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The effects of oxygen concentration
on cell death, anti-oxidant
transcription, acute inflammation,
and cell proliferation in precision-
cut lung slices
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Although animal models are often used in drug research, alternative experimental models are becoming
more popular as they reduce animal use and suffering. Of particular interest are precision-cut lung slices,
which refer to explants — with a reproducible thickness and diameter —that can be cultured ex vivo.
Because lung slices (partially) reflect functional and structural features of whole tissue, they are often
applied in the field of immunology, pharmacology, toxicology, and virology. Nevertheless, previous
research failed to adequately address concerns with respect to the viability of lung slices. For instance,
the effect of oxygen concentration on lung slice viability has never been thoroughly investigated.
Therefore, the main goal of this study was to investigate the effect of oxygen concentration (20 vs. 80%
0,) on the degree of cell death, anti-oxidant transcription, acute inflammation, and cell proliferation

in lung slices. According to the results, slices incubated at 20% O, displayed less cell death, anti-

oxidant transcription, and acute inflammation, as well as more cell proliferation, demonstrating that
these slices were considerably more viable than slices cultured at 80% O,. These findings expand our
knowledge on lung slices and their use as an alternative experimental model in drug research.

Though animal research is of vital importance in drug research, it is crucial that researchers use alternative exper-
imental models to reduce animal use and suffering. To that end, researchers could use precision-cut lung slices,
which are explants — with a reproducible thickness and diameter - that can be cultured ex vivo'. Advantages of
this model include its ability to (partially) reflect the functional and structural heterogeneity of whole tissue and
to decrease animal use as more experimental conditions can be tested per animal. Usually, lung slices are made of
tissue obtained from guinea pigs, mice, non-human primates, pigs, rats, rabbits, or sheep?=. More importantly,
lung slices can also be prepared from human tissue, thereby further expanding the translational value and signifi-
cance of this model’. As a result, lung slices have been used as an experimental model in the field of immunology,
pharmacology, toxicology, and virology'®-'3.

In the past, some researchers have reportedly incubated lung slices for as little as just a few hours, although
others have cultured lung slices for up to a few weeks!*'*. Unfortunately, previous research predominantly focused
on the application of lung slices as an alternative experimental model but generally failed to accurately address
concerns regarding their viability. For example, the effect of oxygen concentration on the viability of lung slices
has not been thoroughly investigated. Previously, we cultured lung slices at 80% O,, whereas others incubated
lung slices at ~20% O,>'®'7. In addition, slices prepared from different organs (e.g., intestine, liver, and kidney)
are typically incubated at 80% O, as well"!%. Because a decreasing viability can hamper the use and application of
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slices as an alternative experimental model, it is important to further investigate whether the oxygen concentra-
tion can affect the viability of lung slices.

Therefore, in this study we examined the effect of oxygen concentration (20 vs. 80% O,) on the degree of cell
death, anti-oxidant transcription, acute inflammation, and cell proliferation in lung slices. First, we studied cell
death, with a focus on general viability markers (i.e., ATP, protein, and RNA content) as well as tissue damage
and DNA fragmentation'. Furthermore, we checked whether caspase-dependent apoptosis was triggered by
examining accumulation of cleaved CASP3 (cl-CASP3), which is an executioner caspase that can be activated via
extrinsic (death signal) or intrinsic (mitochondrial) pathways®. Because oxidative stress can lead to cell death,
transcription of NRF2-downstream (anti-oxidant) target genes was investigated to estimate whether oxidative
stress might have developed in lung slices?!. In addition, to characterize acute inflammation, we analyzed mRNA
expression of pro-inflammatory cytokines as well as the release of respective proteins into culture medium?®-.
Finally, cell proliferation in slices was assessed by measuring mRNA expression of proliferation-related genes and
by staining lung slices for Ki67 — a marker of proliferation®.

Materials and Methods

Animal tissue. Lung tissue was obtained from male C57BL/6 ] mice (10-14 weeks old; 24-30 gram), which
were housed under controlled conditions with a 12h light/dark cycle and ad libitum access to water and food
(Central Animal Facility, University Medical Center Groningen, Groningen, The Netherlands). Mice were anes-
thetized with isoflurane/O, (Nicolas Piramal, London, UK) and sacrificed by exsanguination via the inferior vena
cava followed by perforation of the diaphragm. Directly afterwards, lungs were inflated in situ with 1 mL of lique-
fied and pre-warmed (37 °C) support medium containing 1.5% low-gelling-temperature agarose (Sigma-Aldrich,
Zwijndrecht, The Netherlands) and 0.9% NaCl (Merck, Darmstadt, Germany). After inflation and excision, lungs
were immediately transferred to ice-cold University of Wisconsin preservation solution (DuPont Critical Care,
Waukegab, USA). The animal experiments were approved by the Central Authority for Scientific Procedures
on Animals (permit number: 20171290) and conducted conform criteria set out in national and international
legislation.

