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Zusammenfassung

Zusammenfassung

Die chronisch obstruktive Lungenerkrankung (COPD) und di@tea Lungen-
schadigung/akutes Lungenversagen (ARDS) sind Erkrankungerauéteund ihrer
Kortikosteroidresistenz durch hohe Mortalitatsraten gekmnhmet sind. Fir das
Verstandnis der zugrunde liegenden immunologischen und togischen
Mechanismen ist die Entwicklung humanrelevanter preéddiverin vivo- undin vitro-
Modelle von hoher Dringlichkeit. Ziel dieser Arbeitawes, ein Modell zu etablieren,
das die Immunantwort in COPD und die vorrangig toxasctAspekte der akuten
Lungenschadigung/ARDS widerspiegeln kann. Dazu wurde die omscie
Gewebekultur  Prazisionslungenschnitte (PCLS) mit den Ngdmtanzen
Lipopolysaccharid (LPS), Ozon {pund Stickstoffdioxid (NQ) exponiert.

Die Stimulation humaner PCLS mit dem Toll-like-Rezepto(TLR4) Agonist LPS
aktivierte das angeborene Immunsystem und induzierte minenflammatorische
Immunantwort, wie sie in COPD-Patienten beschriebed.\idytokine wie z. B. IL-B,
MCP-1 und GM-CSF zeigten einen signifikanten Anstieg, der ddashsynthetische
Kortikosteroid Dexamethason inhibiert werden konnte. Qagebewirkte eine akute
Exposition mit hohen Dosens@nd NQ vorrangig eine Schadigung des Gewebes, wie
sie bei akuter Lungenschadigung/ARDS auftritt. Eine prlasimfnatorische
Immunantwort konnte nicht gezeigt werden. Zytokine wielR, Eotaxin, MCP-1 oder
MIP-1 blieben nahezu unverandert und ein Anstieg konnte lediglichLfir. nach

Os-Exposition nachgewiesen werden.

Damit konnte abschlielRend gezeigt werden, dass PCLS eimgesigModel sind, um
die Immunantwort in COPD und die Gewebetoxizitdt in  akute

Lungenschadigung/ARDS als Teilaspekte dieser Erkrankungeustelten.



Abstract

Abstract

Severe lung diseases including chronic obstructive pulmodssase (COPD) and
acute lung injury/acute respiratory distress syndrome (ARBSult in high mortality
rates with resistance to nearly all anti-inflammgtanerapies. To understand the
underlying immunological and toxicological mechanisms thednemerged to develop
adequate preclinicah vivo andin vitro models that extrapolate the humimvivo
situation. The aim of these studies was to provide a maafledcting the immune
responses in COPD and reflecting the toxicologicalnev@ccurring in acute lung
injury/ARDS. For that, widely used model compounds lipopagbkaride (LPS), ozone
(0s3), and nitrogen dioxide (N were added to the organotypic tissue culture model

precision-cut lung slices (PCLS).

Treatment of human PCLS with the toll-like receptafT&R4) agonist LPS activated

the innate immunity resulting in a pro-inflammatory cytekiprofile similar to that in
COPD patients. Cytokines such as IR;IMCP-1, and GM-CSF were significantly
increased and could be inhibited by co-treatment with tmthetic corticosteroid
dexamethasone. In contrast, air-liquid interface (AdMposure of PCLS to the reactive
gas compounds and NQ induced damage of lung parenchyma — described as a main
feature in acute lung injury/ARDS. However, the pro-imifaatory immune response
was not prominent. Cytokines such as IL-12, eotaxin, MC&ndl, MIP-3 remained

unchanged. IL-d expression was only increased upare&posure.

Concluding it could be shown that PCLS represent aldaitaodel to reflect immune

responses in COPD, respectively tissue damage in acutg lumury.
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Preamble

Preamble

This cumulative doctoral thesis was prepared at the Fodeminstitute for Toxicology
and Experimental Medicine (ITEM) in the Departmentlimimunology, Allergology
and Immunotoxicology under the supervision of PD Dr. ArBiaun and Dr. Katherina
Sewald. The experiments with precision-cut lung sliced. @@vere mainly performed
in the Department of Immunology, Allergology and Immtmacology. Human lung
tissue for the preparation was obtained in cooperatitm Kdinikum Region Hannover.
The air-liquid interface (ALI) exposure model was impéetted in cooperation with the
Department of In Vitro Toxicology of the Fraunhofer INIEEX vivo experiments were
performed to evaluate the potential of PCLS to reflectrtimune response described in

COPD and the acute lung damage occurring in acute lung/ARDS.

The present work refers to the following publications:

Switalla S, Lauenstein L., Prenzler F., Knothe S., ForsterFi&guth H.-G., Pfennig
O., Schaumann F., Martin C., Guzman C. A., EbenseMtiller M., Hohlfeld J.M.,
Krug N., Braun A., Sewald K.

"Natural innate cytokine response to immunomodulators afjdvants in human
precision-cut lung slices".

Toxicol Appl Pharmacol. 2010. April 29; Epub ahead of print

Switalla S, Knebel J., Ritter D., Krug N., Braun A., Sewald K.

"Effects of acutein vitro exposure of murine precision-cut lung slices to gaseous
nitrogen dioxide and ozone in an air-liquid interface (Adulture".

Toxicol Letters. 2010. Jul 1; 196: 117-124



Introduction

1 Introduction

This doctoral thesis describes the use of PCLS as al twodeflect the immunological
and toxicological responses described in the lung dise@&#3D and acute lung
injury/ARDS, respectively. For that, widely used model pooands LPS, N@ and Q

were used. Special emphasis was placed on the inductiocytofoxic or pro-

inflammatory responses, which finally were compareih totro andin vivo data.

1.1 Homeostasis of the lung

1.1.1 Interplay of resident and migrating cell types under homestasis

The lung plays a pivotal role in gas exchange. Itnediby a monolayer of epithelial
cells with a surface of approximately 7¢ in adults. Each minute, 6-7.5 L of air are
inhaled (Holtet al., 2008). The elaborate branching network of airways wtish i
extensive surface area is directly connected to therrattenvironment. It is thus

possible that inhaled molecules may pass the thin aiddi@orier and can rapidly be
absorbed into the systemic circulation. This rendeeslting also to a portal of entry
into the body for a multitude of potentially harmfulvonmental agents (Patton and
Byron, 2007). These inhaled agents comprise chemicalsriitant gases or agents of
biological origin. The latter include dangerous infectioustiglas such as bacteria,
viruses, and fungi, and non-infectious particles such lasgahs, plant pollen, and

animal dander (Hammad and Lambrecht, 2008geping the local respiratory
homeostasis is a sophisticated challenge for the orgatisnvolves maintenance of

the integrity of the mucosal epithelial barrier and thenmunological balance. In

particular, cells of the immune system such as macggshand dendritic cells (DCs),
but also structural cells like epithelial or endothetialls fulfil these requirements, to

protect the lung from noxious agents and preserve theidarzt the organ.

Epithelial and endothelial cells are resident structoefis that are no typical effector
cells of the innate immunity; but they contribute to noimal defense mechanisms by
their barrier function. They form a paracellularrie via tight junctions, thereby

preventing agents and pathogens from entering the bothe@ystemic circulation as
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applied to endothelium. Upon inhalation and successful adton of pathogens
which is followed by disturbance of the homeostasisthepal type Il pneumocytes
support inflammatory responses by the secretion of cytotmd anti-microbial factors.
These include surfactant proteins and lysosomes or reaskygen species (ROS)
(Kinnula et al., 1992; Suzuket al., 2008). The important role of the epithelium for the
interplay and for modulating the activity of adjaceell populations can be seen, e.g.,
in the secretion of the cytokine IFN, which amplifié® host response to infectious
particles. Produced growth factors such as granulocytengskimulating factor (G-
CSF) and granulocyte/macrophage colony-stimulating fa@d-CSF) improve local
survival of neutrophils and regulate DC and B cell fundi{@lecket al., 2006; Coxet

al., 1992; Katoet al., 2006). Other mechanisms are used by resident endothdlgal ce
They reorganize their cytoskeleton and alter the expnesdisurface molecules such as
E- and P-selectins or integrins such as Leukocyte Fumétssociated Antigen-1 (LFA-
1) and Very-Late Antigen-4 (VLA-4) to actively regulateetimmigration of, e.g.,
leukocytes and the re-establishment of homeostasis.mBomo both epithelial and
endothelial cells is the production of cytokines and aienes in response to external
stimuli. Depending on the stimulus, the pro-inflammatoyyokines tumor necrosis
factor-a (TNF-a) and interleukin-& (IL-1a) as well as chemokines such as MIP-1/2,
RANTES, or IL-8 are released (Suzuial., 2008). The latter are responsible for the
chemoattraction of migrating monocytes and lymphoc{Béssset al., 2000).

The function of the epithelium and the endotheliumptevent invasion of inhaled
agents is supported by resident but also migrating immulseb&donging to the innate
immunity and regulating the primary immunological baan@hese are leukocytes
including macrophages and DCs which link the innate and theiagapimunity. They
possess the capability of regulating immune responsesddy,peoduction of pro- and
anti-inflammatory cytokines thus balancing lung homesstaBoth cell types are
located in interstitial tissues and alveolar spaces. dfdaarges are mainly located on
mucosal surfaces whereas DCs are below mucosal suflagesann-Matthest al.,
1994; Verest al., 2009). Here, alveolar macrophages phagocyte microbial aoenfx)
particles, and cellular debris, and secrete proteasBRO8rdue to activation (MacNee,
2001; Russeét al., 2002). The activation of macrophages is furthermore sugxbdot
the direct interaction with epithelial cells (Framk al., 2006). Beneath epithelial
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surfaces, DCs take up antigens which have succeeded in ptssiaegithelial barrier
and present them by major histocompatibility complex (MH{ss Il molecules to
naive T cells in the lymph nodes, thereby activating taptive immunity. However
immature DCs also contribute to lung homeostasis by tifggrg pathogenic
components. A viral infection e.g. results in the desivnof infected cells by natural
killer (NK) cells. The resulting production of type INB leads to activation of
surrounding cells such as epithelial cells. In this cdntBCs support the defense
mechanisms by recognition of viral nucleotides due to TLR3idigafThe crosstalk
between NK cells and maturing DCs results in an a@inand cytokine production by
both cell types, including NK cell proliferation and furtie€ maturation (Geroset
al., 2002). Macrophages and DCs both secrete pro-inflammatoryatoeslisuch as
TNF-a and IL-13 as well as chemokines such as monocyte chemotactieirptot
(MCP-1) or MIP-1. These chemoattractants induce theiitesent of cells responsible
for the second phase of the immune response such aoptelstr NK cells, and
monocytes, but additionally support activation of epithelnd endothelial cells (Clark
et al., 2000). The release df-10 mediates an opposing anti-inflammatory effect which
regulates the balance of pro- and anti-inflammatorglages, thus preventing tissue
injury (Ogawaet al., 2008).

An imbalance between pro- and anti-inflammatory mediatarsbe the result of acute
but also chronic exposure to biological or chemical agemtluding irritating gas
compounds or cigarette smoke. This disturbed homeossasifeature of lung diseases
like chronic obstructive pulmonary disease (COPD) andtea lung injury/acute

respiratory distress syndrome (ARDS).

1.2 Disturbance of homeostasis in the respiratory tracteads to
the severe lung diseases COPD and acute lung injuARDS

1.2.1 Permanent inhalation of the main risk factor cigarette smokesan lead
to COPD

Chronic obstructive pulmonary disease (COPD) is a cexnpflammatory lung disease

that has become a major and increasing global healbdtepno It is currently ranked as
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the sixth leading cause of mortality worldwide (Barn280Q7; Rabeet al., 2007).

According to published data of the World Health OrganizaldHO, approximately
210 million people suffer from COPD. As a consequendhisfan estimated 3 million
died of the disease in 2005. In developed countries, COPDaislyminduced by
smoking; other risk factors include occupational exposirgyollution, and especially

in developing countries exposure to biomass fuels (Smith, B¥f@est al., 2003).

The disease is characterized by clinical and pathmdbgutcomes such as chronic
obstructive bronchiolitis, emphysema, and irreversididlow limitation. Multiple
mediators and inflammatory cells are involved and orchiesthe development of the
disease. Regarding the immunological aspects of CORY, differ between the four
stages that were defined by the Global Initiative for @lar@®bstructive Lung Disease
(GOLD). The early stage | is characterized by the géoaraof oxidative stress
including, e.g., superoxide anionsy(Q and hydrogen peroxide ¢8,) (Barnes, 2004,
Rahmanet al., 1996). Occurring breakdown of connective tissue mainlgctsf
epithelial and endothelial cells. Degradation products sschyaluronate and biglycan
are generated and activate macrophages as well as DaighhiTLR2/4 ligation.
Subsequently, inflammatory mediators such as MCP-1, dNE-1p, GM-CSF, and
IL-8 are released (Barnesal., 2003; Barnes, 2004; Cosgbal., 2009). The early stage
is followed by the stage II, which is characterized by m&diated activation of CD8T
cells and T,1 cells. DCs release IL-12 which induces STAT-4-dependent piiodusf
IFN-y in CD4" T cells. The amount of activated T cells correlatith the degree of
airflow limitation in COPD. CD8 cytotoxic T cells are the predominant cells in the
chronic stages Ill and 1V. Their presence correlatis the number of apoptotic cells
and the degree of emphysema and airflow obstruction (Gbsah, 2009). In these
stages, cells die of necrosis and apoptosis induced lgld@ese of proteolytic enzymes
such as perforin or granzymes A and B (Chrysofakial., 2004; Lieberman, 2003).
The chronic pulmonary inflammation also implies inteysic effects. These include
loss of muscle function and muscle mass, especiallype progressive course of the
disease. Furthermore, an increased number of neutrgptidlsaactivated leukocytes as
well as increased cytokine production can be detectdwiperipheral blood (Oudijét
al., 2003).
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1.2.2 Widely used model compounds such as LPS and cigarettenske

mimic COPD in animal and cell-based models

Substantial knowledge of the clinical and pathologicgtomes of the disease and its
progression has been obtained from studies with COPBnpat(Dekhuijzeret al.,

1996; Denteneet al., 2001; Tumkayat al., 2007). Thereby, the impact of the disturbed
balance between oxidants and antioxidants with regardhéo development of
emphysema has been demonstrated (Dekhugizaln, 1996). In particular, the released
oxidants Q@ and HO, exceeded the amounts of endogenous enzymatic antioxidants
such as catalase, superoxide dismutase (SOD), and glotatperoxidase (Barnes,
2004). Anti-inflammatory corticosteroids, however, werefiective in redressing

homeostasis and in protecting the lung from disruptianp(€ et al., 1999).

These clinical and pathological outcomes are theshasmost experimental exposure
models that are performed in animals such as ratseflate 2005), rabbits (Terashima
et al.,, 1997), guinea pigs (Wright and Churg, 1990), monkeys (PloppeHsdd,
2008), and mice (Shapiret al., 2003). Different components are being used to elicit
parts of the disease: e.g., tissue-grading enzymes sysdpam or neutrophil elastase
(Fox and Fitzgerald, 2009; Stoeeal., 1993), coal mine dust (Coggon and Newman,
1998), lipopolysaccharide (LPS) (Brastsal., 2008), and, most importantly, cigarette
smoke. Chronic exposure (> 6 months) of mice and guineatpiggyarette smoke
produces lesions that morphologically resemble humanhgsepma of the chronic
stages Il and IV (Shapiret al., 2003; Wright and Churg, 1990). The same lesions
could be generated by instillation of the plant proteaggipa human neutrophil
elastase, and LPS (Brasasal., 2008; Fox and Fitzgerald, 2009). Systemic outcomes
such as an increased number of granulocytes in the blostimarlated bone marrow
that are similar to those in humans could be showmlibits in response to cigarette
smoke (Terashimat al., 1997). The direct comparison of LPS-induced human COPD
models to animal models revealed that in both humansaaimdals, an inflammatory
response is evoked (Hohlfedtlal., 2007; Vernooyt al., 2002). Although cell types or
the magnitude of effects differed, pro-inflammatory cytelsi such as TNE; IL-6, or
IL-18, which are present, e.g., in the early stage |, weleased in all these models
(Hohlfeld et al., 2008; Jagiel@t al., 1996; Vernooyet al., 2002).
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The background of the cigarette smoke-induced cytokine produotispecially the
influence of mitogen-activated protein kinase (MAPK) tbe transcription factors
activating protein-1 (AP-1), extracellular signal-regedhfprotein kinase ERK1/2, and
NF-kB, was additionally elucidated in cell culture modelspénmticular, THP-1 cells,
DCs, human lung macrophages, and bronchial as welvaslat epithelial cells were
investigated (Birrellet al., 2008; Demirjianet al., 2006; Hellermanret al., 2002,
Vassallo et al., 2005). In isolated macrophages and parenchymal explantshdire
received from COPD patients the immune responses diegaexpression of IL-1,
TNF-a, IL-5, GM-CSF, and IL-10 upon LPS and dexamethasone treatmere
analyzed (Culpitt et al., 2003; Hackettet al., 2008). Unresponsiveness to
dexamethasone in alveolar macrophages from COPD patsritds known in patients,
could be confirmed. Furthermore, a reduced ability to responstimuli, killing of

bacteria, and phagocytosis was found (Kingetlal., 1988).

