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Abstract

Animal models remain invaluable for study of respiratory diseases, however, translation of data generated in
genetically homogeneous animals housed in a clean and well-controlled environment does not necessarily provide
insight to the human disease situation. In vitro human systems such as air liquid interface (ALI) cultures and organ-
on-a-chip models have attempted to bridge the divide between animal models and human patients. However,
although 3D in nature, these models struggle to recreate the architecture and complex cellularity of the airways
and parenchyma, and therefore cannot mimic the complex cell-cell interactions in the lung. To address this issue,
lung slices have emerged as a useful ex vivo tool for studying the respiratory responses to inflammatory stimuli,
infection, and novel drug compounds. This review covers the practicality of precision cut lung slice (PCLS)
generation and benefits of this ex vivo culture system in modeling human lung biology and disease pathogenesis.
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Background
Respiratory disease is a leading cause of death, closely fol-
lowing heart disease, stroke and cancer according to the
World Health Organization [1]. Despite large investment
in research and development of treatments, incidence
rates for major respiratory diseases, excluding cancer, such
as chronic obstructive pulmonary disease (COPD), idio-
pathic pulmonary fibrosis, asthma and acute lung injury
have remained constant or have increased over the last
decade [2–4].
One factor for the limited success in identifying new

drug therapies in many disease areas is the lack of trans-
latable animal models used to evaluate efficacy and safety
[5]. Mammalian model systems, primarily mice but also
rats, pigs, guinea-pigs and rabbits have been invaluable in
our quest towards a better understanding of respiratory
function in health and disease. Next generation models
such as the ferrets and pigs carrying the ΔF508 mutation
in their CFTR gene come closer to mimicking human

cystic fibrosis than any of the available murine models.
However, there are still stark differences between the
animal model phenotype and that observed clinically [6].
Thus, there is a need for alternatives to better translate
between laboratory models and the clinic.
Historically, basic studies in respiratory research have pri-

marily relied on transformed human cell lines, stimulated
in culture and in isolation. More recently, culture systems
comprising airway epithelial cells grown as a 2D monolayer
or as a more complex 3D differentiated air liquid interface
(ALI) culture including goblet, club and basal cells, have
been mainstays of in vitro modeling [7–9]. Use of transwell
systems enables development of a polarized epithelium
with more natural alignment to respiratory surfaces,
complete with ciliary beating and mucociliary clearance
[10, 11]. Early advances in these models have involved the
addition of immune cells to either the apical or basal cham-
bers of the transwell system, enabling study of cellular
crosstalk, and the differentiation of contact-dependent sig-
naling versus secreted signaling factors [12–15]. Transwell
systems, however, do not model the flow of air and liquid
as would be experienced by the epithelium and endothe-
lium in vivo. Microphysiological model systems were
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designed to overcome this limitation. Huh et al. first pub-
lished on a single cell monolayer system in which cells are
grown on an air liquid interface, beneath which culture
media was pushed through one microfluidic system and
above which either air or mucus was driven through a sec-
ond fluidics system [16]. More recently, these “organ-on-a-
chip” systems have been modified to include an endothe-
lium, immune cells, and the mechanical flexibility to mimic
the stretch of lung tissue during breathing [17].
Model systems such as those described above have

pushed the boundaries of in vitro modeling capabilities,
however, they still have drawbacks. Reliance on artificial
scaffolds and the difficulty of acquiring primary cells from
patients prevents such systems from completely recapitu-
lating the complexities of respiratory disease. For struc-
tural relevance tracheal pieces in organ baths have been
traditionally utilized for monitoring for smooth muscle
function and constriction [18, 19]. For more mechanistic
understanding and a system with capabilities to investigate
multiple regions of the lung, Precision Cut Lung Slices
(PCLS) are one potential solution. Slices can be cultured
from explanted human lung, diseased human lung and
animal models of disease. They contain all cell types found
in the tissue of interest as well as accurately reflecting any
changes to the underlying extracellular matrix associated
with the disease. This review will focus on the use of PCLS
for the study of respiratory disease, particularly regarding
comparison to other translational models.