Precision-cut lung slices. Slices (wet weight of 4-5 mg; thickness of 250-350 pm; diameter of 5mm) were
prepared with a Krumdieck tissue slicer (Alabama Research and Development, Munford, USA), which was filled
with ice-cold Krebs-Henseleit buffer supplemented with 25 mM D-glucose (Merck), 25 mM NaHCO; (Merck),
and 10 mM HEPES (MP Biomedicals, Aurora, USA); saturated with carbogen gas (95% O, and 5% CO,); and
adjusted to a pH of 7.4°. After slicing, slices were sampled directly (0h) or pre-incubated in 12-well plates (1 slice/
well) containing 1 mL/well of pre-warmed (37 °C) PneumaCult-ALI culture medium (Stemcell Technologies,
Grenoble, France), which was supplemented with 100 U/mL penicillin-streptomycin (Life Technologies,
Bleiswijk, The Netherlands) and 50 pg/mL gentamicin (Life Technologies), at 5% CO, and either 20 or 80% O,.
Culture plates were gently shaken at 90 cycles/min. After a pre-incubation of 2h, slices were transferred to culture
plates with fresh and prewarmed culture medium and they were incubated for 48 or 96 h, after which samples
were taken. Culture medium of slices that were incubated for 96 h was refreshed after 48 h.

ATP/protein content. Intracellular adenosine triphosphate (ATP) was extracted from slices (3 per con-
dition), which were individually stored in 1 mL of ice-cold sonication solution (70% ethanol and 2mM EDTA)
at —80°C, as previously described?. Briefly, slices were homogenized using a Minibead-beater (2 cycles of 455)
and subsequently centrifuged (16,000 x gat 4°C for 5min). The obtained supernatant was analyzed with an ATP
Bioluminescence Kit (Roche Diagnostics, Mannheim, Germany). Calculated ATP values (pmol) were then nor-
malized to the total amount of protein (j1g), which was determined for individual slices using an RC DC Protein
Assay (Bio-Rad, Munich, Germany).

Cytokine release. Culture medium samples (from 3 wells) were analyzed with a Mouse IL-13 DuoSet
enzyme-linked immunosorbent assay (ELISA), Mouse IL-6 DuoSet ELISA, and Mouse TNF-a DuoSet ELISA
(Bio-Techne, Abingdon, UK), according to the manufacturer’s instructions. Optical densities were measured with
a BioTek Synergy HT (BioTek Instruments, Vermont, USA). To correct for optical imperfections in the plate,
wavelength correction was applied by subtracting readings at 540 nm from readings at 450 nm.

mRNA expression. Total RNA was extracted from slices (6 per condition) with a Maxwell 16 LEV
SimplyRNA Tissue Kit (Promega, Leiden, The Netherlands), after which the RNA yield and purity was quan-
tified using a NanoDrop ND-100 spectrophotometer (NanoDrop Technologies, Wilmington, USA). Next, the
extracted RNA was reverse transcribed with a Reverse Transcription System Kit (Promega) and thermal cycler
(22°C for 10 min, 42 °C for 15min, and 95 °C for 5min). Thereafter, the real-time quantitative polymerase
chain reaction (QPCR) analysis was conducted with specific primers (Table 1), FastStart Universal SYBR Green
Master Mix (Roche, Almere, The Netherlands), and a ViiA7 real-time qPCR (Applied Biosystems, Bleiswijk, The
Netherlands), using 1 cycle of 10 min at 95°C and 40 consecutive cycles of 15s at 95°C, 30s at 60°C, and 305 at
72°C. mRNA expression was calculated as fold induction, using Ywhaz as a reference gene.

Protein expression. Protein was isolated from slices (6 per condition), using ice-cold RIPA lysis buffer
(Fischer Scientific, Landsmeer, The Netherlands) and a Minibead-beater for homogenization (five cycles of 45s
Minibead-beating and 10 min of cooling on ice), as described previously'®. After centrifugation of the lysate
(16,000 x g at 4°C for 30 min), the supernatant was collected and analyzed to determine the protein concen-
tration. Samples were subsequently boiled (100 °C for 15min) to denature protein. Thereafter, protein (20 pg)
was separated through sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), using 10%
gels, and blotted onto polyvinylidene fluoride membranes using a Trans-Blot Turbo Transfer System (Bio-Rad).
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Gene Forward sequence (5’ — 3’) Reverse sequence (5’ — 3’)

