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Abstract: Airway remodeling is a characteristic of many chronic respiratory diseases and
occurs when there are significant changes to the architecture of the small and large airways
leading to progressive loss of lung function. Some common features include airway smooth
muscle and goblet cell hyperplasia, basement membrane thickening and subepithelial fibrosis.
To explore the mechanisms driving airway remodeling and identify novel targets to treat this
aspect of respiratory disease, appropriate models must be used that will accurately predict the
pathology of disease. Phenotypic assays can be used in primary human lung cells to measure
changes in cell behavior that are associated with particular disease pathology. This is becoming increasingly popular when targeting chronic pathologies such as airway remodeling, where
phenotypic assays are likely to model disease in vitro more accurately than traditional second
messenger assays. Here we review the use of primary human lung structural cells in a range of
disease-relevant chronic phenotypic assays, and how they may be used in target identification/
validation and drug discovery.
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Respiratory diseases are among the leading causes of death in the world, with an estimated 4 million people dying prematurely of chronic respiratory disease each year.
They remain a significant health burden and account for 10% of all disability-adjusted
life-years, which is second only to the cardiovascular diseases.1 A pathological feature
of many chronic respiratory diseases is the alteration of healthy lung architecture
that leads to progressive loss of lung function, reduction in normal gas exchange
and a decrease in the ability of patients to breathe effectively. This loss of pulmonary
function is driven by structural changes that occur in the lung in a process known as
airway remodeling. In severe disease, airway remodeling can result in fixed or irreversible airflow obstruction that is refractory to commonly used bronchodilators such as
β2-adrenoceptor agonists and muscarinic antagonists in asthma and can contribute to
clinical presentation and outcome.2
A number of respiratory diseases are associated with a degree of airway remodeling,
which can be broadly categorized into two different pathologies. Those that involve
the conducting airways including severe asthma3 and COPD, and those which involve
the acinar airways or lung parenchyma such as idiopathic pulmonary fibrosis (IPF),
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acute lung injury, acute respiratory distress syndrome and
lymphangioleiomyomatosis. For simplicity, we use the term
airway remodeling to encompass any structural changes
associated with chronic respiratory disease.
Although the causes and types of airway remodeling that
occur in these diseases are different, they share commonalities, with uncontrolled migration, proliferation and differentiation of resident cells playing a key role. These include
airway smooth muscle (ASM) hypertrophy and hyperplasia,
subepithelial fibrosis, myofibroblast accumulation, mucus
gland and goblet cell hyperplasia and epithelial disruption.4
In addition to the airways, remodeling may also be detected
in the vasculature. This is a key pathological feature of pulmonary arterial hypertension,5 where increased stiffness and
muscuralization of proximal pulmonary arteries occurs due
to hyperproliferation and transdifferentiation of pulmonary
artery smooth muscle cells. However, it is now known that
vascular remodeling may also occur in asthma and COPD
where a degree of neovascularization is observed leading
to enhanced tissue perfusion, which may affect normal gas
exchange and airway dynamics.6–8
It was originally thought that the repeat cycles of chronic
inflammation and repair in the lung was the key driver for the
initiation of airway remodeling; however, this paradigm has
recently been challenged. Airway remodeling often occurs
subsequent to, or even contemporaneously with inflammation of the airways, and recent work with pediatric asthma
has demonstrated that airway remodeling is not simply a
result of a chronic inflammatory response.9–13 In fact, it has
been found that infants exhibit the same degree of basement membrane thickening, a hallmark of remodeling, as
adults with chronic disease. This demonstrates that airway
remodeling is not related to the duration of disease and
therefore airway inflammation, but rather develops concurrently with the inflammatory response.9,10 In addition, while
there is increasing evidence that inflammation is important
in driving pathology, it is often the associated remodeling
that drives disease severity. In severe asthma, the thickness
of subepithelial fibrosis observed was found to be correlated
with disease severity, but not the length of asthma history.14,15
Similarly, ASM hypertrophy, bronchial wall thickening and
fibroblast accumulation have been linked to the persistent
airflow obstruction observed in severe asthma.16–19 Similar
to the conclusions from severe asthma, the prevailing view
is now that IPF pathology is driven by epithelial damage and
an aberrant wound healing response from fibroblasts. There
is no convincing evidence to suggest that IPF is a result of
a chronic inflammatory response, and it is likely that the
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inflammation observed in IPF occurs as a result of fibrosis.
In support of this, clinical measurements of inflammation
fail to correlate with stage or outcome, and potent antiinflammatory therapy does not improve outcome.20 This may
help explain, in part, why therapies such as corticosteroids
that target inflammation are not effective in certain patients
with chronic respiratory disease.21,22 For this reason, we will
not focus on inflammation in this review, as novel therapeutics
that will prevent progression or reverse airway remodeling
are a more attractive target class.

