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Abstract

Background: Investigation of basic chronic inflammatory mechanisms and development of new therapeutics
targeting the respiratory tract requires appropriate testing systems, including those to monitor long- persistence.
Human precision-cut lung slices (PCLS) have been demonstrated to mimic the human respiratory tract and have
potential of an alternative, ex-vivo system to replace or augment in-vitro testing and animal models. So far, most
research on PCLS has been conducted for short cultivation periods (≤72 h), while analyses of slowly metabolized
therapeutics require long-term survival of PCLS in culture. In the present study, we evaluated viability, physiology
and structural integrity of PCLS cultured for up to 15 days.

Methods: PCLS were cultured for 15 days and various parameters were assessed at different time points.

Results: Structural integrity and viability of cultured PCLS remained constant for 15 days. Moreover, bronchoconstriction
was inducible over the whole period of cultivation, though with decreased sensitivity (EC501d = 4 × 10−8 M vs.
EC5015d = 4 × 10−6 M) and reduced maximum of initial airway area (1d = 0.5% vs. 15d = 18.7%). In contrast, even
though still clearly inducible compared to medium control, LPS-induced TNF-α secretion decreased significantly from
day 1 to day 15 of culture.

Conclusions: Overall, though long-term cultivation of PCLS need further investigation for cytokine secretion, possibly
on a cellular level, PCLS are feasible for bronchoconstriction studies and toxicity assays.
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Background
Respiratory diseases, both chronic and acute, account
for millions of deaths every year. In 2012 about 68% of
global deaths were caused by noncommunicable diseases
(NCD), with chronic lung disease being one of the four
main reasons [1]. The very fact that of the approximately
38 million annual deaths attributed to NCD about 10.5%

are accounted for by chronic respiratory diseases (CRD)
[2], emphasizes the urgent need for improved respiratory
therapies.
In this context of understanding physiological lung be-

havior in-vitro, it is essential to develop new therapeutic
substances. In recent years, the technique of precision-cut
lung slices (PCLS) has expanded the tools available for re-
spiratory research with a link between human based in-
vitro models and complex cellular anatomy [3]. PCLS, as a
3D organotypic tissue model, reflects the natural and rele-
vant microanatomy of the respiratory tract, as well as its
functional responses to specific stimuli [4–7]. Especially
with regard to the three Rs principle, PCLS represents an
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alternative to in-vivo models and can help to reduce the
number of animal studies [3].
Since the description of human agarose-filled lung slices

in 1994 [8], optimizations have been made to reproducibly
prepare very thin tissue slices of defined thickness. These
improvements have led to the wide application of the
PCLS technique [7, 9–11]. Ever since, PCLS from different
species have been used for the assessment of pharmaco-
logical and toxicological compounds [7, 9, 10], as well as
to model airway constriction [6]. Additionally, the use of
PCLS as a model has expanded into the fields of nano-
technology [12, 13] and virology [14]. However, most of
these studies using PCLS were conducted under short-
term culturing conditions (≤72 h) [9, 13, 15], which limits
their value to certain questions investigating rapid and
acute effects. Accordingly, slowly metabolized therapeutics
or chemicals, as well as repeated applications, which
might be important to investigate basic mechanisms and
treatments of CRD, have not been addressed with cultured
PCLS. Even though some effort has been made prior to
2000 to establish long-term cultivation of agarose-
embedded tracheal and lung tissue [16–18], these studies
only focused on limited endpoints to evaluate the feasibil-
ity of long-term cultivation of lung tissue.
The maintenance of structural and cellular integrity of

long-term cultivated murine or porcine lungs has pri-
marily been evaluated microscopically [16, 17]. Recently
a manuscript has been published that uses different end-
points for long-term cultivation of human PCLS, focus-
ing on PCLS as a “high-throughput, ex vivo system for
evaluating the safety, and potentially immunogenicity, of
vaccines and pharmaceuticals” [19]. However, to our
knowledge there is no study investigating multiple struc-
tural and functional endpoints after long-term cultiva-
tion of human lung tissue slices.
In the context of CRD research models, PCLS have