Preparation and maintenance of PCLS
The concept of using tissue slices to study organ metabol-
ism and toxicology was initiated in the 1920s, with sub-
stantial improvements in slicing technology since. Initially,
liver slices were usually cut manually resulting in high
variability of thickness and limited viability [20]. Stadie
and Riggs made a significant step towards cutting tissue
slices with a more consistent thickness in 1940s when they
developed a microtome equipped with thin razor blade
[21]. The use of a microtome reduced variability in thick-
ness between slices to approximately 5%. Subsequent iter-
ations of microtomes or tissue slicers are able to cut slices
with enhanced precision and reproducible thickness, such
slices became known as precision-cut tissue slices [22].
For soft tissue such as lung, which is closely inter-net-

worked by extracellular matrix and honeycombed to en-
able maximal gas exchange, it is technically challenging
to obtain PCLS. However, a major breakthrough was
achieved by Placke and Fisher in 1980s [23] by infusion
of the airways of hamster and rat lungs with heated li-
quid agarose, which solidified at temperatures below
25 °C. The solidified agarose maintains the inflated state
of the lung and prevents the collapse of the airways and
delicate alveoli during slicing [23]. Recently the method-
ology used to prepare PCLS has been standardized

(Fig. 1). The lung is inflated with warm buffer-equili-
brated agarose solution via the trachea. Typically, agar-
ose with a low-melting point is used in a concentration
range of 0.5–3%. Once liquified at temperatures above
65 °C, agarose remains fluid when kept at 37 °C, only
gelling when the temperature drops below 25 °C. Agar-
ose is gently injected to avoid lung damage and
minimize the inflation pressure, using an appropriate
volume according to lung size. Furthermore, maintaining
the animal on a 37 °C operation table or injecting the
agarose solution at 40 °C will delay the gelling rate. After
inflation, the lung is immersed in ice-cold buffer, initiat-
ing a rapid solidification of agarose, followed by precise
cutting. In general, PCLS are prepared to a thickness of
100–500 μm. This process results in reproducible, uni-
form slices which can be deployed in a variety of ex vivo
experimental protocols [24].
Additional challenges associated with the use of PCLS

include maintaining the slices ex vivo. Typically, PCLS
are submerged in culture medium in multi-well plates at
37 °C, 5% CO2 and 95–100% air humidity under tissue
culture conditions, and medium is changed daily (exam-
ples of culture conditions shown in Table 1). The culture
medium has been optimized to be supplemented with
essential nutrients, enabling culture of viable PCLS for
up to 14 days, as compared to previous reports of tissue
surviving for only 3–5 days [26]. Furthermore, the
addition of antibiotics such as penicillin and strepto-
mycin prevent pathogen contamination from the onset
of culture. Whilst in culture, PCLS remained viable and
maintained normal metabolic activity, tissue homeosta-
sis, structural integrity, and responses to stimulation
with lipopolysaccharide (LPS) [26]. Although advanced
culture techniques enhance PCLS survival, there are
some changes in PCLS function during the culture
period. For example, though human PCLS can constrict
upon methacholine stimulus, LPS-induced TNF-α secre-
tion, whilst maintained, can diminish over time [39].
Furthermore, PCLS lose certain cell populations, e.g.
pneumocytes and lymphocyte cells and connective tissue
fibers degrade during long-term cultivation, which may
contribute to the decreased sensitivity of cultured PCLS
in responses to external stimuli [27, 39]. In practice,
PCLS can retain comparable viability and tissue homeo-
stasis, either physiologically or functionally, during a cul-
tivation period of 1 to 3 days, although extended periods
can be achieved with optimized culture conditions [40].
A further breakthrough in the use of PCLS came with

the ability to store PCLS by cryopreservation for future
use, which is particularly relevant for PCLS from rare
patient populations [27, 41, 42]. Cryopreservation has
minimal effects on overall cell viability, mitochondrial
integrity and airway contraction in response to specific
agonists and antagonists. Following cryopreservation,
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PCLS retain vital functions of immune cells, including
phagocytosis and proliferation of lymphocytes. It is
therefore now possible to store sections for prolonged
periods, enabling collection of many donors/phenotypes
prior to experimentation.