Casp3 ATGGAGAACAACAAAACCTCAGT TTGCTCCCATGTATGGTCTTTAC

Ccna2 AAGAGAATGTCAACCCCGAAAAA ACCCGTCGAGTCTTGAGCTT

Cenbl CTTGCAGTGAGTGACGTAGAC CCAGTTGTCGGAGATAAGCATAG

Cendl GCGTACCCTGACACCAATCTC ACTTGAAGTAAGATACGGAGGGC

Ccnel CTCCGACCTTTCAGTCCGC CACAGTCTTGTCAATCTTGGCA

Gcle GGGGTGACGAGGTGGAGTA GTTGGGGTTTGTCCTCTCCC

Gclm AGGAGCTTCGGGACTGTATCC GGGACATGGTGCATTCCAAAA

Hmox1 AAGCCGAGAATGCTGAGTTCA GCCGTGTAGATATGGTACAAGGA

11y TGAGCACCTTCTTTTCCTTCA TTGTCTAATGGGAACGTCACAC

Il6 TGATGCTGGTGACAACCACGGC TAAGCCTCCGACTTGTGAAGTGGTA

Mki67 ATCATTGACCGCTCCTTTAGGT GCTCGCCTTGATGGTTCCT

Nqol AGGATGGGAGGTACTCGAATC AGGCGTCCTTCCTTATATGCTA

Srxnl CCCAGGGTGGCGACTACTA GTGGACCTCACGAGCTTGG

Tnfa CTGTAGCCCACGTCGTAGC TTGAGATCCATGCCGTTG

Txnrdl CCCACTTGCCCCAACTGTT GGGAGTGTCTTGGAGGGAC

Ywhaz TTACTTGGCCGAGGTTGCT TGCTGTGACTGGTCCACAAT
Table 1. Primers.

Protein Primary antibody Secondary antibody

Rabbit anti-CASP3 (cleaved | Goat anti-rabbit HRP
cl-CASP3 form) (ab13847, 1:500, (P0448, 1:2000, Dako,
Abcam, Cambridge, USA) Santa Clara, USA)

Mouse anti-VCL (sc-
VCL 73614, 1:500, Santa Cruz,
California, USA)

Rabbit anti-mouse HRP
(P0260, 1:5000, Dako)

Table 2. Antibodies.

Afterwards, membranes were blocked in 5% non-fat milk/TBST (Bio-Rad) for 1h, after which they were incu-
bated overnight with primary antibody (Table 2) at 4 °C, followed by incubation with the respective secondary
antibody for 1h. Finally, protein was visualized with Clarity Western ECL blotting substrate (Bio-Rad) using the
ChemiDoc Touch Imaging System (Bio-Rad). Protein expression was normalized against vinculin (VCL), which
was used as a loading control.

Stainings. Slices (3 per condition) were fixed in 4% formalin at 4 °C for 24h, after which they were dehy-
drated in baths with increasing strengths of ethanol. Next, slices were cleared in xylene baths and embedded hori-
zontally in paraffin. Before staining, sections (4 um) were deparaffinized and rehydrated in baths with decreasing
strengths of ethanol. Tissue damage was visualized with a routine hematoxylin and eosin (H&E) staining, whereas
DNA fragmentation was revealed with a terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
Assay HRP-DAB Kit (Abcam). Furthermore, proliferation was assessed with an immunohistochemical staining
for Ki67. Briefly, sections were subjected to heat-mediated (80 °C) antigen retrieval in 10mM Tris/1mM EDTA
(pH 9.0) for 15min, blocked in 2% BSA/2% human serum in PBS, incubated with rabbit anti-Ki67 (ab15580,
1:750, Abcam) for 1h, washed with 0.05% Tween 20 in PBS (3 times for 5 min), incubated with goat anti-rabbit
HRP (P0160, 1:50, Dako) for 30 min, washed with 0.05% Tween 20 in PBS (3 times for 5min), incubated with
ImmPACT NovaRED Peroxidase Substrate (VectorLabs, Burlingame, USA) for 5min, counterstained with hema-
toxylin for 1-2 seconds, and mounted with DEPEX (Sigma-Aldrich). Stained sections were scanned with a C9600
NanoZoomer (Hamamatsu Photonics, Hamamatsu, Japan). Semi-quantitative tissue damage scores were assigned
to the airways and parenchyma in a blinded manner by two independent observers, using a custom scoring sys-
tem (supplementary information, section 1). DNA fragmentation and proliferation were quantified with Aperio
ImageScope (V12.3.3), employing the built-in Aperio Positive Pixel Count algorithm (V9). For each sample (bio-
logical replicate), three entire slices (technical replicates) were analyzed using the default algorithm settings to
count negative, weak positive, medium positive, and strong positive pixels in scanned whole-slide images. To
avoid inclusion of pixels reflecting non-specific staining, the staining intensity was calculated as the ratio of strong
positive pixels vs. total pixels (supplementary information, section 2).