been used as a supportive tool after disease establish-
ment in-vivo [20]. This approach limits pre-clinical CRD
research to either animal in-vivo studies or the use of
human material from patients with the desired but very
advanced disease qualifying them for lung resection.
In order to extend the research applications that PCLS

can be used for, the current study evaluated long-term
cultivated human PCLS with regard to their feasibility as
a model for CRD research in terms of viability, physi-
ology and structure. The intention of the study was not
to introduce PCLS as a new technique, but to combine
established methods and investigate the value of PCLS
at a functional level as a long term cultivation model,
which in our opinion has been lacking so far. The results
of the present study extend the published work on long-
term organ cultures and demonstrate the feasibility of
using human PCLS as a long-term model for broncho-
constriction and cytotoxicity studies.

Methods
Culture media and reagents
Bicinchoninic acid (BCA) total protein kit, Earle’s
Balanced Salt Solution (EBSS) and Dulbecco’s Modified
Eagle’s Medium Nutrient Mixture F-12 Ham (DMEM,
pH 7.2–7.4, without phenol red) with L-glutamine and
15 mM HEPES were obtained from GIBCO (Thermo
Fisher Scientific, Rockford, IL, USA). DMEM was sup-
plemented with 100 U/mL penicillin and 100 μg/mL
streptomycin. Phosphate buffered solution (PBS, pH 7.4)
and lyophilized lipopolysaccharide (LPS) of Escherichia
coli, serotype 0111:B4 were purchased from Lonza
(Verviers, Belgium). WST-1 assay kit was obtained from
Roche (Mannheim, Germany). Low-gelling agarose and
protease inhibitor cocktail P1860 were obtained from
Sigma Aldrich (Munich, Germany).

Human donors and ethics statement
Providing written informed consent for PCLS experi-
ments from all patients, lung lobes were obtained im-
mediately after surgical resection at Hannover Medical
School or KRH Klinikum Oststadt-Heidehaus. For lung
tumor patients, only tumor-free tissue was used. Ex-
periments were in accordance with The Code of Ethics
of the World Medical Association and approved by the
Ethics Committee of the Hannover Medical School.
Lung donors for this study were diverse regarding age,

gender, medical history and cause of resection. The average
age of donors was 64 years (Additional file 1: Table S1).
The number of patients is indicated in each figure.

Preparation of PCLS
Human PCLS were prepared as previously described
[7]. Briefly, lungs were gently inflated with warm 1.5%
agarose-DMEM mix. Afterwards, lung explants were
macroscopically assessed by an experienced pulmo-
pathologist to identify regions of interest and exclude
previously unknown medical conditions (e.g. neopla-
sias or infections). Sections (∅ 8 mm) were sliced in
cold EBSS using a Krumdieck tissue slicer (Alabama
Research and Development, Munford, AL, USA) into
approx. 250–300 μm thin slices. PCLS were washed
thoroughly before cultivation in DMEM (2 slice per
500 μl) under normal immersion culture conditions
(37 °C, 5% CO2, and 100% air humidity) for up to
15 days. PCLS treated for 1 h with 1% Triton X-100
served as a dead reference.

WST-1 assay
Viability of PCLS was assessed by metabolic activity
using the WST-1 assay according to the manufacturer’s
instructions and as described before [7]. PCLS were in-
cubated with 0.125 mL/slice of diluted WST-1 solution
(1:10, according to manufacture’s instructions) for 1 h at
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37 °C. Optical density (OD) was measured at 420–480 nm
with a reference wavelength of 690 nm.