Airway remodeling
To develop novel therapeutics that specifically target the
airway remodeling observed in chronic respiratory diseases,
we need to understand not only the molecular mechanisms of
remodeling but also identify the key cell types involved as well.
Resident cells, such as epithelial cells, smooth muscle cells and
fibroblasts, are generally considered to be responsible for most
pathological features of remodeling, with different cell types
playing key roles in specific diseases. For example, ASM cell
hyperplasia is predominantly responsible for remodeling of
conducting airways leading to airway obstruction in COPD23,24
and asthma,16,18,25 whereas pulmonary artery smooth muscle
cell hyperplasia results in vascular remodeling in pulmonary
arterial hypertension.26 In contrast, it is the epithelial cells
and fibroblasts that drive the remodeling of acinar airways
and the excessive wound healing response, or fibrosis that is
observed in IPF.27–29 The damaged epithelium is also a source
of growth factors (GFs) such as TGFβ that promote epithelial cell migration into the site of the wound and subsequent
fibroblast activation.30 The epithelial cells line the exterior of
the airways and as such act as a barrier to the external environment, making them particularly susceptible to damage by
a range of factors including mechanical stress, pathogens,
allergens or environmental irritants.31 This is a unique feature
of epithelial cells that can be mimicked in culture by growing
polarized epithelial cells at air liquid interface..
Although it is thought to be the resident ASM cells and
fibroblasts that drive airway remodeling, there is some evidence
that circulating fibroblast precursor cells, or fibrocytes, are
recruited to areas of ongoing tissue damage or inflammation
where they then differentiate into fibroblasts or myofibroblasts.
These cells express a distinct set of cell surface markers,
including the hematopoietic stem cell antigen CD34, as well
as mesenchymal markers such as collagen and fibronectin.32,33
As the circulating fibrocytes are not yet resident cells, and they
are rare and difficult to identify, they fall out of the scope of
this review and therefore will not be discussed further.
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In addition to the different cell types implicated in airway
remodeling, there are a number of diverse pathological processes that these cells can undergo, with some common features appearing in many of these respiratory diseases. Some
of the more common features include hyperplasia and/or
hypertrophy, differentiation, protein secretion and apoptosis.
Current therapeutic research is now focusing on the
development of novel approaches to treat chronic respiratory
diseases that aim to target this remodeling in order to prevent
further disease progression. Ultimately the goal is to prevent
further development of disease by halting the progression of
airway remodeling, and potentially even to reverse aspects
of existing remodeling. To this aim, research is focusing on
understanding the exact molecular mechanisms responsible
for driving remodeling, in an attempt to discover novel targets that will impact on disease progression. A key part of
this research is developing alternative screening assays for
use in both target ID/validation and selection of appropriate
candidate drug molecules.

Assaying airway remodeling
Intracellular signaling assays are often used in recombinant
cell systems to measure activation or inactivation of specific
enzymes or receptors, due to their robustness, ease of use
and amenability to high-throughput screening. More recently,
efforts have been made to perform these assays in relevant
human primary cells in order to increase their translatability
to the clinical situation; however, they still represent an acute
response that may not be predicative of chronic cellular
events. Phenotypic assays can, therefore, be used to measure
changes in cell behavior that are associated with particular
disease pathology. This is becoming increasingly important
when targeting chronic pathologies such as airway remodeling, where phenotypic assays are likely to model disease
in vitro more accurately than traditional second messenger
assays. This has recently been demonstrated for IPF, where
the inhibition of human lung fibroblast proliferation and differentiation was not predicted by the magnitude of the acute
cAMP response in the same cells.34
Many, if not all, of these processes are now amenable to
plate-based assays, so this review will focus on techniques
that can be performed in either 96-well or 384-well format,
and novel techniques that offer more in-depth characterization of cell phenotypes.