Statistics. GraphPad Prism (version 6.0) was used to analyze data using two-way analyses of variance fol-
lowed by Bonferroni’s post-hoc test to compare means between incubation conditions at specific timepoints.
Differences between groups were considered to be statistically significant when p < 0.05.
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Figure 1. Characterization of general viability markers. Slices were collected after slicing (0h) and after 48

or 96 h of incubation at either 20 or 80% O, (1 =3-6). ATP (A), protein (B), ATP/protein (C), and RNA (D)
content in slices was measured to identify potential changes in viability. Values represent individual experiments
performed in triplicate and are accompanied with the arithmetic mean (horizontal line) & standard error of the
mean (error bars). (*p < 0.05, **p <0.01, and ****p < 0.0001).

Results

Characterization of general viability markers. To identify potential changes in viability, we quanti-
fied ATP, protein, and RNA content in slices (Fig. 1). According to the results, exposure to 20% O, elevated
the ATP, ATP/protein, and RNA content in slices over time. In contrast, these parameters gradually declined in
slices that were incubated at 80% O,. The protein content, however, remained similar between the tested oxygen
concentrations.

Evaluation of tissue damage. To reveal potential tissue damage in the airways and parenchyma, we con-
ducted an HE staining (Fig. 2). As shown, slices incubated at 20% O, displayed fewer signs of tissue damage than
slices cultured at 80% O,. With respect to the airways, the epithelium generally maintained its pseudostrati-
fied structure at 20% O,. After exposure to 80% O,, however, epithelial cells detached from the basement mem-
brane, leading to the flattening of remaining cells. Substantial differences in tissue damage were also observed in
the parenchyma. More specifically, hyperoxic incubation conditions (80% O,) led to more extensive karyolysis
(nuclei dissolution), pyknosis (nuclei shrinkage), and karyorrhexis (nuclei fragmentation) in the parenchyma.
Furthermore, alveolar macrophages were abundant in slices cultured for 96 h at 20% O, but not in slices cultured
at 80% O,.

Localization of DNA fragmentation. To investigate cell death in slices, we performed TUNEL stainings,
which can be used to reveal DNA fragmentation - a hallmark sign of apoptosis and necrosis (Fig. 3). As illus-
trated, DNA fragmentation became considerably more apparent in slices after 48 h of incubation, regardless of
the oxygen concentration. However, after 96 h of incubation at 20% O,, the degree of DNA fragmentation in slices
declined to original levels, whereas it continued to increase in slices cultured at 80% O,. Furthermore, instances
of DNA fragmentation were spread uniformly throughout the entire slice and marked both the airways and
parenchyma.

Activation of caspase-dependent apoptosis. To check whether caspase-dependent apoptosis was
triggered in slices, we examined Casp3 mRNA expression and accumulation of its functional protein cI-CASP3
(Fig. 4). Even though caspase-dependent apoptosis is regulated on a post-translational level by cleavage of CASP3,
we measured Casp3 mRNA levels to determine whether its expression was strongly up- or downregulated in slices
during incubation. As illustrated, both Casp3 mRNA and cI-CASP3 became gradually more abundant in slices
incubated at 20% O,. In contrast, slices cultured at 80% O, displayed negligible changes in these parameters.

Transcription of NRF2-downstream target genes. To estimate whether oxidative stress might have
developed in slices, we studied mRNA expression of NRF2-downstream target genes (Fig. 5). As demon-
strated, NRF2-downstream target genes were clearly transcribed more profusely in slices cultured at 80% O,.
Transcription of NRF2-downstream target genes increased after 48 h of incubation, albeit to a different extent
depending on the oxygen concentration. Interestingly, after 96 h of incubation at 20% O,, mRNA expression of
NRF2-downstream target genes either leveled off or declined, whereas mRNA expression continued to increase
in slices that were cultured at 80% O,.

