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Abstract

Lung cancer chemoprevention is critical to addressing cancer burden in high-risk populations. 

Chemoprevention clinical trials rely on data from pre-clinical models however, in vivo studies 

have high financial, technical, and staffing requirements. Precision cut lung slices (PCLS) provide 

an ex vivo model that maintains the structure and function of native tissues. This model can 

be used for mechanistic investigations and drug screenings and reduces the number of animals 

and time required to test hypotheses compared to in vivo studies. We tested use of PCLS for 

chemoprevention studies, demonstrating recapitulation of in vivo models. Treatment of PCLS 

with the PPARγ agonizing chemoprevention agent iloprost produced similar effects on gene 

expression and downstream signaling as in vivo models. This occurred in both wildtype tissue and 

in Frizzled 9 knockout tissue, a transmembrane receptor required for iloprost’s preventive activity. 

We explored new areas of iloprost mechanisms by measuring immune and inflammation markers 

in PCLS tissue and media, and immune cell presence with immunofluorescence. To demonstrate 

potential for drug screening, we treated PCLS with additional lung cancer chemoprevention agents 

and confirmed activity markers in culture. PCLS offers an intermediate step for chemoprevention 

research between in vitro and in vivo models that can facilitate drug screening prior to in vivo 
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studies and support mechanistic studies with more relevant tissue environments and functions than 

in vitro models.

Introduction

Lung cancer is the leading cause of cancer-related deaths and the second most common 

cancer in both men and women, with more than 120,000 deaths in the United States 

in 2022 and an 22% overall five-year survival rate.(1) Chemoprevention of lung cancer 

is a promising approach to reducing mortality and may have a larger impact than lung 

cancer therapy on improving outcomes for high risk populations. Chemoprevention for 

lung cancer is not currently available to patients, however, success of chemoprevention 

in other cancer types and promising agents currently in development for lung cancer 

chemoprevention support continued investigation.(2,3) Iloprost, a prostacyclin analog that 

activates peroxisome proliferator activated receptor gamma (PPARγ) signaling, is one of 

the most promising lung cancer chemoprevention agents in development. As a repurposed 

drug approved to treat pulmonary hypertension, iloprost had considerable pre-clinical 

evidence of preventive efficacy before moving to a phase II clinical trial, where it improved 

endobronchial dysplasia in former smokers.(4) Preclinical studies are critical to advancing 

lung cancer chemoprevention agents, as previous chemoprevention clinical trials based 

largely on epidemiologic data were not successful.(5) Chemoprevention agents also need 

extensive evidence of mechanism and response to be accepted for use in large populations. 

To support this for iloprost, we have investigated iloprost in vitro and in vivo, identifying 

potential response markers, clarifying critical pathway components, and testing delivery 

approaches.(6–11) We discovered that the transmembrane receptor Frizzled 9 (FZD9) is 

required for in vitro and in vivo preventive effects of iloprost, however, additional work is 

required to define this relationship and other critical aspects of iloprost as chemoprevention. 

Pre-clinical models support these mechanistic investigations and chemoprevention drug 

screening however, in vivo models are limited by cost and burden to animals and research 

staff.

Precision cut lung slices (PCLS) are produced by making slices from murine lungs and 

maintaining them in culture.(12) By generating multiple tissue pieces from a single mouse, 

PCLS increases the number of analyses that one mouse can be used for, reducing the number 

of animals required to address hypotheses. Manipulations to investigate mechanisms can be 

made in PCLS ex vivo in significant numbers, in contrast to in vivo where often genetically 

engineered mice or multiple treatments must be used. Conducting treatments ex vivo may 

also reduce the potential suffering of animals and stress on research staff administering 

complicated carcinogenesis and prevention protocols. The critical advantage of PCLS over 

2D cultures or 3D organoids is that PCLS maintains native architecture, resident cell types, 

signaling, and responses, providing a functional heterogenous environment.(13) PCLS is 

used to model lung diseases such as bacterial infections, fibrosis, COPD, allergies and 

asthma.(14–16) Innate immunity to viral infections can be studied in PCLS, with detection 

of cytokines and chemokines in the media.(17) In studies of idiopathic pulmonary fibrosis, 

both murine and human PCLS treated with the anti-fibrotic drugs pirfenidone and nintedanib 

responded to the drug and PCLS provided new data on mechanisms and markers.(18) 
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Here, we present an ex vivo model using PCLS for investigation of premalignancy and 

chemoprevention, with discovery of new directions for research in iloprost chemoprevention.

Materials and Methods

Animals and PCLS: Frizzled 9 knockout mice (Fzd9−/−) on an FVB/N 

(RRID:MGI:3528175) background were developed by the Regional Mouse Genetics Core 

Facility at National Jewish Health and the University of Colorado as previously described.