In all above mentioned studies on COPD, it becaraeardhat it is a disease which is
based on a chronic pro-inflammatory immune response tedulzy the interplay of

immune cells. In cell cultures it is nearly impossilbd investigate immune reactions
that are predicated on cell interactions. However,sdhenteractions and the
physiological structure can be displayed in 3D lung tissukure models which

comprise all cell types of the respiratory tract. Smobdels additionally offer the

possibility to study toxic events occurring, e.g., in lungedses that are mainly
characterized by an acute toxicological response witllifuse uncoordinated

inflammatory response in the background. These lung disaese@sute lung injury and

ARDS.

1.2.3 High-dose exposure to chemicals and toxic agents leads tuge lung
injury/ARDS

Acute lung injury or the severe form ARDS are lung asss characterized by
devastating disorders of the pulmonary immune systanthése diseases, a diffuse
damage to pulmonary parenchyma occurs within hours to Bagponsible insults are
divided into direct and indirect insults. Direct insultsgwise high-dose exposure to

chemicals, inhalation of toxic drugs or smoke. Indirectegtra-pulmonary insults
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include severe sepsis, acute pancreatitis, and traumah{fsust al., 2009; Wanget
al., 2008). In the USA, an estimated 190,000 cases are descaibiegear with an in-
hospital mortality of approximately 40% (Rubenfetdal., 2005). The main causes of
the high mortality rate are emerging systemic diserdech as systemic inflammatory
response syndrome (SIRS), multiple organ dysfunction synel{MODS), or multiple
organ failure (MOF). A common feature of all formsagfte lung injury and ARDS is
increased alveolar membrane permeabilty owing to endatheind epithelial

disruptionand a diffuse inflammation in the pulmonary parenchyma.

In general, the disease is characterized by two maj@sgs: the acute exudative phase
and the later fibroproliferative phase. The exudative pbasars within 12-72 hours
and is associated with edema and increased permeabiétydothelial cells and type |
pneumocytes. Consequently, the structural barrier isdesulting e.g. in an electrolyte
imbalance. Multiple pro-inflammatory cytokines suchllad, IL-6, IL-8, and TNFe
and ROS are released, surfactant activity is impairedhbydisruption of type Il
pneumocytes, and the blood flow is disturbed by thromlousédtion leading to
hypoxemia. In the fibroproliferative phase, fibroblagt®liferate and differentiate,
arteries are destructed, and finally consolidation aibdodis of the pulmonary

parenchyma become apparent (Tsuslehah., 2009).

1.2.4 Model compounds LPS and irritant gases @ and NO, mimic acute

lung injury/ARDS in animal and cell-based models

Human in vivo studies performed with LPS as a main inducer of acute lung
injury/ARDS are critical, especially with regard toisarg systemic disorders
(Andreaseret al., 2008). For this reason, the study of endotoxin-induced infltimom

and lung injury in humans is limited to few models. Adstiration of endotoxin into
the whole lung was used to study pulmonary function (Miehal., 1997; Rylandegt

al., 1989). Intrapulmonary local segmental challenges witB lofade it possible to
determine local lung inflammation by quantifying immigratetlsceuch as neutrophils
and pro-inflammatory cytokines such as Ig-TNF-a, IL-8, and G-CSF (O Gradst

al., 2001). Similar results were obtained after intraveradmministration of low-dose

LPS. Low-grade systemic inflammation indicated by incedaselease of pro-
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inflammatory cytokines could be measured (Erikseug., 2006; Starkiest al., 2003),
but the application of higher doses of LPS was too crifoathat severe sepsis could
not be imitated. Besides LPS, further direct insultdhrsagc0zone were administered to
assess induced lung injury and impaired pulmonary functidiuimans (Samedt al.,
2001).

Given the inadequacy of human models, multiple modelscote lung injury and
ARDS as well as endotoxemia models for systemic infiation were generated in
mice, rats, pigs, hamsters, sheeps, and rabbits (Beudle, 2008; Dohertyt al., 1992;
Gonzalezet al., 1996; Heinzelkt al., 1994; Howardet al., 1993; Meulenbelet al.,
1994; Penget al., 2004). In most cases, LPS was used to elicit a simikangiiipe of
the disease, but additionally further direct insutishsas acid, oleic acid, bleomycin,
saline lavages, or the irritant gases ozong é&0d nitrogen dioxide (N£) were applied
(Januszkiewicz and Mayorga, 1994; Kenybral., 2002; Lehneret al., 1994; Matute-
Bello et al., 2008).

The above mentioned insults have been selected totriefted and systemic features of
acute lung injury/ARDS. While acids disrupt the alveolarribaraccompanied by
neutrophil infiltration, bleomycin causes inflammatoryny and fibrosis (Matute-Bello
et al., 2008). LPS-induced acute lung injury/ARDS models allow thestyation of
pulmonary hypertension, changes in dynamic pulmonary cangd| and pulmonary
edema (Gonzaleet al., 1996). Microvascular permeability based on disruptiorhef t
epithelial and endothelial barriers and inflammationenstudied after 6 and 24 hours,
time points that play an important role in the exudapirase of the disease (Pex@l.,
2004). Additionally released cytokines such as B.-INF-o, MCP-1, and IL-8 have
high relevance in acute lung injury (Babal., 2010; Xuet al., 2010). Q-/NO,-based
acute lung injury/ARDS models were used to investigate timueses of cells such as
macrophages or neutrophils, edema, epithelial cell danlageple of inducible nitric
oxide synthase, and imbalanced glutathione metabolisms¢Bast al., 1988;
Hochscheidkt al., 2005; Kenyoret al., 2002; McElroyet al., 1997). Inhalation of very
high and toxic amounts (up to 250 ppm) of Ngave insight into the dependence and
balance between exposure concentrations and exposuee itimung injury and
development of edema (Lehnegttal., 1994). Systemic outcomes including multiple

organ failure and multiple organ dysfunction have mostigrbinvestigated in animal
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models of endotoxemia (Angeloeh al., 2004; Beutlert al., 2008). In these studies,
the role of cytokines such as IFN-TNF-o, and IL-10, or the chemokines MCP-1 and
RANTES in systemic inflammation were investigated durieghdl LPS-induced
endotoxemia (Angelovat al., 2004; Heinzelet al., 1994; Howardet al., 1993;
Wysockaet al., 1995).

The importance of the occurring endothelial and ep@hékrrier disruption as well as
the production of cytokines and proliferation of fibradtéain the progression of the
disease is incontestable. Therefore, the underlying mexsha have been investigated
in in vitro models including alveolar epithelial cells, macrophages, @eutrophils
(Geiser, 2003; Geiset al., 2004; Jacobson, 2009; McVerry and Garcia, 2005; Perkins
et al.,, 2007; Yinet al.,, 2010). In one of these studies, alveolar epithelial irepa
mechanisms were investigated inianvitro model of wound repair using A549 cells
and lung distal epithelial cells in the presence otlatwe stress (Geiset al., 2004).
Actin cytoskeletal rearrangement and cell signaling wsdtewn to be influenced in
endothelial cells (Jacobson, 2009; McVerry and Garcia, 200%) activated
macrophages were implicated to modulate inflammatory umenmresponses by
production of TNFe or macrophage migration inhibitory factor (MIF4) (Yah al.,
2010).

Understanding the underlying mechanisms to avoid the gemerafi apoptotic and
necrotic cells as well as an inflammatory responge e&ntually prevent systemic
disorders, organ failure, and death (Luetsl., 2009). These mechanisms have been
comprehensively studied in the presentedivo andin vitro models to reflect COPD
and acute lung injury/ARDS stagel vivo animal models, however, lack human
physiology, and human models are ethically unacceptaldaube of the systemic
outcomes.In vitro models furthermore lack organ complexity, resulting m tise of

organ-based tissue cultures.

10
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1.3 PCLS combine organ complexity and human relevanceian

ex vivo lung model

The limited value and inadequacy of currentivo andin vitro lung models have led to
an augmented use of tissue cultures during the last ydajst limitations concerning
the suitability of a model already begin with the stmoe of the lung. Laboratory
animals, in particular rodents, display essential diffiees in structure such as missing
respiratory bronchioles or thickness of the epitheliwhich is only one fifth that of
humans (Plopper and Hyde, 2008). In addition, life expectaaoge®w (for rodents an
average of 2 years), making it difficult to reflechdudiseases that need to develop over
many years such as COPD. Furthermore, limitation dflices is the reflection of
immune responses that are based on one single pell While the human bronchial
epithelial cell line BEAS-2B release chemokines or glofactors such as MIPe3or
GM-CSF in response to LPS (Sétaal., 2004), DCs produce T cell polarizing cytokines
such as IL-12 or IFN (van Rietet al., 2009). Organotypic cultures thus offer the
unique possibility to overcome some of these discreparané to investigate organ-
specific effects in a three-dimensional (3D) model (Mag@ret al., 2001).

Precision-cut lung slices (PCLS) constitute an orggmottissue culture model that
consists of all cell types of the respiratory tr&asically all PCLS consist of the same
cell types. But the exact composition of lung cellsP@GLS mainly depends on the
species. Human PCLS contain cells of non-respiratodyraspiratory bronchioli which
start at the fourth generation of the bronchial tne@ additionally of the surrounding
alveoli. Bronchi can not be prepared because of theiemsion. In contrast, rodent
lungs can be prepared completely due to their small diovenBhus, PCLS start at the
first generation of the bronchial tree and are compasdobar and segmental bronchi,
non-respiratory bronchioli, and alveoli. The alveolathegium is formed by type | and
type Il pneumocytes. Type | pneumocytes are mainly resple for gas exchange and
type Il pneumocytes produce surfactant. The alveoli separated by thirsepta
interalveolari that contain a compact network of capillaries, fiberfs collagen,
fibroblasts, leukocytes, mast cells, macrophages, DG@stractile cells, and nerve
fibers. In PCLS all these cells are situated in tpéysiological arrangement, thereby

reflecting the functionality and morphology of theaict organ. Further differences in
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the existing cell types but also in the states of anbimdetween, e.g., humans and mice
are mainly based on their contact to external antigenshis context, humans who
constantly inhale antigens possess additional immuneicdh® respiratory tract, such

as memory T and B cells that are lacking in naive mice.

The method of preparing precise organ slices was initiddlyeloped in 1980 by
Krumdieck et al., who for the first time used a special microtome (Krurokliet al.,
1980). In the 90s, Martiet al. refined the method and succeeded in generating very
thin slices with a constant thickness of approximately 2520 pum without loss of
viability, with high precision, and high reproducibility (Miar et al., 1996). The low
variability is mainly based on the fact that interoahtrols can be performed within one
animal, which furthermore reduces the number of requirechasiand subsequently
confirms the requirements for an alternative method.the following years, the
technique was established for a wide range of speciesasucit, mouse, guinea pig,
primate, and human (Bergner and Sanderson, 2002b; Coapé&raaettieri, Jr., 2008;
Henjakovicet al., 2008; Ressmeyet al., 2006; Joadt al., 2009), but also for a variety
of different organs such as liver, kidney, heart, and I(Bergner and Sanderson,
2002a; De Kanteet al., 2004; Pushparajadt al., 2008). Vital lung slices were used for
microscopic observations to investigate in particulacfional responses of the airways
and their contribution to outcomes of sensitizatiofor this purpose,
bronchoconstriction as an early allergic response desrmined after treatment of
passively sensitized lung slices with different stinfWiohlsenet al., 2001; Wohlsert

al., 2003; Coopeet al., 2009). The combination of bronchial contractility antticem
signaling was analyzed in slices with a thickness of 75after addition of adenosine
triphosphate (ATP) or acetylcholine (Bergner and Saonder2002a; Bergner and
Sanderson, 2002b). Close to the use of PCLS in pharngacallstudies (Morenet al.,
2006; Nassimet al. 2009; Sturtoret al., 2008), evaluation of the biological response of
PCLS to toxic chemicals has frequently been describéeinobiotics-mediated
metabolism and detoxification mechanisms have been egdluatresponse to diesel
exhaust particles, aroclor 1254, fuel, acrolein, solid limehoparticles, and paraquat
(Hayset al., 2003; Lakest al., 2003; Le Prieuet al., 2000; Monteilet al., 1999; Morin

et al., 1999; Nassimet al., 2009; Priceet al., 1995). Others have reported the use of

lung slices for several infection studies with virused bacteria to obtain insights into
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inflammatory processes or cytopathic effects (Chaktglsral., 2007; Goriset al.,
2009).

For all the above mentioned approaches, PCLS displayitable model to study
immunological and toxicological issues in a tissue calturhe preservation of the
pulmonary structure in PCLS and the possibility to gaeelung slices from nearly all
species, including humans, allow an extrapolation to ithevivo situation. This

furthermore offers the unique possibility to reflect stagieting diseases in a model

relevant for then vivo situation.
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2 Hypothesis

The reflection of aspects of COPD and acute lung injuri8Rlemands adequaite
vitro andin vivo models that offer the capability to extrapolate ithgivo situation.In
vitro models, however, lack organ complexity andsivo animal models lack human
physiology. A variety of 3D models were developed imitatingan and tissue function,
but to date no lung tissue culture models have been deasasibieh can reflect the

immune response in COPD and the lung destruction in aouganjury/ARDS.

Hypothesis of this doctoral thesis is that PCLS dis@aissue model which reflects
immunological and toxicological components of the lursgases COPD and acute lung

injury/ARDS, respectively.
For proving this hypothesis, two different aspects werestigeted:

1. The potential of the organotypic lung model PCLS to pmwadsuitable model
for mimicking the immune response in COPD was asse$s®dthis purpose,
lung slices were exposed to the widely used model compouBidd Bomponent
of gram-negative bacteria. Aim was to activate the tennenmunity and to
induce a prevailing immunological response by TLR4 ligatiomhii(lst al.,
2008). Its immunological effects are based on the aaivabf NFB.
Subsequently, an immediate release of cytokines such &soTéahd IL-18
(Ballly et al., 1990) occurs which should reflect the release of pronamfiatory
mediators described in COPD.

2. Oz and NQ were applied to primarily induce toxicity of lung parbyma which
was already shown e.m vitro in epithelial cells (Ayyagart al., 2004; Bakand
et al.,, 2007) and which is described to be a main acute featureute &ung
injury/ARDS. The immunological response was expectdattaveak. Very high
concentrations of both gas compounds were used, since imjuny and
toxication are associated with high-dose exposure 165 ppm) and N®
(100-500 ppm). A special issue of these exposures was theatigpliof both
gaseous compounds in an ALI culture — representing a physiallygelevant

exposure with an unobstructed contact of lung tissue asmichl.
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Prediction of lung innate immune responses is critical for developing new drugs. Well-established immune
modulators like lipopolysaccharides (LP'S) can elicit a wide range of immunological effects. They are involved
in acute lung diseases such as infections or chronic airway diseases such as COPD. LPS has a strong adjuvant
activity, but its pyrogenicity has precluded therapeutic use. The bacterial lipopeptide MALP-2 and its
synthetic derivative BPPcysMPEG are better tolerated. We have compared the effects of LPS and BPPcys MPEG
on the innate immune response in human precision-cut lung slices. Cytokine responses were quantified by
ELISA, Luminex, and Meso Scale Discovery technology. The initial response to LP'S and BPPcysMPEG was
marked by coordinated and significant release of the mediators IL-1p, MIP-1f3, and IL-10 in viable PCLS.
Stimulation of lung tissue with BPPcysMPEG, however, induced a differential response. While LPS
upregulated 1FN-v, BPPcysMPEG did not. This traces back to their signaling pathways via TLR4 and TLR2/
6. The calculated exposure doses selected for LPS covered ranges occurring in clinical studies with human
beings. Correlation of obrained data with data from human BAL fluid after segmental provocation with
endotoxin showed highly comparable effects, resulting in a coefficient of correlation =0.9. Furthermore, we
were interested in modulating the response to LPS. Using dexamethasone as an immunosuppressive drug for
anti-inflammatory therapy, we found a significant reduction of GM-CSF, IL-1[, and [FN-vy. The PCLS-model
offers the unique opportunity to test the efficacy and toxicity of biological agents intended for use by

inhalation in a complex setting in humans.