PCLS studies in specific diseases
A key advantage of PCLS is its preservation of lung archi-
tecture. Morphologically, PCLS maintain relevant tissue
structure, including small airways, respiratory paren-
chyma, structural and immune cell populations and con-
nective tissue. In terms of cellular composition, PCLS
retains most structural and immune cell organization [27,
43, 44]. Although PCLS with uniform thickness can be ob-
tained, the number of specific cell types may vary from
slice to slice based on regional variability within the lung,
especially if there are disease related changes distributed
non-uniformly. In principle, PCLS can be regarded as a
“mini” lung in certain circumstances, albeit without a
recruitable immune system, providing the unique oppor-
tunity to correlate cell-specific functions with organ physi-
ology, as demonstrated by the complex response of PCLS
to challenge and stimuli, e.g. airway contraction and
immune responses [26, 42]. As a result, PCLS have been
used as a model to evaluate asthma, COPD, idiopathic

pulmonary fibrosis, allergy, infections as well as in toxicol-
ogy studies [29, 35, 45–47]. Here, the most prominent re-
spiratory diseases for which PCLS model systems have
been utilized are summarized and translation to human
disease is discussed (examples shown in Table 1).

Asthma
Asthma is the most prevalent chronic respiratory disease,
which affects more than 300 million people globally. It was
the proposed cause of death of an estimated 400 thousand
people in 2015 [48]. Clinically, asthma is characterized as
an inflammatory disorder of the conducting airways, with
traits such as airway inflammation, hyperresponsiveness,
bronchoconstriction and airflow obstruction, but with a
marked heterogeneity in both children and adults. There
are two major categories of asthma, type 2 (T2) asthma
and non-T2 asthma, which are defined by the presence or
absence of a T2 immune response. T2 asthma is associated
with sensitization to various allergens and infections, and
infiltration of immune cells into airways [49–51]. Although
various risk factors are related to asthma, it seems genetics
and environmental factors synergistically contribute to its
development. Genes such as Ormdl3, Il1rl1/Il18r1, Hla-dq,
Il33, Smad3 and Il2rb9 that regulate epithelial barrier func-
tion and immune responses are associated with the

Fig. 1 A schematic diagram showing the procedure to generate PCLS. After infusing agarose into the lung, cylindrical cores of the lung can be
prepared by using specific tissue coring tools, followed by cutting with tissue slicer, generating lung slices with uniform diameter and thickness
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occurrence of asthma in children and adults [52, 53]. Man-
agement of asthma has become more standardized accord-
ing to guidelines recommended by the Global Initiative for
Asthma (GINA), the US National Asthma Education and
Prevention Program and the British Thoracic Society [54].
The treatment involves a stepwise strategy, by which pa-
tients are treated with low or high-dose inhaled corticoste-
roids, combined with other drugs such as leukotriene
receptor antagonist and/or β2-receptor agonist, according
to symptom severity and patient characteristics.
Animals have been successfully utilized to mimic vari-

ous components in the pathophysiology of human
asthma. Mice and rats are commonly used to replicate
aspects of allergen induced asthma. The mouse develops
relevant features of human allergic asthma upon allergic
sensitization and challenge, resulting in allergen-specific
response of T helper type 2 (TH2) cells, IgE increase,
and airway hyperresponsiveness, bronchoconstriction
and remodeling [55, 56]. Although great progress in un-
derstanding has been gained with mouse models of
asthma, there are limitations to these models, particu-
larly with translatability. Thus a system more closely
representative of the human lung can provide further
insight in disease understanding and for mechanistic in-
vestigations into drug development [57].
To improve translatability and disease understanding

human PCLS from healthy and diseased patients have
been utilized as an ex vivo tool to study asthma. PCLS
obtained from healthy and diseased lungs demonstrate
altered response to stimulation, including bronchocon-
striction and hyperresponsiveness. These responses are
aligned to those seen in patients as well as various ani-
mal models, suggesting a physiological mimicking of
whole lung [25, 58, 59]. Moreover, PCLS from asthmatic
patients show significantly enhanced airway inflamma-
tion and hyperresponsiveness following rhinovirus
stimulation [32, 60]. Increased expression of genes, in-
cluding Il25, Tslp and Il13, that are involved in asthma
pathogenesis is detected in asthmatic human PCLS [61–
63]. These observations correlating findings in asthmatic
patients with PCLS models support PCLS as a promising
system for asthma studies.