(19) Wild type female FVB/N mice (eight weeks old, Charles River Laboratories) and 

female Fzd9−/− mice were housed in a pathogen-free facility in the Rocky Mountain 

Regional Veterans Medical Center (RMRVAMC) Veterinary Medical Unit (VMU). Wild 

type and Fzd9−/− mice received a lethal dose of Fatal Plus at 10–12 weeks old and lungs 

were harvested for PCLS. For the urethane study, mice were divided into four groups: wild 

type saline, wild type urethane, Fzd9−/− saline, and Fzd9−/− urethane. Mice were injected 

IP with 100μl of 1mg urethane/gram body weight dissolved in 0.9% saline vehicle or 

100ul 0.9% saline vehicle. Mice were weighed daily for seven days after urethane injection 

and weekly for the remainder of the experiment. Ten weeks after urethane exposure, mice 

received a lethal dose of Fatal Plus and lungs were harvested for PCLS. Animal numbers 

for urethane exposure were based on expected lung slice/punch yield and punch number 

was determined by endpoint assay needs. At 14 weeks, urethane exposed FVB/N mice have 

an average of four visible adenomas, and we expect that at 10 weeks, animals exposed to 

urethane would likely have four or more hyperplasias and one visible adenoma.(8) Wild type 

FVB/N mice were used to generate PCLS for chemoprevention treatment experiments. All 

animal experiments were reviewed and approved by the RMRVAMC VMU IACUC.

To generate PCLS after mouse sacrifice, the lungs were cleared with 10mL of 1X sterile 

phosphate buffered saline (PBS) through the right ventricle (Fig. 1A). Immediately after, 

the lungs were filled through the trachea with 1mL of 1.5% low melting point agarose 

dissolved in sterile HEPES buffer. The whole mouse was placed on ice for 10 minutes 

before the lungs were extracted and placed in 1mL of 1X DMEM media with 0.1% Pen/

Strep/Amphotericin B. The lobes were then sliced into 500μM slices with a vibratome at 

12mM/s speed. Standardized punches were created with a 4mm biopsy punch. The punches 

were then washed with media three times to remove agarose, with 30-minute incubations at 

37°C between each wash. Punches were cultured in 24 well plates for seven days ex vivo in 

500μL Dulbecco’s Modified Eagle Medium/Nutrient Mixture F12 (DMEM:F12) media with 

0.1% fetal bovine serum and 0.1% Pen/Strep/Amphotericin B.

PCLS treatments: For the lipopolysaccharide (LPS) experiment, PCLS cultures were treated 

in triplicate with 10ng/ml LPS or vehicle control for 48 hours. For Iloprost experiments, 

PCLS cultures were treated in triplicate with 3.6μg/ml (10μM) of Iloprost (Cayman 

Chemical) or equal volume vehicle control (methyl acetate; 9mM final concentration) every 

48 hours.(9,10) For curcumin experiments, PCLS cultures were treated in triplicate with 

3.0μg /mL (8μM) or 4.5μg /mL (12μM) of curcumin (Cayman Chemical) or equal volume 

vehicle control (sterile water) every 24 hours.(20) For the pioglitazone experiment, PCLS 

cultures were treated in triplicate with 0.12μg /mL (0.34μM) or 0.18μg /mL (0.5μM) of 

pioglitazone (Cayman Chemical) or equal volume vehicle control (Dymethyl sulfoxide, 
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DMSO; Fisher Scientific) every 24 hours.(21) For the budesonide experiment, PCLS 

cultures were treated in triplicate with 8.7μg /ml (10μM) or 13μg g/ml (15μM) of budesonide 

(Cayman Chemical) or vehicle control (ethanol) every 24 hours.(22) Experiments were 

conducted in triplicate.

Viability assays: Metabolic activity was measured by the presto blue assay. 50μL of presto 

blue cell viability reagent (Fisher Scientific) was added to 500μL of media in each PCLS 

well. The punches were incubated at 37°C for two hours. Following incubation, 150μL was 

removed and placed in a clear 96 well plate in triplicate for each punch. Fluorescence was 

measured at 520nm on the Glomax. Analyses were conducted in triplicate statistical analysis 

was done by Students t-test or one-way Anova with Tukey’s posthoc analysis in GraphPad 

Prism (RRID:SCR_002798, version 9.0.2).

qPCR: Three punches of the same experimental group were pooled into experimental 

triplicates, and RNA was extracted with the RNeasy Plus kit (Qiagen). qPCR Prime PCR 

Assays (Bio-Rad) for mouse included: E-cadherin, Vimentin, and Snai1, Cox2, IL1β, IL-6, 

IL-10, TNF-α, Arg1, iNos, Siglec F, 15pgdh, CyclinD1, and Prkcq. qPCR was conducted 

using standard protocol for SsoAdvanced SYBR Green Master Mix (Bio-Rad) on a CFX96 

Touch (Bio-Rad). All gene expression data was normalized to the reference gene RPS18 

and fold changes were calculated using the 2-ΔΔCt method. PCR analysis was conducted in 

triplicate and statistical analysis was done by Students t-test or one-way Anova with Tukey’s 

posthoc analysis in GraphPad Prism (RRID:SCR_002798, version 9.0.2).