© 2010 Elsevier Inc. All rights reserved.

Introduction

The respiratory tract has a large surface which is in constant
contact with the external environment. From an immunological point
of view, inhaled air contains a wide range of antigens. Most of them
are harmless, some can be dangerous in certain circumstances, e.g.
allergens, and others are harmful, such as infectious bacteria or
viruses, Maintenance of homeostasis in the lung thus represents an
ambitious challenge for the immune system (Holt et al., 2008).
Discrimination between non-pathogenic and dangerous antigens
requires the identification of pathogen-specific molecular patterns.
This is facilitated through so-called pattern recognition receptors
(PRR), which are able to distinguish different classes of pathogenic
molecules. PRRs, such as Nod-like receptors, C-type lectin receptors,
or Toll-like receptors (TLRs), recognize bacterial components that

* Corresponding author.
E-mail address: katherina.sewald@item.fraunhofer.de (K Sewald),

0041-008X/$ — see front matter © 2010 Elsevier Inc, All rights reserved,
doi:10.1016/j.taap.2010.04.010

have entered the lung and evoke an inflammatory response upon
binding to their ligands. Such immune responses support the
prevention of microbial colonization. PRRs present on immune cells
can be effectively exploited to enhance the protective immunity
triggered by vaccination through co-administration of antigens with
their ligands, which thereby act as adjuvants.

The endotoxin LPS is a potent inducer of inflammation and is
ubiquitous in the environment, e.g, in ambient aerosals (Heinrich
etal., 2003), but also appears in cigarette smoke ( Hasday et al., 1999).
Inhalation of high amounts of endotoxins can induce severe airway
inflammation and thus contributes to airway diseases such as chronic
obstructive pulmonary disease (COPD). Main characteristics of such
inflammations are airway remodeling, tissue damage, and often
emphysema, leading to destruction of the parenchyma (Hogg and
Senior, 2002; Hogg, 2004). These disease features have been described
to be mediated by infiltrated neutrophils, activated macrophages, T
lymphocytes, endothelial and epithelial cells (Hunninghake and
Crystal, 1983). All cell types contribute to the alveolar destruction,
e.g., by secreting proteases or reactive oxygen species (ROS) (Barnes
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et al, 2003; MacNee, 2001; Russell et al, 2002). Furthermore,
activation of these cells results in an increased release of pro-
inflammatory cytokines such as IL-1, TNF-et, 1L-8, and MCP-1,
eventually leading to recruitment and activation of even more cells
(van Eeden and Sin, 2008).

The involvement of cytokines is a characteristic hallmark of acute
and chronic inflaimmation and results from activation of the signal
transduction pathway NF-1<B. For example, ROS mediate inflammatory
responses via direct contact with cells as well as by activation of the
signal transduction pathway NF-:B itself (Adcock et al, 1994; Doz et al.,
2008). After release of the inhibitory subunit I«B, activated NF-B binds
to DNA and thus switches on a multiplicity of inflammatory genes,
resulting in an amplification of the immune response. NF-xB can also be
activated by other stimuli such as UV light, cytokines, or additional
immune modulators such as MALP-2,

MALP-2 is derived from Mycoplasma fermentans and is a potent
stimulator of macrophages, dendritic cells, and B-cells, thereby
inducing pro-inflammatory immune responses (Morr et al., 2002;
Muhlradt and Schade, 1991; Muhlradt and Frisch, 1994; Takeuchi
et al., 2000). In contrast to LPS, which acts via TLR4, MALP-2 activates
NF-B through TLR2 and TLR6 (Takeuchi et al., 2000; Takeuchi and
Akira, 2001). In general, MALP-2 is used as an adjuvant coadminis-
tered with an actual antigen to enhance the humoral or cell-mediated
immune response (Rharbaoui et al, 2002, 2004). In this connection, it
could be shown that MALP-2 results in enhanced host defense against
bacterial infection (Jorgens et al., 2009; Kerber-Momot et al., 2010;
Reppe et al.,, 2009). Its synthetic bisacycloxypropylcysteine derivative
BPPcysMPEG is conjugated with polyethylene glycol and shows
improved stability and solubility. MALP-2 and BPPcysMPEG have
been used for pharmacological interventions in allergic lung diseases.
Their administration in these cases resulted in an augmentation and a
shift towards a T;1 immune response (Weigt et al., 2004, 2005).

The importance of regulating innate immune responses in the lung
leads to the urgent need for predictive pre-clinical models. For this
purpose, the development and improvement of human organotypic
cultures or in vitre models for the prediction of pharmacological or
toxicological outcomes were intensified (MacGregor et al., 2001;
Martin et al,, 2008 ; Resnick et al., 1974). We used human precision-
cut lung slices (PCLS) to establish a physiologically relevant human
acute inflammation model.

The rationale of the present study was to explore how closely the
innate cytokine response of a human lung tissue model resembles the
in vivo situation. Therefore, human PCLS were treated with immuno-
modulators to demonstrate their capability to respond to well-known
adjuvants of the innate immune system. Firstly, we explored whether
an LPS-induced inflammatory response in living lung tissue is also
characterized by rapid accumulation of pro-inflammatory cytokines,
as seen in human in vivo studies using segmental LPS challenge of the
lung. Secondly, we characterized the innate cytokine response to the
TLR ligand BPPcysMPEG. Furthermore, by using the corticosteroid
dexamethasone we investigated whether any therapeutic efficacy
of immunosuppressive drugs against LPS-induced inflammatory
immune responses could be shown in lung slices.

Materials and methods

Media, reagents and chemicals.  PBS (0.1 M sodium phosphate and
0.15M NaCl, without Ca®>* and Mg®*) was obtained from Lonza
{Verviers, Belgium), Dulbecco's Modified Eagle's Medium Nutrient
Mixture F-12 Ham (DMEM) with t-glutamine, 15 mM HEPES without
phenol red, pH 7.2-74 was supplied by Sigma Aldrich (Munich,
Germany) and supplemented with 7.5% w/v sodium bicarbonate, but
without fetal calf serum. Medium for cultivation was prepared with
penicillin and streptomycin ( Sigma Aldrich, Munich, Germany). Both
low-melting agarose and Earle's Balanced Salt Solution (EBSS) were
also purchased from Sigma Aldrich (Munich, Germany). LPS (E coli,

serotype 0111:B4) was supplied in lyophilized form by Sigma Aldrich
(Munich, Germany) and dissolved in PBS, pH 7.4, WST-1 was
purchased from Roche (Mannheim, Germany).

Endobronchial endotoxin challenge in patients with mild asthma. ~ The
experimental setup of the human in vivo study is briefly summarized
according to Schaumann et al., 2008. In the study described there,
endobronchial segmental instillation of endotoxin (2 ng/kg) was
performed in saline solution in subjects with mild asthma. The study
population consisted of 17 nonsmoking subjects (nine women and
eight men; mean age 28 4-5.2 years) who were allergic to house dust
mites. None of the patients received therapeutic drugs such as
corticosteroids or theophylline. A second bronchoscopy with BAL of
the same lung segment (6x20 mL saline solution pre-warmed to
37 °C) was performed 24 h later, BAL fluid samples were filtered and
centrifuged. Supernatants were stored at — 80 "C. Determination of
cytokine and chemokine levels was performed using a multiplex
assay kit (Lincoplex; Linco Research Inc, St. Charles, MO, USA)
according to the manufacturer’s specifications.

Human lung explant culture. The experiments performed with
human lung tissue were approved by the ethics committee of the
Hannover Medical School. Patients gave written informed consent.
Human lung lobes were obtained from male and female patients who
underwent lung resection for cancer. Only lung tissue containing no
tumors was used for the experiments. Tissue was processed
immediately on the day of resection as described below. The age of
patients was 60 10 years, and 80% of them were smokers. The
number of patients has been indicated in each figure.

Preparation of PCLS and tissue cultures. Lung slices were prepared
essentially as described before (Wohisen et al, 2003; Ressmeyer
et al,, 2006), For preparation of human lung slices, lung lobes were
initially cannulated with a flexible catheter and selected lung
segments were inflated with 1.5% low-melting agarose medium
solution. Agarose-inflated lungs were solidified on ice and chipped
into 1-cm-thick slices. Eight-mm tissue cores were stamped and
sliced into approx. 250 pm thick sections in Earle’s balanced salt
solution using a special microtome {Krumdieck tissue slicer; Alabama
Research and Development, Munford, AL, USA). Tissue slices were
washed and cultivated in Dulbecco's modified eagle's medium/
nutrient mixture F-12 Ham (DMEM) with -glutamine and 15 mM
HEPES supplemented with 100U/mL penicillin and 100 pg/mL
streptomycin, PCLS were maintained for 1 day at 37 °C, 5% CO5, and
100% air humidity under normal cell culture conditions.

Incubation of PCLS with BPPcysMPEG or LPS, in combination or not with
dexamethasone.  PCLS were incubated with up to 5 ug/mL LPS, up to
50 ng/ml BPPcysMPEG, and 50 ug/mL dexamethasone in DMEM
under standard submerged cell culture conditions. Tissue slices
without addition of substances were incubated as controls. After
incubation, culture supernatants were collected for determination of
extracellular cytokine levels. PCLS were lysed with 1% Triton X-100 in
PBS for measurement of intracellular cytokine levels, Samples were
stored at — 80 °C after addition of 0.2% protease inhibitor cocktail
(Sigma Aldrich, Munich, Germany) and cytokine contents were
measured either by Meso Scale Discovery (MSD) and Luminex assays
or by ELISA.

Measurement of cytokines and chemokines by Meso Scale Discovery Assays or
Luminex technology.  Levels of the cytokines IL-1ey, IL-1(3, 1L-2, 114, IL-5,
IL-6, IL-8,1L-10,1L-12 ( p70), IL-13, TNF-gx, IFN-y, MCP-1, GM-CSF, RANTES,
and MIP-13 were determined in supernatants and lysis extracts of PCLS
that were exposed to LPS, BPPcysMPEG, and dexamethasone using MSD
technology or Luminex technology. For Luminex measurements, a bead-
based 9-plex kit (Bio-Rad Laboratories, Munich, Germany) was used to
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measure [L-1o, [L-4, [L-5, [L-10, [L-12 { p40), TNF-or, RANTES, eotaxin, and
MIP-1p3, and a 4-plex kit was purchased to measure MCP-1, GM-CSF, IL-6,
and IL-8. The assays were performed according to the manufacturer's
specifications. Cytokines were quantified using an eight-point calibration
curve constructed from the provided standard. Data analysis was
performed using the Bio-Plex Manager Software version 4.0. Additionally,
cytokines were quantified using MSD technology, which is based on the
detection of electrochemiluminescence, A 96-well multi-spot plate for the
detection of 9 human cytokines (IFN-y, IL-1(3, IL-2, IL-5, IL-10, IL-12 ( p70),
IL-13, MCP-1, and MIP-1p3) was obtained from MSD (Gaithersburg, USA).
The assay was performed according to the manufacturer’s instructions.
The time of incubation for standard and samples was 1.5 h. Calculation of
cytokines was performed using a 4-fold serial diluted standard. Data
analysis was performed using the discovery workbench software.

ELISA; quantification of IL-1ec and TNF-cx.  IL-1cx and TNF-c¢ were
measured in tissue supernatants and lysis extracts of PCLS using
commercially available enzyme-linked immunosorbent assay kits
(ELISA DuoSets, R&D Systems, Wiesbaden-Nordenstadt, Germany),
performed according to the manufacturer's specifications. The lower
limit of quantification was 31 pg/mL for human TNF-ce and IL-Tc.

Protein determination.  Protein concentrations were determined by
the BCA method using bovine serum albumin (BSA} as standard (BCA
Protein Assay Kit, Pierce, Rockford, IL, USA). 25 uL of sample or BSA
was incubated with 200 pL BCA reagent for 30 min at 37 °C.
Absorbance was measured at a wavelength of 590 nm.

Determination of lactate dehydrogenase (LDH) activity. Release of
LDH is widely used to assess changes in cell culture viability. LDH is an
intracellular protein that is released into the cell culture supernatant
after disintegration of the cell membrane. Its activity is measured by
conversion of a tetrazolium salt to formazan, which is formed
proportionally to the amount of necrotic cells. Changes in LDH activity
were determined in culture supernatant using a commercial enzymatic
assay obtained from Roche (Mannheim, Germany). Triton X-100 (1% in
PBS)-permeabilized PCLS were investigated as reference (100% dead
cells). Results were calculated as percentages of the total LDH content.

WST-1 reduction.  The cell proliferation reagent WST-1 is a tetrazolium
salt commonly used for spectrophotometric quantification of changes in
cellular viability. The assay measures metabolic activity/proliferation of
cells and is based on enzymatic cleavage of WST-1 to a water-soluble
formazan dye that can be detected in the supernatant of tissue cultures
without further solubilization of formazan crystals, After incubation of
PCLS, the medium was removed and PCLS were incubated for 1 hat 37°C
with 0.125 mL WST-1 solution per slice (diluted 1:10 in culture medium,
prepared freshly). Absorbance of the formazan solution was determined
at 420-480 nm with a reference wavelength of 690 nm.

Assay validation: intra- and inter-assay variations in human PCLS.  Intra-
assay variability was evaluated by determination of at least five replicate
samples from one donor under the same exposure conditions (LPS-
exposed versus non-exposed). Samples from at least ten independent
patients were measured to determine the inter-assay variance, All
samples received were analyzed for viability (LDH and WST-1 assay),
protein content (BCA assay) as well as for pro-inflammatory
cytokines IL-1ce and TNF-o. Each validation sample was analyzed in
duplicate in every assay. Mean values, standard deviation (SD), and the
coefficient of variation {CV= SD/mean = 100%) were calculated for each
sample.

Calcein AMyethidium homodimer-1 staining.  Viability of the tissue slices
was directly checked by calcein acetoxymethyl/ethidium homodimer-1
(calcein AM/EthD-1) staining (Invitrogen, Karlsruhe, Germany) using a
confocal laser scanning microscope Meta 510 ( Zeiss, Jena, Germany). Live

cells were distinguished by enzymatic conversion of calcein AM to
intensely green fluorescent calcein. EthD-1 binds to DNA and therefore
produces intracellular orange/red fluorescence in nuclei of dead cells.
Lung slices were incubated with 4 pM calcein AM and 4 uM EthD-1 for
45 min at room temperature. PCLS were washed in DMEM and
investigated by confocal laser scanning microscopy (40x water immer-
sion objective, excitation wavelengths 488 nm and 543 nm, emission
filters BP 505-550 nm and LP 560 nm, thickness 40 pm ). Image stacksof a
defined volume were analyzed with Bitplane IMARIS 5.5.3.

Analysis of CD68 immunofluorescent staining.  PCLS were fixed in 2%
paraformaldehyde and permeabilized in 0.3% Triton X-100. Blocking
was performed with donkey serum. Lung slices were incubated at 4 "C
overnight with 04 pg/mL mouse anti-human CDE8 antibodies (clone
KP1, Abcam, Cambridge, UK) and subsequently incubated at 4 °C
overnight with 7.5 pg/mL Cy5-conjugated F(ab’'),-fragments of
donkey anti-mouse IgG (Dianova, Hamburg, Germany). The
appropriate isotypes were used as controls for staining specificity. The
PCLS were mounted with ProLong Gold anti-fade to avoid bleaching of
the fluorescent dyes. Staining of the surface marker was investigated by
confocal laser microscopy (40x water immersion objective, 633 nm,
emission filter LP 680 nm, thickness 20 pm) and quantitatively analyzed
with Bitplane IMARIS 5.5.3.

