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Abstract

Chronic obstructive pulmonary disease (COPD) is a complex chronic respiratory disorder often caused by cigarette smoke. 

Cigarette smoke contains hundreds of toxic substances. In our study, we wanted to identify initial mechanisms of cigarette 

smoke induced changes in the distal lung. Viable slices of human lungs were exposed 24 h to cigarette smoke condensate, 

and the dose–response profile was analyzed. Non-toxic condensate concentrations and lipopolysaccharide were used for 

further experiments. COPD-related protein and gene expression was measured. Cigarette smoke condensate did not induce 

pro-inflammatory cytokines and most inflammation-associated genes. In contrast, lipopolysaccharide significantly induced 

IL-1α, IL-1β, TNF-α and IL-8 (proteins) and IL1B, IL6, and TNF (genes). Interestingly, cigarette smoke condensate induced 

metabolism- and extracellular matrix–associated proteins and genes, which were not influenced by lipopolysaccharide. Also, 

a significant regulation of CYP1A1 and CYP1B1, as well as MMP9 and MMP9/TIMP1 ratio, was observed which resem-

bles typical findings in COPD. In conclusion, our data show that cigarette smoke and lipopolysaccharide induce significant 

responses in human lung tissue ex vivo, giving first hints that COPD starts early in smoking history.

Keywords COPD · Cigarette smoke condensate · Lipopolysaccharide · Precision-cut lung slices · Cytokines · Gene 

expression

Introduction

Chronic obstructive pulmonary disease (COPD) is a complex 

respiratory disorder characterized by poorly reversible pro-

gressive airway obstruction and abnormal airway inflamma-

tion (Hacievliyagil et al. 2006; Turato et al. 2001). It covers 

many pathological entities such as chronic bronchitis with 

permanent obstruction, respiratory failure leading to hypox-

emia, and enlargement of airspaces to emphysema (Raherison 

and Girodet 2009). The most common symptoms of COPD 

are breathlessness, excessive sputum production, and chronic 

cough (WHO 2019). More than 300 million people worldwide 

have COPD. The disease is on the rise and will be the third 

leading cause of death in 2030 with 8.3 million death per year 

(WHO 2019). Common conception is that mainly cigarette 

smoke causes COPD. Cigarette smoke contains thousands of 

chemicals with a large number being antigenic, carcinogenic, 

cytotoxic, and mutagenic inducing pathological changes in 

the respiratory tract. The gaseous phase contains short life 

substances affecting the upper airways. The particulate or tar 

phase enters the lower respiratory tract and affects cells in the 
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small airways and alveoli. More than 90% of COPD patients 

are smokers, but only 20% of the smokers develop COPD 

(Pauwels and Rabe 2004). The reasons why some smok-

ers develop COPD, whereas other do not, are still unknown 

(GOLD 2004). Cigarette smoke induces pathological changes 

such as disrupted epithelial layers, ciliary dysfunction, and 

mucus hypersecretion of the respiratory tract in humans. It 

also affects a wide range of immunological functions of the 

respiratory tract and has been linked to increased susceptibil-

ity to infections (Danov et al. 2020; Gonçalves et al. 2011; 

Qiu et al. 2017; Sopori 2002; Sopori et al. 1994). Cigarette 

smoke–exposed macrophages express for example increased 

levels of lysosomal enzymes, oxygen radicals, myeloperoxi-

dase, and elastase that damage the connective tissue (King 

et al. 2017; Reynolds 1987; Sopori 2002; Sopori et al. 1994). 

Cigarette smoke also impairs the ability of macrophages to 

phagocytose bacteria, to secrete pro-inflammatory cytokines 

(King et al. 1988; Martin 1977) and reduces the activity of 

natural killer cells (Ferson et al. 1979; Hogan et al. 2011; 

Qiu et al. 2017). Blood leukocytes of smokers are also sup-

pressed in function, e.g., leading to reduced antibody forma-

tion and less adaptive responses to viral infections (Holt and 

Keast 1977; Sopori 2002; Tarbiah et al. 2019). The disrup-

tion of the epithelial layers recruits other immune cells such 

as macrophages and lymphocytes into lung tissue leading to 

airway inflammation. Airway inflammation is a characteristic 

for smokers and COPD patients, but its role during the onset 

of pathological changes is rather unknown. Most available 

information has been received from samples taken from the 

upper respiratory tract of smokers and COPD patients, e.g., by 

bronchial brushings (Barbers et al. 1987; Landi et al. 2011). 

Nevertheless, the major part of cigarette smoke, including the 

particulate phase, is mainly affecting the lower respiratory 

tract — a part of the lung that is not easily accessible. Our 

knowledge about first effects of cigarette smoke on the distal 

healthy lung is very limited. There are hints that alterations 

in the distal lung in smokers precede and likely lead to the 

emphysematous destruction of the alveolar structure in smok-

ers and COPD patients (Shaykhiev and Crystal 2014). We 

are interested in understanding the role of inflammation and 

emphysema formation in the distal lung of healthy smokers. 

We hypothesize that acute exposure of human lung tissue to 

cigarette smoke condensate (CSC) induces pro-inflammatory 

responses and changes of the extracellular matrix (ECM) in 

human lung tissue of the lower respiratory tract overlapping 

with later changes in smokers and COPD patients. There-

fore, we used healthy living tissue of peripheral distal lung of 

human donors and exposed it ex vivo to CSC.

In this study, we identified matrix-associated but not 

inflammation-associated genes induced in viable lung 

tissue from the distal lung by CSC. We show how CSC 

changes viability of human lung tissue, leads to altered pro-

inflammatory cytokines, and changes in the extracellular 

matrix. In comparison, we analyzed changes induced by the 

well-known immune activator lipopolysaccharide (LPS) 

(Jones et al. 2017). We found that the role of inflammation 

differs after exposure to cigarette smoke condensate from 

that of the manifested disease in humans and propose that 

an initial suppressive immune response could contribute 

to the pathogenesis of COPD as a process starting earlier 

than we have assumed so far.

Methods

Ethics statement and donors

Human lung lobes were obtained from patients who under-

went surgery for different reasons. The experiments were 

approved by the ethics committee of the Medical School 

Hannover (MHH, Hannover, Germany) and are in accord-

ance with The Code of Ethics of the World Medical Associa-

tion. All patients or their next of kin, caretakers, or guard-

ians gave written informed consent for using lung tissue 

for research. Tissues from female and male donors were 

used. Diagnoses were tumor, fibrosis, emphysema, or pul-

monary hypertension. Only tumor-free tissue as qualified by 

medical pathologists was used for experiments. One of the 

patients was older than 10 years; the others had an average 

age of 69 ± 15 years for the nine donors used for protein 

expression and 71 ± 14 years for the four donors used for 

gene expression (Table 1).

Preparation of human precision cut lung slices

Human precision cut lung slices (PCLS) were prepared 

as described before (Neuhaus et al. 2018). Briefly, human 

lung lobes were cannulated with a silicone tube and 

selected segments were inflated with 37 °C warm 1.5% 

low-gelling agarose (Fisher Scientific, Schwerte, Ger-

many) in Dulbecco’s modified Eagle’s medium nutrient 

Mixture F-12 Ham (pH 7.2–7.4) with L-glutamine and 

15 mM HEPES (DMEM). The lobe was kept on ice until 

the agarose was polymerized and cut into 3-cm-thick slabs. 

Tissue cores with a diameter of 8 mm were cut with a 

rotating sharpened coring tool and sliced with a microtome 

(Krumdieck tissue slicer, Alabama Research & Develop-

ment, Munford, AL, USA) into about 250–300-μm-thick 

sections. The preparation was performed in Earle’s bal-

anced salt solution (10 × EBSS). PCLS were subsequently 

washed three times with DMEM supplemented with 

100 U/mL penicillin/100 μg/mL streptomycin and cul-

tivated under normal cell culture conditions (37 °C, 5% 

 CO2, 100% air humidity).

250 Cell and Tissue Research (2022) 387:249–260



1 3

Cigarette smoke condensate and LPS exposure 
of PCLS

CSC was prepared from Marlboro red cigarettes with 10 mg 

tar using RM/1G (Borgwaldt, Germany) smoking machine. 

The smoke of ten cigarettes was passed through a Cambridge 

filter (Borgwaldt, Hamburg, Germany) which was extracted 

using 10 mL dimethyl sulfoxide (DMSO) to generate CSC 

with a concentration of 10 mg/mL. PCLS were cultivated 

in 24-well plates. PCLS were stimulated using 450 μg/mL, 

300 μg/mL, 150 μg/mL, 75 μg/mL, 37.5 μg/mL, and 9.4 μg/

mL CSC diluted in DMEM. Similar CSC concentrations 

have been shown to be biologically relevant (Fields et al. 