Peroxisome proliferator activated receptor gamma (PPARγ) response element (PPRE) 

luciferase assay: Media was collected from PCLS punches 24 hours after each treatment 

with pioglitazone or iloprost. A549 cells (RRID:CVCL_0023) were purchased from ATCC 

with certified authentication and negative mycoplasma testing; cells were expanded, 

aliquoted and cultured for a maximum of ten passages, so additional authentication and 

testing were not done. A549 cells were seeded at 2500 cells/well in a 96 well plate. 

After 24 hours, wells were transfected with 45ng PPRE (a gift from Bruce Spiegelman; 

RRID:Addgene_1015) and 5ng renilla control reporter vector (Promega) using TransIT-

X2 transfection reagent (Mirus Bio) per the manufacturer’s protocol. Mock and empty 

transfection controls were included. 15μl PCLS media was added to the A549 culture at 

24 hours and 48 hours post transfection. Media treatments were conducted in triplicate. 

Luciferase activity was measured after 48 hours using the Dual-Luciferase Reporter assay 

kit (Promega) on a Glomax instrument (Promega). PPRE firefly activity was normalized 

to renilla activity and analyzed relative to untreated controls. Significance was assessed by 

Students t-test or one-way Anova with Tukey’s posthoc analysis in GraphPad Prism.

Immunoblot: Inflammatory signaling was measured by a mouse inflammation array 

(RayBiotech #AAM-INF-1–8; map in Supplementary Table S1). Media was collected on 

day six of PCLS culture and pooled from three PCLS punches for each experimental 

condition. One blot per experimental group was incubated in sample media over 

night at 4°C, followed by incubations with 1X Biotinylated antibody cocktail and 1X 

horseradish peroxidase (HRP)-Streptavidin at room temperature for two hours each, per the 

manufacturer’s protocol. The membranes were imaged with a BioRad Chemidoc Imager. 
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Intensities for each cytokine were averaged between the two technical replicates on each 

blot. The intensities for each cytokine were then compared following positive control 

normalization between blots, per the manufacturer’s protocol.

Histology: PCLS were fixed in 1mL of 4% paraformaldehyde (PFA) at 37°C for 30 minutes. 

The PFA was removed and the PCLS were submerged in 1mL of 100mM glycine at 37°C 

for 15 minutes. The glycine was removed and the PCLS were equilibrated in 1mL of 

optimal cutting temperature (OCT) embedding compound (Fisher Healthcare) for 48 hours 

at room temperature. The PCLS were then placed in OCT medium in a base mold (Fisher 

Scientific), oriented in a vertical position optimal for cross sectioning, and flash frozen 

in liquid nitrogen. 30μM cross sections were made on a cryostat and placed in positively 

charged superfrost histology slides (Fisher Scientific). H&E stains were performed with a 

standard protocol for frozen sections.

Vectra Polaris: PCLS were fixed in 10% Formalin (Fisher Scientific) for 24 hours at 

room temperature. Following fixation PCLS were rinsed three times with 1X PBS. PCLS 

were processed and embedded into paraffin embedded blocks and sectioned onto histology 

slides at 4.5uM. Through our collaboration with the Human Immune Monitoring Shared 

Resource (HIMSR) at the University of Colorado School of Medicine we performed 

multispectral imaging using the Akoya Vectra Polaris instrument. This instrument allows 

for phenotyping, quantification, and spatial relationship analysis of tissue infiltrate in 

formalin-fixed paraffin-imbedded (FFPE) biopsy sections. FFPE tissue sections were stained 

consecutively with specific primary antibodies according to standard protocols provided by 

Akoya and performed routinely by the HIMSR (Antibodies, suppliers, and concentrations 

in Supplementary Table S2). Briefly, the slides were deparaffinized, heat treated in antigen 

retrieval buffer, blocked, and incubated with primary antibodies for CD3, FOXP3, CD8, 

B220, CD4, CD45, Vimentin, and F480, followed by HRP-conjugated secondary antibody 

polymer, and HRP-reactive Opal fluorescent reagents that use tyramide signal amplification 

(TSA) chemistry to deposit dyes on the tissue immediately surrounding each HRP molecule. 

Nuclei were stained with DAPI. To prevent further deposition of fluorescent dyes in 

subsequent staining steps, the slides were stripped in between each stain with heat treatment 

in antigen retrieval buffer. Whole slide scans were collected using the 10x objective and 

multispectral images were collected using the 20x objective with a 0.5micron resolution. 

The 9-color images were analyzed with inForm software V2.6 (RRID: SCR_019155) to 

unmix adjacent fluorochromes, subtract autofluorescence, segment the tissue, compare the 

frequency and location of cells, segment cellular membrane, cytoplasm, and nuclear regions, 

score each cellular compartment, and phenotype infiltrating immune cells according to 

morphology and cell marker expression.