Hematoxylin-eosin (HE) staining.  Lung samples were fixed in 10%
formalin, embedded in paraffin, and processed using the paraffin slice
technique. Briefly, thin sections (3-6 pm thickness) were dyed with
hematoxylin-eosin (HE staining) for routine histology. Sections were
stained with hematoxylin, washed in water, differentiated in 70%
alcohol containing HCI, then again washed in water, and stained with
0.5% eosin. Sections were washed in 1% acetic acid, dehydrated,
cleared, and mounted for microscopy. The degree of lung damage
was examined by a pathologist using light microscopy.

Quantitative image analysis with IMARIS 553. Three-dimensional
fluorescence images of PCLS were quantitatively analyzed with the
IMARIS 5.5.3 software. Confocal datasets with a dimension of
900 x 900 = 40 um were processed via “surface rendering”, which
allowed a semi-automated counting of EthD-1-labeled, red fluorescent
nuclei of dead cells, This was achieved by counting spots =5 um in
diameter. In a second step, the total volume of the cytoplasm of viable
cells was determined by calculating the full volume of calcein (green)
fluorescent structures, expressed as pm®. Subsequently, the ratio of
counted cell nuclei and volumes of cytoplasm of live cells stained with
calcein was calculated. Threshold levels for the calculation of “surface
objects” and “spots” were set once for each channel and the same
thresholds were used for all datasets. The viability of PCLS is expressed
as the number of EthD " red spots/10° um® calcein © green volume.

Statistical analysis.  Data in the figures are given as means-+ SEM.
Statistical analysis was performed by unpaired t-test, one-way ANOVA
Dunnett's, and Tukey test (Software: GraphPad Prism 4, version 4.03).
Correlation of data generated in vivo and ex vivo was evaluated using a
linear regression analysis model. The number of patients is indicated in
the figures. Differences between treated samples and control were
considered statistically significant at a level of p<0.05.

Results

Fluorescent staining reveals high viability of human lung tissue and
allows the identification of target cells

Lung slices were cultured for 24 h with LPS, dexamethasone, and
BPPcysMPEG and were subsequently stained with calcein AM and
ethidium homodimer-1. CD68 staining was performed in fixed tissue
after culturing. To estimate viability the three-dimensional structure
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of PCLS was analyzed with the IMARIS software. Viability staining
revealed that submerse exposure of human lung slices to selected
agents resulted in no loss of viability within a time period of 24 h
(Fig. 1). Compared to the untreated tissue control quantitative
analysis with IMARIS evidenced that the viability of lung slices was
not affected after stimulation with LPS, BPPcysMPEG, and in
combination with dexamethasone (Fig. 2). The macrophage-specific
CD68 staining showed the structure and spatial arrangement of
alveolar macrophages within this three-dimensional space (Fig. 1).
The obtained data showed that none of the substances had toxic
effects on human PCLS.

Inter- and intra-assay variances for human PCLS show variability for
inflammation markers from donor to donor

Inter- and intra-assay variances were determined to assess the
different baseline levels and reactions after stimulation. LPS exposure

was used to assess variations in human tissue. Samples were measured
each as an untreated tissue control and after LPS treatment. Each
validation sample was analyzed for LDH release, WST-1 metabolic
activity, and protein content as well as for pro-inflammatory cytokines
IL-Tex and TNF-ce.

Intra-assay variances for protein content and WST-1 were less
than 20%. Inter-assay variabilities ranged between 14 and 33%
(Table 1). Results for ELISA showed that inlra-assay variances for
TNF-cx were between 19 and 34%, whereas the inter-variances ranged
between 9 and 46%. IL-1a reached 14 to 64% for intra-variance and 48
to 76% for inter-variance from donor to donor.

LPS triggers a dose-dependent increase in pro-inflammatory cytokines in
human PCLS

Studies by Schaumann et al. (2008) were able to show that
provocation with LPS induced a significant release of pro-inflammatory

Fig. 1. Viability staining after 24 h of incubation with LPS, dexamethasone and BPPcysMPEC, and CD68 staining in human PCLS, Lung slices were treated without (A) or with 5 ng

(B) or 100 ng {C) LPS, 50 pg dexamethasone (D), the combination of 5 ng LPS (

) or 100 ng LPS (F) with 50 ug dexamethasone, and 25 ng (G) or 50 ng (H) BPPcysMPEG and stained

with calcein and ethidium homodimer-1. Untreated slices were stained against CD68 (1), Fluorescent staining in PCLS was detected by confocal laser scanning microscopy.
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cytokines IL-1ce and TNF-cx in patients (Figs. 3B/D). In these studies, the
inflammatory responses in the lungs of mild asthmatics resulted in a
pattern of inflammatory cells in the alveolar space after LPS challenge
similar to that described by O'Grady et al. (2001) in healthy subjects.
Based on these data, human (Schaumann et al, 2008) PCLS were
implemented to test their ability to respond to the well-known
modulator of the innate immune system LPS. To this end, human PCLS
were exposed to LPS and the effects on cytokine and chemokine contents
were analyzed. The LPS-induced acute inflammatory response in viable
lung tissue was characterized by rapid accumulation of pro-inflamma-
tory cytokines such as TNF-ce and IL- 1cx, representing a fast inflammatory
response of the lung tissue, LPS ind uced a dose-dependent and significant
increase in extracellular TNF-ce (Fig. 3), and this effect already started at
LPS amounts of 10 ng/mL. Intracellular IL-1c¢ was significantly increased
(Fig. 3), while extracellular amounts remained lower but also exhibited
concentration dependency (data not shown). Furthermore, significant
increases could be detected for the chemokines MIP-1(3, RANTES, and
MCP-1 (Figs. 4and 5). These increases were up to 1100% for MIP-13, up to
720% for RANTES, and up to 670% for MCP-1. Further cytokines such as
pro-inflammatory IL-1{> and [FN-vy, growth factor GM-CSF, and anti-
inflammatory IL-10 showed significantly increased accumulation after
LPS treatment ( Figs. 4 and 5). Increased values were detected for [L-13 to
1900%, for IFN-y to 1700%, for IL-10 to 3600%, and for GM-CSF to more
than 6000%.

Therapeutic intervention with dexamethasone prevents LPS-induced
cytokine burst

In the present study, the anti-inflammatory steroid dexamethasone
was used as an immunosuppressive drug to demonstrate the inhibition
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Fig. 2. Quantitative analysis of vitality staining of human PCLS incubated with LPS,
dexamethasone and BPPcysMPEG. Three-dimensional images of PCLS, stained with
calcein and ethidium homodimer-1 and generated by two-color immunofluorescence
confocal microscopy, were analyzed with IMARIS 5.5.3. Viability of PCLS is expressed as
quantity of spots (=5 um diameter) in 10° wm* green tissue volume. n=3,

Table 1
Inter- and intra-assay variances of human PCLS after 24 h of culture without (A) and
with (B) LPS. Intra- and inter-assay variances were determined for total protein,

enzyme activity, and extracellular TNF-ce and intraceilular IL-1oc by using ELISA. n =13,
Endpoints
24h BCA protein (%) WSI-1 (%) ELISA: TNF-ou (%) ELISA: IL-1ex (%)
A
IntracVv 3-19 =7 23 19-64
Inter CV 22 24 13-46 76
B
IntraCV ~ 8-19 6 19-34 14-29
Inter CV 14 33 9 48

of immune responses in the human ex vivo model. Human PCLS were
exposed to LPS with or without addition of dexamethasone, and the
effect on cytokine and chemokine release was determined.

Treatment with dexamethasone significantly reduced LPS-elicited
cytokine levels of pro-inflammatory cytokines IL-1p5 and IFN-vy,
growth factor GM-CSF, and chemokine MCP-1 (Figs. 4 and 5). A
similar tendency (p<0.1), albeit not statistically significant, could also
be shown for the cytokines 11-10 {up to 65%) and IL-12 (up to 55%)
and additionally for the chemokines MIP-1p (up to 50%) and RANTES
{(up to 50%).

BPPcysMPEG induces a marked pro-inflammatory response

The acute inflammatory immune response to the MALP-2 derivative
BPPcysMPEG was analyzed after 24 h of treatment using ELISA and MSD
technology to measure the amounts of cytokine produced. Indeed,
treatment with BPPcysMPEG was associated with significantly elevated
levels of IL-13, IL-10, and MIP-1(3 and showed a maximum of immune
stimulation for both concentrations tested (Fig. 6). In contrast, IL-1a,
TNF-ct, and IFN-y were not significantly influenced by the treatment.
Apart from the pro-inflammatory response, T-cell cytokines such as IL-2,
IL-5, and IL-13 were determined and found to be unchanged after
stimulation with BPPcysMPEG (data not shown ).
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Fig. 3. IL-1ec and TNF-o¢ in human PCLS (A, C) and BAL fluid from asthmatic patents
after provocation with LPS (B, D). TNF-ot levels in culture supernatants and IL- 1o fevels
in lysates were determined by ELISA in human PCLS after 24 h of culture. Cytokine
amounts in BAL fluid were determined wsing Luminex technology (Schaumann et al.,
2008), Data are presented for PCLS as mean+SEM, n=12, *p<0.05; *p=<0.01;
***p<0.005 {one-way ANOVA Dunnett's test for PCLS, t-test for BAL).
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Fig. 4. Total production of CM-CSF, IL-12, IL-1{3, IL-10, MIP-1f3, and IFN--y in PCLS after 24 h of treatment with LPS and dexamethasone. Cytokine levels in culture supernatants and
after lyses were determined by MSD technology. Data are presented as mean-£ SEM, *p<0.05; **p<0.01; ***p<0.005 {GM-CSF, IL-12, IFN-y, and MIP-13: n= 3, IL-1{3 and IL-10:

n=6). dxm: dexamethasone, int: intracellular,

Comparison of endotoxin-induced cytokine burst in vive and ex vivo

To ascertain the degree of correlation of the results obtained in
PCLS with in vivo results, the data from an earlier clinical study from
our laboratories (see Schaumann et al., 2008) were utilized in linear
regression analysis models. Cytokine levels in BAL fluid from subjects
who had undergone segmental instillation of 2 ng endotoxin/kg body
weight/10 mL resulted inan averaged concentration of 15 ng/mL used
for human patients with an assumed averaged weight of 75 kg. These
data were used for comparison with the results of the 100 ng/mL LPS
treatment in our study to get an impression of the rate of correlation
between both systems. Correlation of results generated in both
studies was evaluated using a linear regression analysis model for
12 cytokines (IL-6, IL-1et, MIP-1§3, IL-10, GM-CSF, RANTES, IL-5, IL-2,
IL-13, TNF-cx, IL-8, and MCP-1). There was good correlation of the
results for 10 cytokines (IL-6, [L-1ct, MIP-1(3, IL-10, GM-CSF, RANTES,
IL-5, IL-2, IL-13, and TNF-o) with a coefficient of correlation of 0.931
and a slope of y = 0.0009x (Fig. 7). MCP-1 and IL-8 reached the upper
detection limits, but as there was poor correlation between in vive and
ex vivo results, they were excluded from the calculation.

Discussion

This study addressed two major aspects: firstly, we compared the
effects of bacterial LPS and BPPcysMPEG on the innate immune cytokine

response of human lung tissue ex vivo. Our experiments clearly
demonstrated the potency of LPS and BPPcysMPEG, which are
considered to be TLR4 and TLR2/6 agonists with adjuvant activity,
respectively, to induce a pronounced production of IL-Tce, TNF-r, IL-1}3,
IL-10, GM-CSF, and MIP-1f5 in the extracellular compartment of lung
cells. Although recruitment of cells such as neutrophils and lymphocytes
from blood and lymphoid tissue into the lung parenchyma and vice
versa cannot be studied directly, a complex sequence of events is
initiated that takes place in early inflammatory processes and are
responsible for immune activation. Secondly, this paper describes the
feasibility of using organotypic cultures from lungs of human donors to
evaluate the desired effect of drugs in the therapy of respiratory
diseases, Infectious diseases and COPD in particular are related to
internal or environmental exposure to LPS, thus leading to an enhanced
inflammatory condition of the lungs (Kitz et al,, 2008; Hill et al, 2000).
At this point, the anti-inflammatory effect of dexamethasone was
shown to suppress ex vivo the LPS-induced local pro-inflammatory
response, monitored by IL-1c, TNF-o, IL-1p, GM-CSF, and MIP-1f5 in
tissue of human donors.

In human PCLS, the initial response to endotoxin exposure was
marked by a coordinated release of cytokines. Rapid release of IL-13,
MIP-1p, and IFN-y is known to contribute to immunostimulation by
activating epithelial or airway smooth muscle cells. These “early-
response cytokines” are produced mainly by macrophages, epithelial
cells, fibroblasts, and/or endothelial cells (Fiorentino et al, 1991;
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Fig. 7. Correlation of cytokine production in human lung slices and human BAL fluid from
invivo studies after treatment with LPS {Schaumann et al, 2008). Thecytokines IL-6, IL-Tc,
MIP-1§3, 1L-10, GM-CSF, RANTES, IL-5, IL-2, IL-13, and TNF-a were correlated. The enlarged
detail (B) shows cytokines of low abundance,

Olszewska-Pazdrak et al., 1998). They influence other immune cells
such as macrophages or T cells, thus leading to production of further
cytokines such as TNF-co or to recruitment of other cells such as
neutrophils, macrophages, dendritic cells, and T cells (Bless et al,, 2000;
Dinarello et al., 1996; Bracke et al, 2007). Resident CD68 ™ alveolar and
tissue macrophages in particular are present in high numbers in lung
tissue (Fig. 1). As the balance of pro- and anti-inflammatory cytokines
determines the outcome of an immune response, we found not only
secretion of pro-inflammatory cytokines but also of anti-inflammatory
mediators, as evidenced by the significant increase in IL-10. IL-10
downregulates the expression of pro-inflammatory mediators in vivo
and subsequently prevents tissue injury by inhibiting p38 MAP kinase
activity during AP-1 signaling in antigen-presenting cells, monocytes, or
macrophages (Rajasingh et al.,, 2006; Howard etal, 1993). Nevertheless,
the strong immunostimulatory effect of LPS and, therefore, its extreme
pyrogenicity has precluded therapeutic use. This has led to the searchfor
alternative biological agents with similar immunostimulatory proper-
ties but less pyrogenicity, which would be better tolerated in humans.

Bacterial MALP-2 is a powerful lipopeptide with adjuvant activity
(Rharbaoui et al, 2002). It is an activator of innate immunity and a
potent inducer of localized inflammatory responses (Kaufmann et al.,
1999; Knorr et al, 2008). Fibroblasts have been shown to react to
MALP-2 by releasing chemokines (Morr et al., 2002 ), and this could
also be shown in vive (Deiters and Muhlradt, 1999; Rharbaoui et al.,
2004). Dendritic cells responded to MALP-2 with an upregulation of
genes for several cytokines involved in the induction of inflammation
(Deiters et al, 2004; Weigt et al., 2003). The synthetic MALP-2
derivative BPPcysMPEG is a compound that has been demonstrated to
exert immunomodulatory activity in animal models (Fuchs et al.,
2009; Schulze et al., 2008; Cazorla et al.,, 2008; Bosch et al., 2009). In
these studies, BPPcysMPEG was administered intranasally with an
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antigen-adjuvant mixture. In our study, topic exposure of human lung
tissue to BPPcysMPEG also induced a specific immune response. The
overall activation here was similar to LPS, but not all cytokines were
elevated to the same extent by BPPcysMPEG. We clearly found
qualitative and quantitative discrepancies between LPS and BPPcysM-
PEG. For example, release of IFN-y was greatly different between LPS
and BPPcysMPEG. While LPS enhanced IFN-vy production, activation
with BPPcysMPEG did not ( Figs. 4 and 6). These opposed effects might
be caused by their different use of TLRs and the involved signaling
pathways. LPS is known to act via TLR4 (Bihl et al., 2001), whereas
BPPcysMPEG acts through TLIR2 and 6 ( Takeuchi et al., 2000; Takeuchi
and Akira, 2001). A prerequisite for such activation is the presence in
the lung tissue of TLR4 and TLR2/6 which could readily detect the LPS
and MALP derivative, respectively. It has been shown that TLR4, TLRZ,
and TLR6 are present in lung epithelial cells (Sha et al, 2004).
Stimulation of TLRs by pathogen-associated molecular patterns
(PAMPs) induces several genes involved in immune responses
through a MyD88-dependent signaling pathway. In this case, the
signaling cascade ends with the transcription of genes via the
transcription factor NF-«B (Kumar et al,, 2009). On the other hand,
[FN-y is transcribed via a MyD88-independent way. This pathway is
switched on by the co-produced cytokine IL-12, The binding of IL-12
to its receptor (IL-12R) leads to the activation of a signaling cascade
via the transcription factor STAT4 and subsequent transcription of
IFN-y (Heinzel et al, 1994). In previous studies, the lipopeptide
MALP-2 - the scaffold molecule of BPPcysMPEG - failed to induce IL-12
itself, which is an explanation for the lack of IFN-y in human lung tissue
after exposure to BPPcysMPEG (Weigt et al, 2003). In contrast, LPS
triggers the production of IL-12 via TLR4, which has also been verified in
living lung tissue. The biological action of MALP-2, however, can be
potentiated by additional IFN-vy treatment (Weigt et al, 2004).
Furthermore the lymphokine IFN-y appears 4-5h after the pro-
inflammatory cytokines TNF-ov or IL-1o, supporting the hypothesis
that previously produced cytokines stimulate the release of IFN-vin NK
cells (Carrega et al, 2008; Doherty et al, 1992). Comparing the
maximum cytokine releases induced by the fever inducers IL- 1> and
TNF-ex, we observed that BPPcysMPEG induced levels of [L-1f3 as high as
those observed for LPS. In contrast, we detected enly a moderate
increase in TNF-a after exposure to BPPcysMPEG — a further
explanation for the lacking [FN-+. Indeed, the parent molecule MALP-
2 might be involved in the development of fever in rats (Knorr et al.,
2008), but it did not lead to sepsis.