2005). Final concentration of CSC used for protein and gene 

expression analysis was selected as a non-toxic concentra-

tion of 9.4 μg/mL CSC equivalent to approx. 0.001 cigarettes 

on two PCLS. The solvent DMSO was used at its highest 

concentration of 3% as control for concentration assesment 

and approx. 0.09% as control for protein and gene expression 

analysis. PCLS were stimulated with 200 ng/mL LPS diluted 

in DMEM, as already published in Switalla et al. (2010). For 

LPS treatment, DMEM was used as control.

Analysis of tissue viability

Tissue viability was determined using LDH Cytotoxicity 

Assay Kit (Roche, Mannheim, Germany), LIVE/DEAD® Via-

bility/Cytotoxicity Kit (Thermo Fisher Scientific, Rockford, 

IL, USA), and cell proliferation assay WST-1 as described 

previously (Neuhaus et al. 2018). Briefly, LDH release assay 

was performed according to the manufacturer’s instructions. 

Shortly, LDH was detected in supernatants of tissue cultures 

using 50 μL of supernatant incubated with 50 μL of reagent 

for 20 min at RT in the dark. The maximum release of LDH 

was induced by 1 h treatment with 1% Triton-X 100. Absorp-

tion was detected with 492 nm and a reference wavelength 

of 630 nm. The absorption of the Triton-X 100 control was 

defined as 100%. The absorptions of all other samples were 

used to calculate the amount of released LDH described in 

percent. The solvent DMSO was used at its highest concen-

tration of 3% as control. LIVE/DEAD® viability staining was 

performed according to the manufacturer’s instructions. The 

LIVE/DEAD® viability staining is a two-color fluorescence 

assay. It is based on the simultaneous identification of live 

and dead cells with two probes. The cell viability is iden-

tified by the intracellular esterase activity (depicted in yel-

low in Fig. 1(c–c’’’)) and plasma membrane integrity using 

calcein-AM and ethidium homodimer (EthD-1) (depicted in 

red in Fig. 1(c–c’’’)) which intercalates into the DNA of dam-

aged cells. In brief, PCLS were incubated with 4 μM calcein-

AM and 4 μM EthD-1 for 45 min at RT with 150 rpm on an 

orbital shaker. PCLS were washed with Dulbecco’s phosphate 

buffered saline (DPBS, 0.1 M sodium phosphate and 0.15 M 

NaCl, without  Ca2+ and  Mg2+, pH 7.4) (Lonza, Verviers, 

Belgium) and imaged by confocal laser scanning micros-

copy (LSM510 Meta, Zeiss, Germany). Of each PCLS, three 

independent locations were recorded generating 30-μm-thick 

3D stacks (10 × , excitation wavelength 488 nm and 543 nm, 

emission filters BP 505–550 nm and LP 560 nm). Images 

were analyzed using the IMARIS 7.6.0 software. The solvent 

DMSO was used at its highest concentration of 3% as negative 

control. Triton-X 100 was used as control for maximum cyto-

toxicity. WST-1 assay was performed on the basis of manufac-

turer’s instructions. After cultivation, supernatants of PCLS 

cultures were removed and 250 μL of 1:10 WST-1 reagent 

dilution was added. Assay was performed under cell culture 

conditions for 1 h. Absorption of 100 μL of supernatant was 

detected with 450 nm and a reference wavelength of 630 nm. 

The solvent DMSO was again used at its highest concentra-

tion of 3% as control. LDH release and WST-1 was analyzed 

for seven donors. LIVE/DEAD staining was performed for 

three donors.

Proteins and RNA

For protein analysis, the same donors were used as for gene 

expression analysis. Nevertheless, additional donors were per-

formed for protein analysis as the expressions of some proteins 

were below the lower limit of detection of the ELISA. For meas-

urement of cytokines, supernatants were collected from tissue 

cultures, supplemented with 0.2% protease inhibitor cocktail 

(P1860). Lung tissue was lysed using 1% Triton X-100 in DPBS 

supplemented with 0.2% protease inhibitor cocktail for 1 h 

Table 1  List of human lung donor material used in this study. Char-
acteristics of donors who provide lung material for this study and 
from whom protein expression data (A) or gene expression data (B) 
were extracted

(A) Donors for protein expression

Donor number Sex Disease background

1 Female Emphysema

2 Male Pulmonary fibrosis

3 Male Pulmonary fibrosis

4 Male Pulmonary hypertension

5 Male Pulmonary hypertension

6 Female IPF

7 Male Carcinoma

8 Male Carcinoma

9 Female Carcinoma

(B) Donors for gene expression

Donor number Sex Disease background

7 Male Carcinoma

8 Female Carcinoma

9 Male Carcinoma

10 Male Carcinoma
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at 4 °C. Supernatants and lysates were stored at − 80 °C until 

analysis. Procedures are described in detail before (Neuhaus 

et al. 2018). Enzyme-linked immunosorbent assay (ELISA) 

was performed according to the manufacturer’s instructions 

using R&D Systems DuoSet ELISA Kits (R&D Systems, Inc., 

Abingdon, UK). Protein content identified by ELISA of each 

sample was related to the total protein content (pg/mg total pro-

tein). The total protein content of each sample was analyzed with 

the  Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific, 

Rockford, IL, USA) according to manufacturer’s instructions. 

Bovine serum albumin (included in the assay kit) was used 

for the standard curve. RNA was isolated from two tissue sec-

tions per sample as described by Niehof et al. (2017). For gene 

expression analysis, tissue of four donors was used as biological 

replicates. Overlap of the used donors from protein and gene 

expression analysis was described in Table 1. Briefly, immedi-

ately after cultivation, PCLS were transferred into tubes, snap 

frozen in liquid nitrogen, and stored at − 80 °C. For RNA iso-

lation, tissue was homogenized in RLT lysis buffer (Qiagen, 

Hilden, Germany) using an Ultra-Turrax® (T8, IKA, Staufen, 

Germany). The homogenate was transferred to phenol/chloro-

form, shaken, and centrifuged. Chloroform/isoamylalcohol was 

added, and suspension was shaken and centrifuged again. Iso-

propanol was added to the aqueous phase, and DNase treatment 

was performed. Finally, RNA was cleaned up using  MagMax™ 

magnetic beads (Thermo Fisher Scientific, Dreieich, Germany). 

RNA concentration (A260) and purity (A260/A280 ratio) were 

measured by spectrophotometry  (NanoDrop™ 2000 Spectro-

photometer, software version 1.6.198, Thermo Fisher Scientific, 

Dreieich, Germany). RNA integrity number (RIN) was evaluated 

Fig. 1  CSC induced cellular and mitochondrial toxicity in human 
PCLS. Human PCLS were exposed 24 h to different CSC concentra-
tions (300  μg/mL, 150  μg/mL, 75  μg/mL, 37.5  μg/mL, and 9.4  μg/
mL). (a) The cytotoxicity of CSC was measured by LDH assay. 
Increasing concentrations of CSC induced release of LDH from 
human tissue into supernatant as measured by LDH assay. (b) CSC 
also induced a decrease of metabolic activity as measured by WST-1 
assay. (c–c’’’) LIVE/DEAD® staining using Calcein-AM/EthD-1 
and subsequent imaging by confocal microscopy also showed a loss 
of viable cells (yellow color, calcein staining) and an increase of the 

number of dead cells (red color, EthD-1 staining) in human PCLS 
after exposure to 75 μg/mL (c’) and 300 μg/mL CSC (c’’). DMSO at 
the highest concentration of 3% was used for all experiments as con-
trol (c). 1% Triton X-100 was used as positive control for maximum 
cytotoxicity (c’’’). Scale bar 100  μm. Toxic concentrations of CSC 
depicted in (c–c’’’) were marked with grey arrows in (b). Red boxes 
and red arrow marked the selected non-toxic CSC concentration of 
9.4 μg/mL as used for gene and protein expression analysis. N = 7 for 
LDH and mitochondrial activity (a, b). N = 3 for LIVE/DEAD viabil-
ity staining (c–c’’’)
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using an Agilent 2100  Bioanalyzer® (Agilent Technologies, 

Ratingen, Germany). All RNA samples showed good quality as 

indicated by an A260/280 ratio around 2.00 and high RIN values 

between 9.0 and 9.9.