Data Availability: The data in this study are available upon request from the corresponding 

author.
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Results

Ex vivo PCLS recapitulates in vivo signaling

Treatment of lung epithelial cells and mice with iloprost leads to activation of the 

PPARγ response element (PPRE) and decreased EMT gene expression.(7–9) Loss of the 

transmembrane receptor Frizzled 9 (Fzd9) reduces downstream signaling and the preventive 

effects of iloprost in lung epithelial cells and in mice.(7,11) We treated wild type mouse 

PCLS with iloprost in culture and demonstrated maintenance of tissue structure by H&E 

(Fig. 1B) compared to the vehicle control at day one and day seven, and maintenance of 

viability over seven days (Fig. 1C) by presto blue assay. We confirmed that at this standard 

in vitro dose for seven days, iloprost does not reduce viability or affect tissue integrity. To 

measure gene expression and PPARγ activity, we generated PCLS for wild type and Fzd9 
knockout mice (Fzd9−/−). Consistent with prior in vivo results, a dual-luciferase PPRE assay 

at culture day six indicated significantly increased PPARγ activity with iloprost treatment in 

wildtype PCLS and no effect of iloprost on PPRE in Fzd9−/− PCLS (Fig. 1D). We also found 

that iloprost significantly increased E-cadherin expression by qPCR in wild type PCLS but 

had no effect on E-cadherin levels in Fzd9−/− PCLS (Fig. 1E).

To further validate and expand PCLS as a lung cancer chemoprevention model, we 

tested effects of iloprost in PCLS generated from mice exposed in vivo to urethane, 

which are expected to have premalignant hyperplasia and microadenomas. Previous studies 

demonstrated increased PPRE activity in mouse serum after iloprost treatment in the 

urethane model and found changes in gene expression.(7,8) FVB/N mice were exposed 

to urethane or vehicle control in vivo for ten weeks. Mice were harvested and PCLS 

containing premalignant lesions were generated and exposed to Iloprost or vehicle control 

for seven days of culture. Presto blue assay confirmed that PCLS treated with iloprost after 

in vivo urethane were viable through day seven (Fig. 2A). PPRE activity induced by culture 

media increased with iloprost treatment in PCLS from control and urethane mice at culture 

day three (Fig. 2B). Iloprost treatment reduces expression of mesenchymal genes that are 

induced by urethane, so we measured this in PCLS after iloprost.(7,9,10) Gene expression 

analysis by qPCR detected a significant decrease in Vim and Snai1 with iloprost treatment in 

control and urethane tissues, as well as a near significant decrease in Cox2 expression (Fig. 

2C). A non-significant increase in E-cadherin expression was detected in urethane exposed 

mice treated with iloprost in PCLS (Fig. 2C). This was reduced compared to wild type PCLS 

with iloprost treatment (Fig. 1E), potentially due to age or exposure differences. While in 
vivo models demonstrate a significant difference in E-cadherin expression between urethane 

and urethane/iloprost tissues, variability in the PCLS samples may have reduced observable 

differences.

Immune and inflammatory responses in PCLS

We have investigated signaling pathways and lesion generation following iloprost treatment 

and FZD9 loss in vitro and in vivo, but little is known about immune or inflammatory 

responses in these conditions. A PCLS model could provide a new approach to identifying 

mechanisms of chemoprevention drug activity. To demonstrate active inflammatory 

responses in PCLS, we measured the effects of lipopolysaccharide (LPS) in wildtype and 
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Fzd9−/− PCLS by treating with LPS for ten days (Fig. 3A). Markers of LPS exposure 

increased with in wild type PCLS and in some cases had different levels in Fzd9−/− PCLS, 

suggesting that loss of Fzd9 may impact inflammatory response. Changes in cytokine 

expression in wildtype and Fzd9−/− PCLS were measured by qPCR (Fig. 3B). We detected 

increased expression of IL6 with iloprost but no change in Fzd9−/− PCLS. IL10 expression 

decreased with iloprost in wildtype mice but no change was detected in Fzd9−/− PCLS. 

Changes in macrophages are associated with premalignant lesions and iloprost treatment, 

so we wanted to measure changes or presence of macrophages in our PCLS.(23,24) qPCR 

detected significant increases in expression of SiglecF (a protein expressed by alveolar 

macrophages) and iNos (an IFNγ-inducible effector molecule expressed by macrophages) 

in Iloprost treated wildtype or Fzd9−/− PCLS (Figure 3C). Expression of Arg1, a gene 

expressed by alternatively activated M2 macrophages, was significantly higher with iloprost 

treatment in Fzd9−/− mice compared to wild type mice (Fig. 3C). Media from three PCLS 

samples was pooled for cytokine analysis by dot blot array in wildtype and Fzd9−/− PCLS 

treated with iloprost. Cytokine analysis identified potential changes related to iloprost or loss 

of Fzd9 compared to a wildtype control (Fig. 3D, Supplementary Figure S1). In both tissue 

types, Iloprost increased CCL1, CXCL1, IL6, and M-CSF and decreased TNFRII compared 

to control. Loss of FZD9 led to elevated Eotaxin-2 and TNFRII and lower IL12 p70 and 

MIP-1γ. The combination of FZD9 loss and iloprost resulted in higher IL1a, CXCL1, 

Eotaxin-2, and M-CSF and lower CCL2 compared to other conditions.