In the present study, the range of exposure concentrations selected
for LPS lay between 5ng/mL and 5 pg/mL and also comprised the
concentration of 15 ng/mL which was used in clinical trials (Schaumann
etal, 2008). The local pulmonary effects on the cytokine pattern in vive
and ex vivo were highly comparable (Fig. 7). On the one hand, this
provides additional safety information about new leading candidate
adjuvants before possible inhalation in humans. Buton the other hand, it
also provides the chance to assess new drugs for lung diseases in human
organotypic tissue in a model of acutely inflamed lung. This point leads
to the anti-inflammatory therapy of e.g. infectious diseases, inflamma-
tory airway diseases such as COPD, and allergies. In this context, a
variety of immunosuppressive drugs such as corticosteroids are
frequently used to block pulmonary stress in patients. Corticosteroids
such as dexamethasone in particular are known to reduce cell numbers
in vivo by suppressing chemotactic and pro-inflammatory mediators
(Barnes, 2005). Dexamethasone activates the transcription of anti-
inflammatory proteins such as IkBee through the GRE promoter region
and inhibits the transcription of pro-inflammatory mediators, thus
inducing gene silencing (Barnes, 2005). Indeed, dexamethasone
was highly effective ex vivo and diminished the local cytokine release
of IL-1p and IFN-y in human PCLS. It also inhibited the enhanced
secretion of IL-10, RANTES, MCP-1, and MIP-1f3. Therapeutic interven-
tion with dexamethasone thus clearly prevented endotoxin-induced
cytokine burst in human lung tissue.

Inthe present study, human tissue was obtained from patients who
suffered from non-small-cell carcinoma (squamous cell lung carcino-
ma, adenocarcinoma, and large-cell lung carcinoma). Each patient has
his or her own characteristics (i.e., sex, age, weight, and height) and
medical history. In order to make this highly varying and perishable
part of the model more assessable, human PCLS were prepared only
from organs obtained from patients who had not received any
treatment for cancer. Only macroscopically and microscopically
tumor-free tissue was used (Fig. 51). Further acceptance criteria for
the use of human tissue were as follows: 1) baseline release of pro-
inflammatory mediators was low, 2 ) each experiment was performed
with reference stimulation (e.g. 100 ng/mL LPS) resulting in a
significant increase in TNF-o, 3) tissue with diminished total protein
content was excluded, and 4) viability was controlled by e.g. WST-1
and LDH viability assays. Furthermore, the inflammatory effect of LPS
on tumor tissue was determined in samples from more than ten
donors. Depending on the particular parameter considered, inter-
individual differences from donor to donor can exceed 20% (Table 1).
These results were to be expected and reflect the genetic diversity of
human cells. Nevertheless, the induction of local cytokine responses
offers an opportunity to test the efficacy and toxicity of biological
agents intended for administration by inhalation such as adjuvants,
cytokines, monoclonal antibodies, and proteins in the most relevant
species: in humans. High-risk agents in particular can be applied in
doses that are high enough to achieve sufficient local concentrations
and information regarding their pyrogenicity — either as a desired
effect or as an adverse side effect. Although such a model may
contribute to the evaluation of substances for their biological activity
in humans before first-in-man clinical trials, their in vivo relevance
must be carefully considered. It is important to highlight that this
approach exhibits substantial advantages, since it is based on human
lung tissue rather than on cell lines (i.e., offers the complexity of a full
multicellular system embedded in a human matrix). In fact, although
cell lines allow signaling pathways to be studied (Ederetal.,2009),the
regulation of cytokines that are dependent on the immune response of
different cells, as it was shown for IFN-y and IL-12, will otherwise
remain a mystery.
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Figure S1. Histopathological sections of lung tissue received fro@althy trauma
patient (A) and cancer patient (B). lllustrated are gluslices stained with

hematoxylin/eosin and detected by light microscopy (maguion 20x).
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The aim of this study was to establish an air-liquid interface (ALI) culture of precision-cut lung slices
(PCLS] for direct exposure of lung cells to gaseous contaminants. Nitrogen dioxide (NO;) and ozone (03)
were selected as model gas compounds. Acute pro-inflammatory and toxic effects of NO; and O; on
live lung tissue were investigated. Murine PCLS were exposed to different flow rates (3-30 mL/min) of
synrhetic air, 03 (3.5-8.5 ppm), or NO; (1-80 ppm). Tissue survived ex vive in ALl culture and resisted
exposure ta NO; (1-10 ppm) and 03 (3.5-8.5 ppm) for 1 h. Longer exposure to NO; resulted in a clear loss
ofviability, whereas exposure to O was less effective. Exposure to NO; dose-dependently induced release
of the pro-inflammatory IL-1a (40%), whereas RANTES, IL-12, and eotaxin remained unchanged. Early
secretion of IL-Te (80%), RANTES (>800%), MIP-1p (44%), and MCP-1 (G0%) was already detected after 1 h
of exposure to O3. The abtained data showed that direct exposure to 05 and NO5 induced cytotoxicity and
pro-inflammartory responses in PCLS with ALI culture. This provides a model that more closely resembles
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Organotypic culture
Respiratory toxicants
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in vivo exposure of airborne contaminants, and thus should be appropriate for toxicity testing.

© 2010 Elsevier Ireland Led. All rights reserved.

1. Introduction

The lung is a major conduit for inhalable toxic substances.
Inhalation toxicology serves the purpose of assessing the health
hazard for humans, mostly by animal experiments (as described e.g.
in the OECD guideline for testing of chemicals 403/433/436, acute
inhalation toxicology, adopted May 12, 1981). The health risks have
to be determined by establishment of dose-effect relationships
to estimate the toxic potency of compounds. The imperative to
develop alternative methods in the field of acute inhalation tox-
icology in the context of REACH and the 3Rs (Bakand et al., 2007;
Russell and Burch, 1959, reprinted 1992) is currently the basis for
the employment of live lung tissue (also called precision-cut lung
slices, PCLS). With the use of PCLS as an ex vivo model of “acute
inhalation injury” chemicals can be tested for respiratory toxicity
without animal experiments.

Characteristic features of chemically induced injury to the
lung include cellular changes and respiratory inflammation. Both,

Abbrevintions: ALL air-liquid interface; BCA, bicinchoninic acid; COPD, chronic
abstructive pulmonary disease; CV, coefficient of variation; ELISA, enzyme-linked
immunosorbent assay; IL interleukin; LPS, lipopolysaccharide; MOz, nitrogen
dioxide; 03, ozone; OD, optical density; PBS, phosphate-buffered saline; PCLS,
precision-cut lung slices.

* Corresponding author at: Fraunhofer Institute for Toxicelogy and Experimental
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Fuchs-5tr. 1, 20625 Hannover, Germany. Tel.: +49 511 5350 323.
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0378-4274/% - see front matter © 2010 Elsevier Ireland Led. All rights reserved.
doi:10.1016/j.toxlet.2010.04.004

26

cellular alterations and release of inflammatory cytokines as
quantifiable parameters can be reproduced in the PCLS model
(Henjakovic et al., 2008; Nassimi et al., 2009). Other features of the
human disease, such as changes in the histopathological picture due
to chronic inflammation, cannot be studied in organotypic cultures
of lung tissue. This includes the trafficking of cells from blood into
the lungs during injury that cannot be assessed due to the lack of
circulatory systems. Nevertheless, a model based on PCLS offers the
possibility to study nearly all naturally occurring cell types of the
respiratory tract situated in their physiological environment, with-
out animal experimentation. This fact has attracted the use of the
technique over the past years for purposes such as calcium signal-
ing, analysis of processes of detoxification or bronchoconstriction
(Bergner and Sanderson, 2002; De Kanter etal,, 2004; Martin et al.,
1996; Wohlsen et al., 2003). A common obstacle to all these ex vivo
models is the necessity to apply soluble chemical fractions to the
submerged organotypic cultures. Hence, analyzing the characteris-
tics and mechanisms of the toxicity induced by gaseous compounds
or other airborne material using an in vitro or ex vive technique
requires an air-liquid interface (ALI) exposure technique to enable
free contact between native atmospheres and the biological test
system. A great advantage of PCLS compared to cell lines is the
chance to expose alveolar ducts and alveoli containing many cell
types required for immune responses, such as macrophages, den-
dritic cells, endothelial and epithelial cells, directly to the gaseous
compound. Contrasting with submerged treatment a wide range
of insoluble chemicals can be further analyzed. Moreover, particu-
late matter (PM), a component of urban air pollution consisting of
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solid and liquid particles, can be analyzed prospectively by deposi-
tion from the aerosol phase. First experiments with diesel PM were
performed in PCLS by Morin et al. and Bion et al. in a rolling system
supplying slices with culture medium and additionally exposing
them to complex gases alternately (Bion et al., 2002; Morin et al.,
1999). These complex rolling systems can be substituted by an ALI
exposure which offers the opportunity of an improved compara-
bility to in vivo exposures.

Ozane (0O3) and nitrogen dioxide (NO; ) were selected as model
compounds for direct exposure of lung tissue to gaseous airborne
contaminants. Both gases are well known environmental oxidant
air pollutants to which humans can be exposed. Exposure to high
levels of O3 (1-5 ppm) and NO; { 100-500 ppm) is associated with
lung injury and toxication. NO; is a precursor of photochemical
smog and also leads to generation of Os. It facilitates sensitiza-
tion at least at high exposure concentrations in animal studies
(Moldeus, 1993), and consequences of inhalation of lower doses
(<0.5 ppm) are associated with exacerbation of asthma, COPD, or
pneumonia in humans (Belanger et al., 2006; Bernstein et al., 2004;
Cheng et al., 2007; Lee et al., 2007; Schelegle et al.,, 2003; Strand et
al., 1997). Modulation of airway inflammation in asthma patients
is ascribed to elevated neutrophil levels (Scannell et al., 1998),
increasing epithelial permeability after exposure to those gaseous
compounds, and the release of pro-inflammatory mediators IL- 1,
1L-8, and TNF-« in vitro (Bayram et al., 2001). Exposure to O3 leads
todeciliation and disruption of epithelial cells with increased trans-
mucosal permeability (Bhalla, 1999). Acute effects of O; and NO;
at relatively high concentrations of 5 ppm are observed within 4 h
in studies with mouse and rat lung alveolar type Il cells, while an
exposure to NO; induced morphological changes like shedding of
epithelial cells into the airways, proliferation of these cells, or pul-
monary edema, as shown in vivo (Hajela et al., 1990; Persinger et
al., 2001).

The purpose of this study was to reproduce known biological
effects of the irritant gases NO; and 05 in PCLS in a gas-phase
exposure system using an ALl technique. Special emphasis was
placed on establishing the in vitro exposure of organotypic lung
cultures to gaseous compounds without inducing harm to the tis-
sue by the procedure itself. It could thus be shown that PCLS can be
adapted for air-liquid interface culture. Furthermore, our results
conclusively confirmed that acute exposure of live lung tissue to
single high doses of NO; and O3 was associated with tissue injury
and inflammation, offering the chance to use lung slices in a test-
ing approach that more closely reflects natural conditions and
responses.

2. Materials and methods
2.1. Animals and husbandry conditions

Female mice (BALB/cAnNCrl, 8-10 weeks) were obtained from Charles River
(Sulzfeld, Germany). Animals were kept under conventional housing conditions
(22°C, 55% humidity, and 12-h day/night cycle).

2.2, Preparation of PCLS and tissue culture

Lung slices were prepared as previously described (Held et al., 1999; Henjakovic
et al.. 2008; Nassimi et al., 2009; Ressmeyer et al., 2006). Briefly, animals were
sacrificed with an Lp. overdose of pentobarbital-Na. Extraction of lung tissue was
performed directly post-mortem to conserve vitality of the tissue. Lungs were filled
in situ with 1.5% low-melting agarose medium solution. Lungs were cooled in situ
with ice, lung lobes were separated and cut in EBSS into approximately 250-pum
thick slices using a special microtome (Krumdieck tissue slicer; Alabama Research
and Development, Munford, AL, USA). Tissue slices were incubated in Dulbecco's
modified eagle's medium/nutrient mixture F-12 Ham (DMEM) with L-glutamine
and 15mM HEPES. PCLS were washed with DMEM for 1h. Medium for incuba-
tion contained 100 units/mL penicillin and 100 pg/mL streptomycin. PCLS were
cultured for 1 day at 37 =C, 5% CO3, and 100% air humidity under cell culture condi-
tions.

Live tissue
Membrane

Culture medium

Fig. 1. Experimental set up of exposure conditions using air-liquid interface culture.
Vacuum was generated to direct synthetic air, Oz, or NO; over the slices. PCLS were
supplied with medium from below the membrane.

2.3. Media, reagents and chemicals

Pentabarbital-Na was purchased from Merial (Hallbergmoos, Germany). PBS
(0.1 M sedium phesphate and 0.15M NaCl, without Ca®* and Mg?*) was obtained
from Lonza (Verviers, Belgium). Dulbecco's modified eagle's medium/nutrient
mixture F-12 HAM (DMEM) with L-glutamine, 15mM HEPES, and 7.5% (w/v)
sodium bicarbenate, pH 7.2-7.4 was supplied by Sigma-Aldrich (Munich, Ger-
many). Medium for cultivation was prepared with penicillin and streptomycin
(Sigma-Aldrich, Munich, Germany). Low-melting agarose, Earle's Balanced Salt
Solution(EBSS), and Triton X-100 were also purchased from Sigma-Aldrich (Munich,
Germany). LPS (Escherichia coli, serotype 0111:B4) was supplied lyophilized by
Sigma-Aldrich (Munich, Germany) and dissolved in PBS, pH 7.4. WST-1 was pur-
chased from Roche (Mannheim, Germany).

2.4, In vitro exposure of PCLS using air-liquid interface (ALl conditions

Immediately before exposure, lung tissue slices (250-p.m thick) were washed
with DMEM and placed onto polyethylene terephthalate (PET) membranes with
pore sizes of 3 um, 1.6 x 10? poresfcm?, and an area of approximately 1cm? (3181,
Becton Dickinson, Germany).

Tissue was exposed to synthetic air (20.5% Oy in Nz, Messer Griesheim, Ger-
many). O3, or NOz (see below) using gas flow rates of 10mL/min per exposed
PCLS. During exposure the tissue slices were fed from beneath the membrane with
pre-warmed (37 °C) DMEM medium supplemented with L-glutamine, HEPES, and
penicillin/streptomycinalone (Fig. 1). Changes of pH-value after exposure to gaseous
compounds were not observed. The air-liquid interface exposure lasted either for
1h or 3 h. After exposure membranes were transferred to companion plates. Fresh
medium was added on top of the slices and PCLS were post-incubated for 21h or
23h

Following incubation, culture supernatants were collected for determination
of extracellular cytokine levels. PCLS were lysed with 1% Triton X-100 in PBS for
measurement of intracellular cytokine levels. Samples were stored at —80 °C after
addition of 0.2% protease inhibitor cocktail (Sigma-Aldrich, Munich, Germany), and
cytokines were measured either by Luminex technology or by ELISA.