Gene expression analysis and data evaluation

Expression was analyzed for the following 20 literature-based 

selected COPD-relevant genes: ACTA2, COL1A1, CXCL11, 

CYP1A1, CYP1B1, FN1, HIF1A, IL1B, IL6, IL8, MMP12, 

MMP9, NFKB1, NOS2, SERPINA1, STAT1, STAT6, TIMP1, 

TNF, and VEGFA. Gene expression analysis of cigarette smoke 

condensate–exposed samples and corresponding controls was 

performed using customized  RT2 Profiler PCR Arrays (Qiagen, 

Hilden, Germany). ACTB, B2M, HPRT1, LDHA, and RPLP0 

were analyzed as potential reference genes. In the first step, 

cDNA synthesis was performed using the  RT2 first strand kit 

(Qiagen), following the manufacturer’s instructions. Subse-

quently,  RT2 profiler PCR arrays were conducted according 

to manufacturer’s instructions using the PCR system Applied 

 Biosystems®  ViiA™7 (Thermo Fisher Scientific, Dreieich, Ger-

many). An RNA equivalent of 4 ng was used per RTqPCR assay. 

Data analysis of exported “cycle threshold”  (CT) values was per-

formed based on the comparative ∆∆CT method described by 

Schmittgen and Livak (2008). Reference genes for normaliza-

tion were selected using NormFinder (Andersen et al. 2004) and 

geNorm algorithm (Vandesompele et al. 2002) as part of the 

GenEx Professional 6 Software (bioMCC, Freising, Germany). 

ΔCT values, if normal distributed, were further checked for out-

liers according to Grubbs (Grubbs 1969). The fold change val-

ues were calculated for each gene describing the factor of up- or 

downregulation for each treatment group vs. corresponding con-

trol. Fold change (FC) < 0 were presented as (− 1)/FC. Genes that 

display FC values ≤  − 1.5 or ≥ 1.5 were considered as relevant, 

and statistical significance for FC values was checked with Stu-

dent’s t-test with a probability of ≤ 0.05. Protein data in figures 

are given as mean ± SD, and gene expression data in figures are 

given as mean ± SD. Statistical analyses were performed by t-test 

using GraphPad Prism (Version 4.03, GraphPad, San Diego, CA, 

USA). Donors were only excluded if the positive control LPS did 

not induce a significant increase of pro-inflammatory cytokines 

such as IL-1β.

Results

Influence of CSC on viability of lung tissue 
was analyzed, and non-toxic concentrations 
were selected for gene and protein expression 
experiments

We investigated the impact of cigarette smoke conden-

sate (CSC) on viability of human tissue from the lower 

respiratory tract ex  vivo. Human lung tissue ex  vivo 

was exposed to CSC for 24 h. Mitochondrial activity, 

release of lactate dehydrogenase, and intracellular ester-

ase activity from human lung tissue slices were assessed 

by WST-1 assay, LDH activity assay, and LIVE/DEAD 

viability staining and imaging by confocal microscopy, 

respectively. CSC induced concentration-dependent loss 

of viability of human lung tissue ex vivo (Fig. 1). Lac-

tate dehydrogenase release was slightly increased after 

24 h at CSC concentrations above 75 μg/mL and strongly 

increased using 150 μg/mL CSC (Fig. 1(a)). Viability, 

measured by WST-1 assay, was slightly reduced above 

a concentration of 37.5 μg/mL CSC and decreased sig-

nificantly at 75 μg/mL CSC, indicating a more sensitive 

viability assay for treatment of human PCLS with CSC 

(Fig. 1(b)). Esterase activity analyzed by LIVE/DEAD 

viability staining and imaging showed reduced viable tis-

sue (yellow color in Fig. 1(c)) after exposure to 75 μg/

mL CSC and nearly a complete loss of viable cells and an 

increase in dead cells in lung tissue ex vivo using 300 μg/

mL CSC (Fig. 1(c’ and c’’)). The two concentrations 

depicted in the images of LIVE/DEAD viability stain-

ing after CSC treatment in Fig. 1(c) were marked with 

gray arrows below the graph of mitochondrial activity 

(Fig. 1(b)). Half maximal effective concentration  (EC50) 

for lung tissue ex vivo exposed to CSC was 196 μg/mL 

using WST-1 assay and 303 μg/mL using LDH detection 

(Fig. 1(a, b)). LIVE/DEAD staining can only be ana-

lyzed semi-quantitative, so that the estimation of the half 

maximal effective concentration is less accurate com-

pared to the other two viability assays. For the exposure 

experiments to determine protein and gene expression 

changes, a non-toxic CSC concentration of 9.4 μg/mL 

was selected and depicted with a red arrow below the 

graph of Fig. 1(b). The rationale of selecting a non-toxic 

CSC concentration behind was to distinguish primary 

immunomodulatory effects induced by CSC per se from 

secondary immunomodulatory effects due to cytotoxic-

ity. High concentrations of CS might lead to a loss of 

cellular functions and induce secondary immune effects 

such as a decrease of cytokine production (Hoshino et al. 

2001; Luppi et al. 2005; Ouyang et al. 2000; Soliman and 

Twigg 1992).

LPS, but not CSC, induced significant changes 
on inflammatory immune reactions, whereas 
metabolic and ECM-associated proteins are 
increased by CSC, but not LPS

Cigarette smoke exposure is known to be associated with 

increased degradation of extracellular matrix (ECM) proteins. 

We analyzed proteins of ECM in human viable lung tissue slices 

after exposure of lung tissue ex vivo to CSC in order to assess 

253Cell and Tissue Research (2022) 387:249–260



1 3

the influence of cigarette smoke tar phase components on ECM 

proteins. Matrix metalloproteinase-9 (MMP-9) was signifi-

cantly induced (1.4-fold) by CSC (Fig. 2(d’)). Pro-collagen 1α1, 

extracellularly present, showed significant reduction after LPS 

exposure with 1.9-fold decrease (Fig. 2(e)). Pro-inflammatory 

cytokines are increased in bronchoalveolar lavage (BAL) and 

sputum samples of patients with COPD (Traves et al. 2002). 

Lipopolysaccharides (LPS) are used as mitogen to mimic 

increase of inflammatory cells into the lungs as observed in 

COPD (Lee et al. 2018). It is also well known to induce early 

innate immune responses in PCLS leading to production and 

release of pro-inflammatory cytokines and chemokines. In this 

study, pro-inflammatory cytokine protein levels IL-1α, TNFα, 

IL-8, and IL-1β were significantly increased by LPS treatment 

for 24 h with 66, 54, 1.7, and 16-fold, respectively, whereas a 

non-toxic concentration of CSC (9.4 μg/mL) showed no effect 

on pro-inflammatory cytokine protein levels IL-1α, TNFα, IL-8, 

and IL-1β in PCLS ex vivo (Figs. 2(a–b’) and 4). However, toxic 

concentrations of CSC induce tissue damage and thereby a loss 

of proteins from the cells. These proteins were degraded in the 

supernatant while cultivation time. This was confirmed by the 

detection of whole protein content (data not shown).

Gene expression of literature-based COPD-relevant 
genes indicated cell damage by upregulation 
of genes involved in tissue injury and metabolic 
activity but less influence on pro-inflammatory 
cytokines in ex vivo human lung tissue after CSC 
exposure

We exposed human lung tissue ex vivo to CSC and LPS 

and analyzed changes in gene expression after 24 h by 

 RT2 Profiler PCR Arrays. Heat map of gene expres-

sion analysis of selected genes demonstrated separation 

between gene expression profiles of LPS- vs DMEM- and 

CSC- vs DMSO-treated human viable PCLS (Fig. 3(a)). 

LPS increased fold change (FC) expression of genes 

involved in inflammatory processes such as IL1B, IL6, 

TNF, IL8, and CXCL11. Genes encoding transcription 

factors NFKB1 and STAT1 also show to be induced by 

Fig. 2  LPS, but not CSC, induced significant changes on inflam-
matory immune reactions, whereas metabolic and ECM-associated 
genes and proteins are increased by CSC, but not LPS. 200  ng/mL 
LPS induced release of pro-inflammatory cytokines IL-1α (a) and 
TNFα (b) from cells in viable human lung tissue slices. IL-1α (a’) 
and TNFα (b’) were unchanged after exposure to CSC. 9.4  μg/mL 
CSC altered release of protein MMP-9 (d’) associated to the extra-
cellular matrix which was unchanged after stimulation with LPS 
(d). Additionally, 9.4 μg/mL CSC (c’), but not LPS (c), induced sig-

nificant increase of metabolism-associated genes displayed as  2−ΔCt 
values. Protein release was normalized to whole protein content and 
displayed in picogram of cytokine or protein per milligram of whole 
protein content.  2−ΔCt values: Each donor was depicted as single 
data point ± SD tested by Student’s t-test, n = 4 donors, *p < 0.05 and 
**p < 0.005. Protein secretion: Each donor was depicted as single 
data point ± SD tested by Student’s t-test, n = 3–9 donors, *p < 0.05, 
**p < 0.005 and ***p < 0.001
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LPS with p-values below 0.05, but NFKB1 shows a fold 

change of 1.46 that is lower than the decided cutoff of 

1.5. In contrast, gene transcripts associated with extra-

cellular matrix were not regulated by LPS compared 

with medium control. CSC exposure induced significant 

induction of genes of the cytochrome P450 family, e.g. 