In similar analysis of in vivo urethane exposed, ex vivo iloprost treated PCLS, iloprost 

decreased expression of TNFα in control and urethane exposed tissue (Fig. 4A). Iloprost 

increased expression of IL6 in saline tissue but had a diminished effect in urethane tissue 

(Fig. 4A). A previous in vivo study found increased IL1β expression with urethane that 

was significantly decreased by iloprost.(8) Here, urethane tissue had slightly elevated IL1β 
expression that was also significantly decreased by iloprost (Fig. 4A). Iloprost significantly 

decreased IL10 expression in saline tissue but did not significantly alter elevated IL10 in 

urethane tissues (Fig. 4A). Analysis of macrophage markers found significantly increased 

expression of iNos and SiglecF with iloprost in saline tissues but a trend to the opposite 

in urethane tissues with iloprost (Fig. 4B). Though not significant, Arg1 expression was 

elevated with urethane and iloprost treatment after urethane decreased this expression (Fig. 

4B). We conducted a dot blot analysis of cytokine expression in these PCLS and found 

that compared to the saline-vehicle control, iloprost increased CXCL1, LIX, and CCL2, 

and iloprost caused a large increase in IL6 in both saline and urethane PCLS (Fig. 4C, 

Supplementary Figure S2). Urethane exposure led to decreased LIX and increased Eotaxin-2 

(Fig. 4C). The effect on Eotaxin-2 was reversed by iloprost but the effect on LIX was not. 

Urethane exposure also prevented iloprost induced changes in CXCL1 and CCL2. A slight 

decrease in TNFRII caused by iloprost in saline tissues was lower with iloprost in urethane 

tissues.

Immune cells in PCLS

A key advantage of the PCLS model is inclusion of most resident cell types in the 

sliced tissue, however, the stability of different cell types in PCLS likely varies. We 

conducted initial measurements of immune cell presence to support use of this model 
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for chemoprevention agents related to immune or inflammatory modulation. Immune cell 

presence was determined by immunofluorescence (Vectra Polaris; Marker combinations in 

Supplementary Table S3.) in wildtype and Fzd9−/− PCLS following culture day seven with 

or without iloprost (Representative images in Supplementary Figure S3). CD45+ cells were 

present in all conditions. Fzd9−/− PCLS displayed a higher percent of CD45+ out of total 

cells and iloprost had little effect on this percent in Fzd9−/− tissue (Fig. 5A). Macrophages, 

defined by F4/80 expression, were the most abundant immune cell type based on cell 

density, with a slightly higher frequency in Fzd9−/− PCLS (Fig. 5B, Supplementary Figure 

S4). T cells were the next most abundant cells, with a dominant CD4+ T cell contribution 

(Fig. 5B). Minimal populations of B-cells and CD8+ T cells were detected in some groups 

and single or no regulatory T cells (Tregs) or neutrophils were detected (Fig. 5B). Figure 5C 

shows the percent of CD45+ subtypes in each type of PCLS, with macrophages dominating 

in all PCLS but even more so in Fzd9−/− PCLS. This was complemented by a decreased 

proportion of T cells in Fzd9−/− PCLS. Vimentin was included in the staining panel, 

identifying the presence of other cell types and supporting validation of structural integrity 

of the PCLS (Representative images in Supplementary Figure S5).

Activity of chemoprevention agents in PCLS

A potentially valuable application of the PCLS model is to conduct high throughput 

screening of new chemoprevention agents prior to initiating in vivo studies, narrowing 

the field of agents, and reducing the cost and burden of animal studies. Iloprost is an 

agent with extensive pre-clinical evidence of preventive activity and a successful clinical 

trial, and its effects are recapitulated in PCLS. We chose three additional chemoprevention 

agents with evidence of prevention in pre-clinical studies to test in PCLS: pioglitazone, 

curcumin, and budesonide. (25–28) Ex vivo doses were determined from previous in vitro 
or in vivo studies.(20–22,29–31) Presto blue viability assay confirmed that pioglitazone did 

not exhibit significant toxicity ex vivo (Fig. 6A). Activation of PPARγ by pioglitazone was 

confirmed in PCLS media over ten days of culture (Fig. 6B). mRNA indicators of PPARγ 
signaling, Cox2 and 15pgdh, were detected by qPCR (Fig. 6C). These responses mimic in 
vivo signaling.(25,32) In previous studies, curcumin decreased expression of IL6, Cyclin 
D1, and TNFα. (33–36) PCLS treated with curcumin ex vivo did not have increased toxicity 

(Fig. 6D) and exhibited significantly lower mRNA levels of IL6, CyclinD1, and TNFα than 

those treated with the vehicle control (Fig. 6E). Budesonide decreases Prkcq expression in 
vivo.(22) We found that PCLS treated with budesonide did not have increased toxicity (Fig. 

6F) and had significantly decreased Prkcq mRNA expression (Fig. 6G)

Discussion

Despite the strong interest PCLS as a preclinical model, its use in lung cancer is limited. 