Calcein AM/ethidium homodimer-1 (“LIVE⁄DEAD®) staining
and quantitative image analysis
For microscopic assessment of viability, PCLS were in-
cubated with 2 μM Calcein AM and 5 μM Ethidium
homodimer-I (EthD-1) for 45 min at room temperature
in the dark on an orbital shaker (150 rpm) using the
Live/Dead® Viability/Cytotoxicity kit from Life Technolo-
gies (Darmstadt, Germany), as previously described [7].
After washing, the slices were imaged on a confocal laser
scanning microscope Meta 510 (LSM, Zeiss, Jena,
Germany) using a 10× objective. From each PCLS, tripli-
cates of 30 μm thick 3D stacks were recorded randomly
and analyzed using IMARIS 7.4.0 software (Bitplane Sci-
entific Software, Zurich, Switzerland), as described previ-
ously [7]. The ratio of counted dead cell nuclei (ex/em
517 nm/617 nm; red fluorescence) to total volume of
cytoplasm of living cells (ex/em 494 nm/517 nm; green
fluorescent) was calculated (dead cell nuclei/106 μm3

cytoplasm volume).

Measurement of cytokine secretion by enzyme-linked
immunosorbent assay (ELISA)
PCLS culture supernatants were collected, supple-
mented with 0.2% P1860, and stored at −80 °C. Human
Tumor necrosis factor-alpha (TNF-α) was measured
using the human TNF-α DuoSet from R&D Systems
(Wiesbaden-Nordenstadt, Germany) according to the
manufacturer’s specifications and as described else-
where [7]. OD was determined at 450 nm (reference
wavelength 540 nm) using the Tecan reader Infinite
200 PRO (Crailsheim, Germany). Cytokine concentra-
tion refers to 2 slices per time point and donor, mea-
sured in duplicate.

Methacholine-induced bronchoconstriction

Bronchoconstriction was measured according to the
protocol by Seehase et al. [21]. One slice was trans-
ferred into a 6-well plate with 2 mL DMEM (supple-
mented with 25 mM HEPES) per measurement and
fixed with a slice anchor (Warner Instruments, Ham-
den, CT, USA). Methacholine (Mch) was added step-
wise. After addition of each concentration of Mch (10−9

to 10−3 M), pictures were recorded in 5 s intervals for
3 min with a stereo microscope (Discovery V8; Zeiss,
Jena, Germany) controlled by the Axio Vision 4.8.2.
software program (Zeiss, Jena, Germany). Images were
analyzed with the ImageJ analysis program (National
Institute of Health).

Histopathology analysis
PCLS were fixed in 10% neutral buffered formalin, em-
bedded in paraffin, and sliced into 4–5 μm thin slices.
The paraffin slices were stained with hematoxylin and
eosin (H&E) using standard histological procedures and
mounted for light microscopy. Magnification and scale
bars are indicated in the figure.

Statistical analysis
Mann-Whitney tests were performed for statistical ana-
lyses using GraphPad 4.03 (GraphPad, San Diego, CA).
Data were expressed as Box and Whiskers or
mean ± standard error of the mean (SEM). Differences
between different time points were considered statisti-
cally significant at the level of p < 0.05.

Results
Human PCLS showed persistent viability during 15-day
long-term cultivation
In order to determine the viability of freshly prepared
human lung tissue slices in immersion culture, PCLS
were cultivated for 15 days and analyzed using differ-
ent assays. Within this time frame no significant
decrease of metabolic activity was detected by the
WST-1 assay, indicating no long-term loss in viability
after several days in culture. In contrast, a 1-h treat-
ment with Triton X-100, a commonly used detergent,
abrogated metabolic activity completely (Fig. 1).
Additionally, Calcein AM staining of the tissue

showed an overall presence of living tissue with vis-
ible alveolar structures, which were maintained for
the entire period of cultivation. Quantitative analysis
of Live/Dead® staining showed no significant differ-
ences over time. The dead cell control with Triton X-
100 showed only nuclei of dead cells and no vital tis-
sue (Fig. 2).