SCIENTIFIC REPORTS |

(2019) 9:16239 | https://doi.org/10.1038/s41598-019-52813-2


https://doi.org/10.1038/s41598-019-52813-2

www.nature.com/scientificreports/

A Control (0 h) 20% O, (48 h) 20% O, (96 h)

20% 0, (48 h)
T — —r : : -
Y ha <. T | ‘if" o * : - v" e 4 A ¢
4 o y v 3 s ~, g «ig N -
e g ALK | N A
ey x V- £ N ’ /} N !
1 { / < &) 4 R A" |
iy e ' J L&Y ~ | [ e’ ';\ , 3)—4
X ¢t et \ Py (e o) f
) \ » % 1 \ X o ’ N |
) oy W2 972 I X\ e ) o
’/ ) ‘ y M e gl et ) -9 13
. A 2
1 -
". . A
A 1 Y L 80% O, (48 h) 80% O, (96 h)
. 4 o
. 4 b Wl ' 7
i N A & - - ;\&: > = ‘},h ~ P ow ~ Oy 3
rle £ . A e (¥4 W\ S Y’ﬁ AR | . 15
L A 4 - & ot ' § O '
-4 Ny DA Y [ D < T » ke O . <
1 ¥ o = e \ A B T ]
¢ "l N . % g e W o ¥
ey o | Ry ! % ¥

N v
XH
18 ,
o
=
13
’
-
«
A
”
o
o
L5
¢
4
»
A .
O )
-
o
~
-~
n
- o
v
P N
X
%
) A
-
o

b v v oo A [ ) ! ,
C Airways D Parenchyma
4- 4+ [ ]
- =
3+ .—. 'l 34 L
£ & om ] A Control
S 24 a — o S 29 a o 20%
o H 80%
A AA n
- 11 AA
AA AA
[ T T 0=—% T T
0 48 96 [} 48 96
Time (hours) Time (hours)

Figure 2. Evaluation of tissue damage. Samples were taken after slicing (0h) and after 48 or 96 h of incubation
at either 20 or 80% O, (n = 3-6). HE stainings were carried out to study tissue damage in the airways (A) and
parenchyma (B). Arrows point towards macrophages. In addition, tissue damage scores were assigned to the
airways (C) and parenchyma (D). Scores ranged from 0 (no tissue damage) to 4 (severe tissue damage). Values
represent an average of the scores assigned by two independent observers and are accompanied with the
arithmetic mean (horizontal line).

Expression of pro-inflammatory cytokines. To establish whether acute inflammation manifested in
slices, we measured I11b, 116, and Tnfa mRNA expression and release of respective proteins (i.e., IL-13, IL-6, and
TNF-) into culture medium (Fig. 6). As shown, Il1b mRNA expression strongly decreased over time regardless
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Figure 3. Localization of DNA fragmentation. Slices were sampled after slicing (0h) and after 48 or 96 h of
incubation at either 20 or 80% O, (n = 3). TUNEL stainings were performed to assess DNA fragmentation in
the airways (A) and parenchyma (B). Subsequent algorithmic analysis revealed TUNEL positive pixels (C).
Values represent individual experiments performed in triplicate and are accompanied with the arithmetic mean
(horizontal line) + standard error of the mean (error bars). (*p < 0.05).

of the oxygen concentration, whereas Tnfa mRNA expression remained unchanged. mRNA expression of 116,
however, appeared to be affected by oxygen levels because it was elevated in slices exposed to 80% O,. In addi-
tion, time-dependent differences were observed in the release of IL-6 and TNF-« into culture medium, but no
oxygen-dependent effects were discovered (IL-103 was not detectable). Release of IL-6 and TNF-a occurred
mainly during the first 48 h of incubation, after which it declined again.
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Figure 4. Activation of caspase-dependent apoptosis. Samples were obtained after slicing (0h) and after 48 or
96 of incubation at either 20 or 80% O, (1 =3-4). Baseline mRNA expression of Casp3 (A) was examined via
qPCR. Cleavage of CASP3 (B) was investigated by western blotting, using vinculin (VCL) as a loading control.
Values represent individual experiments performed in triplicate and are accompanied with the arithmetic mean
(horizontal line) + standard error of the mean (error bars). (**p < 0.01).

Induction of proliferation-related genes. To explore the induction of proliferation in slices, we assessed
mRNA expression of proliferation-related genes (i.e., Mki67, Ccna2, Ccnbl, Ccndl, and Cenel) (Fig. 7). Distinct
expression patterns were observed for slices incubated at 20 and 80% O,. Exposure of slices to 20% O, resulted
in a strongly increased expression of the previously mentioned genes. This observation was not made for slices
cultured at 80% O,. Instead, at 80% O,, mRNA expression of proliferation-related genes remained relatively
unchanged or diminished over time.

Localization of proliferating cells.  To localize proliferating cells in slices, we stained tissue sections for
Ki67 - a protein that is expressed in proliferating cells (Fig. 8). As displayed, profound differences were observed
in the Ki67 staining intensity between slices incubated at 20 and 80% O,. Incubating slices at 20% O, led to a
progressive increase in the Ki67 staining intensity, which was 3-fold lower in slices cultured at 80% O,. Although
Ki67 was detected throughout the entire slice when cultured at 20% O,, at 80% O, Ki67 remained mostly confined
to the airways and was only sporadically observed in the parenchyma.

