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Abstract
Chronic inflammatory diseases of the respiratory tract, such as chronic obstructive pulmonary disease (COPD) and asthma, 
are severe lung diseases that require effective treatments. In search for new medicines for these diseases, there is an unmet 
need for predictive and translatable disease-relevant in vitro/ex vivo models to determine the safety and efficacy of novel drug 
candidates. Here, we report the use of precision cut lung slices (PCLS) as a potential ex vivo platform to study compound 
effects in a physiologically relevant environment. PCLS derived from an elastase-challenged mouse model display key char-
acteristics of increased inflammation ex vivo, which is exacerbated further upon challenge with LPS, mimicking the immune 
insult of a pathogen triggering disease exacerbation. Such LPS-induced inflammatory conditions are significantly abrogated 
by immunomodulatory agents targeting specific inflammatory signaling pathways in the absence of cytotoxic effects in lung 
slices. Thus, an ex vivo model of PCLS with a simulated pathogenic insult can replicate proposed in vivo pharmacological 
effects and thus could potentially act as a valuable tool to investigate the underlying mechanisms associated with lung safety, 
therapeutic efficacy and exacerbations with infection.
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Introduction

Patients diagnosed with chronic obstructive pulmonary 
disease (COPD) and asthma often experience acute exac-
erbations upon exposure to infection, leading to persistent 
pulmonary inflammation, detrimental lung destruction, and 
respiratory failure (Collaborators 2017; Sears 2008; Vin-
iol and Vogelmeier 2018). Although such persistent lung 
inflammation can be alleviated by immunomodulatory drugs 
in the clinic (Camargo et al. 2009; Singh,  2019), a key ques-
tion remains over the impact of anti-inflammatory therapies 
on host defense, particularly whether these treatments may 
reduce the inflammatory environment and thus potential 
exacerbation of subsequent lung damage. This highlights 
the need for translatable disease-relevant in vitro/ex vivo 
models to determine the efficacy and safety of novel drug 
candidates.

Airway instillation of porcine pancreatic elastase (PPE) 
has been documented to replicate the disease pathologies 
of emphysema and COPD in laboratory animals (Antunes 
and Rocco 2011). PPE instillation induced increased airway 
inflammation, goblet cell hyperplasia/metaplasia, airway 
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mucus accumulation, and multifocal loss of tissue struc-
ture in mouse lungs, similar to disease pathologies noted 
in human COPD (Fernandez-Blanco,  2018). However, the 
utility of such models in safety and efficacy assessment has 
not been fully explored.

Precision cut lung slices (PCLS) provide the unique 
advantage compared to single cell or co-culture in vitro sys-
tems for modeling lung inflammatory diseases, as they cor-
relate cell-specific functions with organ physiology and meet 
the principles of the Replacement, Refinement, Reduction of 
Animals in research. PCLS from healthy or smoke-exposed 
mice replicate responses of human donor PCLS, e.g., exces-
sive inflammation and airway contraction, upon exposure 
to Influenza A infection and cigarette smoke (Bauer,  2010; 
Donovan et al. 2016; Temann et al. 2017). Here, we propose 
PCLS can be used as a valuable ex vivo model for assessing 
the impact of immunomodulatory therapies on infection-
induced inflammatory exacerbation in the PPE-challenged 
mouse lung. We have utilized lipopolysaccharide (LPS) to 
replicate a pathogen insult and defined differences in the 
immune response noted between healthy and ‘diseased’ lung 
slice cultures in the presence of inhibitors targeting immune 
pathways associated with host defense. The PCLS model 
has the potential to provide an in-depth understanding of 
molecular mechanisms underlying respiratory disease along-
side the investigation of the efficacy and safety of inhaled 
therapeutics.

Materials and methods

Mouse model and animal ethics

Female 20-week C57BL/6 N mice were purchased from 
Charles River (Sulzfeld, Germany) and maintained at the 
animal facility under specific pathogen-free conditions with 
food and water ad libitum. Mice were handled following 
standards established by the Council of Europe, the Dec-
laration of Helsinki, Swedish legislation, and AstraZeneca 
Global Internal Standards. All experiments were performed 
under an ethical permit approved by the Gothenburg Ethics 
Committee for Experimental Animals in Sweden.