CYP1B1, and CYP1A1. ECM-relevant MMP-12 involved 

in matrix formation showed an increased fold change but 

no statistical significance due to a high probability value. 

CSC exposure did not influence expression of genes of 

inflammatory pathways IL1B, IL6, TNF and CXCL11, 

except IL8, and significantly reduced expression of 

matrix building genes, e.g., FN1 and ACTA2 (Fig. 3(b)). 

In detail, Figs. 3(c–f’), 5, and 6 show  2−ΔCt values for 

selected genes for individual donors. Markers of inflam-

mation TNF, IL1B, IL6, CXCL8, and STAT1 showed a 

significant increased gene expression in human PCLS 

after LPS exposure for 24 h compared with control with 

a 3.4-, 4.3-, 2.6-, 3.4-, and 2.5-fold increase, respectively 

(Figs. 4 and 5). CSC did not alter expression of these 

genes. In contrast,  2−ΔCt values of CYP1A1, CYP1B1, 

MMP9, ACTA2, and FN1 were changed after CSC expo-

sure compared with control showing a 63-, 4.3-, and 

1.4-fold increase as well as a 1.3- and 1.5-fold decrease, 

Fig. 3  Gene expression of literature-based COPD-relevant genes indi-
cated cell damage by upregulation of genes involved in tissue injury 
and metabolic activity. (a) Heat map of selected genes. Upregulated 
genes are represented in red, downregulated genes in blue and aver-
age in white. (b) Changes in gene expression in human PCLS after  
200  ng/mL LPS or 9.4  μg/mL CSC exposure compared to cor-
responding control. Metabolic and ECM-associated differentially  

expressed genes indicate influence of CSC in expression profile. (c–f’) 
ECM-related markers in viable human lung tissue slices were changed 
by either CSC or LPS displayed as  2−ΔCt. FC ≥ 1.5 or ≤  − 1.5 and 
p-value < 0.05,  RT2 Profiler PCR  Assay from Qiagen.  2−ΔCt values: 
Each donor was depicted as single data point ± SD tested by Student’s 
t-test, n = 4 donors, *p < 0.05 and **p < 0.005 and *** p < 0.001
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respectively (Figs. 3(c’–f’), 2(c, c’)). Results showed  

no influence of LPS on the expression of these genes 

except ACTA2 and FN1, which is decreased (1.4- and 

1.7-fold) by LPS exposure as well (Fig. 5(d)). In contrast, 

MMP12 and MMP9/TIMP1 ratio were highly expressed 

after CSC exposure compared with control showing a 

1.9-fold increase for MMP12 (Fig. 6(a’)). MMP9/TIMP1 

ratio, as a well-known marker in smokers and COPD 

patients, was not altered after LPS exposure compared 

with DMEM, but CSC treatment induced a 1.6-fold 

increased expression compared with DMSO (Fig. 6(b, 

b’)).

Fig. 4  LPS, but not CSC, induced significant increase in inflamma-
tory cytokines. Release of pro-inflammatory cytokines IL-1β (a) and 
IL-8 (b) from cells in viable human lung tissue slices was increased 
by 200  ng/mL LPS. 9.4  μg/mL CSC did not increase release of 
inflammatory cytokines IL-1β (a’) and IL-8 (b’) significantly. 

Cytokine release was normalized to whole protein content and dis-
played in picogram of cytokine per milligram of whole protein con-
tent. Each donor was depicted as single data point ± SD tested by Stu-
dent’s t-test, n = 3–9 donors, *p < 0.05

Fig. 5  Examples of inflammatory differentially expressed genes by 
LPS exposure. (a–e) 200 ng/mL LPS, but not (a’–e’) 9.4 μg/mL CSC, 
induced significant increase of inflammatory genes displayed as  2−ΔCt 

values. Each donor was depicted as single data point ± SD tested by 
Student’s t-test, n = 4 donors *p < 0.05 and **p < 0.005
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Discussion

Data of initial effects of cigarette smoke on the distal healthy 

lung is limited (Ambrose and Barua 2004; Levitzky et al. 2008; 

Rom et al. 2013). In the presented study, distal lung tissue from 

human donors was exposed to CSC in comparison to LPS. We 

subsequently investigated pro-inflammatory markers and the 

transcriptome described as first pathological changes in the 

human lung of smokers LPS — but not CSC — induced inflam-

mation associated genes and pro-inflammatory cytokines. CSC 

altered the extracellular matrix and metabolism.

Lung slices have the strong limitation of missing connec-

tion to the blood and lymphatics, but it is the only option to 

study human tissue. Inflammatory cytokines cause the pul-

monary influx and activation of immune cells (Henjakovic 

et al. 2008; Switalla et al. 2010). An inflammation cascade of 

activation-influx-activation is absent in lung slices. Inflam-

matory responses in airways are similar to those observed in 

smokers and COPD patients (Baarsma et al. 2013; Kharitonov 

and Sjobring 2007; Vernooy et al. 2002). Exposure of human 

lung tissue to LPS ex vivo was earlier reported and led to 

an increase of pro-inflammatory cytokines and genes such as 

IL1B, IL6, IL8, and TNF (Neuhaus et al. 2017; Temann et al. 

2017). In contrast to LPS, the inflammatory pattern on pro-

tein or gene levels was nearly unchanged after CSC exposure. 

At non-toxic CSC concentrations, the most susceptible cells 

might be the alveolar epithelial cells type II and macrophages 

as known for many noxae (Agarwal et al. 2014; Ritter et al. 

2003; Zhao et al. 2017).

Cigarette smoke activates NFκB signalling in human 

lymphocytes (Ahn and Aggarwal 2005; Hasnis et al. 2007). 

Birrell et al. (2008) published that cigarette smoke inhib- 

ited the NFκB pathway in lung macrophages. The pre-

sented experiments found neither an upregulation of inflam-

matory genes such as NFκB nor an increased release of 

pro-inflammatory cytokines after exposure to CSC. This is in 

line with reported data (Birrell et al. 2008; Liu et al. 2008; Ras-

trick et al. 2013). Interestingly, ECM-associated genes and pro-

teins were differently regulated by LPS and CSC. LPS reduced 

Pro-Col1α1 and MMP-9, whereas CSC significantly increased 

MMP-9. After CSC but not after LPS exposure increased 

expression of MMP9, MMP12, and MMP9/TIMP1 was found. 

Altered ECM-associated genes and proteins demonstrated ini-

tial changes in the ECM induced by CSC in human lung tissue 

ex vivo. This was reported for smokers and COPD patients 

(Abdella et al. 2015; Boschetto et al. 2006; Demedts et al. 

2006, Esa et al. 2016). Inflammation and elastolysis (O’Reilly 

et al. 2009) contribute to emphysema. Additionally, gene 

expressions of fibronectin FN1 and α-smooth muscle actin 

ACTA2 were reduced after CSC exposure in human PCLS. 

This altered expression of FN1 and ACTA2 has been published 

for smokers and COPD patients in airways and alveoli tissue 

(Karvonen et al. 2013; Wang et al. 2001).

Also, genes of the cytochrome p450 family were strongly 

differentially expressed by CSC (not LPS) exposure. The 

differentially expressed genes CYP1A1 and CYP1B1 are 

involved in drug metabolism and metabolic activation of pro-

carcinogens (Spink et al. 1998). Polyaromatic hydrocarbons 

from cigarette smoke induce CYPs through the aryl hydro-

carbon receptor (AhR) pathway (Kuehn et al. 2015; Lin et al. 

2012). These observations fit to data from macrophages of 

smokers describing an increase of CYPs after years of smok-

ing (Kamata et al. 2018; Woodruff et al. 2005). The tar phase 

of cigarette smoke is composed of toxic and carcinogenic 

substances damaging the lung of smokers (Talhout et al. 