2.4.1. Exposure to nitrogen dioxide (NOz) and ozone (0y)

NO; concentrations were diluted from a stock of 100 ppm NO; in synthetic air
using mass flow controllers for different flow ranges (Analyt, Germany) in a gas flow
system. 03 was generated in situ by photolysis of synthetic air using a PenRay-lamp
(Oriel Sarl, Paris) and diluted with synthetic air. Neither carbon dioxide nor any
humidification was added to the test atmospheres.

2.5. Incubation of PCLS with LPS

PCLS were incubated with 5 ng/mL LPS in DMEM using standard submerged cell
culture conditions. As negative control tissue slices were incubated without addition
of LPS. Medium was replaced after 1h and tissue was further incubated for 23h in
DMEM without LPS. Culture supernatant was collected, PCLS were lysed as described
above, and samples were stored at —80+=C for further analysis.

After incubation, culture supernatants were collected for determination of
extracellular cytokine levels. PCLS were lysed with 1% Triton X-100 in PBS for
measurement of intracellular cytokine levels. Samples were stored at —80°C after
addition of 0.2% proteinase inhibitor cocktail (Sigma-Aldrich, Munich, Germany),
and cytokines were measured either by Luminex technology or by ELISA.

2.6. WST-1 reduction

The viability reagent WST-1 is a tetrazolium salt commonly used for spectropho-
tometric quantification of cellular viability. After incubation of PCLS, the medium
was removed and PCLS were incubated for 1h at 37 °C with 0.125 mL WST-1 solu-
tion per slice (diluted 1:10 in culture medium, prepared freshly). Absorbance of the
formazan solution was determined at 420-480 nm with a reference wavelength of
/90nm.
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Fig. 2. Image analysis of PCLS after cultivation with different culturing systems. Tissue slices were stained with 4 pM calcein AM and 4 |uM EthD-1 after 24 h of submerged
cultivation (A). 24 h of air-liquid interface cultivation (B), and after cell lysis with Triton X-100 (C). The images were examined by confocal laser scanning microscopy and
analyzed with IMARIS 5.5.3. Red colour shows cell nuclei (@ 5 pum) of dead cells and green colour the cytoplasm of viable cells. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of the article.)

2.7. Calcein AMfethidium homaodimer-1 staining

Vitality of the tissue slices was also checked by calcein acetoxymethyl/ethidium
homodimer-1 (calcein AM{EthD-1) staining ( Invitrogen, Karlsruhe, Germany) using
a confocal laser scanning microscope Meta 510 (Zeiss, Jena, Germany). Live cells
were distinguished by enzymatic conversion of calcein AM to intensely green
fluorescent calcein. EthD-1 binds to DNA and therefore produces intracellular
orange/red fluorescence in nuclei of dead cells. Lung slices were incubated with
4 M calcein AM and 4 uM EthD-1 for 45min at room temperature. PCLS were
washed in DMEM and investigated by confocal laser scanning microscopy (40x
warer immersion objective, excitation wavelengths 488 nm and 543 nm, emission
filters BP 505-550 nm and LP 560 nm, thickness 20 pm). Image stacks of a defined
volume were analyzed with Bitplane IMARIS 5.5.3 (Henjakovic et al., 2008).

2.8. Quantitative image analysis with IMARIS 5.5.3

Image stacks of PCLS were quantitatively analyzed with IMARIS 5.5.3 software.
In a defined volume the ratio of numbers of EthD-1-labeled cell nuclei to volume
of calcein in cytoplasm of live cells was determined. Cell nuclei of dead cells were
counted as spots =5 um diameter, and volumes of cytoplasm of live cells stained
with calcein were determined. Thresholds were set once for each channel and used
for all datasets. Viability of PCLS is expressed as quantity of spots in 10° wm? green
tissue volume.

2.9 Measurement of cytokines and chemokines by multiplex bead array assay

Levels of the cytokines IL-1ce, TNFot, RANTES, eotaxin, MCP-1, MIP-13, IL-6, IL-
10, IL-12p40, KC, and G-CSF in supernatants and lyses extracts of PCLS exposed
t0 O3 and NO; were determined using Luminex technology. The cytokine multi-
plex bead array assay kit was purchased from BioRad ( Bioplex cytokine assay). This
kit was used according to the manufacturer's specifications. Lower limits of detec-
tion were 6 pg/mL for TNFa, 2 pg/mL for IL-1cx, 5 pg/mL for RANTES, 148 pg/mL for
eotaxin, 2 pg/mL for MIP-1j3, 2 pg/mL for IL-10, 2 pg/mL for 1L-12p40, 2 pg/mL for
IL-6, 1 pg/mL for G-CSF, 3pg/mL for KC, and 14 pg/mlL for MCP-1. The measured
cytokine levels of TNF-w and IL-10 were below detection limits.

2.10. ELISA: quantification of IL-Tor and MIP-18

IL-1a and MIP-1f were measured in tissue culture supernatants and lyses
extracts of PCLS using commercially available enzyme-linked immunosorbent assay
kits (ELISA DucSet, R&D Systems, Wiesbaden-Nordenstadt, Germany). ELISA was
performed according to the manufacturer's specifications. The lower limit of detec-
tion was 31.25 pg/ mL for both cytokines.

2.11. Protein determination

Protein concentrations were determined by the BCA methed, with bovine serum
albumin (BSA) as standard (BCA Protein Assay Kit, Pierce, Rockford, IL, USA). Twenty-
five microliters of sample or BSA were incubated with 200 pL BCA reagent for 20min
at 37 °C. Absorbance was measured at a wavelength of 5392 nm.

212, Statistical analysis

Darta in the figures are given as means £ SEM. Statistical analysis was performed
by unpaired t-test, by One-way ANOVA Dunnett's test or by One-way ANOVA Tukey
test (software: GraphPad Prism 4, version 4.03). Differences between treated sam-
ples and control were considered statistically significant at the level of p< 0.05.
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Fig. 3. Merabolic activity of lung tissue after submerged culture, and permanent AL
culture versus lung tissue exposed to synthetic air. Enzymaric activity in PCLS was
measured via W5T-1 assay after 24 hof submerged cultivation(A), 24 h of permanent
ALI cultivation (B), and after 1h exposure to synthetic air with 23 h submerged
post-incubation (C). n=9. OD = optical density at 420-480 nm.

3. Results
3.1. Air-liguid interface culture of PCLS versus submerged culture

In a first set of experiments, conditions for an ALI cultivation of
murine lung slices on microporous membranes were defined for
further use in exposures to gaseous compounds. Viability of lung
tissue should not be affected by the procedure itself. Therefore, a
membrane with a defined pore size and density was chosen which
allowed a humidified microclimate around the tissue and enabled
nutrification from the basal side of the membrane alone (Fig. 1).

According to quantitative image analysis, viability of ALI-
cultivated PCLS remained stable at about 100% compared to
standard submerged cultivation, indicating no progressive cellu-
lar damage during the first 24 h of exposure. Calcein AM/EthD-1
staining demonstrated tissue slices with alveolar walls remain-
ing intact, whereas cytotoxic Triton X-100 clearly increased the
number of dead cells (Fig. 2). Similar results were obtained for
metabolic activity of lung tissue after submerse and ALI culture
(Fig. 3). Here, WST-1 assay showed no differences of mitochondrial
enzyme activity between tested culture conditions, Hence, live lung
tissue tolerated ALI cultivation using these conditions and was com-
patible with a culture situation needed for an in vitro exposure of
lung parenchyma to gaseous compounds.

While viability was unaffected by the mode of cultivation, it
needed to be demonstrated that the tissue was still able to release
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Fig. 4. Extracellular and intracellular accumulation of IL-1ay (A and B, respectively) and MIP-1B (C and D, respectively) in PCLS after 1 h air-liquid interface cultivation
followed by 23 h post-incubation with 5 ng/mL LPS {one PCLS/insert). Cyrokine levels in culture supernatants were determined by ELISA. Dara are presented as mean £ 5.E.M.

IL-1a: O ng/mL LPS: n=5, 5 ng/mL LPS: n=8, MIP-1B3: n=4, "p < 0.05 (unpaired t-test).

soluble mediators such as pro-inflammatory cytokines. Therefore,
PCLS were AlLl-cultivated and post-incubated in the presence of
LPS. Treatment with 5ng/mL LPS induced a strong increase in the
intracellular pro-inflammatory cytokine IL-1c and the chemokine
MIP-1[3 (Fig. 4). Extracellular MIP-153 was also elevated, whereas
the extracellular concentration of IL-1a remained constantly low.
After continuous air-liquid cultivation of PCLS in the presence of
LPS, cytokine concentrations in the basal medium were below the
lower limit of detection.

3.2. Invitro exposure to synthetic air: influence of the gas flow
rate on tissue viability

PCLS were exposed to synthetic air (20.5% 05 in N3) using flow
rates between 3 and 30mL/min to investigate the effects of the
gas flow rates on tissue viability. The test atmospheres were not
humidified and no carbon dioxide was added. Control tissue was
either not exposed (“submerged control”) or exposed for the same
time under the same conditions but without gas flow (“air-liquid
interface").

Viability of the exposed tissue was unaffected at gas flow
rates from 3 to 10mL/min. The number of dead cells (EthD-1"
cells) and the volume of live cells (calcein® cells) were similar to
those observed with no flow, that is ‘air-liquid interface' culture
(Fig. 5A-C). However, by using a flow rate of 30 mL/min per microp-
orous membrane the ratio between stained cell nuclei of dead cells
and stained living cytoplasm doubled after 1h of exposure from
5.5 to 13.1 compared to a flow rate of 3 mL/min (Fig. 5D). Produc-
tion of MIP-13 and IL- 1 remained absolutely unchanged over four
experiments at all flow rates. Furthermore, variability of repeated
experiments regarding the praduction of cytokines was between
14% and 30%. These results show that a constant flow exposure of
PCLS with direct contact of tissue and test atmosphere is possible.
A zas flow rate of 10 mL{min was used for each of the subsequent
experiments.

3.3. Effect of in vitro exposure to NO» and Oz on PCLS

Live lung tissue of mice was exposed to synthetic air (exposure
control), NOy, or O3 (both in synthetic air) using the ALI technique.
Quantitative analysis of live/dead stained tissue revealed that 1 h of
exposure resulted in no changes of viability. Butexposure to 80 ppm
NO; for 3h, however, resulted in decreasing amounts of calcein
stained parenchyma and more necrotic cell death (as evidenced
by bright nuclear fluorescence of orange red Eth-D1 stain). For O3
we tested concentrations between 3.3 and 8.5 ppm. An effect on
viability of the tissue could be observed after 3h of exposure to
8.5ppm O3 (Fig. 6, Figs. 51 and S2).

Exposure to 10ppm of NO; modulated the inflammatory
response of live lung tissue and induced a dose-dependent trend
for release of the pro-inflammatory cytokines IL-1ae (40% at
10ppm/1 h), whereas RANTES (Fig. 7), IL-12, eotaxin, and MCP-1
remained more or less unchanged at approximately 25 pg/mg for
IL-12, 300 pg/mg for eotaxin, and 25 ng/mg for MCP-1. Changes
between the control and the highest concentration lay at a max-
imum of approximately 30% for all cytokines. Brief exposure to
03 also induced a significant increase in the pro-inflammatory
cytokine IL-1c¢ and a more than 8-fold increased expression
for RANTES (Fig. 8). MIP-1§ and MCP-1 were elevated dose-
dependently {MIP-14 44% and MCP-1 60%), while IL-12 and eotaxin
remained nearly unchanged at approximately 25 pg/mg for IL-12
and 1030 pg/mg for eotaxin.

4. Discussion

The application of anin vitro exposure model was developed and
evaluated for testing of respiratory inflammatory mediators and
toxicity induced by airborne contaminates. Gaseous compounds
have been subject to various toxicological studies in vitro using
different experimental setups. Some setups included submerged
cultures with the test gas directed over the adherent cells by shak-
ing them at certain angles so that the cells oscillated between
exposure and immersion in a culture medium (Bion et al., 2002;
Bombick et al., 1998; Rusznak et al., 1996). Others passed the gas
over the cell suspension (Ayyagari et al, 2007). In our studies
exposure of PCLS to NOz and O3 was performed on microporous
membranes using ALI conditions combined with a continuous flow
of the test atmosphere to each individual slice to favor an unob-
structed contact of PCLS and the gas phase. In contrast, a submerged
exposure situation always leads to intensive mixing of the test
gas and the culture medium. Thus, the gaseous compound reacts
with components of the culture medium and direct contact with
cells is hindered. Therefore, such a testing strategy would docu-
ment the toxicity of the locally generated reaction products of the
test gas and the culture medium, rather than represent the toxic
properties of the gas itself (Devalia et al., 1993; Tarkington et al.,
1994), Moreover, the use of isolated or cultured cells includes sev-
eral disadvantages such as changing phenotypes (e.g. activation of
dendritic cells) as a result of cultivation (Swanson et al,, 2004) and
a lack of connective tissue that allows interaction and communica-
tion between cells. PCLS possess these capabilities and represent a
unique and promising biological test system providing a useful tool
to study the complexity of gas-induced lung alterations in vitro.

In the present study, particular attention was paid to efficient
adjustment of the exposure conditions for complete preservation
of the nature of living tissue. The lung tissue stayed viable dur-

29



Effects of acuten vitro exposure of murine precision-cut lung slices to gaseous
nitrogen dioxide and ozone in an air-liquid interface (Adulture

5. Switalla et al. / Toxicology Letrers 196 (2010) 117-124 121

0 3 5 8 10 15 30
gas flow rates [mL/imin]

dead cells/100.000 pm° living cells

Fig. 5. Image analysis of PCLS after exposure to synthetic air at gas flow rates of 10 mL{min (B) and 30 mL/min (C) for 1 h followed by 23 h post-incubation under submerged
conditions. Control tissue (A) was not exposed but air-liquid interface cultivated. Tissue slices were stained with 4 uM calcein AM and 4 pM EthD-1. The images were
examined by two-colour confocal laser scanning microscopy and analyzed with IMARIS 5.5.3 (D). Red colour shows cell nuclei (2 5 um] of dead cells and green colour the
cytoplasm of viable cells (grid spacing=20 pm). n=4, "p< 0.05(One-way ANOVA Dunnett's test). { For interpretation of the references to color in this figure legend, the reader
is referred to the web version of the article. )
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Fig. 6. Quantitative image analysis of murine PCLS exposed to 80 ppm NO; and 8.5 ppm 05. The quantitative analysis with IMARIS was performed after 1 and 2 h of exposure
to NO; and O3 followed by 23 h of submerged post-incubation versus exposure to synthetic air (SA). n=4; " "p<0.005 (One-way ANOVA Tukey ).
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Fig. 7. Intracellular increase of IL-1a (A) and extracellular increase of RANTES (B in PCLS exposed in air-liquid interface culture ta NO; far 1 h followed by 23 h submerged
post-incubation. Cytokine levels in culture supernatants and tissue lysates were determined by ELISA or Luminex technology. Data are presented as mean +5.EM. int IL-Tac
n=38, RANTES: n=3 {One-way ANOVA Dunnett’s test).