Proliferation
One way to model the remodeling of conducting airways is
to measure the hyperproliferative response of the ASM that
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leads to thickening of the airways in asthma or COPD. This
ASM hypertrophy/hyperplasia can be monitored using proliferation and imaging assays. There a number of proliferation
assays available, ranging from simple cell counts to more
complex assay kits. Nuclear DNA can be stained with dyes
such as Hoechst and Draq5, which can then be used in combination with high-content imaging (HCI) to give a measure of
the increase in cell numbers, and hence proliferation of cells
over time. As a surrogate marker of proliferation, artificially
introduced nucleosides such as bromodeoxyuridine (BrdU)
or tritiated thymidine can be used to monitor DNA replication. They are incorporated into newly synthesized DNA of
replicating cells during the S phase of the cell cycle in the
place of endogenous thymidine. Incorporated BrdU can then
be monitored using selective antibodies35 and tritiated thymidine incorporation by autoradiography. BrdU incorporation
assays (Figure 1) are more in vogue compared with adenine
incorporation, due to both their sensitivity and the lack of
requirement for radioactivity. These assays are also amenable
to automation, allowing the screening of small- and mediumsized compound libraries against human primary cells. These
techniques have been successfully used in a range of different
cells, including airway and vascular smooth muscle cells,
fibroblasts and epithelial cells.34,36–38
There are a number of stimuli available to promote
proliferation, perhaps the most robust being FBS, which is
commonly used during cell maintenance to drive cell growth.
While FBS will promote robust proliferation of most cell
types, it has no causative link to human airway remodeling
disease, therefore more disease relevant stimuli should be
used. These may include GFs such as platelet-derived growth
factor (PDGF)39 or G protein-coupled receptor agonists such
as lysophosphatidic acid (LPA)40 (Figure 1A). It is important
to choose the correct stimulus, as some GFs that have been
linked to airway remodeling, such as TGFβ, do not directly
promote proliferation. In addition, the duration of stimulation
required to drive proliferation must be determined for the assay
and cell type being studied. As the BrdU incorporation assays
are more sensitive, they may require only 24 hours stimulation,
whereas the less sensitive models may require up to 72 hours
stimulation before a robust response is observed (Figure 1B).34

Differentiation
To explore novel targets for remodeling that occurs within
the parenchyma of the lungs, such as in IPF, we can model
certain aspects of cellular fibrosis. Subepithelial fibrosis
consists of an increase in either the recruitment or the activation of fibroblasts to the site of inflammation, followed
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Figure 1 Fibroblast proliferation.
Notes: (A) Concentration-dependent increases in human lung fibroblast proliferation following treatment with FBS, PDGF or LPA for 24 hours, assayed using BrdU
incorporation. (B) Concentration-dependent increases in proliferation following treatment with FBS for 24 or 48 hours, assayed using BrdU incorporation or nuclear count.
Data were normalized to maximal proliferation observed with 10% serum, and expressed as mean ± SEM for >3 independent experiments.
Abbreviations: BrdU, bromodeoxyuridine; LPA, lysophosphatidic acid; PDGF, platelet-derived growth factor.