2011). Toxic destruction of lung parenchyma and release of 

intracellular proteins such as LDH was observed in the study  

(Fig. 1(a)) and elsewhere (Pickett et al. 2010; Ambrose and 

Barua 2004; Fields et al. 2005; Zhou et al. 2018). The missing 

pro-inflammatory response to CSC should not be caused by 

Fig. 6  Examples of ECM-associated genes with changed expres-
sion levels by CSC exposure. Expression of ECM-related markers in 
cells in viable human lung tissue slices was changed by CSC. Shown 
in these gene expression results, 9.4  μg/mL CSC (a’, b’), but not 

200 ng/mL LPS (a, b), induced partially significant increase of genes 
depicted as  2−ΔCt values. Each donor was presented as single data 
point ± SD tested by Student’s t-test, n = 4 donors, *p < 0.05
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toxic effects of CSC since non-toxic concentrations of CSCs 

were applied. Other researchers observed that CSC induced 

anti-inflammatory responses, e.g., in dendritic cells (Cozen 

et al. 2004; Kroening et al. 2008; Vassallo et al. 2005). Nico-

tine as a component of CSC could have suppressed inflam-

matory reactions (Kroening et al. 2008; Razani-Boroujerdi 

et al. 2004; Tschernig et al. 2008).

Cigarette smoke can increase the susceptibility of smokers 

against viruses or induce exacerbations in COPD patients. Ciga-

rette smoke exposure reduces immune reactions of host cells as 

shown by Cohen et al. and others (Arcavi and Benowitz 2004; 

Blake et al. 1988; Cohen et al. 1993; Feldman and Anderson 

2013; Kark and Lebiush 1981; Kark et al. 1982). A main reason 

of exacerbations in COPD patients are viral infections, in most 

cases induced by rhinovirus, influenza, RSV, or parainfluenza 

(Hewitt et al. 2016). The combination of viral infections ex vivo 

with smoking could generate new insights.

In conclusion, our results show that CSC and LPS hit 

lung cells and lung tissue of COPD patients already early 

in smoking history.
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Abstract

Human rhinovirus (RV) is a major risk factor for chronic obstructive
pulmonary disease (COPD) and asthma exacerbations. The
exploration of RV pathogenesis has been hampered by a lack of
disease-relevant model systems. We performed a detailed
characterization of host responses to RV infection in human lung
tissue ex vivo and investigated whether these responses are disease
relevant for patients with COPD and asthma. In addition, impact of
the viral replication inhibitor rupintrivir was evaluated. Human
precision-cut lung slices (PCLS) were infected with RV1B with or
without rupintrivir. At Days 1 and 3 after infection, RV tissue
localization, tissue viability, and viral load were determined. To
characterize host responses to infection, mediator and whole genome
analyses were performed. RV successfully replicated in PCLS airway
epithelial cells and induced both antiviral and proinflammatory

cytokines such as IFNa2a, CXCL10, CXCL11, IFN-g, TNFa, and
CCL5. Genomic analyses revealed that RV not only induced antiviral
immune responses but also triggered changes in epithelial
cell–associated pathways. Strikingly, the RV response in PCLS was
reflective of gene expression changes described in patients with
COPD and asthma. Although RV-induced host immune responses
were abrogated by rupintrivir, RV-triggered epithelial processes were
largely refractory to antiviral treatment. Detailed analysis of
RV-infected human PCLS and comparison with gene signatures of
patients with COPD and asthma revealed that the human RV PCLS
model represents disease-relevant biological mechanisms that can be
partially inhibited by a well-known antiviral compound and provide
an outstanding opportunity to evaluate novel therapeutics.

Keywords: rhinovirus; human lung; epithelial response; asthma;
COPD
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Viral infections are a major trigger of acute
respiratory diseases, with human rhinovirus
(RV) being the most prominent pathogen
producing common cold symptoms (1). In
healthy individuals, RV infections are usually
self-limiting to the upper respiratory tract. In
contrast, in patients with asthma or chronic
obstructive pulmonary disease (COPD),
underlying pathological changes such as
disrupted epithelial layers, ciliary
dysfunction, andmucus hypersecretion
facilitate transmission of the virus from the
upper to the lower respiratory tract, leading
to more severe, prolonged infections (2).
Respiratory viruses have been detected in up
to 80% of patients with asthma and severe
acute exacerbations and in 22–64% of
patients with exacerbating COPD (2, 3). In
experimentally infected patients with asthma
and COPD, RV both augmented and
prolonged symptoms, including cough,
shortness of breath, wheezing, and airflow
obstruction (4–6). In addition, RV infection
resulted in secondary bacterial infections in
60% of infected patients with COPD (7).

RV is a small, nonenveloped positive
single-strand RNA virus (8) infecting
respiratory epithelial cells as the primary host
cells (3, 9). The infected airway epithelium
rapidly elicits an immune response by
activating signaling pathways via Toll-like
receptors (TLRs) and RIG-I-like receptors
(RLRs). This activation results in secretion of
antiviral and proinflammatory cytokines
(e.g., type I and type III IFN [9–11], IL-1b,
and IL-8 [8]). Collectively, these proteins
restrict viral replication, promote apoptosis
of infected cells, and recruit innate and
adaptive immune cells (12–14).

Although current standard-of-care
therapies are effective in reducing respiratory
symptoms in patients with COPD and
asthma, they are less effective in virus-
induced disease exacerbations. Therefore,
there is a clear unmet need for novel
therapeutics that can address virus-induced
pathophysiological mechanisms, in particular
those that contribute to disease progression
in patients with COPD and asthma. To
discover new therapeutic targets, an
increased understanding of the underlying
disease mechanisms is needed. Given the
important role of both the airway epithelium
and immune cells as drivers of the antiviral
response, we used RV infection of human
precision-cut lung slices (PCLS) to start
addressing these complex interactions in the
natural lung microenvironment.

In this study, we provide, for the first
time, an in-depth characterization of the host
response after successful RV infection of
human lower respiratory tract tissue ex vivo
using whole genome analysis. Moreover, we
compare the RV response observed in lung
slices with gene signatures of bronchial
brushings from patients with COPD and
asthma and identified significant overlap.
The antiviral compound rupintrivir inhibited
disease-relevant immune responses but left
RV-induced epithelial cell changes
unaffected. We propose that RV infection of
human lung slices may provide a unique
opportunity to evaluate novel therapeutics.
Some of the results of these studies have been
previously reported in the form of abstracts
(15, 16).

Methods

Human PCLS Sample Acquisition and

Preparation

Human lung lobes were obtained frommale
and female patients (average age 636
8 years) undergoing surgery (for details, see
Table E1 in the data supplement). The
human biological samples were sourced
ethically, and their research use was in
accordance with the terms of the informed
consent under Ethics Committee-approved
protocol 2701–2015 (Medical School
Hannover, Germany). PCLS were prepared
as previously described (17).

PCLS Infection and

Antiviral Treatment

Human RV serotype 1B (RV1B) was
obtained from the Health Protection Agency
(National Collection of Pathogenic Viruses
#624). Virus replication and purification
were performed as previously described (18).
PCLS were infected with 13 106 IU/mL
RV1B by inoculation at 33�C and 5% CO2.
Controls were sham-infected with ultraviolet
(UV)-inactivated virus or incubated with
medium only. After 2 hours, the supernatant
was replaced by fresh medium and PCLS
cultured for 1 or 3 days. PCLS were treated
with 100 nM rupintrivir (viral 3C protease
inhibitor; AxonMedchem BV) or respective
medium control (with 0.006% DMSO).
Tissue viability was determined using lactate
dehydrogenase (LDH) cytotoxicity assay and
LIVE/DEAD staining (Life Technologies) as
described previously (17).

Immunofluorescence Staining

PCLS were fixed overnight in
paraformaldehyde at 4�C, and
immunohistochemical stainings were
performed as detailed in the data
supplement. Briefly, PCLS were stained for
double-stranded RNA (dsRNA) to detect
replicating virus and pan-cytokeratin to
visualize airway epithelial cells. Imaging
analysis was performed with confocal laser
scanning microscope LSM510Meta (Zeiss)
and IMARIS 7.6.0 software (Bitplane
Scientific Software).

Immunohistochemistry Staining

Paraformaldehyde-fixed PCLS were
embedded in paraffin. Subsequent sections
were stained for Krt5 and digitized with the
Hamamatsu S-210 (Hamamatsu), and whole
slide images were analyzed using Visiopharm
Software.

Mediator Analyses

Mediator analysis was performed from
supernatant or PCLS lysed with 1% Triton
X-100/PBS usingMSDmultiplex
(MesoScaleDiscovery) and ELISA (R&D
DuoSet). Total protein content was analyzed
with BCA Protein Assay Kit (Thermo Fisher
Scientific).