Discussion

The main objective of this study was to investigate the effect of oxygen concentration (20 vs. 80% O,) on the extent
of cell death, anti-oxidant transcription, acute inflammation, and cell proliferation in lung slices. Our study pro-
vides considerable insights into the effect of oxygen concentration on the viability of lung slices. More specifically,
lung slices cultured at 20% O, displayed less cell death, anti-oxidant transcription, and acute inflammation, as
well as more cell proliferation, demonstrating these slices were significantly more viable than slices incubated at
80% O,.

First of all, overall changes in viability were identified by measuring ATP, protein, and RNA content in slices.
Remarkably, the ATP and RNA content gradually increased in slices that were incubated at 20% O,, whereas these
parameters progressively declined in slices cultured at 80% O, (protein content remained unaffected). The decline
in ATP content suggests mitochondrial function was severely hampered in slices exposed to 80% O,. Severe mito-
chondrial impairment typically leads to a switch from apoptosis, which is an energy-requiring process, to necrosis
and an inflammatory response®. In addition, ATP depletion can activate AMPK, thereby leading to subsequent
activation of P53, which can induce either apoptosis or cell-cycle arrest?*. Furthermore, the decline in RNA con-
tent also indicates more cell death occurred in slices exposed to 80% O, because RNA is rapidly degraded dur-
ing necrosis and apoptosis®. In contrast, the ATP and RNA content in slices incubated at 20% O, could have
increased due to cell proliferation, which requires ATP in order to replicate cellular contents®.

We subsequently stained sections with H&E to reveal potential tissue damage in lung slices. In general, slices
incubated at 20% O, exhibited fewer signs of tissue damage than slices cultured at 80% O,. Furthermore, tissue
damage was already observed after 48 h of incubation, after which it leveled off. For example, tissue damage in
the airways was predominantly characterized by the detachment of perishing epithelial cells from the basement
membrane, while remaining epithelial cells flattened to cover the denuded surface. These features are usually
observed in response to injury of the airways?. Tissue damage in the parenchyma was marked by instances of
pyknosis, karyolysis, and karyorrhexis. In addition, apoptotic bodies were particularly prominent in slices cul-
tured at 80% O,. These findings are in agreement with our previous study where we also observed signs of tissue
damage in slices cultured at 80% O,'°. Alveolar macrophages were only abundant in slices cultured at 20% O, for
96 h. This indicates that the viability of alveolar macrophages can be affected by the oxygen concentration.

Thereafter, TUNEL stainings were used to evaluate DNA fragmentation, which is a clear sign of cell death!.
Interestingly, after 48 h of incubation, slices cultured at either 20 or 80% O, displayed a comparable increase in the
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Figure 5. Transcription of NRF2-downstream target genes. Slices were sampled after slicing (0h) and after
48 or 96 h of incubation at either 20 or 80% O, (1= 3). QPCR was used to analyze Gclc (A), Gclm (B), Hmox1
(C), Nqol (D), Srxnl (E), and Txnrdl (F) mRNA expression because they are NRF2-downstream target genes.
Values represent individual experiments performed in triplicate and are accompanied with the arithmetic
mean (horizontal line) + standard error of the mean (error bars). (*p < 0.05, **p < 0.01, ***p < 0.001, and
kD < 0,0001).

extent of DNA fragmentation. This initial increase suggests cell death was a result of mechanical and/or chemical
stress that slices were subjected to during their preparation (e.g., shear stress, warm/cold ischemia, and nutrient
depletion). Strikingly, after 96 h of incubation, slices cultured at 80% O, accumulated even more DNA fragmenta-
tion over time, whereas DNA fragmentation in slices incubated at 20% O, dropped to initial levels. The observed
increase in DNA fragmentation at 80% O, could be attributed to an increased production of reactive oxygen
species (ROS), which can cause cell death if ROS production exceeds the capacity of anti-oxidant systems?.
However, a downside of TUNEL stainings is that no inferences can be made regarding the molecular mechanism
of cell death as both apoptotic and necrotic cells demonstrate DNA fragmentation. Furthermore, because the
lungs contain over 40 different cell types, it was not possible to exactly determine what cell type survived or died?.