by their differentiation to myofibroblasts forming fibroblast
foci. These myofibroblasts have a more contractile phenotype
and deposit a number of extracellular matrix (ECM) proteins
into the reticular basement membrane. This results in the
thickening and stiffening of the basement membrane, creating a rigid environment where bronchodilation or vascular
dilation is impaired.
Fibroblast differentiation can be monitored using assays
that detect increases in α-smooth muscle actin (αSMA), a
key marker of fibroblast to myofibroblast transdifferentiation
(FMT).41 This can be performed using In-Cell Western or
HCI with fluorescently labelled secondary antibodies (Figure
2). The advantage of HCI over traditional Western blotting
techniques is that the assays are performed on intact cells,
allowing determination of both the expression of αSMA
as well as its filamentous reorganization. The advances in
HCI platforms allowing simultaneous detection of differ-
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ent fluorescent wavelengths makes this assay amenable to
multiplexing, allowing detection of multiple phenotypic
readouts in a single well. This multiplexing can give more
detailed information about the complex processes that are
driving airway remodeling.
Similar to proliferation, the correct stimulus must be
selected in order to drive the differentiation of fibroblasts,
rather than promoting their proliferation. The most welldescribed stimulus of FMT is TGFβ, whose role in fibrosis
has been well characterized,42 although LPA has also been
shown to drive FMT43 (Figure 2). In contrast to the proliferation assay, PDGF plays no role in the differentiation of
fibroblasts, highlighting the need to choose the correct stimulus for each individual assay, as different GFs will stimulate
different pro-remodeling phenotypes.
In addition to fibroblasts, epithelial cells may also undergo
differentiation to a more migratory, mesenchymal phenotype
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Figure 2 FMT.
Notes: (A) Concentration-dependent increases in αSMA expression indicative of FMT were determined in human lung fibroblasts following treatment with TGFβ, PDGF
or LPA for 48 hours. For each individual experiment, data were normalized to the maximal levels of FMT observed with TGFβ, and are expressed as mean ± SEM for four
independent experiments. (B) Representative images of αSMA expression using HCI after serum free or 3 ng/mL TGFβ treatment. Mouse anti-αSMA (1:1000) and FITCconjugated Affini-pure goat anti-rabbit IgG (1:1000) were used to measure αSMA expression (green) and nuclei staining using 1 µM Hoechst333 (blue). Images were acquired
on a widefield ImageXpress Micro microscope.
Abbreviations: αSMA, α-smooth muscle actin; FMT, Fibroblast to myofibroblast transdifferentiation; HCI, high-content imaging; LPA, lysophosphatidic acid; PDGF, plateletderived growth factor; TGFβ, transforming growth factor β.

in response to TGFβ treatment, known as epithelial–mesenchymal transdifferentiation (EMT). Similar to FMT, this
can be monitored using specific antibodies to markers of
EMT. The loss of E-cadherin, through either intracellular
degradation or inhibition of its expression, and upregulation
of vimentin can be used as a marker of EMT.44

Cell migration
Another aspect of fibroblast or epithelial cell behavior that
can be monitored is the migration to either a chemoattractant or wounding of a cell monolayer. Chemoattractants
may include GFs, chemokines and lipids, such as PDGF,45
CC chemokine ligand 21 acting via the CCR7 receptor46
or LPA.47,48 The chemotactic assay is based on the original
Boyden Assay49 and uses plastic inserts that contain a cellpermeable membrane, such as the Transwell® Permeable
Supports, that are placed in multiwell plates. Cells are placed
on top of the insert and migration through the membrane to
a stimulus monitored, mimicking the activities of fibroblasts
on the invasion of the basement membrane. The number of
migratory cells can be assessed using cell detachment and
counting, or cellular staining in situ and microscopic analysis.
Fibrosis itself is believed to be caused by dysregulated wound
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healing;20 therefore, monitoring the migration of fibroblasts to
a wound is also of interest. There are a number of technologies
now available to explore the migratory response of fibroblasts
into a wound. The scratch wound assay can be used to monitor
wound healing and is performed by mechanical disruption of
a confluent monolayer of cells, often by scratching using a
pipette tip or pin tool50 or removal of a physical plug around
which the monolayer has formed (Figure 3) (Oris™ cell
migration plates, Platypus Technologies, LLC).51 This leads
to disruption of cell–cell contacts at the site of the wound,
and increased secretion of GFs that drive both migration into
the wound site and proliferation of cells in order to heal the
wound. The time course of this movement can be monitored
by fixing cells after different incubation times and imaging.52
Some common detection methods include the use of
fluorescent cellular stains, such as the nuclear stain Hoechst
33342, phalloidin to detect actin filaments, or cytoplasmic
stains such as CellMask™, coupled with either manual
microscopy or, more commonly, automated HCI platforms.
Many of these biomarkers require a fixation step in order to
denature proteins and preserve biological structure of the
cells, meaning that they can only be performed in end-point
mode at a specific time point. This may mean a more lengthy
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Figure 3 Fibroblast migration.
Notes: (A) Time course of migration after scratch wounding of a confluent monolayer of HLF, in response to serum-free conditions or treatment with 2% serum, measured
using ptychography on the Phase Focus Livecyte. Images were acquired every 15 minutes, using 20× magnification. (B) HLF were grown to confluence in Oris™ plates, plug
removed and migration measured after 48 hours treatment with either serum-free medium or 2% serum. 100 nM Cell Mask™ was used to stain cytoplasm. Images were
acquired on a widefield Image Xpress Micro microscope.
Abbreviation: HLF, human lung fibroblast.