RNA Isolation and Whole Genome

Transcriptomic Analysis

Total RNA was isolated from flash-frozen
PCLS, and RNA quantity and quality were
determined by spectrophotometry and
Agilent 2100 Bioanalyzer. All samples had
acceptable RNA integrity numbers (range,
7.1–9.6; average, 8.7). Total RNA was
converted into double-stranded cDNA and
amplified, and HG-U133_Plus_2.0
microarrays (Affymetrix) were performed.
CEL files were submitted to the National
Center for Biotechnology Information Gene
Expression Omnibus (GEO) database
(https://www.ncbi.nlm.nih.gov/geo/) avail-
able under accession number GSE137905.
Data were quality-checked, normalized, and
analyzed as described in detail in the data
supplement.

For comparisons of COPD and asthma
datasets, published data (19, 20) were
extracted from the GEO accession viewer
(GSE37147 and GSE76226, respectively) and
processed using the same methods as applied
to our internal microarray dataset, as detailed
in the data supplement.
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Statistics

Data in figures are given as median with
interquartile range, as detailed in figure
legends. Statistical analysis was performed by
Mann-Whitney or the false discovery rate
method, as detailed in the data supplement.

Results

RV Is Capable of Infecting PCLS and

Elicits Robust Antiviral

Host Responses

In RV-infected PCLS, colocalization of
dsRNA and pan-cytokeratin
immunohistochemistry staining
demonstrated active replication of RV in
airway epithelial cells (Figures 1A–1D).
Infection of airway epithelium was observed
to occur in patches instead of homogeneous
distribution, with occasional changes in
epithelial cell morphology and detachment of
cells observed at the spots of infection
(Figures 1A and 1B). Tissues inoculated with
UV-inactivated RV or noninfected tissue
were negative for dsRNA (data not shown).
RV infection did not induce a significant
cytopathic effect, as the majority of the tissue
remained intact and viable up to 72 hours
after infection as demonstrated by LIVE/
DEAD staining (Figure E1A). The intact
tissue structure was further confirmed by
hematoxylin and eosin staining, which
showed a good preservation of the tissue
architecture, including the bronchial
epithelium (Figure E2). Despite this,
increased LDH release was observed in
infected PCLS (Figure E1B), which could
indicate RV-induced epithelial damage at the
spots of infection. However, as no obvious
tissue damage was detected by LIVE/DEAD
and hematoxylin and eosin stainings of PCLS
cross-sections, LDH could be primarily
released from cells located in the peripheral
regions of the slices that may be more
susceptible to infection.

RV infection resulted in the activation
of epithelial cells as well as immune cells.
Resident immune cells, such as macrophages,
T cells, and B cells, are present in PCLS, as
confirmed by immunohistochemistry
staining of uninfected tissue (Figure E3).
Analyses of mediator release showed a
significant induction of IFN-a, CXCL10, and
CXCL11 in RV-infected PCLS compared
with uninfected controls at 24 hours and 72
hours after infection, indicating a strong
induction of a type I IFN-driven antiviral
response (Figure 1E). Proinflammatory

mediators, including IFN-g, TNF-a, and
CCL5, were also significantly upregulated in
RV-infected PCLS compared with controls
(Figure 1E). The antiviral compound
rupintrivir was able to significantly suppress
the RV-induced release of these antiviral and
proinflammatory cytokines at both time
points (Figure 1E). In contrast, the
proinflammatory mediators IL-1b and IL-6
were only minimally induced or not induced
by RV and were not altered by rupintrivir
treatment at either time point (Figure E4).

Whole Genome Analyses of

RV-induced Responses in

Human PCLS

Hierarchical clustering and principal
component analyses of whole genome
transcriptomic data demonstrated a clear
separation between gene expression profiles
observed in RV-infected PCLS and medium-
treated PCLS, demonstrating a robust
response to RV across all donors despite
some donor-to-donor variability (Figures 2A
and 2B). RV infection regulated a large
number of genes when compared with
medium (upregulated: 3,582 probes
corresponding with 2,202 genes;
downregulated: 3,842 probes corresponding
with 2,611 genes; fold change> 1.5;
uncorrected P< 0.05) (Figure 2C). Although
some genes were regulated at both time
points, specific genes showed a clear time
dependency, as they were regulated at either
24 hours or 72 hours after infection (Figure
2C). Figure E5 shows that a large proportion
of transcripts with a P value of less than 0.05
passed false discovery rate correction (Figure
E5A) with virtually no overlap between
upregulated and downregulated probes
(Figure E5B), indicating robustness of the
dataset. A full list of differentially expressed
transcripts is provided in the data
supplement (Table E2).

Partitioning aroundmedoids clustering
was chosen to identify genes with similar
transcriptional profiles across time points
and treatment groups. This resulted in eight
clusters that resolved signatures associated
with specific cell types (Figure 2D). Human
Gene Atlas annotations illustrated that T
cell– and natural killer cell–associated genes
were mostly enriched in Clusters 1 and 2,
andmyeloid cell–associated genes were
mostly enriched in Clusters 3 and 4, while
epithelial cell–associated and related organ-
associated genes were represented in Cluster
6 (Figure 2E). This cluster aligned with
tissues such as the kidney, uterus, and

placenta, as they are rich in epithelial and
stromal cells and thus share molecular
pathways regulating tissue homeostasis and
cellular responses. Clusters 5 and 8 contained
genes associated with endothelial cells and
adipocytes, respectively. No significant cell
type enrichment was detected in Cluster 7.

When gene ontology biological
processes analyses were applied on each
cluster, type I and II IFN responses were
most prominently represented in Cluster 2
and, to a smaller extent, in Clusters 3 and 4,
suggesting a strong antiviral immune
response by epithelial and immune cells
represented in these clusters (Figure 2F).
Cytokine- and inflammation-related
signatures were detected across the immune
response–related Clusters 1–4, whereas
T-cell signaling pathways converged mostly
toward Clusters 1 and 2. Consistent with the
Human Gene Atlas database, epithelial
function–relevant pathways were represented
in Cluster 6 and included epidermis
development, O-linked glycosylation, and
endopeptidase activity. Furthermore, this
analysis revealed ciliation pathways in
Cluster 7 (Figure 2F).

Ex Vivo RV-induced Gene Signatures

Overlap with Asthma and COPD

Disease Data Sets

The purpose of this project was to study the
acute response of “healthy” lower respiratory
tract human lung tissue to RV infection ex
vivo. However, on the basis of our
observations that not only antiviral immune
responses but also epithelial repair processes
were triggered by RV in PCLS ex vivo, we
were interested in exploring potential overlap
with similar processes present in chronic
lung diseases such as COPD and asthma.
Therefore, we compared the observed
RV-induced gene signatures in PCLS ex vivo
with disease signatures from patients with
COPD and asthma. Gene expression profiles
of bronchial brushings from patients with
COPD and asthma generated by Steiling and
colleagues (20) or Kuo and colleagues (19)
were derived from the GEO database, and
differentially expressed genes were calculated
and overlaid with the RV-induced PCLS
gene signature. These analyses demonstrated
a large overlap of COPD and asthma disease-
relevant genes with RV-induced PCLS
responses (52%, 107 of 204 COPD-relevant
genes; 52%, 109 of 210 asthma-relevant
genes) (Figure 3A). Figure 3B visualizes the
fold change of RV-regulated genes in PCLS
at 24 hours versus 72 hours after infection
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Figure 1. Rhinovirus infects airway epithelium and elicits antiviral and proinflammatory host immune responses. (A–D) Replication of rhinovirus

(RV) 1B in viable human lung tissue was detected by dsRNA staining (yellow) (A, B, and D), and localization within AEC was confirmed by

staining of pan-cytokeratin (red) (A, C, and D). Three-dimensional images: scale bars: A, 100 mm; and B–D, 15 mm. (E) Proinflammatory
and antiviral cytokines were detected by human 7-plex tissue culture kit from MesoScaleDiscovery after RV infection with and without antiviral
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and their respective overlap with COPD or
asthma disease-relevant genes. The 107
COPD-relevant genes that overlapped with
RV-regulated genes in PCLS demonstrated
mostly similar directionality (Figure 3B, left),
whereas observations for the 109 asthma-
relevant genes upregulated by RVwere more
mixed (Figure 3B, right). Complete lists of
overlapping genes can be found in the data
supplement (Table E3).

Interestingly, the disease-relevant
RV-regulated gene signatures contained
transcripts reflective of epithelial repair or
metaplastic processes that were also
regulated in COPD (e.g., KRT5, SPRR3,
DSC3, DSG3, LMO3 and CEACAM5) or in
asthma (e.g., SPRR1A, SPRR1B, KRT6A, and
CEACAM1/5) (Figure 3C).