COPD
COPD is a progressive inflammatory disease of the air-
ways with irreversible limitation of airflow, associated
with immune dysfunction and significant morbidity,
mortality and healthcare costs [64, 65]. There are ap-
proximately 400 million people suffering from COPD
and it is predicted to become the 3rd leading cause of
death worldwide by 2030 [66]. In COPD patients, the
importance of the immune components is well recog-
nized in relation to an excessive inflammatory response
to tobacco smoke and infection, leading to persistent

pulmonary inflammation and acute exacerbations [64,
65, 67]. In contrast to asthma, the response to biologics
(i.e. anti–IL-5, anti–IL-1β, anti–TNF-α and anti–IL-8) in
COPD patients has been poor [68], highlighting the need
for deep understanding of COPD mechanisms to apply
the right treatment to the correct patient subset.
Although there are no in vivo models that encompass

all aspects of the clinical disease pathology of COPD,
some notable successes have been documented in animal
models of cigarette smoke exposure, elastase-induced
emphysema and LPS challenge [69]. Exposure of either
guinea pigs or mice to cigarette smoke produces certain
characteristics of human COPD, such as emphysema,
small airway remodeling, and pulmonary hypertension
[69, 70]. However, this model mimics only mild emphy-
sema and usually takes months to develop [69]. Delivery
of elastase to the lung rapidly induces emphysematic
phenotype in mice, for which disease severity can be
controlled by elastase dose, route of administration and
duration [69, 71]. The physiological relevance of elastase
and LPS models is questionable due to observed differ-
ences in mechanism [64, 69, 72].
The use of lung PCLS from in vivo models can be par-

ticularly beneficial for modelling COPD. For example,
PCLS from smoke-exposed mice showed elevated ex-
pression of chemokines when stimulated with a viral
mimic or influenza A virus [73]. Murine PCLS have been
also used to demonstrate that Influenza A infection and
cigarette smoke led to impairment of bronchodilator re-
sponsiveness to β2-adrenoceptor agonists [74]. Future
studies using PCLS from COPD patients have the poten-
tial to enable both functional and phenotypic immune
cell characterization, allowing greater integration of mul-
tiple analyses and better understanding of molecular
mechanisms underlying disease heterogeneity.

Idiopathic pulmonary fibrosis
Idiopathic pulmonary fibrosis (IPF) is a chronic lung dis-
ease pathologically characterized by progressive interstitial
fibrosis, with an incidence of estimated 2.8–18 cases per
100000 people per year in Europe and North America [75,
76]. IPF patients typically experience shortness of breath,
chronic dry cough, and nail clubbing. Currently, IPF is
regarded as a consequence of multiple interacting envir-
onmental and genetic risk factors [77]. These factors,
including cigarette smoking, older age, and mutations in
genes associated with host defense, telomere maintenance
and epithelial barrier function, convergently induce aber-
rant epithelial cell activation. This is followed by depos-
ition of activated fibroblasts and myofibroblast promotion
of lung fibrosis [78–80]. Specific cell signaling pathways,
including transforming growth factor-beta (TGF-β), Wnt/
β-catenin, vascular endothelial growth factor (VEGF) and
phosphoinositide 3-kinase (PI3K-Akt), are thought to play
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a central role in the development of IPF [81]. As for other
lung diseases, the use of animal models does not com-
pletely recapitulate human IPF. However, these models
have contributed significantly to understanding of disease
mechanisms. For example, the murine model of Bleo-
mycin-induced lung fibrosis resembles early molecular sig-
nature of rapidly progressing IPF in human [82], and it has
been used to evaluate antifibrotic effects of therapeutic
agents [83, 84].
PCLS have been successfully used to study the early

onset of lung fibrosis in IPF. By exposure to TGF-β1 and
cadmium chloride, PCLS from human or rat have shown
relevant pathohistological changes observed in early lung
fibrosis, including upregulation of important pro-fibrotic
genes, increased thickness of alveolar septa, and aberrant
activation of pulmonary cells [38, 85, 86]. More recently,
Alsafadi et al. established an ex vivo human PCLS model
of early fibrosis, which requires exposure of PCLS to a
combination of profibrotic growth factors and signaling
molecules (TGF-β1, TNF-α, platelet-derived growth fac-
tor-AB, and lysophosphatidic acid), paving a way to
study early-stage IPF pathomechanisms and evaluate
novel therapies [29]. In addition, evaluation of novel
therapies for IPF treatment using PCLS is currently un-
derway. Caffeine, which inhibits TGF-β-induced in-
creases of profibrotic gene expression, significantly
reduces fibrosis in PCLS from bleomycin-treated mice
[36]. Moreover, targeting PI3K signaling has been also
shown to be a promising anti-fibrotic treatment strategy
using IPF patient-derived PCLS [34].

