peripheral blood mononuclear
cells exposed to Mycobacterium tuberculosis to examine cel-
lular and immunological responses during granuloma for-
mation in the lung.*” Models have also been developed to
examine human cell exposure to parainfluenza virus type
3,'%* respiratory syncytial virus,'”® and H5N1 avian influ-
enza A.'% In vitro models of pneumonia,106 SARS virus,?®
and MERS-CoV'® have been shown to re-create compo-
nents of human disease pathogenesis following exposure
to these microbial pathogens.

Cancer models

Models that recapitulate aspects of the genesis, progression,
and clinical course of human cancers are valuable resources
to cancer researchers to support a variety of basic, transla-
tional, and clinical investigations. Efforts have just begun to
use tissue mimics to identify biomarkers of disease progres-
sion and outcome, to understand mechanisms of drug
action, to investigate the usefulness of novel drug combin-
ations, and to study mechanisms of cancer metastases and
drug resistance. Table 4 lists some of the current animal
models as well as in vitro models for cancer. A few 2D
models have been produced but these lack the cellular

adhesions, morphology, or migration patterns seen in
human cancers in vivo."” Studies have also shown that 2D
culture systems also do not react the same way that 3D
systems do. A549 cells grown on 3D ECM, composed of
laminin and fibronectin, displayed enhanced radioresis-
tance as compared to 2D cultured cells when exposed to
ionizing radiation.””" Bronchial epithelial fragments from
patient biopsies were cut (to expose basement membrane)
and then placed in agar culture wells coated with the tumor
cell line EPLC32M1. In this model tumor cell attachment
was seen in all exposed basement membranes biopsies.”*
In another in vitro cancer model AC 6 wk/o natural lung rat
scaffolds were seeded with 25 million A549 cells and cul-
tured in order to evaluate nodule formation. Microarray
analysis showed gene expression differences of A549 cells
cultured in 2D versus 3D (matrigel) versus 4D (AC
scaffold).”

It has been difficult to replicate the cancer microenviron-
ment in a model. The ability to use a model to rapidly gen-
erate many tumor cells from small biopsy specimens or
from frozen tissue would provide significant opportunities
for development of patient-specific cell-based diagnostics
in the future. Just like other lung model systems, a micro-
fluidic lung cancer model must address the complexity of
the natural environment in order for it to be clinically rele-
vant. Models should also support growth of tumors, tumor
angiogenesis, and maintain the cells in their natural prolif-
erative state. HoC cancer models might even be able to
examine metastasis and invasion of tumors into surround-
ing normal tissue. Current microfluidic and systems for
support of lung cancer models do not exist and must be
developed in the future. Advances in generation of fluidic
systems to maintain HoC may eventually lead to produc-
tion of systems that could be applied to support of lung
cancer models as well.

Concluding remarks

During the last 10 years a great deal of progress has been
made in developing technologies that identify events occur-
ring in early stages of lung disease. Among those develop-
ing technologies has been the realization that 2D plung and
3D HoC culture systems can be produced which better
mimic the physiologic parameters within normal tissues
compared to traditional plate culture systems or even
animal models. By approximating human disease states
and pathologic mechanisms of drug-induced lung dis-
orders these models will allow us to identify adverse
drug reactions, potential pulmonary complications such
as drug-induced angioedema, or even responsiveness of
drugs well before initiation of clinical trials.

In this paper we have summarized the early develop-
ment of respiratory tract models. We have also discussed
the pros and cons for the use of specific cell types that popu-
late these systems and their contribution to the develop-
ment of lung models. Recently, technological
advancements have resulted in the generation of lung-on-
a-chip devices with microfluidic support systems that can
mimic specific disease states such as pulmonary edema or
other structural components that are responsible for a
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pathologic response. This is a major development in the
field and although these technologies are relatively new,
are not commercially available, and have not been standar-
dized or validated, they have great potential to aid in pre-
dicting human respiratory tract responses and pathologic
mechanisms of disease. By approximating human disease
states and pathologic mechanisms of drug-induced lung
disorders these models will allow us to identify adverse
drug reactions, potential pulmonary complications such
as drug-induced angioedema, or even responsiveness of
drugs well before initiation of clinical trials. In the future
we hope to use human respiratory tissue models in all
stages of drug development from disease modeling to pre-
diction of drug targets and finally in preclinical toxicity
testing. This should accelerate the early steps in drug dis-
covery, reduce the cost of drug development, bring drugs to
clinical trials at earlier stages, and at the same time enhance
our ability to select drugs appropriate for human use.
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