Mice were put under light isoflurane anesthesia before 
exposed to 0.6 units of PPE/saline (3,015,959, EMD Mil-
lipore) or 50 μL saline intranasally at day 0 and day 7, and 
terminated at day 14 with an intraperitoneal injection of 
0.2 mL pentobarbital sodium (Apoteksbolaget, Sweden). Six 
mice were allocated per treatment group to gain the power 
of statistical significance (Percie du Sert,  2020).

Histopathological analysis

Mouse lungs (n = 3 per treatment group) were perfused 
through the interventricular septum with PBS and then 
inflated with 4% paraformaldehyde by intratracheal instil-
lation. The trachea was tied and the inflated lungs were 
removed and immediately immersed in 4% paraformalde-
hyde. After being dehydrated in ethanol and xylene and 
embedded in paraffin, the lungs were sectioned at 5 μm and 
subjected to hematoxylin and eosin (H&E) staining for qual-
itative evaluation of inflammation and structural alterations. 
Alcian blue/periodic acid-Schiff (AB-PAS) staining was per-
formed for qualitative assessment of goblet cell hyperplasia.

Flow cytometric analysis of immune cells in mouse 
lungs

Mouse lungs were inflated via the trachea with 2 ml diges-
tion solution containing 2 mg/mL Collagenase/Dispase 
(10,269,638,001, Roche) in HBSS plus 5% fetal bovine 
serum and 10 mM HEPES. The trachea was tied and imme-
diately immersed in ice-cold PBS. The lungs were chopped 
into small pieces and put into gentleMACS C tubes con-
taining 5  mL digestion solution. The lung pieces were 
then minced for 5  min with a gentleMACS dissociator 
(Miltenyi Biotec), and incubated with 0.5 mg/mL DNase 
I (10,104,159,001, Roche) at 37°C for 45 min with gen-
tle vortexing every 10 min. Upon completion of diges-
tion, the resulting cell suspensions were strained through 
a 100-µm cell strainer and treated with ACK lysing buffer 
(A10492, Gibco). After counting, cells at 1 ×  106 per sam-
ple were stained with 0.2 mL Aqua Live/Dead viability dye 
(L34957, Life Technologies) at room temperature in the 
dark for 30 min, followed by incubation on ice for 30 min 
in 0.2 mL blocking solution containing 5% normal mouse 
serum (M5905, Sigma-Aldrich), 5% normal rat serum 
(R9759, Sigma-Aldrich), and 1% FcBlock (553,141, BD 
Biosciences). The cells were then stained with Brilliant 
Violet 605 anti-mouse CD45 antibody (563,053, BD Bio-
science) at room temperature for 30 min. After staining, cells 
were washed and fixed with 4% paraformaldehyde in PBS. 
Data were acquired with a BD LSRFortessa cell analyzer 
using BD FACSDiva software (BD Bioscience) and ana-
lyzed using Flowjo v10.

Precision cut lung slices (PCLS)

Mouse lungs were inflated via the trachea with a solution of 
1.5% low melting point agarose (16,520,050, Invitrogen) in 
PBS at 37-40°C. After removal, the lungs were immediately 
immersed in cold PBS placed on ice for 30 min to solidify 
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the agarose. The lung lobes were punctured to produce 
cylindrical cores using a 6-mm tissue coring tool and PCLS 
were generated through cutting the cores at 300-µm thick-
ness by the Krumdieck slicer (MD2000, Alabama Research 
& Development) filled with cold PBS. After cutting, lung 
slices from the same treatment group (approximately 130 
slices) were collected in one petri dish to obtain a random 
mix of tissues originating from all 6 animals per treatment 
group and covering different parts of the lung including and 
between the upper and lower lobes. The culture medium 
used during this step was SAGM (Small Airway Epithelial 
Cell Growth Media, Lonza, CC-3118) supplemented with 
gentamycin/amphotericin B to prevent pathogen contami-
nation from the onset of culture. PCLS were washed twice 
with SAGM before overnight incubation at 37°C, 5%  CO2, 
and 95% humidity to allow slices to acclimatize prior experi-
ments. The following day, a single slice per well was sub-
merged in 0.15 mL SAGM without supplements in 96-well 
cell culture plates and consequently subjected to compound 
treatment (see Supplemental Fig. 1).