Infection and inflammation
The PCLS system has been used with some success to
study innate responses to viral challenge, and to a lesser
extent bacterial or bacterial component challenge. Use
of the PCLS system has enabled a better understanding
of which cells are infected in the intact lung as com-
pared with in vitro air liquid interface cultures [87].
Goris et al. demonstrated different infectability of differ-
entiated bovine airway epithelial cells, ALI grown cells
and the upper epithelium in PCLS culture by bovine
parainfluenza virus. This work demonstrated that in the
PCLS system, infection was only observed in cells lo-
cated beneath the epithelium and was most likely an
artifact of the sliced tissue, indicating that when in the
proper physiologic structure, the epithelium is resistant
to infection. Comparable results were reported by Kirch-
hoff et al. [88]. These studies highlight the importance of
studying cells in their physiologic environment with rele-
vant cellular associations and structural architecture.
Appropriate cell-cell interaction influences not only
infectability, but also the response of the system to infec-
tion. For this reason, the PCLS system is a valuable tool in
understanding the inflammatory response. From studies

on the innate response to bacterial wall components such
as LPS, to more complex mixed infection studies involving
multiple viruses or viral and bacterial mixed infection, the
PCLS system has enabled careful analysis of immune re-
sponses to each stimulus. In the most simplistic models,
the PCLS system has been used to monitor the effect of
LPS on the innate immune response, testing the effect of
various immunomodulators on innate signaling [26, 89].
As discussed above, the ability to obtain slices from dis-
eased lungs (e.g. COPD) provides a robust model system
with which to study how respiratory disease influences
infectivity and host responses. This is especially relevant
to diseases such as COPD and asthma which are linked to
pathogen induced exacerbation.

Utility in efficacy and safety testing for new therapeutic
targets
Regulatory toxicology testing is highly reliant on in vivo
experiments in animals where it is key to identify organ
toxicities that represent responses in a complex physio-
logical environment. At present this is an essential step to
identify and exclude risk in humans. In order to reduce
candidate drug attrition due to toxicology or lack of clin-
ical safety, predictive toxicology strategies have been im-
plemented in earlier stages of the drug discovery process
[90]. Such a proactive discovery safety strategy aims to
timely identify and mitigate potential safety concerns
related to the therapeutic target/concept or modality, and
early signs indicate this contributes to increased pharma-
ceutical R&D productivity [91, 92]. This approach relies
heavily on an arsenal of in vitro methods that enable in-
vestigational activities [93, 94]. Recent progress includes
predictive cellular screening tools for hepatotoxicity,
nephrotoxicity, cardiac toxicity and genetic toxicity [95–
98]. For evaluation and mechanistic understanding of
respiratory toxicity, a range of in vitro approaches have
been used, where cellular-based systems have evolved to
increasing complexity comprising primary human cells
and with representation of different cell types [99].
In vitro systems such as ALI cultures have been ap-

plied to detect adverse impact of drugs in these more
complex in vitro system, where the models comprise hu-
man primary epithelial cells on a basement membrane
with a focus on predicting the toxic effects of inhaled
drugs [100]. However, as described below the ALI
models are still limited with regard to cell types, with no
immune component or endothelial compartment, and
hence do not fully replicate the architecture of the lung.
As described above, microphysiological systems have
been developed, introducing the vascular compartment
as well as some aspects of lung dynamics, and although
early in development some initial success in reproducing
responses observed in vitro have been reported [16].
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The more complex mix of cells and architecture in lung
slice models is an attractive proposition for efficacy and
toxicology testing, representing a translatable system be-
tween cell line or primary cell culture systems and the in
vivo situation (Fig. 2). Indeed, PCLS can be a potential
platform to investigate the efficacy and safety of drug can-
didates. In the context of asthma, inhaled corticosteroids
control asthma symptoms by suppressing airway inflam-
mation and consequentially reducing airway hyperrespon-
siveness, in combination with bronchodilators that
specifically target signaling pathways or receptors critical
in asthma pathogenesis [37, 101]. PCLS has been able to
model this response, with glucocorticoids such as hydro-
cortisone, beclomethasone dipropionate and dexametha-
sone effectively abrogating airway constriction in PCLS
from rat, horse and human induced by various broncho-
constrictors [28, 58, 102]. Similarly, several β2-receptor ag-
onists have been shown to relax airway smooth muscle of
contracted PCLS, mimicking their performance in animal
models or in clinical trials [103–105].
PCLS have also been utilized to evaluate alternative tar-