To our knowledge, PCLS has been used in one study to make tumor slice explants from 

mice and humans to study targeted therapy and in a study for tumor slice optimization.

(37,38) Additional exploration of this potentially valuable tool is needed to expand its use 

in lung cancer research. We began by confirming established responses in PCLS, based on 

our previous in vivo studies. We have conducted extensive studies on iloprost lung cancer 

chemoprevention, the urethane chemical carcinogenesis model, and the role of FZD9 in lung 
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cancer and iloprost’s preventive activity, and so we selected these conditions to explore in 

the PCLS model. We found that PCLS recapitulated signaling in response to ex vivo iloprost 

and maintained responses observed in Fzd9−/− tissues in vivo. Viability of in vivo urethane 

exposed PCLS was also maintained for seven days in culture and in vivo gene expression 

and signaling was recapitulated ex vivo. These results suggests that PCLS from genetically 

engineered or in vivo carcinogen exposed mice can be maintained in culture and further 

manipulated to address hypotheses. This provides opportunities to conduct mechanistic 

studies of chemical carcinogenesis and chemoprevention with high numbers of replicates or 

targets but without large, burdensome animal studies. The PCLS model requires additional 

validation for in vivo progressive disease stages, as we only validated tissue with ten weeks 

of urethane exposure and other exposure time points may respond differently to PCLS 

culture.

Precision cut lung slices have been used to investigate pulmonary immune responses in 

a variety of contexts, including after infection, with immunomodulatory therapy, after 

smoke exposure, and during airway remodeling. (15,17) Little is known about effects 

of FZD9 or iloprost on immune or inflammatory responses in lung cancer, but as the 

role of the microenvironment in development of lung premalignant lesions becomes more 

apparent, we expect that since iloprost reduces the presence of premalignant lesions, it 

likely impacts components of the microenvironment.(39,40) Iloprost increased IL6 mRNA 

expression, which was blocked by loss of FZD9, and IL10 was decreased in Fzd9−/− 

PCLS compared to wildtype PCLS, regardless of iloprost treatment. Characterization of 

cytokines by dot blot in wildtype PCLS identified protein level effects of iloprost, such 

as increased CXCL1, IL6, and M-CSF. At the cytokine level, however, iloprost seemed to 

increase IL6 nearly equally in Fzd9−/−, which may indicate that iloprost has some effects 

outside of FZD9 and that these effects may not be critical for chemoprevention. This is 

also suggested by variation in IL6 measurements from iloprost treated urethane PCLS. The 

highest M-CSF or Eotaxin-2 levels were observed with iloprost treatment in Fzd9−/− mice, 

suggesting that some effects of FZD9 loss may be exacerbated by iloprost. We observed 

this phenomenon in a previous in vivo study, where iloprost administered to Fzd9−/− mice 

exacerbated some pro-cancer changes from FZD9 loss and had little protective effect.(7) 

In our in vivo urethane exposure PCLS study, ex vivo iloprost affected some targets in 

saline PCLS that were not affected with iloprost treatment in urethane PCLS, suggesting 

that these targets may not be critical to iloprost’s preventive effects in the urethane model. 

IL1β decrease induced by iloprost in urethane but not saline PCLS points to IL1β as 

a potential target of iloprost in the reversal of pro-tumor signaling. While immune and 

inflammatory changes may result from damage during generation of PCLS, these generally 

stabilize after 24–48 hours of culture, so we expect that with seven days of culture we 

are observing effects of manipulations in culture.(41) Immune cells have been detected 

up to PCLS culture day 14, including dendritic cells, T cells, and macrophages.(42–44) 

Immunofluorescence in our PCLS detected markers of T cells, macrophages, and B cells, 

depending on conditions. Presence of different types of macrophages and CD4+ T cells 

characterizes regressive or progressive premalignant squamous lung lesions and there is 

evidence for both immune activation and suppression during early stages of lung cancer.

(40,45) Depletion of macrophages reduces tumor number in A/J mice in the urethane model 
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of lung cancer but regressive dysplasias have more macrophages than persistent dysplasias, 

suggesting a varied role for macrophages depending on the stage of lesion development.

(24,39) Iloprost increased the presence of macrophages in a urethane mouse model.(23) 

The most prominent cell type in our PCLS was macrophages, with higher frequency in 

Fzd9−/− PCLS compared to wild type. Fzd9−/− PCLS also had a higher frequency of CD45+ 

hematopoietic cells, suggesting potentially enhanced immune cell infiltration with FZD9 

loss. Changes in macrophage expressed genes with iloprost treatment suggest altered activity 

of resident macrophages or effects on resident immune cells in the absence of new cell 

recruitment into the lung.(46) While we could not measure immune cell recruitment in this 

PCLS model, we demonstrated that resident immune cells may play an important role in 

chemoprevention models and can be characterized in PCLS. New populations of native or 

manipulated immune cells, as well as the addition of exogenous cytokines or neutralizing 

antibodies, could be added to PCLS culture to explore additional hypotheses.