To determine whether caspase-dependent apoptosis was triggered in slices, we examined accumulation of
its functional gene product cl-CASP3. Interestingly, cI-CASP3 gradually became more abundant in slices incu-
bated at 20% O,, whereas at 80% O, cI-CASP3 content remained unchanged over time. This finding indicates
caspase-dependent apoptosis was responsible for cell death in lung slices cultured at 20% O,, although care
should be taken not to overinterpret this finding because it does not mean other cell death mechanisms were not
involved. Interestingly, recent studies have also implicated cl-CASP3 as an inducer of proliferation in neighboring
cells, thereby triggering tissue regeneration®. Nevertheless, the lack of unchanged cl-CASP3 content in slices
incubated at 80% O, does suggest caspase-dependent apoptosis did not substantially contribute to cell death®.
Instead, necrosis or caspase-independent apoptosis could have been considerably more prominent in slices cul-
tured at 80% O, because these processes are marked by a strong decline in ATP content, which we observed
as well. The TUNEL staining supports this notion because DNA fragmentation, which results from apoptosis
and necrosis, was more extensive in slices that were cultured at 80% O,**. Therefore, depending on the oxygen
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Figure 6. Expression of pro-inflammatory cytokines. Samples were taken after slicing (0h) and after 48 or 96h
of incubation at either 20 or 80% O, (n=3). qPCR was used to assess Il1b (A), 1l6 (B), and Tnfa (C) mRNA
expression. Release of IL-6 (D) and TNF-« (E) into culture medium was quantified by ELISA. Values represent
individual experiments performed in triplicate and are accompanied with the arithmetic mean (horizontal
line) = standard error of the mean (error bars). (*p < 0.05 and ***p < 0.001).

concentration, cell death was probably induced via different cell death mechanisms, which are neither isolated or
mutually exclusive.

To estimate whether oxidative stress might have developed in slices, we assessed the transcription of
NREF2-downstream anti-oxidant target genes (i.e., Gcle, Gelm, Hmox1, Ngol, Srxnl, and Txnrdl). Typically, as a
response to elevated ROS formation, NRF2 translocates to the nucleus, where it binds to anti-oxidant response
elements, which are upstream of many anti-oxidant genes, including those tested in this study?!. According to the
results, mRNA expression of the tested NRF2-downstream target genes was more prominent in slices cultured
at 80% O,, suggesting that the oxygen concentration affected the formation of ROS. Unfortunately, because the
protein content in slices was too low, it was not possible to further investigate NRF2 accumulation in the nuclei
of cells. However, an increased accumulation of NRF2 in the nucleus does not necessarily demonstrate the devel-
opment of oxidative stress, which refers to an actual imbalance between the formation of oxidizing species and
a cell its ability to detoxify the reactive intermediates. As such, our observations only demonstrated cells were
strengthening their defenses to deal with potentially elevated ROS formation at higher O, levels. Although exten-
sive characterization of oxidative stress was beyond the scope of this study, future studies could consider the use
of immunohistochemistry to detect nuclear accumulation of NRF2 and the measurement of oxidized and reduced
glutathione to monitor oxidative stress®.

Furthermore, because necrosis can lead to acute inflammation, mRNA expression of pro-inflammatory
cytokines was analyzed as well as the secretion of respective functional gene products. Over time, only Il6 mRNA
expression was elevated upon exposure to 80% O,. The discrepancy between Il6 mRNA and IL-6 protein levels
is likely caused by differences in their control mechanisms. IL-6 is stored in intracellular vesicles and can be
rapidly secreted by cells, thus representing an acute response to injury**. Meanwhile, Il6 mRNA expression in
slices cultured at 80% O, may have been induced via the nuclear factor kB (NF-xB) pathway due to persistent
ROS formation, leading to differences between II6 mRNA and IL-6 protein levels. In addition, although varia-
ble over time, cytokine release was not dependent on the oxygen concentration. However, previously published
results demonstrated a much stronger induction of I11b, 1I6, and Tnfa mRNA expression in slices incubated at
80% O,°. Importantly, in our previous study we used Accell siRNA delivery medium and in our current study we
used PneumaCult-ALI medium, which contains hydrocortisone — a known immunosuppressive molecule. The
presence of hydrocortisone (480 ng/mL) readily explains the observed suppression of acute inflammation®. It is
certainly interesting to further characterize immunological properties of lung slices in terms of available immune
cells and their phenotypes.

SCIENTIFIC REPORTS |

(2019) 9:16239 | https://doi.org/10.1038/s41598-019-52813-2


https://doi.org/10.1038/s41598-019-52813-2

www.nature.com/scientificreports/

A Mki67 B Ccna2 C Ccnb1

15+ ’;ﬁ‘ 30+ 'ﬂ, e 40+ Ak
'g kK ’g E -x —
2 0 b T g g -I-
2 g 2
3 3 3 201
8 g e
= 54 ~ 104 -
) ] 2 104
= S S
= e (&) o

0 T T ' T — 0~ 4 T ... T - 0~ _F|‘_I'L

0 48 96 0 48 96 0 48 96
Time (hours) Time (hours) Time (hours)
D Ccnd1 E Ccne1
*%
4- L 25+
*dkkk