gets for asthma treatment as increasing tolerance towards
glucocorticoids and β2-receptor agonists necessitates

development of novel therapeutic strategies. Targets rele-
vant to asthma pathogenesis have therefore attracted more
attention in recent years and investigations in PCLS have
benefitted the evaluation of these targets as potential ther-
apeutics. For example, inhibition of histone deacetylase by
trichostatin A abrogates airway constriction in human
PCLS and simultaneously inhibits airway hyperresponsive-
ness in antigen-challenged mice [30]. Furthermore, activa-
tion of soluble guanylate cyclase of airway smooth muscle
by riociguat and cinaciguat analogs also triggers broncho-
dilation in normal human PCLS as well as reverses airway
hyperresponsiveness in allergic asthmatic mice and re-
stores normal lung function [33]. Indeed the use of PCLS
in drug development is expanding with specific agonists or
inhibitors targeting bitter-taste receptor, peroxisome pro-
liferator activated receptor (PPAR) γ, Phosphoinositide-3
kinase (PI3K), BK channels and spleen tyrosine kinase
(Syk) all undergoing investigation in PCLS [27, 106–109].
With regards to safety of inhaled therapeutics, key

functional aspects and damage are assessed using well-
validated pathological readouts on standardized safety
studies intended for safety pharmacology assessments
[110]. However, less well-defined is the impact on

Fig. 2 Translational studies of asthma using mouse model and PCLS. Asthmatic patient experiences airway obstruction and hyperresponsiveness,
bronchoconstriction as well as airway inflammation (eosinophilic and/or neutrophilic). Mouse model of allergic asthma induced by ovalbumin or
house dust mite mimics relevant features of human allergic asthma upon allergic sensitization and challenge, resulting in allergen-specific
response of airways. Asthmatic PCLS obtained from mouse and patients show significantly enhanced airway inflammation and
hyperresponsiveness following stimulation of allergens and infections
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adverse impact on the immune system in the lung, par-
ticularly in response to the targeting of anti-inflamma-
tory pathways and immune cell function with inherent
risk to host defense. For many years the study of immu-
notoxicology in the lung has relied on the investigation
of ex vivo lung tissues and fluids for cytokine release,
basic histopathology to assess immune infiltrates and
immune cell phenotyping by flow cytometry on BAL
samples or lung tissue digests/disaggregations. Similarly,
assessment of host defense in the presence of immuno-
modulatory drug candidates using preclinical models of
lung viral and bacterial infection has been the mainstay
of testing for increased infection risk. For this purpose,
the type of study will comprise the species and pathogen
of relevance to the disease under treatment and a drug-
gable pathway of interest. However, these models are in-
tensive, complex, cumbersome and expensive to
undertake, with potential issues of translatability to the
targeted human diseased population. The evolution of
complex in vitro culture systems might provide a way
forward for assessing adverse impact on host defense in
a diseased population at an early point in the immuno-
modulatory drug development timeline. For example,
ALI epithelial cultures supplemented with immune cells,
and PCLS derived from diseased human lungs, where an
immune resident cell component is present, could bridge
the translation from preclinical testing to the patient
population.