Compound treatment and PCLS assays

The compounds assessed in this study include Interleukin-1 
receptor antagonist (IL-1Ra) Anakinra  (kineret®, Sobi), 
Phosphoinositide 3-kinase delta (PI3Kδ) inhibitor Idelalisib 
 (ZYDELIG®, GILEAD), and Janus kinase (JAK) inhibitor 
Tofacitinib  (XELJANZ®, Pfizer). Lipopolysaccharide (LPS) 
from Escherichia coli O26: B6 was purchased from Sigma-
Aldrich (L8274). The assay media consisted of SAGM 
medium without antibiotics, and 96-well plates were used 
as assay format.

Before commencing LPS and compound treatments, 
PCLS were washed with warm SAGM. To determine 
whether PCLS respond differently to LPS treatment, lung 
slices from both naive and PPE-challenged mice were 
treated with 0.5, 5, and 10 ng/mL LPS for 24 h (n = 3 slices). 
To determine the impact of compound exposure on LPS 
challenge, PCLS were pre-incubated with compounds at 1, 
5, and 10 µM concentrations for 2 h, followed by 24 h LPS 
treatment (n = 3 for naïve, n = 3 or 5 for PPE). LPS concen-
trations were applied at 0.5 ng/mL for Anakinra and 5 ng/
mL for Idelalisib and Tofacitinib, following optimization. 
Culture supernatants were subjected to cytokine and cyto-
toxicity assays and stored at −20 °C. PBS was used as vehi-
cle control (veh) for Anakinra, and 0.1% DMSO as vehicle 
control for Idelalisib and Tofacitinib.

Cytokine analysis

Cytokine levels in the culture supernatants were measured 
by Luminex multiplex bead assays. Specifically, Procarta-
Plex multiplex Luminex immunoassays (Invitrogen) were 

used to quantify mouse interleukin 6 (IL-6), monocyte che-
moattractant protein 1 (MCP-1), and keratinocytes-derived 
chemokine (KC) (also known as C-X-C motif chemokine 
receptor 1, CXCL1, in human), according to the manufac-
turer’s instructions.

Cytotoxicity and viability assays

Cytotoxicity was evaluated by measuring lactate dehydro-
genase (LDH) release in culture supernatants by LDH-Glo™ 
Cytotoxicity Assay Kit (J2381, Promega) according to the 
manufacturer’s instructions. PCLS were treated with 1% Tri-
ton X-100 as positive controls of cell death.

Statistical analysis

The difference between experimental results was analyzed 
using GraphPad Prism v8.0 with a p value of < 0.05 con-
sidered to be statistically significant. The overall p values 
for analyses in the figures were all < 0.05, and the p val-
ues reported in the figure legend represent the post hoc 
tests. Data were analyzed using a two-tailed unpaired t 
test with Welch’s correction or a one-way ANOVA multi-
ple comparisons, *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001.

Results

PPE challenge induces minimal alveolar 
inflammation and airway remodeling in the mouse 
lung

Upon intranasal exposure of PPE or saline over 14 days, 
PPE-challenged mice showed a slight increase in infiltrated 
immune cells around the intrapulmonary airways and alve-
oli, mainly macrophages and mononuclear inflammatory 
cells, whereas no signs of inflammation were observed in the 
lungs of saline-treated naïve mice (Fig. 1A). Further, PPE-
challenged mice displayed an increase of AB/PAS-positive 
cells in the bronchial epithelium, demonstrating goblet cell 
hyperplasia/metaplasia induced by PPE (Fig. 1A). These 
alterations were accompanied by a significant increase in 
infiltrating CD45-positive immune cells in PPE-challenged 
mice, determined by flow cytometry (Fig. 1B). In summary, 
airway instillation of PPE induces alveolar inflammation and 
airway remodeling in mice, which recapitulates key char-
acteristics of human COPD and thus has the potential to 
provide lung tissue with an underlying disease context for 
ex vivo models.
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PCLS from PPE‑challenged mice show elevated 
inflammation upon LPS treatment

To replicate the inflammatory exacerbations seen in patients 
with pathogen infection, lung slices from naïve and PPE-
challenged mice were treated with LPS. In line with the 
increased infiltration of immune cells in the airways in vivo 
(Fig. 1B), PCLS from PPE-challenged mice showed baseline 
levels of IL-6 release 6.5-fold higher compared with lung 
slices from naïve mice ex vivo (Fig. 1C). This inflammation 
was further significantly enhanced upon LPS treatment in a 
dose-dependent manner (Fig. 1C). These findings suggest 
that PCLS as an ex vivo model can capture key aspects of 
baseline disease inflammation and exacerbation in response 
to a simulated pathogenic insult.