Human PCLS sustained the ability for bronchoconstriction
In order to determine the physiology of long-term
cultured human PCLS, Mch -induced bronchocon-
striction was measured. Slices were treated with dif-
ferent concentrations of Mch and constriction of the
airways was imaged via stereo microscopy (Fig. 3a).
The ability of the PCLS to constrict upon Mch stimu-
lus was sustained over the 15-day cultivation time
(Fig. 3b). The reactivity of the airway, however, de-
creased during cultivation (Table 1). The capability to
fully constrict upon treatment with the highest con-
centration of Mch, which was observed on the first
day, decreased until day 15, with a maximal constric-
tion of 81% (equals 19% initial airway area [IAA]
remaining; Table 1). Additionally, the sensitivity of
the airways decreased, as shown by increased EC50

values (Table 1). For the first 24 h after preparation,
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a dose of 0.37 nM Mch was sufficient to induce a
50% reduction of the IAA. In contrast, 15 days after
preparation a 100-fold higher dose (38 nM Mch) was
needed to achieve this same IAA reduction. A high
variability between different donors, however, needs
to be pointed out. Slices from different donors do not
constrict equally at the same day, though the trend

towards a steady decrease in reactivity and sensitivity
were observed for each donor individually.

LPS-induced release of TNF-α was declining during 15-day
long-term cultivation
The ability of PCLS to release the pro-inflammatory
cytokine TNF-α upon LPS stimulation was evaluated at
different time points during culture (Fig. 4). Human
PCLS were stimulated once with 100 ng/mL LPS for
20 h before the released TNF-α was measured. Media-
treated slices served as controls. The level of LPS-
induced and secreted TNF-α was shown to continuously
decrease over time, from 1168 ± 223 pg/mL at the first
day post preparation to 93 ± 54 pg/mL at day 15.

Fig. 2 Three dimensional detection and quantitative image analysis of
viability staining of long-term cultured human PCLS. Human lung slices
were stained with Calcein AM (yellow) and Ethidium homodimer 1
(EthD-1; red). Three stacks per slice of 30 μm thickness were taken
randomly at days 1, 7 and 15. One representative images for each time
point is shown. The stacks were analysed using IMARIS 5.5.3. software
and were quantitatively evaluated as the number of red nuclei of dead
cells (spots) per 106 μm3 volume of yellow vital tissue Triton X-100 served
as a dead cell control. Data are presented as Box and Whiskers,
**p < 0.01 compared to day 1, Mann-Whitney test (n = 6(day 1, 7,

Triton), n = 4(day15))

Fig. 3 Methacholine-induced bronchoconstriction in long-term cultured
human PCLS. PCLS with intact airways and surrounding epithelium were
used to measure methacholine-induced bronchoconstriction at different
time points. Different concentrations of methacholine (10−9 to 10−3 M)
were added to the slice and slice constriction was recorded by a stereo
microscope (a). Images were analyzed by the ImageJ analysis program.
The first control picture of the non-constricted airway was set to 100%.
The methacholine-induced reduction of the airway area was related to
the 100% airway area of the initial airway (b). Measurements were
conducted in at least duplicate. Data are presented as mean ± SEM,
n = 3. Mch = methacholine, %-IAA = percentage of initial airway area,
EC50 = half maximal effective concentration

Table 1 Maximal airway constriction and EC50 concentrations of
methacholine at different days of cultured human PCLS

Days of incubation 1 5 8 12 14 15

Maximal constriction [% IAA] 0.426 11 20 20 17 19

EC50 [×10−9 M] 0.37 4 1 47 10 38

Fig. 1 Metabolic activity of long-term cultured human PCLS. Metabolic
activity in human PCLS was determined by the WST-1 assay. The nega-
tive control Triton X-100, a commonly used detergent, decreased meta-
bolic activity in human PCLS to an OD corresponding to background
(~0.04). Data are presented as Box and Whiskers, Mann-Whitney test
(WST-1: n = 8(day 1, 8, 15, Triton), n = 5(day 5), n = 6(day 12, 14)). The dotted line
marks the mean measured OD on day 1. PCLS = precision cut lung slices
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However, the level of basal TNF- α measured in the
untreated medium-controls also diminished drastically
from 238 ± 122 pg/mL (day 1) to 13 ± 5 pg/mL (day 5)
and further to 7 ± 3 pg/mL (day 15). Therefore, after 15-
day cultivation, LPS-induced TNF-α secretion is still 13
times higher than the baseline level measured in the
control medium (93 ± 54 pg/mL vs. 7 ± 3 pg/mL).