Moreover, disease-relevant RV-induced
genes included transmembrane mucins (e.g.,
MUC4, MUC13, andMUC16 for COPD and
MUC15 for asthma). Secreted factors from
epithelial cells, includingMUC5AC, MUC5B,
and SCGB1A1, were also among the disease-
relevant RV-regulated genes overlapping
with asthma. Furthermore, regulators of
proteolytic activity (Serpin family members
B5, B7, B13 in COPD and SERPINB2 and
MMP10 in asthma), barrier integrity
(CLDN10 in COPD and CLND8 in both
COPD and asthma), and oxidative stress
(DUOX2 in both COPD and asthma and
HIF3A in asthma) were detected among
disease-relevant RV-regulated gene
signatures (Figure 3C). Together, these data
demonstrate that RV stimulation of PCLS
not only provides a model in which to
evaluate inflammatory endpoints but also
provides an excellent opportunity to explore
disease-relevant epithelial responses.

To further confirm our findings on the
RV-induced regulation of epithelial repair
processes, IHC staining of the basal cell
marker Krt5 was performed in PCLS from
three additional donors after RV infection
compared with uninfected control samples.
Krt5 was expressed in basal cell regions of
differentiated pseudostratified epithelium
and at higher concentrations in squamous
cells in undifferentiated areas of the

epithelium (Figures 4A and 4B).
Interestingly, Krt5 expression was also
observed in terminal bronchioles (Figure
4B). Overall, automated quantification
demonstrated a significant increase of Krt5
in RV-infected samples compared with
uninfected control samples in all three
donors (Figure 4C), which correlated with
the concentrations of IP-10 induced in these
donors (Figure 4D).

Rupintrivir Inhibits RV-induced Inflam-

mation Whereas Epithelial Responses

are Largely Refractory

To evaluate the impact of viral replication
inhibition on RV-induced responses, we
tested the viral 3C protease inhibitor
rupintrivir in ex vivo infected PCLS. As
shown in Figure 1E, rupintrivir
demonstrated a nearly complete inhibition of
the RV-induced antiviral and
proinflammatory mediator release. In-depth
analyses of the rupintrivir effect on the
transcriptomics profile, however, revealed
that only a fraction of the RV-regulated
genes was responsive to rupintrivir treatment
(at 24 h: 26%, 1,532 of 5,977; at 72 h: 22%,
954 of 4,322) (Figure 5A). Using our
previously defined partitioning around
medoids clusters, we determined the
percentage of rupintrivir-affected probes per
cluster (Figure 5B). Interestingly, on average,
36% of probes in the immune
response–related Clusters 1–4 were
rupintrivir inhibited (Figure 5B), which
constituted, on average, 78% of the
RV-regulated probes affected by rupintrivir.
In contrast, only, on average, 12% of probes
in the epithelial function–related Clusters 6
and 7 were rupintrivir sensitive, equating to
only, on average, 6% of RV-regulated
rupintrivir-inhibited probes (Figure 5B).
Moreover, when rupintrivir-affected probes
were mapped to the disease-relevant
RV-induced gene signatures, we observed
that a large proportion of these genes were
refractory to rupintrivir treatment (73%, 102
of 140 at 24 h; 80%, 108 of 135 at 72 h; Figure
5C). This included epithelial metaplastic
responses and secreted factors,

transmembrane mucins, and regulators of
proteolytic activity and barrier integrity.
Interestingly, genes associated with oxidative
stress, such asDUOX2 andHIF3A, were
rupintrivir sensitive (Figure 5C).

In summary, our data demonstrate that
rupintrivir effectively inhibits inflammatory
mediator release and oxidative stress
pathways but does not affect epithelial
barrier responses to RV infection.

Discussion

RV infection is frequently discussed as the
“missing link” in the pathogenesis of COPD
(21). In this study, we demonstrated that RV
infection in viable human lung slices ex vivo
triggered both immune and epithelial cell
responses, which showed a significant
overlap with disease signatures observed in
patients with COPD and asthma (19, 20).
Surprisingly, disease-relevant immune, but
not epithelial, cell responses were inhibited
by antiviral treatment, pointing toward their
role in disease progression and their
potential as a novel target.

Viral respiratory tract infections induce
profound inflammatory and antiviral
responses that are mediated by both
epithelial and immune cells. Experimental
models reflecting this complex reaction are
essential for in-depth characterization of the
host response. Human PCLS, a complex ex
vivo tissue model, are able to reflect early
events of respiratory diseases (17, 22, 23).
Therefore, we used PCLS to characterize the
host response to RV infection in “healthy”
tissue and mapped the observed patterns to
gene signatures of patients with COPD and
asthma to evaluate whether our ex vivo lung
model could be used to study biological
processes triggered by RV that might also be
relevant in these disease conditions. This
comparison has limitations, and our results
cannot be directly translated to the clinical
situation, as the tissue we were able to use
was mainly derived from “healthy” (i.e.,
tumor-free) tissue from cancer resections.
Lung tissue resections from patients with

Figure 1. (Continued). treatment (I, 100 nM rupintrivir) as compared with Med and UV-RV. Cytokine release from lung tissue is displayed in ng
cytokine/mg whole protein content. Box and whisker plots show median, 25th and 75th percentiles, and minimum and maximum values, showing

all data points. *P , 0.05, **P , 0.005, and ***P , 0.001 according to linear mixed-effects model and false discovery rate method as detailed

in the online supplement. N = 5–6 donors, with duplicate precision-cut lung slices per condition. AEC = airway epithelial cells; dsRNA =

double-stranded RNA; I = inhibitor; Med = medium; UV-RV = ultraviolet-inactivated RV control.
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Figure 2. Whole genome expression analysis reveals RV-induced immune and epithelial cell responses. (A and B) Distinct clustering of

RV-infected samples versus Med and UV-RV is displayed in heat map of differentially expressed genes of Med (black) versus RV (orange),
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asthma were not available, and technical
challenges precluded preparation of PCLS
from end-stage disease COPD tissue that
presented with massive emphysema.
However, the purpose of this study was to
characterize the acute response to lower
respiratory tract RV infection, and we
observed a robust response to RV across all
donors, enabling an in-depth
characterization of the involved biological

processes. Nevertheless, we found a
surprisingly large overlap of RV-triggered
differential expressed genes in PCLS ex vivo
with those from COPD and asthma data sets.
As the publications on those patient data sets
do not include any information on potential
virus exacerbation of these patients, we
cannot fully exclude that some of the overlap
we observe might be due to a virus infection
those patients might have experienced

before. On the other hand, we sourced PCLS
from lung surgeries mainly from cancer
resection, but because of mandatory data
protection rules we have no additional
information on potential previous
treatments, history of smoking, or the
potential COPD status of those patients with
cancer, which could also contribute to the
overlap we observed. Nevertheless, the
overlapping signature was not merely a

Figure 2. (Continued). Venn diagram showing the distribution of differentially upregulated (.1.5-fold change; P , 0.05) and downregulated
genes (,1.5-fold change; P , 0.05) by RV infection. (D) Regulated probes were clustered into eight partitioning around medoids (PAM)

clusters. (E and F) Row dendrogram of clusters presents involvement of PAM clusters in biological functions (E) and pathways (F). N = 3 donors

for 24 h after infection and N = 4 donors for 72 h after infection, with two technical replicates each (representing individual analysis of two

separate precision-cut lung slices per condition).
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baseline condition, but RV infection
specifically triggered the observed
processes robustly across all donors, also in
those with other disease backgrounds. This
strongly indicates that the observed overlap
is not only a coincidence but that specific
processes driven by RV infection are
related to processes present in COPD and
asthma. This opens up new opportunities
to study RV-driven processes in the ex vivo
lung model that are also relevant for COPD
and asthma. As expected, epithelial cell
responses were particularly well reflected,
as the COPD and asthma gene signatures
were sourced from epithelial brushes (19,
20). A recent study investigating gene
expression profiles in nasal epithelial cells
from patients with asthma challenged with
RV16 in vivo found predominantly IFN
responses in the top-regulated genes (24).
These genes were also upregulated in our
RV-infected PCLS, demonstrating the
capability of this ex vivomodel to reflect
the in vivo observed innate antiviral
response to RV infection.

We also observed clear differences
between the RV-triggered response in PCLS
and the compared disease data sets. For
example, chemokines CCL5 and CX3CL1,
both upregulated in RV-infected PCLS, were
downregulated in the asthma data. IFIT,
strongly upregulated by RV in PCLS, was
downregulated in the COPD data.
These differences could be the result of an
impaired antiviral immune response, which
has been discussed widely in asthma and
COPD (5, 25).