development phase to ensure that the correct stimulus and
time point are chosen. However, these assays offer a significant advantage as once fixed, automated HCI platforms can
be used to stack and read multiple plates at a time allowing
for medium-throughput screening. An alternative method is
to perform experiments in live cells, and use non-invasive,
label-free imaging techniques coupled with time-lapse photography to allow tracking of phenotypic and kinetic behavior
of individual cells, as well as cell populations. These can
be monitored using transmitted light microscopes, phasecontrast imaging (including ptychography) or impedance
assaysPlatforms include the IncuCyte® (Intellicyt53 which
measures phase contrast) or the Livecyte (Phasfocus54 which
uses ptychography). During ptychography light is scattered
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as it passes through the specimen and then captured as a
diffraction pattern on a CCD camera. These diffraction
patterns can then be processed using a ptychographic algorithm to provide information on the three-dimensional (3D)
structure of the sample such as cell morphology.55 Similarly,
impedance assays monitor changes in cell morphology, but
in this case, cells are plated out onto electrodes, and the
degree of electrical current transmitted through or between
the cells is monitored.56 Impedance systems include ECIS
Zθ™ (Applied Biosystems), xCELLigence (ACEA Biosciences) and EPIC® (Corning). Although these assays are lower
throughput, they can offer advantages over the fixed time
point assay in terms of the depth of information that can be
gathered. For ptychography, this can also include both cell
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speed and directionality of movement, as well as tracking
of individual cells. The choice of assay must, therefore, be a
balance between the required throughput of the assay vs the
detail of the biological question being asked. For example,
automated wound-healing assays such as the scratch or Oris™
migration assays are more amenable to compound screening,
whereas the lower throughput label-free assays can be used
to generate information-rich assays that may be more suited
to target ID/validation.

Mediator release
Another important aspect of airway remodeling is the
secretion of GFs and cytokines that drive the progression
of remodeling, as well as components of ECM that cause
thickening of the basement membrane and airway stiffening.
With the development of selective antibodies against these
proteins, it is now possible to monitor their secretion from
human primary cells in a higher throughput manner using
plate-based ELISA.
Similar to HCI, there are now a number of platforms
available that allow multiplexed detection of the presence
of a range of GFs and cytokines, by immobilizing multiple
selective antibodies within a single well. These include the
Meso Scale Discovery R-Plex, the Quansys multiplex system
and Luminex® technology bead-based immunoassays for flow
cytometers.57–59 The major advantage of these technologies
is that because samples can be simultaneously monitored
for a range of different remodeling mediators, information
gathering is not limited when sample sizes are small, such
as with those obtained from patient populations.

ECM rearrangement
As discussed previously, myofibroblasts form foci in the
fibrotic lung where they secrete components of the ECM such
as collagens, proteoglycans and fibronectin. The secretion of
these proteins can be monitored in conditioned medium from
cultured cells using ELISA (Figure 4). The secreted collagen
is laid down in highly ordered, cross-linked collagen fibers
that are resistant to degradation and form permanent scarring
of the lung tissue. This occurs through enzymatic covalent
cross-linking, catalyzed by the lysyl oxidase and transglutaminase families of enzymes,60 to produce collagen cross-links
including hydroxylysinonorleucine, dihydroxylysinonorleucine and hydroxypyridinium. The ratio of different cross-links
determines severity and duration of fibrotic responses, with
an elevation of dihydroxylysinonorleucin: hydroxylysinonorleucine ratio associated with acute fibrosis, and increased
hydroxypyridinium indicative of chronic lung fibrosis. The
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Figure 4 Collagen secretion.
Notes: Concentration-dependent increase in collagen IV secretion following
treatment with LPA for 48 hours, assayed using ELISA (mouse monoclonal, clone
COL-94). Data were normalized to maximal collagen IV secretion observed with
LPA, and expressed as mean ± SEM for three independent experiments.
Abbreviation: LPA, lysophosphatidic acid.