The overall structural integrity of human PCLS maintained
over a 15-day cultivation period
In order to visualize pathological changes in lung tissue,
PCLS were stained and imaged for histopathological
analyses (Fig. 5a-i). The H&E staining revealed intact
maintenance of the extracellular matrix of the lung, such
as collagen and alveolar septal structure, although the
slight beginning of separation of the connective tissue fi-
bers was observed on day 7. The best preservation was
observed for the bronchiolar epithelium, followed by the
bronchiolar wall, the vasculature and the connective tis-
sue. A high number of intact macrophages were ob-
served within the tissue over time from day 1 until day
15 (Arrows Fig. 5b, e & h). The number of pneumocytes,
on the other hand, seemed to be reduced during long-
term cultivation. The smooth muscles remained intact
for the entire period of cultivation (Arrows Fig. 5c, f &
i). Also of note, there was no overgrowth of fibroblasts
observable at any time point.

Discussion
The aim of the current study was to evaluate long-term
maintenance of human PCLS as a tool for CRD research,

as defined by a range of viability and physiology
markers. Our study completes the data set of long-term
cultivation of human PCLS presented by the work of
Temann et al. [19] by several important structural and
functional (e.g. bronchoconstriction) assays. Overall, the
present study demonstrates that human PCLS can be
kept in culture for up to 15 days without the loss of
structural integrity, which is consistent with earlier stud-
ies focusing only on the structure of murine tissue slices
[17, 18]. Further, the here presented histology data
shows no overgrowth of fibroblasts during the serum-
free cultivation of human PCLS, which is in agreement
with the work of Siminski et al. on mouse lungs [17].
The presented study investigates on the one hand differ-
ent vitality markers, completing the recently published
work of Temann et al., and on the other hand function-
ality markers of long-term cultivated human PCLS,
which to our knowledge have not been described before.
Thus, this manuscript adds useful data to evaluate the
overall quality of human PCLS as a long-term tool for
CRD research. For the present study, a standard slice
thickness range of 250–300 μm was used in an
immersion culture. In contrast, some other groups in-
vestigating long-term cultivation of lung tissue have used
several millimeter thick slices and cultured them as air-
liquid interface (ALI) cultures, for example either on a
foam matrix or in a rotating fashion (e.g. in Leighton
tubes) [16, 18]. ALI culture mimics the natural in-vivo
air contact of the epithelial cells in-vitro [22], with one
side of the tissue being exposed to about 21% oxygen.
Oxygen supply is an important factor for maintaining
tissue culture and the well-being of lung cells. Several
years ago, an influence of tissue slice thickness and oxy-
gen penetration was evaluated, demonstrating that

Fig. 4 Extracellular LPS-induced release of TNF-α in long-term
cultured human PCLS. Human PCLS were treated once at indicated
time points without (control) or with 100 ng/mL LPS and incubated
for 20 h. The cytokine levels of TNF-α in PCLS culture supernatants
were determined by ELISA. TNF-α levels are depicted as mg/mL.
Data are presented as mean ± SEM, *p < 0.05 compared to TNF-α
secreted by untreated PCLS, ★p < 0.05 compared LPS-induced TNF-
α at day 1, Mann-Whitney test (n = 8(day 1), n = 6(day5, 8, 12), n = 4(day
14, 15)). TNF-α = Tumor necrosis factor alpha, LPS = Lipopolysaccharide,
ELISA = Enzyme Linked Immunosorbent Assay