Immunomodulatory drugs significantly modulate 
LPS‑induced inflammation in both PCLS from naïve 
and PPE‑challenged mice

To determine how immunomodulatory compounds impact 
on LPS-induced exacerbation of inflammation, PCLS were 
incubated with Anakinra (IL-1R antagonist), Idelalisib 
(PI3Kδ inhibitor), and Tofacitinib (JAK inhibitor), which are 
known to suppress specific inflammatory signaling pathways 
and increase infection risk in the clinic (Alflen et al. 2018; 
Dinarello et al. 2012; Gao et al. 2016; Horak,  2016). Anak-
inra significantly inhibited LPS-induced secretion of IL-6, 

MCP-1, and KC in PCLS from both naïve and PPE-chal-
lenged mice (Fig. 1D-F). Similarly, Idelalisib inhibited the 
LPS-enhanced secretion of IL-6 and MCP-1 while Tofaci-
tinib only significantly inhibited IL-6 release in the PPE 
PCLS (Fig. 1D-F). The inhibition of inflammatory mediators 
was accompanied by no detectable cytotoxic effects of all 
tested drugs on lung slices compared to cytotoxicity posi-
tive control (Fig. 1G-H). In summary, this ex vivo model 
of PPE PCLS using tissue from an inflamed lung permitted 
detection of significant immunological changes following 
treatment with immunomodulatory compounds in vitro.

Discussion

Prediction of potential adverse inflammation and infec-
tion risk is a key challenge given current in vivo toxicol-
ogy assessments utilize clean animal facilities and healthy, 
young animals. Application of lung slices generated from 
in vivo disease models is particularly valuable for modeling 
lung inflammatory diseases because of the unique advantage 
of PCLS with its intact tissue architecture. Here, we have 
demonstrated that lung slices from PPE-challenged mice 
reproduce key features of the inflammatory exacerbations 
noted clinically upon infection in the inflammatory lung dis-
ease population (e.g., COPD and asthma). Through mimick-
ing these acute exacerbations, the PCLS ex vivo model can 
potentially be used to investigate efficacy alongside safety 
concerns such as increased infection risk.

Access to translational models to assess the impact of drug 
candidates is of key importance for successful Drug Discovery 
and Development. In a respiratory disease context, suppressing 
lung inflammation through inhibition of specific immune path-
ways is of clinical benefit to improve symptoms and reduce 
exacerbation risk of COPD and asthma. IL-1R, PI3K, and JAK 
are signaling molecules that modulate various key mechanisms 
in the inflammatory response to external insults, such as LPS, 
leading to distinct cytokine profiles (Calama et al. 2013; Guha 
and Mackman 2002; Kallapur et al. 2009). Therefore, these 
signaling molecules represent new potential drug targets in 
respiratory inflammatory diseases, as they have been dem-
onstrated to be activated and correlate with disease severity 
and exacerbations of COPD and asthma (Baines et al. 2017; 
Evans et al. 2018; Marwick,  2010; Southworth,  2018; Yew-
Booth et al. 2015). Preclinical and clinical studies have also 
confirmed that inhibition of these pathways has the potential 
to attenuate detrimental inflammation, improve lung function, 
and/or lower exacerbation risk in the context of chronic inflam-
mation or COPD and asthma in vivo studies (Park,  2010; 
Southworth,  2016; To,  2010). However, targeting these 
pathways also increases the risk of severe infection, as noted 
in the clinical data for Anakinra, Idelalisib, and Tofacitinib, 
inhibitors of the IL-1R, PI3K and JAK pathways, respectively 