PCLS is particularly relevant for chemoprevention drug screening, where sifting through 

numerous candidate drugs could be streamlined by pretesting in PCLS prior to full in vivo 
studies. However, this relies on functioning systems in PCLS tissue. We demonstrated 

activity of the well-studied chemoprevention agent iloprost in PCLS and activity of 

emerging agents curcumin, pioglitazone, and budesonide. (4,8,25–27,47–49) While cells 

remained over 50% viable at the doses used for these agents, additional optimization might 

improve viability before further investigations with these drugs. These observations in PCLS 

suggest that chemoprevention agents may be active ex vivo but that multiple assessments of 

activity should be considered. This could include incorporating knowledge of premalignant 

lesion activity or other characteristics outside of drug specific mechanisms, such as reversal 

of a dysplasia persistence profile or alterations in immune cell profiles.(39,40) PCLS could 

also be used to explore mechanisms of potential agents, test mechanisms suggested by 

clinical trial data, or investigate new markers of response. Screening of chemoprevention 

drugs with ex vivo models, such as PCLS, organoids, or air liquid interface cultures, may 

identify agents that are effective ex vivo but not in vivo. The opposite could also be true, 

where ex vivo models may exclude agents that are not effective ex vivo but would effective 

be in vivo. However, agents are routinely tested in vitro and moved to in vivo studies with 

the same risks. Ex vivo models will help to identify agents that are less likely to be effective 

in vivo and focus efforts on those more likely to have robust responses, reducing the time 

and cost of in vivo agent testing. Agent metabolism may be compromised, as the full 

complement of metabolizing enzymes may not be present in PCLS. For agents that are not 

active in PCLS, substitution with available metabolites or investigation of enzyme presence 

could determine next steps with the agent. Ideally, characterization of PCLS metabolic 

capacity can be done prior to agent screening to avoid potential inactivity.

While our results suggest that PCLS is useful as a model of chemoprevention, this study was 

focused on proof-of-principle experiments. Results from immune and inflammation analyses 

demonstrate that these factors can be measured in our PCLS model and may generate 

related hypotheses, but any conclusions in these areas will require additional studies. We 

did not extend our work to advanced techniques, but PCLS can be manipulated with viral 

transduction and adoptive cell transfer, and be used for numerous endpoint assays, including 

sequencing, staining, flow cytometry, and live cell imaging.(17,43,50,51) We cultured our 
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PCLS for seven to ten days to detect signaling changes. Others have cultured viable PCLS to 

three or more weeks, however, after around 15 days PCLS tend to have reduced integrity and 

function.(13,41) PCLS could potentially be used to study premalignant lesions or tumors 

but a longer culture duration will be needed to explore endpoints beyond signaling, such 

as changes in lesion presence, size, or proliferation. A promising recent study embedded 

PCLS in a bioengineered hydrogel, extending culture to more than 21 days, a time frame 

which could provide more opportunity to study premalignant lung lesions.(52) Our PCLS 

models recapitulated signaling from in vivo models and demonstrated capacity to detect 

immune and inflammatory changes, suggesting that PCLS is a viable model for ex vivo lung 

cancer chemoprevention studies. This model could decrease the burden of chemoprevention 

studies on animals and staff and offer a system for high throughput screening of new 

chemoprevention agents. The need for lung cancer chemoprevention in high-risk populations 

is significant and this work could address that need by substantially accelerating the pace of 

lung cancer chemoprevention research.
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Prevention Relevance

Precision cut lung slices could be a new model for premalignancy and chemoprevention 

research, and this work evaluates the model with tissue from prevention relevant 

genetic and carcinogen exposed in vivo mouse models, in addition to evaluating 

chemoprevention agents.
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Figure 1. PCLS viability, structure, and signaling is maintained with iloprost treatment.
(A) Schematic of the PCLS generation process. (Diagram created with Biorender.com.) (B) 

H&E of frozen wild type mouse PCLS at day 1 and day 7 after treatment with Iloprost 

(3.6μg/ml), vehicle, or empty control. (C) A Presto Blue assay measured viability of wild 

type mouse PCLS at day 1, 3, and 7 during treatment with vehicle, iloprost (3.6μg/ml), 

or empty (n=5). Data is shown relative to day 1 (dotted line). (D) PPARγ signaling was 

measured by PPRE luciferase assay in culture media from PCLS with vehicle or iloprost 

(3.6ug/ml) at day 6. Data is shown relative to WT control and the assay was conducted in 

triplicate (n=3). (E) E-cadherin expression in tissue from WT or Fzd9−/− mice with control 

or iloprost (3.6μg/ml) was measured by qPCR. Assays were conducted in triplicate, data 

is normalized to RPS18 and shown relative to WT control (n=3). WT, wild type; Fzd9−/−. 