Fig. 5 Histopathological staining of long-term cultured human PCLS.
Representative pictures of human PCLS stained at days 1, 7 and 15 post
preparation. The pictures show an overview of PCLS at different time
points (a, d & g; left row), close-up pictures of alveolar regions with
alveolar macrophages (b, e & h; arrow; middle row, 40× magnification)
and close-up pictures of larger airways with bronchiolar epithelium
(c, f & i; arrows; right row, 20× magnification)
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increased slice thickness decreased the oxygen supply
due to reduced diffusion, which subsequently leads to a
decreased viability of cells in the center of the slices
[23]. Although these observations were made for non-
agarose filled organs different from the lung, they are
conforming to the observations we made here. In line
with an earlier report on long-term cultivated PCLS
[19], the slice viability in the presented study was evalu-
ated by several different assays, demonstrating a con-
stant number of vital cells with metabolic activity over
the duration of cultivation. A decreased cell vitality in
the middle of the slices can mostly be excluded by
microscopically Live/Dead® staining (max. Penetration
depth ~ 150 μm). Application of a second assay (WST-1
in this case), however, supports the microscopic data
that the tissue remains vital over the described culturing
period. Additionally, microscopically observed cilia
movement, as well as the ability of the airways to con-
strict upon Mch stimulation, both observed for the
complete duration of cultivation, indicated the presence
of intact, functional and vital smooth muscle and epithe-
lial cells. This suggests a sufficient oxygen supply to
PCLS, even in the immersion tissue culture.
Despite the constant viability measurements, the re-

sults of the present study also demonstrate that changes
in the cellular composition and/or the functionality of
certain cells may have occurred. The sensitivity of the
airways to Mch stimulation decreased time-dependently
(EC50day1 = 0.37 nM Mch vs. EC50day15 = 38 nM
Mch). Likewise, the reactivity to Mch decreased from
day 1 to day 8, as seen by the altered maximal broncho-
constriction values (IAAday1 = 0% vs. IAAday8 = 20%).
However, it seems that the reactivity reached a plateau
and does not further decrease after 1 week of cultivation
(IAAday8 = 20% vs. IAAday15 = 19%). Therefore, a clear
Mch-induced bronchoconstriction was detectable for the
complete duration of the long-term cultivation.
Another alteration at the cellular level within the

PCLS, which has also been described before [19], is indi-
cated by the decreased ability to secrete the pro-
inflammatory cytokine TNF-α upon LPS stimulation.
Even though cells still secreted 13-times more TNF-α
upon LPS stimulation at day 15 compared to the base-
line level measured in the untreated controls, secretion
of TNF-α decreased significantly from day 1 to day 15
(1168 ± 222.8 pg/mL vs. 93 ± 54 pg/mL). One explan-
ation might be the serum-free or Granulocyte
macrophage-colony stimulating factor (GM-CSF)-free
culturing conditions used for PCLS, as TNF-α is mostly
secreted by macrophages, but also by natural killer cells,
B and T cells and epithelial cells [24, 25]. Macrophages
in single cell culture, however, seemed to depend on the
presence of GM-CSF or serum for better cell survival
and TNF-α secretion upon activation [26, 27]. These