importance of this has been demonstrated in bleomycin
models of fibrosis, where increased cross-linking of collagen,
rather than total collagen levels, was associated with disease
severity.61,62 Ultimately, novel therapies for airway remodeling
should not only inhibit the secretion of soluble collagen but
also affect the cross-linking and reorganization of collagen
into insoluble fibers.
Matrix architecture and stiffness has marked functional
effects on fibroblasts but these parameters are not revealed
by standard pathology or gene expression studies. To investigate the ability of novel therapeutics to inhibit collagen
cross-linking or increase the turnover of ECM in the remodeled airway, a sensitive technique is required to monitor not
just the levels of secreted soluble collagen, but the degree
of cross-linked, insoluble collagen in the ECM. One such
technique is the nonlinear optical method of second harmonic
and multiphoton excitation fluorescence. Second harmonic
generation (SHG) is a well-characterized method of label-free
microscopy that utilizes the ability of a material to produce
second harmonic light. In this process, the excitation photons
interact with highly ordered, but noncentrosymmetric molecules in the sample, to generate a new photon with twice
the energy (frequency doubled) of the initial photons. An
SHG microscope analyses the variations between excitation
(or incident light, around 900 nm) and the resultant emitted,
frequency-doubled SHG signal (around 450 nm). SHG relies
on the specific molecular orientation of the sample and is
therefore highly specific for the detection of fibrillary, rather
than soluble collagen, in both cell and tissue structures. For
this reason, SHG can be used to monitor collagen cross-
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linking and 3D organization of collagen matrices both in
cells and tissue structures.63,64
The lung is also subjected to significant mechanical
stress during the cyclical volume changes that occur during
breathing. This is especially important in chronic respiratory
disease where mechanical forces within the diseased airway
may further contribute to structural changes in the airway.65

Increased complexity; moving beyond
single-cell populations
Single-cell multiplexing

Multiplexing approaches allow us to maximize the research
from a single population of primary cells from patients with
chronic respiratory diseases that have a limited lifetime
during which they maintain disease phenotype in culture. In
addition, as many of these assays are amenable to miniaturization, being compatible with both 96- and 384-well format,
they also allow the monitoring of multiple pathways and
mediators involved in remodeling. This gives us the possibility to explore novel strategies to inhibit airway remodeling
in more disease-relevant cells. We are no longer restricted
to targets that directly inhibit the pathways of pro-fibrotic
mediators, but have scope to explore the potential of novel
targets that will inhibit airway remodeling by opposing the
activities of multiple pathways. For example, activating
cAMP-dependent signaling pathways has been shown to
be able to inhibit a diverse range of both GFs pathways and
phenotypic responses.66–69
Although the use of human primary cells is useful for
characterization of compounds in simple models of disease,
the use of co-cultures or 3D matrices of cells/tissues can
further increase the depth of information available, and better
represent the complex nature of human disease.

Multicellular matrices
Individual cells grown on plastic multiwell plates will behave
differently to cells, or co-cultures of cells, that are grown on
more relevant matrices such as collagen or fibronectin.70,71
Reconstituted basement membrane can be used, such as
Matrigel (Corning Life Sciences) or Cultrex ® basement
membrane extract (Trevigen, Inc). These are composed of
laminin, collagen IV, entactin and heparin sulfate proteoglycan, and are available in GFs-rich, or reduced GFs forms.
The use of these types of matrix proteins has demonstrated
that adherent cells such as fibroblasts will respond differently,
demonstrating increased proliferative capacity and reduced
protein and collagen biosynthesis than when grown directly
on plastic.72 These reconstituted matrices are useful in explor-
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ing cell behavior, but are sourced from Engelbreth-HolmSwarm (EHS) mouse sarcoma cells meaning the constituent
proteins are murine, and their relative levels may change
between batches. An alternative approach is to use specific
ECM components to explore their effect on cell phenotype,
or ECM laid down by cells derived from patient samples.71
The most commonly used systems to explore airway
remodeling are epithelial cell and fibroblast co-cultures to
explore the role of epithelial damage in fibroblast activation73,74 or co-cultures between fibroblasts and inflammatory
cells to investigate the role of inflammation in driving airway
remodeling. The major advantage of these systems is that
they allow us to study crosstalk between different cell types
that occurs naturally during pathology of disease, rather than
trying to artificially recapitulate the behaviors by treating a
single cell type with individual GFs or cytokines.