Frizzled 9 knockout; ILO, iloprost. Error bars are SEM. Significance was measured by 

one-way ANOVA with Tukey post-hoc analysis. *p≤0.05
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Figure 2. PCLS from in vivo urethane treated mice respond to iloprost ex vivo.
(A) Viability of PCLS measured by a Presto Blue assay at day 1, 3, and 7 in saline or 

urethane in vivo exposed mice treated with iloprost (3.6ug/ml) or vehicle ex vivo. Data is 

shown relative to day 1 (dotted line) and the assay was conducted in triplicate. (B) PPARγ 
activity was measured in triplicate at day 3 by PPRE luciferase in PCLS culture media after 

iloprost (3.6ug/ml) or vehicle ex vivo. Data is relative to S-Vehicle. (C) Gene expression 

was measured by qPCR at day 7 in mice treated with iloprost (3.6μg/ml) or vehicle ex vivo. 

The assays were conducted in triplicate, data are normalized to RPS18 and displayed relative 

to S-vehicle control. Significance was measured by one-way ANOVA with Tukey’s posthoc 

analysis. *pδ0.05. N=3. S-Vehicle, in vivo saline + ex vivo vehicle; S-ILO, in vivo saline + 

ex vivo iloprost; U-Vehicle, in vivo urethane + ex vivo vehicle; U-ILO, in vivo urethane + ex 
vivo iloprost.
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Figure 3. Immune and inflammatory differences are detected in PCLS with iloprost.
(A) WT and Fzd9−/− PCLS were treated with LPS (10ng/ml) for 48 hours and response 

was measured by qPCR. (B-C) WT and Fzd9−/− PCLS were treated with iloprost (10μM) 

or vehicle for 7 days and expression of inflammatory markers (B) and macrophage markers 

(C) was measured by qPCR. All PCR assays were conducted in triplicate, data is normalized 

to RPS18 and relative to WT Vehicle. (n=3) (D) WT and Fzd9−/− PCLS were treated with 

iloprost (3.6ug/ml) or vehicle for 7 days. Protein expression was quantified by dot blot. 

Data is fold change relative to WT Vehicle. (Blot images in Supplementary Figure S1, n=1). 

Significance was measured by one-way ANOVA with Tukey’s post-hoc analysis. *pδ0.05. 

WT, wild type; ILO, iloprost. Fzd9−/−, Frizzled 9 knockout.
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Figure 4. Immune and inflammatory markers in urethane and iloprost exposed PCLS.
Inflammatory (A) and macrophage (B) markers were measured by qPCR at day 7 in 

urethane or saline in vivo exposed mice treated iloprost (3.6μg/ml) or vehicle in PCLS 

ex vivo. Assays were conducted in triplicate, data are normalized to RPS18 and displayed 

relative to saline-vehicle control (n=3). (C) Expression of cytokines in pooled PCLS 

culture media was measured by dot blot (Blot images in Supplementary Figure S2, n=1). 

Significance was measured by one-way ANOVA with Tukey’s posthoc analysis. *pδ0.05. 
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S-Vehicle, in vivo saline + ex vivo vehicle; S-ILO, in vivo saline + ex vivo iloprost; 

U-Vehicle, in vivo urethane + ex vivo vehicle; U-ILO, in vivo urethane + ex vivo iloprost.
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Figure 5. Changes in immune cell markers observed in PCLS with iloprost treatment.
Cell types were characterized by Vectra Polaris assay. (A) Percent of total cells labeled 

as CD45+, T cells, macrophages, and B cells for each mouse group. (B) Normalized cell 

density of T cells, macrophages, and B cells. (C) Percent of cell types among CD45+ cells 

from each mouse group. (n=1) WT, wild type; Fzd9−/−, Fzd9 knockout; ILO, iloprost.
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Figure 6. PCLS recapitulates chemoprevention effects.
(A) A Presto Blue assay measured viability during treatment of PCLS with pioglitazone 

or vehicle control at day 0, 1, 4, 7, and 10. (B) PPRE luciferase activity was measured at 

day nine in PCLS culture media with pioglitazone or vehicle. The assay was conducted in 

triplicate and data is shown relative to vehicle. (C) Response to pioglitazone was measured 

by qPCR at day 10. (D) A Presto Blue assay measured viability during treatment of PCLS 

with two doses of curcumin or vehicle control at day 0, 1, 4, 7, and 10. (E) Response 

to curcumin was measured by qPCR. (F) A Presto Blue assay measured viability during 

treatment of PCLS with two doses of budesonide or vehicle at day 0, 1, 4, 7, and 10. (G) 

Response to budesonide was measured by qPCR. All presto blue assays were conducted 

in triplicate and data relative to day zero (dotted line). All qPCR assays were conducted 

in triplicate, data normalized to RPS18 and shown relative to control. Error bars are SEM. 
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Significance was measured by one way ANOVA with Tukey’s post hoc analysis. n=3 

*pδ0.05.

Sompel et al. Page 23

Cancer Prev Res (Phila). Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Results
	Ex vivo PCLS recapitulates in vivo signaling
	Immune and inflammatory responses in PCLS
	Immune cells in PCLS
	Activity of chemoprevention agents in PCLS

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