30



Effects of acuten vitro exposure of murine precision-cut lung slices to gaseous

nitrogen dioxide and ozone in an air-liquid interface (Adulture

122 5. Switalla et al. | Toxicology Letters 196 (2010) 117-124

(A) (B) 400
= 7500 B O;[ppm] Il O; [ppm]
s =
3 6000 . 300
& - a

4500
'l? 2 200
= 3000 E
E 100
= 1500

0
0 3.3 8.5 0 33 85

Fig. 8. Intracellular increase of IL-1e (A) and extracellular increase of RANTES (B) in PCLS exposed to 05 in air-liquid interface culture for 1 h followed by 22 h submerged
culture post-incubation. Cytokine levels in culture supernatants and tissue lysates were determined by ELISA or Luminex technology. Data are presented as mean £ 5.EM.

intIL-1a: n=5, RANTES: n=3,*" p<0.01 (One-way ANOVA Dunnett's test).

ing ALl exposure with nutrification from the basolateral side of the
microporous membrane for at least 24 h, which until now could be
shown only for submerged cultures or roller systems (Held et al,,
1999; Martin et al., 1996; Richter et al., 2000), Live slices showed
high metabolic enzyme activity in the WST-1 assay, and the mor-
phology remained unaltered as indicated by fluorescence staining,
as previously shown (Henjakovic et al., 2008). Comparable viability
was achieved after exposure of murine PCLS to synthetic air at flow
rates below 15 mL/min, which did not seem to induce a drying and
therefore dying of the tissue. Higher flow rates, however, induced
a decrease in cell viability. These results correlate with data shown
in studies using in vitro single cell systems (human lung fibroblasts
and human bronchial epithelial cells) under ALI conditions (Ritter
etal,2001). Therefore, both cell lines and PCLS resist physical forces
that occurduring exposure to gaseous compounds. Moreover, since
the exposure flow rates tolerated by PCLS {about 10 mL/min/cm?)
are even higher compared to in vitro single-cell systems (about
3-8 mL/min/cm?) they can be characterized as a robust and reli-
able biological testing material under these conditions (Ritter et al.,
2001). After adjustment of the exposure conditions the model was
used to expose live lung tissue to gaseous compounds. O3 and NO5
were selected as model gases for unobstructed exposure of lung tis-
sue to gaseous compounds. Both gases are well-known ubiquitous
indoor and outdoor oxidant pollutants.

The toxicant NO; induces respiratory irritation, acute inflamma-
tion, pulmonary edema, and pneumonia (Winder, 2004). Its poor
water solubility and high reactivity cause cytotoxicity and inflam-
mation in the terminal conducting airways, the alveolar ducts, and
the alveoli (Tu et al., 1995). Cell types such as ciliated cells of the
bronchial epithelium, types I and II cells of the alveolar epithe-
lium, and alveolar macrophages seem to be very sensitive to NO3
exposure. NO; is hydrolyzed to give nitric acid and reaches concen-
trations of about 65% in the culture medium (Devalia et al,, 1993;
Postlethwait and Mustafa, 1989). Brief high-dose exposure to NO3
induced cell death in murine PCLS. Such a NO;-mediated cell injury
in lung parenchyma may be causally related to the early gener-
ation of pro-inflammatory cytokines. Indeed, cytokine expression
after exposure to NO; was previously reported in human bronchial
epithelial cells or alveolar macrophages (Dandrea et al., 1997;
Devalia et al., 1993). Exposure to 45 ppb to 45 ppm NO; for 30 min
to 6h led to an upregulation of TNF-a, IL-1§3, IL-8, and GM-CSF
(Ayyagariet al.,2004; Dandrea et al., 1997; Devaliaet al., 1993). Pre-
existing inflammation in atopic and asthmatic individuals make
cells more susceptible to injury upon exposure to NO;, after which
significant upregulation of the chemokine RANTES was observed
(Bayram et al., 2001). But contrary to our expectations, although
there was a trend, we did not observe a significant initial increase
inthe pro-inflammatory cytokine IL-1« in live lung tissue, whereas
RANTES was not changed at all after short-term exposure to NO3.
Long-term exposure and subsequently continuous damage of lung
cells can lead to chronic inflammation which cannot be observed
in the experimental set up in PCLS due to limited exposure and

culturing time, But both cytokines are known to be increased and
therefore also to be involved in chronic inflammatory lung diseases
(Greally et al., 1993; Zhu et al,, 2001). They belong to the IL-1 gene
family, but in contrast to IL-1 IL-1x is an intracellular regulator
and mediator of local inflammation (Dinarello, 1996). Even if the
release of cytokines is commonly thought to be one of the earliest
events, our data suggest that IL-1c and RANTES in non-inflamed
lung tissue under normal basal conditions may not be involved to
the same extent as with other environmental oxidants such as O3.

Q5 is a very reactive gas and penetrates deeply into the lungs.
It induces acute inflammation by stimulating cytokine secretion by
macrophages and epithelial cells (Manzer et al., 2008). Damage of
ciliated and alveolar type 1 cells occurs, and squamous metapla-
sia as well as rapid influx of neutrophils were observed in humans
(Bascom, 1996; Uysal and Schapira, 2003). Single acute exposure to
05 did not induce immediate toxicity in parenchyma, but survival of
tissue ex vivo was reduced after prolonged exposure to 8.5 ppm Qs.
05 is highly reactive with a variety of organic biomolecules such
as proteins, unsaturated fatty acids, or nucleic acids. It is known
that the time of diffusion of Oy into the tissue is 3-fold higher
than its half-life {Pryor, 1992). Hence, most of the 03 gas cannot
reach deeper areas of the lung tissue and subsequently does not
induce a clear cytotoxic effect, as observed for NO,. Early sub-
stantial secretion of the pro-inflammatory cytokine IL-1at and a
trend for the chemokine RANTES could already be seen after 1 h of
exposure, Similar results after exposure to up to 100 ppb O3, includ-
ing upregulation of RANTES and IL-1a, were obtained in bronchial
epithelial cell cultures (Bayram et al., 2001) or rat NR8383 alveolar
macrophage culture (Manzer et al,, 2008 ). These data are supported
by the description of the early phase which is initiated during
2-24h after acute exposure to Oz. Here, chemotactic factors like
RANTES are synthesized and released to direct the migration and
activation of neutrophils (Leikauf et al., 1995). Influx of inflamma-
tory cells like neutrophils cannot be quantified in PCLS because of
the lack of cell migration from the circulation, but was shown in in
vivo studies with patients exposed ta 0.25 ppm O3 for 3 h (Alexis et
al., 2008).

Toxicity data of several inhalation toxicity studies after acute,
subacute, and chronic exposure to NO; and O; are available
from the Registry of Toxic Effects of Chemical Substances (RTECS)
(http://www.cdc.gov/niosh/). For example, the LCsg for NO; in
rats was reported to be about 220mg/m? (117 ppm) following
1h of exposure to NO, (NIOSH, 2008). For human beings, first
symptoms of toxication have been reported after acute exposure
to NO, (40-70min) at doses between 56 mg/m? and 169 mg/m?
(30-90ppm) (NIOSH, 2008). In comparison, 1-h exposure to
11 ppm NO; induced loss of cell viability by up to 50% in both A549
and fibroblasts (Bakand et al., 2006, 2007). In our study, the range
of exposure doses was selected from 10 to 80 ppm NO; to cover
concentrations that can occur in scenarios where human beings
are exposed to brief high doses of NO;. Our results demonstrated
significantly more necrotic cells at 80 ppm NO3, indicating that

31



Effects of acuten vitro exposure of murine precision-cut lung slices to gaseous

nitrogen dioxide and ozone in an air-liquid interface (Adulture

S. Switalla et al. / Texicology Letters 196 (2010) 117-124

acute NO; exposure leads to cell damage. This suggests that a high
sensitivity of single cell type-based in vitro test methods may not
entirely reflect the in vivo situation after exposure to brief high
doses of NO,. Similarly, the LCsq for Os in mice has been shown to
be about 12.6 ppm (23.6 mg/m?/3 h) and for inhalation in humans
was 50 ppm (98 mg/m3/30 min). In a single monocyte cell culture
0.5ppm O: (0.98 mg/m?) was lethal to at least 60% of the cells
(Klestadt et al., 2002). This discrepancy between in vive and in vitro
studies is a subject of debate and controversy in the scientific com-
munity {Bakand et al., 2005; Blaauboer, 2002); although according
to our understanding most of the mentioned models have advan-
tages in certain applications. Moreover, historical in vivo data that
are available vary strongly from study to study and can hardly be
used as reference for the validation of in vitro models.

In summary, our studies demonstrated that PCLS offer a suit-
able model to study the cytotoxic and pro-inflammatory effects of
inhaled irritant compounds such as Oz and NO; under direct ALI
conditions. It can be used to study the effects of gaseous compounds
on lung cells in organotypic cultures. The advantage of combining
of PCLS with ALI conditions is it should decrease the need for animal
experiments for risk assessment. It also more closely reflects real
life inhalation of airborne contaminants, and may be more suitable
for toxicity testing in this context.
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Legends for the Online Supplement

Supplementary figure |. Image analysis of PCLS after 3 h of exposure ta.N@Ong
slices were exposed to synthetic air (A) and 80 ppm (BPfor 3 h at gas flow rate of
10 mL/min followed by 21 h of submerged post-incubation. UEsslices were stained
with 4uM calcein AM and 4M EthD-1, examined by confocal laser scanning
microscopy and analyzed with IMARIS 5.5.3. Red colour sho&ll nuclei (& Jum) of

dead cells and green colour the cytoplasm of viable gglts ¢pacing = 2Gum).

Supplementary figure Il. Image analysis of PCLS after 3 h of exposure tol@ng
slices were exposed to synthetic air (A) and 8.5 ppn(BY for 3 h at gas flow rate of
10 mL/min followed by 21 h of submerged post-incubation. UEsslices were stained
with 4uM calcein AM and 4M EthD-1, examined by confocal laser scanning
microscopy and analyzed with IMARIS 5.5.3. Red colour sho&ll nuclei (& Sum) of

dead cells and green colour the cytoplasm of viable gglts ¢pacing = 2Gum).
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5 General discussion

The data presented in this thesis addressed differentdnakissues: most importantly,
the aim was to provide ax vivo organotypic lung model which reflects immunological
and toxicological aspects of the human lung diseases C@mi acute lung
injury/ARDS, respectively. To this end, pro-inflammatoryarkers of the innate
immune system in response to widely used model compoundwe?& studied in
human PCLS (publication: "Natural innate cytokine respoms@tunomodulators and
adjuvants in human precision-cut lung slices"). Furttee, Q and NQ were applied
to primarily induce cytotoxicity in an ALI culture toimic the acute toxicity in acute
lung injury/ARDS. In this context, a physiologicallyegant model should furthermore
be established to enable unobstructed contact of the cdleamd the lung tissue
(publication: "Effects of acuten vitro exposure of murine precision-cut lung slices to

gaseous nitrogen dioxide and ozone in an air-liquid interfAtl) culture").

5.1 Reflection of the pro-inflammatory response in COPDOnN the

organotypic lung model PCLS

COPD as a lung disease with increasing prevalence in elpacdustrial countries is
commonly caused by cigarette smoking with LPS as one tantosmoke component
(Barnes et al., 2003; Hasdayet al., 1999). Its function as an inducer of acute
inflammation and neutrophil influx was supported by its capggbtb mimic the
development of emphysema-like lesions and the cytokio@lgoiof COPD — reasons
why LPS is being widely used as a model compound (Btasls 2008; Hackettt al.,
2008, Savovet al., 2002). LPS itself derives from the cell wall of gram-raga
bacteria and ubiquitous in the environment, e.g. in ami@endsols (Heinriclet al.,
2003). Its highly conserved structure is a so-called pathagsociated molecular
pattern (PAMP) and provides the basis for its recogniipione of 13 already known
toll-like receptors: TLR4 (Ishiet al., 2008; Kumaret al., 2009). In this process, a
complex is built consisting of LPS itself, LPS-bindingotain, and the cell surface
glycoprotein CD14 (Chowet al., 1999). This complex subsequently binds to the

extracellular leucin-rich repeated domain of TLR4 on vaicell types such as DCs,
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mast cells, eosinophils, monocytes, macrophages, I8-al epithelial cells, thereby
initiating the intracellular NB signaling (Iwasaki and Medzhitov, 2004; Takeuethi
al., 2001; Zhanget al., 2010). This signaling pathway and the resulting cytokine
immune responses induced by LPS are highly organized, evenladieng at lung
diseases like COPD. This involves the release of pialinediators including TNE;
IL-1B, MCP-1, GM-CSF, and IL-8 (Barnes, 2004).

A variety of cell cultures are used to study the reledsmtokines as a response of the
innate immunity to stimulation of different TLR like R3 and TLR4. In this context,
bronchial epithelial cells such as BEAS-2B showed up-régalaf MIP-30 and GM-
CSF in response to LPS (SHaal., 2004). They furthermore were used asrawmitro
COPD model to investigate the role of LPS-induced exjressf connective tissue
growth factor (CTGF) (Nishiokat al., 2010). Human monocytes, human alveolar and
bronchial epithelial cells lines, but also lung tissuplants released TN&; IL-1a, IL-

1B, IL-8, and IL-6 in response to LPS or cigarette smokell{Bet al., 1990; Hacketét

al., 2008; Hellermaneet al., 2002). Alveolar macrophages isolated from COPD patients
are suitable to investigate anti-inflammatory effectslexamethasone (Culpiét al.,
1999). Single-cell cultures, however, are artificial sgst that do not represent the
complexity of the lung, in contrast to 3Dvitro models such as organotypic lung slices
(Martin et al., 1996; Nassimet al., 2009). They combine all immune and structural

cells and allow the complex response to LPS to be studied

We established this human-based tissue model based orothestiwn of cytokines in
response to LPS to mimic the immunological respons€®PD. Observations in
COPD patients showed that increased amounts of cywkineh as TN or IL-8 are
produced compared to healthy subjects or healthy smokersn(éaalb, 2001; Keatings

et al., 1996). Animal models are often used to investigate feabdr€@®PD (Howardet

al., 1993; Kanekaet al., 2007; Nadaduet al., 2005; Poynteet al., 2006). In these and
similar studies, local inflammatory processes in theglbut also systemic outcomes
were analyzed (Bras# al., 2008; Terashimat al., 1997). In general, however, COPD
is a human-based disease that cannot fully be depictadimals. For this reason, the
focus of these models lies on the reflection of festwof the disease such as early or

chronic phases and their association with, e.g., thelaement of emphysema or the
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production of pro-inflammatory mediators. Studies using mouosdels observed
elevation of the pro-inflammatory cytokines TNf-{L-1a, IL-1B, GM-CSF, RANTES,
or MCP-1 using LPS and cigarette smoke as model compoumdskért al., 2007;
Van der Deeret al., 2007; Ogincet al., 2009; Vernooyet al., 2002). We could show
that stimulation of human PCLS with LPS resulted ingaiicant increase in the same
cytokines that were reported in the outcomes of COPD asd NFe, IL-1B, GM-CSF,
RANTES, and MCP-1. The induced cytokine secretion olesein patients and after
treatment with LPS are both based on activatiorhefdignaling pathway NKB in a
MyD88-dependent manner (Kumatr al., 2009; Hellermaret al., 2002). This NF«B
induction was shown to be dependent on TLR4 in both ¢&slelset al., 2001; Dozet
al., 2008). These data support the hypothesis that PCLS aablsut display signaling
pathways and the release of pro-inflammatory mediattsh play an important role

in the immunological response of COPD.
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Figure 1: Signaling cascades induced in PCLS after treatwiemtmodel compounds

LPS, NQ, Os;, dexamethasone, and cigarette smoke.

Abbreviations: LPS: Lipopolysaccharide, TLR: Toll-likeeceptor, TIR-domain: Toll/Interleukin-1
receptor domain, MyD88: Myeloid differentiation primarygpense gene 88, NEB: Nuclear factor of
kappa light polypeptide gene enhancer in B-cellkBI-NF«B inhibitor beta, GR: Glucocorticoid
receptor, HDAC: Histone deacetylase, N®itrogen dioxide, @ Ozone, ROS: Reactive oxygen species,
TNF-a: Tumor necrosis factor alpha, IL-1: Interleukin 1, MCPMonocyte-chemotactic protein-1,
MIP-1B: Macrophage-inflammatory protein-1 beta, RANTES: Regdlate activation, normally T cell
expressed and secreted, GM-CSF: Granulocyte/macrophiagg-stimulating factor

In PCLS, treatment with dexamethasone successfully eptest LPS-induced
production of pro-inflammatory cytokines and chemokines sich-18, IFN-y, GM-

CSF, and MCP-1 (figure 1). Tendencies for an inhibitionldtciso be seen for
RANTES or IL-10. Studies in macrophages, peripheral blood omaciear cells
(PBMCs), or whole blood showed similar results (Bhawtal., 2010; Giamarellos-
Bourbouliset al., 2010). Cytokines such as TNF-IL-1p, IL-10, and MIP-B were

clearly reduced by dexamethasone. This is based on thehdcorticosteroids inhibit
the production of pro-inflammatory cytokines by recruitihgstone deacetylase-2

(HDAC), which furthermore suppresses the activation odlages (figure 1) by gene
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silencing through deacetylation of DNA-bound histones. H@wnecorticosteroids alone
are nearly ineffective when used as a therapeutic dr@OiRD (Culpittet al., 1999;
Culpitt et al., 2003; Keatingst al., 1997). There was no benefit in lung function, in cell
counts, or in reduction of cytokines such as IL-8 and BN human studies. In
COPD, permanent exposure to cigarette smoke induces sixgfive stress which
impairs the activity of histone deacetylases (figure d)thait pro-inflammation and a
destruction of lung alveoli are perpetuated (Barnes, 2004t Hb, 2001). Lung tissue
additionally can be destroyed directly by free radicaleased in response to cigarette
smoke (Suret al., 1995). The breakdown of connective lung tissue and thetingsul
degradation products such as hyaluronan from epitheliad cel furthermore act as
ligands for TLR4 or TLR2 and enhance the inflammatorgess (Jiangt al., 2006). It
was already shown that one of the main differenads/den lung injury induced by
LPS and cigarette smoke is the fact that LPS doemdote oxidative stress in a direct
way (Valencaet al., 2008). While cigarette smoke which contains free raditsddf
additionally induces superoxide dismutase, catalase, orophiltelastase (Shapire

al., 2003; Valencat al., 2008), LPS does not. These findings could be an explanat
for the inhibitory function of dexamethasone in PCL$iick contradicts then vivo

situation.