macrophages secreted about twice as much TNF-α upon
stimulation compared with control [26]. Noteworthy,
monocytes at day 1 secreted about 4-times as much
TNF-α as GM-CSF-cultivated macrophages at day 3, in-
dicating that differentiated macrophages in culture lose
TNF-α-secreting ability over time, even in the presence
of GM-CSF [26]. The observations made in single cell
culture systems that upon stimulation TNF-α secretion
by macrophages decreases per se over time, with or
without medium supplements, indicate that altered
TNF-α secretion in long-term PCLS culture may be a
problem of cultivation in general rather than specifically
of PCLS. Further, we also observed a decline in TNF-α
secretion, even for the untreated media control PCLS,
from day 1 to day 5 and further until day 15
(238 ± 122 pg/mL vs. 7 ± 3 pg/mL) as has been
described before [19]. This suggests that some basal
TNF-α secretion occurs at the initiation of culture (day
1), either due to PCLS preparation or because of the ori-
gin of the tissue. The slicing process induces some stress
for the cells, especially for those located at the cutting
edge. Moreover, the complete preparation process of the
human lungs (surgery, agarose filling, transport to the la-
boratory, cutting) takes several hours, where the lungs,
though kept on ice and in media, are exposed to several
stress factors. However, experience has demonstrated
that after a resting phase (in medium at 37 °C) the in-
duction of immediate early responses (e.g. genes & cyto-
kines) are not affected [3]. In order to minimize the
effect of the PCLS preparation process, the slices were
thoroughly washed with medium and left for several
hours under cell culture conditions before experiments
were started. Yet, the influence of the cutting process,
though minimized, cannot be fully excluded. It is im-
portant to note, however, that the level of this non-
induced basal TNF-α release is significantly lower than
what was observed after LPS treatment. In the context
of a general decrease in TNF-α secretion in cell culture,
it might be plausible that without the addition of essen-
tial supplements to the culture, cells responsible for
TNF-α secretion may rapidly die. Yet, in the present
study, macrophages appeared to survive 15-day long-
term PCLS cultivation, as demonstrated by complemen-
tary histopathological analysis. However, macrophages
and monocytes are not the only source of TNF-α, and
other cells in PCLS may also undergo cell death in
serum-free long-term culture. To elucidate this question,
further studies need to look in more detail into the cel-
lular composition of PCLS after long-term cultivation.
Working with human samples includes another

important factor that needs to be considered: high inter-
individual variation. Wouters et al. investigated inter-
and intra-individual variations of LPS-induced cytokine
(e.g. TNF-α) responses in a human whole blood assay
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[28]. In the present study, high inter-individual variation
can be observed, especially at the first day of culture.
This inter-individual variation declined during cultiva-
tion, at least for the medium control. The variations in
response to LPS stimulation observed here may have
been caused by the different medical background of the
donors (diseases and/or different treatments, such as
chemotherapy). The inter-individual variations may also
play a key role in the scattering observed for the Mch-
induced bronchoconstriction. Yet, regardless of the
inter-individual variations, inducible bronchoconstriction
and cytokine responses were observed, even after a 15-day
long-term cultivation.

Conclusions
Overall, the here presented data complement the work
of Temann and colleagues [19], that long-term cultiva-
tion of PCLS for chronic exposure experiments are feas-
ible with regard to their viability. Additionally, and new
to this field is that this assumption is also supported by
the maintenance of some physiological features such as
bronchoconstriction. However, other questions still need
to be further elucidated and protocols further adapted,
to determine the exact cellular composition of lung tis-
sue after long-term cultivation and chronic exposure.
Yet, the presented data show convincingly that the ex-
tended culturing time frame of vital and functional hu-
man tissue, in regard to long-term cultivation, might
increase the application of the ex-vivo technique of
PCLS. PCLS have mainly been used to investigate local
respiratory irritation and immunotoxicity of potential
sensitizers or anti-cancer drugs [9, 29]. On the other
hand, PCLS were established as disease models, reflect-
ing features of inflammation, infection or early allergic
responses mimicked by passive sensitization [14, 30–33].
Disease models involving cellular remodeling have
hardly been established in PCLS. Kasper et al. estab-
lished an early fibrosis model in rat PCLS using a 3-day
protocol monitoring early pathohistological changes,
such as extracellular matrix accumulation and myofibro-
blast transdifferentiation and activation of microvascular
endothelial cells [34]. In line with this, Lin and col-
leagues also established a lung fibrosis model using 1–
2 mm thick rat slices in an ALI culture, observing the fi-
brosis with typically increased alveolar septa thickness
[35]. However, these protocols were used in rodent tis-
sue and either did not require cultivation for longer than
3 days or did not monitor viability or functionality.
Corresponding to these earlier PCLS models of slowly

progressive pulmonary diseases (e.g. interstitial lung dis-
eases), our data might contribute to the development of
further subacute or even CRD ex-vivo disease models
and new therapeutic substances for these, particularly
including slowly metabolized therapeutics.

Additional file

Additional file 1: Table S1. Tissue donor information. Donor
demographics including age, gender, lung lobe removed and reason for
lobectomy. Yrs = Years. (DOCX 15 kb)
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