Shortcomings of PCLS and alternatives
Although a lung slice comprises a section of lung tissue
with the spatial arrangement and context preserved, the
fact remains that tissue removed from the living organ-
isms is to some extent fixed with regards to the cell pop-
ulations contained within. Thus, a cultured PCLS
represents a snapshot of cell populations currently resi-
dent in the lung tissue at time of excision but does not
provide access to the wider, recruitable immune system,
which is so critical in the whole organism. Additional
consideration needs to be taken for heterogeneity in the
lung. Differences in epithelial integrity, resident immune
cell populations and responses to stimulation will be
found between different locations within a single lobe.
Furthermore, when studying diseased lung, heterogen-
eity between samples will further complicate data inter-
pretation. Therefor appropriate power analysis should be
used to account for slice to slice variability.
It is well documented that upon pathogenic invasion,

the resident immune and tissue cells in the lung can re-
lease messenger molecules (cytokines and chemokines
such as TNFα, IL-8, IL-6, CXCL1 and CXCL2) that at-
tract further immune cells to the site to deal with the in-
vading organism [111–113]. The timings and cell types
recruited can vary by pathogen, but will likely include

rapid recruitment of neutrophils, followed by a second-
ary wave of monocytes and lymphocytes all of which fa-
cilitate killing and removal of the pathogen [111, 114].
The inability to recruit non-resident immune cells,

and viability of only 2 weeks, limits the extent to which
the immune response in a cultured PCLS system can
replicate the in vivo situation. However, the initiation
and early signals induced by bacterial and viral patho-
gens can be studied in the PCLS model. This affords a
wealth of opportunities to investigate the signals of the
innate immune system and resident lung cells such as al-
veolar macrophages, alveolar type II cells and club cells.
The lung slice model also provides an opportunity to in-
vestigate modification, by immunomodulatory treat-
ments under investigation for inflammatory lung disease,
of the initial innate immune signals released by resident
lung cells upon exposure to pathogens. A challenge with
any treatment of the PCLS system is the route of admin-
istration. Because the entire slice is bathed in the com-
pound or stimulant of interest, one cannot directly
translate treatment of the slice to inhaled or systemic
application in vivo. Furthermore, translation of dosing
from PCLS to human will prove difficult for the same
reason. Despite this limitation, use of PCLS could pro-
vide great utility in both testing efficacy, but also in as-
sessment of the potential adverse immunosuppressive
impact of these drugs on host defense.
The PCLS model is typically used as a static system, not

“breathing” as the lung typically would. This becomes im-
portant when modeling diseases such as ventilator induced
lung injury, which rely on the mechanical stress applied by
ventilation to damage the epithelial barrier [115]. A limited
number of studies have tried to overcome this limitation
by developing strategies to stretch, or deform, cultured
slices. Davidovich et al. sutured the PCLS to a flexible
membrane, which when pulled over a support uniformly
stretched the tissue slice [116, 117]. Other groups have
used air pressure to push the tissue slice in a bubble-like
manner [118]. While these models mimic the effect of ex-
cessive ventilation, pressure is not applied via the epithe-
lium, but rather transferred through the tissue via tension.
It has yet to be determined if these models can accurately
replicate the mechanical dynamics of ventilation. Alterna-
tive in vitro systems also comprising an immune compo-
nent include structural lung cell compartment (epithelial
and fibroblast cell lines) enhanced with primary human
monocytes [119, 120], however, these organotypical sys-
tems also lack access to a recruitable cell population. The
system most likely to mimic the ability of the lung to re-
cruit cells into lung tissue in the longer term will be micro-
physiological systems whereby embedded lung cells of
epithelial and/or endothelial origin have access to a fluidics
system which may in future contain immune cells such as
monocytes, neutrophils and T cells [121, 122]. Until the
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fluidics platforms evolve sufficiently, human PCLS afford
the most translatable system for assessing both efficacy and
safety issues of respiratory disease therapeutics.

Conclusions
In vitro models of respiratory disease have matured over
the past decades, changing from single cell systems to
complex multidimensional, multicellular systems
(Table 2). They are limited, however, in their ability to
recreate the complexity of the lung, both in healthy and
diseased states. PCLS models address this issue. By cul-
turing sections of lungs from normal and diseased tissue
across species, the PCLS model system is an alternative
to traditional tissue culture, and a path towards reducing
the number of animals used in the research of lung dis-
ease. There are areas of further development needed to
progress the PCLS model to its full potential.
Methods for high-throughput processing and culture,

improved drug delivery techniques to enable application
of compounds to either the airway or blood stream, and
incorporation of additional immune components will en-
hance this already powerful model. Despite their current
drawbacks, PCLS are well situated to be a powerful
model system for both basic research and drug screening
workflows.
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