Three-dimensional matrices
The use of complex 3D culture models has increased our
knowledge of the processes involved in airway remodeling, but they still do not completely capture the complex
environment that exists in the human lung. Techniques such
as the use of precision-cut lung slices (PCLS) can allow us
to explore either the development of airway remodeling or
the functional consequences on airway responsiveness in a
largely intact tissue architecture.75 A number of techniques
have been used ranging from the use of chronic bronchoconstriction to promote ASM hyperplasia76 to treatment with
GFs or toxins to model chronic fibrosis.77,78 Alternatively,
PCLS can be taken from animals that have been exposed
to challenges that will promote the development of airway
remodeling.79 In combination with histology or fluorescence
microscopy, the architecture and cellular make up of these
tissues can then be probed. Nuclei can be stained in order
to give an indication of hyperplasia in the development of
fibrosis, and structural proteins such as actin filaments can
be visualized using stains such as fluorescently labeled phalloidin to allow us to probe the architecture of the cells in the
lung slice. Currently, PCLS have been maintained in culture
for up to 10 days giving scope to model some of the more
chronic biomarkers of airway remodeling that are observed
in respiratory diseases. Typical measurements of ASM
hyperplasia are increases in airway wall thickness through
αSMA or smooth muscle myosin expression. Changes to the
surrounding parenchyma (fibrosis) may also be monitored,
including basement membrane thickness, or collagen and
TGFβ secretion. In addition, goblet cell hyperplasia can be
examined using muc5A staining.

Journal of Experimental Pharmacology 2018:10

Dovepress

Use of phenotypic assays in primary human cells to explore airway remodeling

In combination, the use of these models with novel treatment agents may therefore give us increased confidence in
the future clinical efficacy of selected compounds, as they
monitor compound activity against human targets, in disease
appropriate cells/tissues, using pathologically relevant mediators and phenotypic read outs.

research, and the advent of new and more information-rich
assay technologies is allowing us to deepen our understanding of the molecular mechanisms behind disease pathology.
Ultimately, this will allow us to explore novel targets that
have the potential for increased efficacy in the treatment of
chronic airway remodeling.

Summary

Disclosure

In summary, when exploring the mechanisms behind airway
remodeling and investigating novel treatments for this poorly
treated area, we would recommend a two-tiered approach: initial higher-throughput screening in single, relevant cell types,
followed by more relevant multi-cell and matrix imaging. The
use of ELISA-based techniques to monitor secreted proteins
and processes such as proliferation can be useful in the initial
selection of lead candidates due to their sensitivity and compatibility with high-throughput screening. These phenotypic
assays are compatible with human primary cells and allow
us to maximize the depth of information we can obtain from
cells from patients. In combination with techniques such as
siRNA or CRISPR/Cas9 to perform genetic manipulation of
target genes, they are becoming increasingly useful in target
ID and validation. This is an important consideration in this
age of the 3Rs (replacement, reduction and refinement of
animal usage) as we no longer have to rely on animal models
that may not accurately mimic the human disease.
However, in order to accurately represent the complexity
of human disease, multicellular or tissue models in conjunction with imaging techniques can provide a wealth of
information not only on the pathogenesis of human disease,
but the ability of compounds to block these processes. These
allow us to monitor not just single process at a single time
point, but the kinetics of those responses and the interplay
between different cellular markers through multiplexing.
Although none of these systems will truly replicate the
complex biology of the lung and the mechanical stress it
endures during breathing and gas exchange, we believe that
if designed properly these models can be used to enhance our
understanding of airway remodeling and the prediction of the
behavior of novel treatments in chronic respiratory disease.
The use of ex vivo isolated perfused lung or “organ on a
chip”80 assays will allow us to model the mechanical aspect
of the breathing lung, which may give us the most accurate
model of chronic respiratory disease. These approaches
may be useful to identify novel pathways and targets for
new treatment options, but will be of limited use in compound screening due to the low throughput nature of these
approaches. Airway remodeling remains an exciting area of
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