Fig. 1  Application of PCLS as an ex  vivo model for assessing 
the impact of immunomodulatory therapeutics on lung immune 
responses. Mice were exposed to either PPE or saline naïve control, 
and lung sections were analyzed histologically thereafter. A H&E 
stain revealed infiltration of immune cells around the intrapulmo-
nary airways and alveoli in PPE-challenged mice (upper right panel, 
red arrowheads: macrophages; blue arrowheads: small mononuclear 
cells; black arrows: eosinophilic debris). AB-PAS stain showed gob-
let cell hyperplasia/metaplasia in the airways in PPE-challenged mice 
(lower right panel, A). Scale bar, 100 μm. B. Increased infiltration of 
CD45-positive immune cells was evaluated by flow cytometry in the 
lung of PPE-challenged mice. Two-tailed unpaired t test with Welch’s 
correction was used for B, n = 9 per group. C The inflammation of 
PCLS from PPE-challenged mice was exacerbated by LPS treat-
ment, indicated as a dose-dependent and significant enhancement of 
IL-6 secretion compared to naïve lung slices. Anakinra significantly 
inhibit LPS-induced enhanced secretion of IL-6, MCP-1, and KC in 
the PPE PCLS (D, E, F). Idelalisib significantly inhibits LPS-induced 
enhanced secretion of IL-6 and MCP-1 in the PPE PCLS in a dose-
dependent manner, while Tofacitinib significantly and dose-depend-
ently inhibits LPS-induced enhanced secretion of IL-6 alone in the 
PPE PCLS (D, E, F). LPS at 0.5 ng/mL was used for Anakinra and 
5 ng/mL for Idelalisib and Tofacitinib. Furthermore, LDH cytotoxic-
ity assays reveal that all drugs have no cytotoxic effects on lung slices 
in the presence and absence of LPS, while positive controls dem-
onstrate full cytotoxicity (G, H). In H, Idelalisib and Tofacitinib at 
10 μM are shown. Data in figures C-H are shown as mean ± SEM and 
analyzed using a one-way ANOVA multiple comparisons, *p < 0.05, 
**p < 0.01, ***p < 0.001, and ****p < 0.0001 (color figure online)

◂
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(Fleischmann,  2006; Hawkins and Stephens 2015; Mantovani 
et al. 2019; Villarino et al. 2015).

In this study, we used LPS to mimic the immune insult of 
a pathogen triggering disease exacerbation. The compounds 
tested (Anakinra, Idelalisib and Tofacitinib) ameliorate LPS-
induced inflammatory signaling over the pre-existing inflam-
matory state of lung slices taken from a PPE in vivo model. 
Inhibition of the early, innate immune pathways (through IL-1 
inhibition) had a more pronounced impact on the release of 
the cytokines descriptive of early responses. Inhibition of the 
cytokine signaling pathways through PI3K and JAK afforded 
inhibition of IL-6 and MCP-1, but not KC. This indicates that 
the lung slice model may be informative for interrogating 
alternative signaling cascades with more in-depth cytokine 
profiling (secretomic) or transcript profiling end points. This 
preliminary investigation demonstrates that inhibition of 
responses induced by pathogen-associated molecular patterns 
(PAMPs) such as LPS can be detected and provides a baseline 
for live pathogen assessment in subsequent studies. Thus, the 
PCLS model represents a valuable ex vivo model for preclini-
cal assessment of immunomodulation in inflammatory respira-
tory diseases.

In conclusion, PCLS have a fundamental advantage over 
in vitro models given the resident immune component, intact 
architecture, and potential to be derived from disease models 
where the immune context is altered and of increasing impor-
tance for toxicity testing. Although PCLS lack the critical and 
recruitable immune components, this system is of potential 
benefit in the assessment of innate immune responses and 
adverse immunosuppressive risks such as host defense, par-
ticularly when working alongside other complex human cell 
culture systems, such as Air Liquid Interface (Balogh Sivars,  
2018) and human PCLS. The build of this mouse PCLS model 
as an immune-competent ex vivo system with which to inter-
rogate adverse outcomes of immune modulation is continuing 
with a lung-relevant pathogen overlay alongside exposure to 
novel drug candidates.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00204- 021- 03096-y.
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