Contrary to the pro-inflammatory response of COPD treg successfully reflected in
the established PCLS model, toxic feature that predonineharacterize acute lung
injury/ARDS were subsequently analysed and discussed in csmpao models of

lung injury and endotoxemia.

5.2 PCLS mimic early toxic features of acute lung injuy/ARDS

Acute lung injury/ARDS is mainly characterized by a uks# damage of lung
parenchyma induced, e.g., by inhalation of toxic agents or sriolema and increased
permeability in endothelial cells and type | pneumocytesuo within hours. For
depicting cellular damage in acute lung injury/ARDS thigaint gas compoundsz@nd

NO, have been widely used as model compounds. Both agentsommmoa air

pollutants which have been described to be associated ewdberbations of lung
diseases such as bronchial asthma (Bawtaah, 2001; Hiltermanret al., 1995; Jenkins
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et al., 1999). But most importantly, both gas compounds cause twutesffects in the
airways as have been described for acute lung injury/ARDSparticular when

administered at high doses.

In vivo studies in rhesus monkeys showed increased necrotiayagmithelial cell death
after exposure to 0.8 ppmgQuith injured epithelial cells being removed by immigrated
neutrophils (Hydeet al., 1999). Additionally, a close association between thed3e,
the degree of epithelial injury, and glutathione depletionld be shown (Ploppet al.,
1998). High toxic doses ranging from 2 ppm to 5 ppm induced imibeethaicity in
rats, which was furthermore supported by gene array agsatysats and alveolar type Il
cells derived from rats (Nadadet al., 2005; Wanget al., 2006). Besides apoptotic
proteins like growth arrest and DNA-damage inducible 45 akthass proteins such as
heat shock proteins but also antioxidants like glutathiotrar&ferase and superoxide

dismutase were additionally up-regulated.

The association of toxicity and epithelial lung disruptitas been widely studied in
vitro models of inhalation injury. To this endz-Cand NQ-induced cytotoxicity was
investigated, e.g., in A549, NHBE cells, HelLa cells, THPelsc and HUVE cells
(Ahmad et al., 2005; Ayyagariet al., 2007; Bakandet al., 2006; Brinket al., 2008;
Fakhrzaderlet al., 2004; Tuet al., 1995). The background of the toxic effects that are
induced by gas compounds are occurring necrosis and apoptassicKirevealed
caspase-3-independent apoptotic cell death during the eartd psfter exposure to
NO,. However, necrotic cell death occurred prevalentlytat lme points (Ayyagaet
al., 2007). In this context, generated nitric oxides (NO) wat@wn to be involved.
Besides extracellular damage like that of epithelidscaitracellular damage of DNA
was found (Brinket al., 2008). Different mechanisms which are responsible foritgxic
exist, such as induction of oxidative stress through produaibiROS such as
peroxynitrite, nitric oxides, or superoxides (Fakhrzadehl., 2004; Klestadtt al.,
2002; Laskinet al., 2001). In this context, lipid peroxidation occurs mainlgdzhon
ROS which directly attack either cellular membrarm@dB or circulating lipoprotein
molecules, leading to cytotoxicity. This could be shawhuman studies investigating
the association of short- and long-term exposure williged oxidative stress and lipid
peroxidation (Chemt al., 2007).

41



Discussion

In PCLS, treatment for 3 hours with N@nd Q resulted in toxic effects. In particular,
the highest concentrations used, reaching 80 ppm fordd@® 8.5 ppm for ¢) induced
cell death. Vitality staining revealed an elevated numifestained dead nuclei and
decreased esterase activity indicated by lacking calcainirgg. Apart from lipid
peroxidation through which membrane lipids are directlyugted, free radicals are
also able to activate pro-inflammatory mediators by deggadhe kBa subunit,
resulting in constitutive expression of MB- (Bar-Shai and Reznick, 2006; Bar-Skai
al., 2008). As described, toxic events can also be triggered bynflammatory
mediators (Shimabukure al., 2003). In this case, cytokines such as T&V\F-N-y, and
IL-6 exacerbate © and NQ-induced cytotoxicity (Ayyagaret al., 2004; Choet al.,
2001; Fakhrzadekt al., 2004; Johnstoset al., 2005). The pro-inflammatory cytokine
IL-1 plays an important role in the early phase adtgrosure to € which is initiated
after 2 to 24 hours (Leikawt al., 1995), but it was also described to be involved in
toxic events leading to lung leakage. Similar resultsacbal shown for cytokines such
as MCP-1 and MIP{i (Leikauf et al., 1995; Zismanet al., 1997). One underlying
mechanism is the extrinsic pathway which is based orbitéing of, e.g., the pro-
inflammatory cytokine TNFe to its death receptor TNF-R1 possessing a death domain.
Subsequently, apoptosis is induced by this complex and proea8p@salaniet al.,
2010).

Exposure to both gas compounds induced cytotoxicity in PCLSyriyexposure to ©
induced an early release of lleland a tendency for RANTES. Cytokines such as
eotaxin, IL-8, or granulocyte colony-stimulating fac(@-CSF) were not induced. This
was also shown for concentrations of up to 100 pphnQbronchial epithelial cell
cultures (Bayrangt al., 2001) or rat NR8383 alveolar macrophage cultures (Maatzer
al., 2008). Exposure to NOresulted in a dose-dependent production of pro-
inflammatory IL-lo (40%), whereas RANTES, IL-12, and eotaxin remained
unchanged. In acute lung injury/ARDS toxicity of epitakknd endothelial cells is a
dominating process, although production of cytokines couldelbeonstrated (Galaet

al., 2010). In this context, release of, e.qg., the pro-inftatory cytokine IL-1, which
was also detected in PCLS after exposure jpif@@reases chemotaxis of neutrophils,
diminishes apoptosis of activated neutrophils, and subsequsigports the ongoing

destruction of structural cells.
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PCLS turned out to be a suitable organotypic model teatelung diseases. Its
relevance for thén vivo situation is a critical point and has to be asseasddliscussed

in the context of further complex established models.

5.3 Status of the development of organ complexity of gano-

typic cell- and tissue-based 3D-models

The evaluation of cellular complexity and structuralgnity has been widely used over
at least two decades. At this, physiological models wekeloped to mimic organ and
tissue function in a 3D arrangement as it was showndpillaries or mammary glands
(Enami and Nandi, 1977; Ingber and Folkman, 1989). The siogilistic model was
the application of single or immortalized cells witlsstie-specific differentiated
functions. Cells were embedded on membranes to studyadlgsion of fibroblasts,
type Il pneumocyte function and morphology, or inductidragoptosis in breast cell
lines (Cukiermaret al., 2001; Kirshneet al., 2003; Rannelst al., 1987). These models
approximated tissue-specific function, but did not compdifferent cell types as they
are present in an organ. The reflection of, e.g., ap@pitaduced by adhesion molecules
can be studied in single cells, but the impact of apaptegulating cell types including
NK cells and CD8T cells on affected cells cannot be analyzed (Kirskehat., 2003;
Smythet al., 2005). For this reason, 3D-organotypic co-cultures comstitthe next
step in the development. In epidermal biology, 3D modielge been successfully
developed by culturing epidermal cell suspensions on dermignoffibroblasts
(Prunieraset al., 1983; Bellet al., 1981). In inhalation toxicology, 3D co-culture models
were used to simulate the respiratory tract. Macrophagpathelial cells, and DCs were
analysed in a triple model to study the outcomes of ®x@oto polystyrene particles
(Rothen-Rutishausest al., 2005; Brandenberget al., 2010). Furthermore, dissociated
lung cells were cultured on Matrigels to study rearrareggrnand polarization of lung
cells (Schugeet al., 1990; Schuger et al., 1996). But none of these models eeflext
individuality and function of a complete organ which issdxh on the surrounding
environment like the extracellular matrix and neighbouringll interactions.
Consequently, tracheal ring preparations, isolated perfused,lor lung parenchymal

strips were developed for the analysis of, e.g., smoutscle function (de Jongsee
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al., 1985; Jongejant al., 1990; Finneyet al., 1985; Wanget al., 1992). However, the
responses of parenchymal strip preparations were notstamsibetween different
species and not even within one animal (Finetegl., 1985; Ghelanet al., 1980). In
contrast, the lung tissue model PCLS possesses a urilisckmess of 250 um due to
precise slicing by the Krumdieck Tissue Slicer, which banprovided for almost all
species. The presence of the relevant structure andteamtcinal organization is
supported by the manifold cells, their cell-cell and o@dkrix interactions as shown by
smooth muscle and airway contractions, or by stainingrdigen-presenting cells
(Bergner and Sanderson, 2002a; Coogieal., 2009; Henjakovicet al., 2008). But
neither PCLS nor one of the previously mentioned modmla overcome the
discrepancy of the missing blood or lymphatic circulati@espite the lack of
immigrating cells, they possess a complex and orgamanefestructure. But relevant
and complex organotypic models, however, should nét mmply the possibility to
study complex immune responses induced in different celisltneously; relevant
organotypic models are required to cover another mamcasmeasured responses have

to be physiologically relevant and have to reflectithevo situation.

5.4 Assessment ofn vivo relevance of PCLS

Finally, the conditions for complexity of the organ aomfirmed in PCLS; but to assess
the in vivo relevance of the lung slices it was necessaryotopare and correlate the
data obtained by using PCLS with already known data froman studies. To this end,
data from a clinical study performed by Schaumetral., 2008 were utilized in a linear
regression analysis model. Twelve cytokines including -bBiNF-1a, MIP-15, IL-10,
GM-CSF, and RANTES from bronchoalveolar lavage (BAlu)d from subjects who
had undergone segmental instillation of 2 ng endotoxin wernelated with data from
human PCLS. The calculated coefficient of correfatiwas 0.931, indicating high
resemblance and high relevance to ftime vivo situation. Nevertheless, careful
consideration is necessary here, given that the Iissget for the generation of PCLS

was received from cancer patients.

For the relevance of a model it is not only importanhave a system that imitates the

in vivo situation of the immune response very closely, buupitake of a chemical or a
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drug also has to resemble tnevivo exposure. In general, airway epithelial cells are the
first line of defense in the lung. Their barrier funatis supported by the secretion of
mucins (Girodet al., 1992), surfactant (Hohlfeldt al., 1997), and anti-microbial
peptides such as defensins or lysozymes (Schnapp and Harris, E@&8ermore,
macrophages and DCs take up antigens for presentatioredbeingly, these are the
first cells and molecules that get in contact with lelaantigens. The unobstructed
exposure of insoluble compounds such as gaseous compoundtabegphas been the
subject of various toxicologicah vitro studies using different experimental setups.
Some of these included submerged cultures with the tedbegag directed over the
adherent cells by shaking them at certain angles, atothlk cells alternated between
exposure and immersion in the culture medium (Ecad., 2002; Bombiclket al., 1998;
Rusznaket al., 1996). Others passed the gas over the cell suspensjyag#iet al.,
2007). Submerged exposure conditions, however, always laaignsive mixing of the
test gas and the culture medium. In this case, thegasmmpound such ag @acts
with components of the culture medium and is very éffety hindered from reaching
the cells. The ALI culture exposure model we used, pesdrwith Q and NQ in
PCLS, in the future might offer new insights into etfeinduced by airborne or inhaled
chemicals which up to date have only been studied under tioosdithat do not

resemble thén vivo uptake of antigens.

In conclusion, the obtained results indicated that orgamtlung model PCLS
approaches thi vivo situation very closely and most importantly it diggla suitable
model to reflect immunological responses of COPD tndc aspects of acute lung
injury/ ARDS.
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6 Outlook

By means of the presented data it could be shown thaP@ivide a suitable model to
reflect the immunological response of COPD. One neharacteristic of COPD,
however, is its unresponsiveness to corticosteroids wbhaterally inhibit a pro-

inflammatory immune response. LPS-induced pro-inflammatoediators could be
inhibited in PCLS by the synthetic corticosteroid dexansgthe, thus contradicting the
in vivo situation. One of the main limitations of the LPS-indu€&OPD model is the
lacking oxidative stress that was described after contac cigarette smoke.
Consequently, PCLS should be exposed to cigarette smadeliver a more relevant
COPD-model. For direct quantification of oxidative strethe amounts of glutathione
should be determined in PCLS. In a cigarette smoke-inducedDCQ&del, co-

treatment with dexamethasone should fail in reducingidpgrette smoke-induced pro-
inflammatory response of PCLS. Roflumilast, a PDE-4bimdw which is actually

successfully used as a therapeutic drug in COPD, could addlidreaused for co-

exposure with cigarette smoke, expected to prevent thenflasamatory response. But
cigarette smoke also contributes to DNA fragmentatisrone risk factor for cancer.

Such a fragmentation could be quantified by using a comay.ass
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8 List of abbreviations

ALl

AP-1
ARDS
ATP
BAES-2B
BAL

B cell

CD
COPD
CTGF
DC

DNA
ERK
G-CSF
GM-CSF
GOLD
GR

H20;
HBEC
HDAC
HelLa cell
HUVE cell
IFN-y
IkBa

IL

LFA-1
LPS
MAPK
MCP-1
MHC

Air-liquid interface
Activator protein-1
Acute respiratory distress syndrome
Adenosine triphosphate
Human bronchial epithelial cell line
Bronchoalveolar lavage
Bone marrow cell
Cluster of differentiation
Chronic obstructive pulmonary disease
Connective tissue growth factor
Dendritic cell
Deoxyribonucleic acid
Extracellular signal-regulated kinase
Granulocyte colony-stimulating factor
Granulocyte/macrophage colony-stimulating factor
Global initiative for chronic obstructive lung dasse
Glucocorticoid receptor
hydrogen peroxide
Human bronchial epithelial cell line
Histone deacetylase
Human epithelial cervical cancer cell
Human umbilical vein endothelial cell
Interferon-gamma
Inhibitor of NF«B
Interleukin
Leukocyte function associated antigen-1
Lipopolysaccharide
Mitogen-activated protein kinase
Monocyte-chemotactic protein-1

Major histocompatibility complex
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MIF4
MIP-1B
MODS
MOF
MyD88
NF-«xB
NHBE cell
NK cell
NO
NO;
NOS
0,

O3
PAMP
PBMC
PCLS
Ppm
RANTES
ROS
SIRS
SOD
STAT
T cell
Tycell
THP-1 cell
TIR
TLR
TNF-a
TNF-R
VLA
WHO

Macrophage migration inhibitory factor 4
Macrophage-inflammatory protein-1 beta

Multiple organ dysfunction syndrome

Multiple organ failure

Myeloid differentiation primary response gene (88)
Nuclear factor 'kappa-light-chain-enhancer' of activ&text|ls
Normal human bronchial epithelial cell

Natural killer cell

nitric oxides

Nitrogen dioxide

Nitrogen species

superoxide anion

Ozone

Pathogen-associated molecular pattern

peripheral blood mononuclear cell

Precision-cut lung slices

parts per million

Regulated on activation, normally T cell expessand secreted
Reactive oxygen species

Systemic inflammatory response syndrome
Superoxide dismutase

Signal transducer and activator of transcription
Thymus cell

T helper cell

Human monocyte leukemia cell line

Toll/IL-1R

Toll-like receptor

Tumor necrosis factor alpha

Tumor necrosis factor receptor
Very-late-antigen-4

World Health Organization
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