The immune cell response to RV
infection was associated with myeloid,
natural killer, and T-cell clusters and linked
to IFN-mediated signaling, release of
proinflammatory and antiviral cytokines,
and activation of immune cells. Small airway
inflammation with increased numbers of
inflammatory cells is a classic feature of
COPD, with lymphocytes andmacrophages
especially driving the inflammatory response
(26). RV infection has been reported to elicit
increased concentrations of inflammatory
cytokines such as IL-6, IL-8, TNF-a,

CXCL10, and CCL5 in COPD (21). PCLS
with intact small airways and resident
immune cells are able to reflect this
inflammatory immune response, as
demonstrated in our study by the
RV-triggered release of cytokines, including
TNF-a, IL-1b, CCL5, CXCL10, and IFN-g.

We used UV-radiated virus as
additional control to discriminate immune
responses triggered by recognition of the
virus itself via pathogen-associated molecular
pattern versus processes depending on active
virus replication. The UV-inactivated,
replication-defective virus can be detected by
endosomal and cytoplasmic pattern
recognition receptors (i.e., TLR7/8- and RIG-
I–recognizing single-stranded RNA) and
induce cytokine release, especially from
macrophages (9). In contrast, TLR3 and
MDA-5 recognize dsRNA, which is only
present if the virus replicates, and are both
necessary to mount a full-blown antiviral
immune response (9).

As tissues of adults were used in this
study, the contribution of preexisting cellular
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Figure 4. RV-induced increase of Krt5 protein expression. (A and B) Immunohistochemistry staining of Krt5 was performed in 4-mm thin
sections of paraffin-embedded PCLS previously infected with RV (A) or Med control (B). Krt5 is shown as red staining with blue hematoxylin

counterstain for nuclei. Scale bars, 50 mm. Arrowheads indicate regions with differentiated airway epithelium and low Krt5 expression, and

arrows highlight areas with squamous shape in undifferentiated areas of the epithelium with high Krt5 expression. Triangle indicates Krt5

expression in terminal bronchioles. (C) Quantification of Krt5 expression (positive per negative pixel count) was performed by whole slide
analysis using Visiopharm Software. (D) IP-10 release was measured 72 h after infection by MesoScaleDiscovery for the same donors. (C and

D) Symbols represent donor-specific individual values of fold change Krt5-positive cells per tissue area (C) or IP-10 release (D) in Medium

versus RV-infected PCLS for N = 3 donors with duplicate samples each. *P < 0.05 using Student’s t test.
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and humoral immunity remains a possibility.
The observed time frame and missing
connection to lymphoid system precludes de
novo activation of naive RV serotype-specific
T cells in lung tissue. Regulation of T
cell–specific genes observed in Clusters 1 and
2 (lymphoid-associated genes) implies that
tissue-resident T cells mounted a recall
response. CD4- and CD8-specific T-cell
responses develop as consequences of RV
infection (8, 27). In line with this, the T-cell
activation marker IL-2 mRNAwas
significantly upregulated by RV in our study.
We have previously shown that T cells are
present in PCLS and react with a strong
recall response to influenza virus antigen
(28). CD81 T-lymphocyte numbers were
increased in small airways and correlated
with severity of airflow obstruction in

patients with COPD (21, 26, 29). In asthma,
the shift toward a Th2-type driven immune
response contributes to the impaired innate
antiviral host response (30) and thus
promotes virus-induced disease progression.
CD81 T cells secreting type 2 and other
proinflammatory cytokines were reported to
be enriched in severe eosinophilic asthma
(31). Thus, in both diseases, a (re)activation
of cytotoxic T cells by RV infection might
contribute to a dysbalanced immune
response, augmenting inflammation and
tissue damage and thereby perpetuating
disease pathology.

Immune cell responses in the lung
inevitably depend on cross-talk with airway
epithelial cells as the main entry site for
invading respiratory viruses. As expected,
recognition of RV induced a strong antiviral

epithelial response and secretion of
mediators recruiting and activating immune
cells. Surprisingly, in addition, genes
associated with repair processes such as
epithelial proliferation, hyperplasia, mucus
hypersecretion, and alteration of barrier
integrity were detected in the epithelial
cell–associated gene cluster. It is likely that
these changes result from cellular death and
regeneration of the epithelium. However,
although this is part of the normal healing
process, it can be deleterious in disease
conditions. In COPD and asthma, the
existing dysfunction and virus-induced
repair of the epithelial layer could mutually
amplify one another.

In COPD, structural changes of the
airway epithelium include squamous
metaplasia and goblet and basal cell
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illustrating that only a fraction of RV-induced gene expression profiles was affected by antiviral treatment with rupintrivir. (B) Differential
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hyperplasia, which can persist in the small
airways as the site of airflow obstruction
(32–34). RV infection of PCLS induced genes
associated with epithelial repair processes,
which were also upregulated in the COPD
data (20). These included upregulation of
adhesion molecules such as CEACAM1 and
CEACAM5. CEACAMs are involved in the
regulation of various cellular functions, such
as differentiation, proliferation, and
apoptosis, and have been described to be
associated with squamous cell metaplasia in
COPD (32). Pathogens can use these
molecules for adhesion and to exert
immunosuppressive functions enabling
mucosal colonization. Upregulation of
CEACAMs has been linked to RV-16
infection in human nasal epithelial cell
cultures (35) and toMoraxella catarrhalis
and nontypableHaemophilus influenza
infection of bronchial epithelial cells
(bacterial pathogens associated with COPD
exacerbation) (36). Thus, RV-induced
upregulation of CEACAMsmight provide a
link between infection and squamous cell
metaplasia. Interestingly, a recent study
reported IFN-g–induced inflammatory
responses in airway epithelial cells via
CEACAM1 and PI3K signaling, promoting
cellular growth and proliferation, linking
epithelial transition from inflammation to
cancer (37).

The presence of repair processes in the
airway epithelium were further substantiated
by the basal cell marker Krt5, which was
consistently upregulated not only at the gene
expression level but also the protein level in
RV-infected PCLS. This suggests that RV
infection is sufficient to induce epithelial
damage and an epithelial repair response that
involves upregulation of Krt5. This is in line
with reports showing KRT51 basal cells to

be essential for lung regeneration by
repopulating the damaged alveolar
parenchyma upon influenza infection (38,
39). A recent study also described
upregulation of several squamous cell
metaplasia– andmucus
hypersecretion–related gene modules during
exacerbations of asthma (40). Interestingly,
upregulation of Krt5 was also observed in the
COPD data set.

RV infection has been described to
impair barrier integrity (e.g., in human nasal
as well as airway epithelial cell cultures) by
disrupting tight junctions and adherens
junctions (41–43). Although the expression
of most tight junction proteins was not
significantly altered upon RV infection in
PCLS at this early stage, the tight
junction–sealing protein claudin-8 was
significantly downregulated not only in
PCLS but also in both asthma and COPD
data, indicating a loss of tight junction
integrity. Interestingly, RV infection of
airway epithelial cells of children with
asthma resulted in sustained disruption of
tight junctions and the loss of epithelial
barrier integrity, whereas this was transient
in healthy control subjects (44).

On the basis of the frequently discussed
potential role of RV promoting COPD and
asthma disease progression, antivirals could
be a beneficial therapy for these patients (45,
46). We used the 3C protease inhibitor
rupintrivir to evaluate the effect of antiviral
treatment during acute RV infection in
PCLS. Strikingly, although rupintrivir was
beneficial in subduing the virus-induced
inflammatory immune response, the
epithelial response associated with
squamous, basal, and goblet cell hyperplasia
was largely refractory to antiviral
treatment. This suggests that these disease-

relevant epithelial processes, despite being
initially triggered by RV infection, might
progress autonomously. Current antiviral
and antiinflammatory therapeutics are
unable to revert the RV-triggered
pathological epithelial processes.
Consequently, epithelial cells and
pathological repair and remodeling
processes emerge as potential targets for
novel therapeutics. Recently, bronchial
cells derived from club cell progenitors,
driving epithelial mesenchymal transition
and remodeling, have been suggested as
novel targets for the treatment of chronic
lung diseases (47). Basal cells that are
susceptible to virus infection and
subsequently can alter epithelial
differentiation (48, 49) might represent
another interesting target.

In conclusion, with the in-depth
analysis of RV-infected human PCLS
presented here, combined with the
comparative analysis of patient gene
signatures of patients with COPD and
asthma, we demonstrated that the human
RV PCLSmodel reflects disease-relevant
biological mechanisms and provides an
outstanding opportunity to evaluate novel
therapeutics.�
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