3 T ]
S {. S 204
§ 34 g ek
::E: -I— ::E: 15 {- & A Control
R '_-l. 3 20%
S - S 101  80%
™~ ™~
B = ¥
o A L ) '

oL r ol =

0 48 96 0 48 96
Time (hours) Time (hours)

Figure 7. Induction of proliferation-related genes. Slices were collected after slicing (0h) and after 48 or 96 h

of incubation at either 20 or 80% O, (n = 3). qPCR was also used to study mRNA expression of proliferation-
related genes Mki67 (A), Ccna2 (B), Cecnbl (C), Cendl (D), and Cenel (E). Values represent individual
experiments performed in triplicate and are accompanied with the arithmetic mean (horizontal line) + standard
error of the mean (error bars). (**p < 0.01, **¥p < 0.001, and ****p < 0.0001).

We subsequently investigated cell proliferation in slices by measuring mRNA expression of
proliferation-related genes (i.e., Mki67, Ccna2, Ccnbl, Ccndl, and Ccnel) as these genes are predominantly tran-
scribed in proliferating cells*>*’. Strikingly, mRNA expression of proliferation-related genes increased at 20% O,
and decreased at 80% O,. This highlights how the oxygen concentration not only affects cell death, anti-oxidant
transcription, and acute inflammation but also cell proliferation. Perhaps, proliferation was impaired at 80% O,
due to AMPK-mediated activation of P53, which is known to induce cell-cycle arrest®®. P53 can also be activated
in cells upon exposure to severe stress and/or damage, such as DNA mutations, to prevent proliferation of abnor-
mal cells*. Moreover, because expression of cyclins (i.e., Ccna2, Cenbl, Cendl, and Cenel) is strictly confined to
specific cell-cycle transitions, our data clearly demonstrates cells in slices cultured at 20% O, progressed through
all cell cycles®. However, given that these findings are based on changes in mRNA expression, results should be
treated with care as it is not possible to determine which and how many cells proliferated.

Finally, because differences in mRNA expression of proliferation-related genes were observed, we continued
to check the localization of proliferating cells by staining for Ki67, which is a marker of cell proliferation®. After
48 and 96 h of incubation, slices incubated at 20 and 80% O, displayed substantial differences in Ki67 staining
intensity. More specifically, at 20% O, Ki67 was abundant throughout the entire slices (i.e., airways and paren-
chyma), indicating extensive cell proliferation, whereas at 80% O, Ki67 remained mostly confined to the airways.
Furthermore, our Ki67 staining results are in line with mRNA expression data of proliferation-related genes as
we observed substantial oxygen-dependent effects as well. Cell turnover in the lungs is normally very low, though
injury can induce proliferation of progenitor cell populations (e.g., basal cells, airway secretory Club cells, and
alveolar epithelial type 2 cells) to repopulate damaged areas*®*!. As a result, these cell populations probably prolif-
erated in slices. Nevertheless, further research is necessary to confirm this hypothesis. To that end, flow cytometry
could be used to obtain both qualitative and quantitative insights into cell proliferation in slices.
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Figure 8. Localization of proliferating cells. Samples were obtained after slicing (0h) and after 48 or 96 h of
incubation at either 20 or 80% O, (1 = 3). Ki67 stainings were performed to localize proliferating cells in the
airways (A) and parenchyma (B). Subsequent algorithmic analysis revealed Ki67 positive pixels (C). Values
represent individual experiments performed in triplicate and are accompanied with the arithmetic mean
(horizontal line) + standard error of the mean (error bars). (**p < 0.01 and ***p < 0.001).

Conclusion
The effect of oxygen concentration (20 vs. 80% O,) on the extent of cell death, anti-oxidant transcription, acute

inflammation, and cell proliferation in lung slices was investigated. The presented findings clearly illustrate lung
slices cultured at 20% O, displayed less cell death, anti-oxidant transcription, and acute inflammation, as well as
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more proliferation, demonstrating these slices were significantly more viable than slices incubated at 80% O,. We
are confident that these findings expand our knowledge on lung slices and their optimal culturing conditions as
well as their use as an alternative experimental model in drug research.

Data availability
The datasets generated and analyzed are available from the corresponding author on request.

Received: 7 May 2019; Accepted: 23 October 2019;
Published online: 07 November 2019

References

1.

2.

fosd

10.
11.

12.
13.

14.
. Temann, A. et al. Evaluation of inflammatory and immune responses in long-term cultured human precision-cut lung slices. Hum.

16.
17.
18.
19.
20.
21.
22.
23.

24.
25.

26.

27.
28.

29.

30.
31.

32.
33.
34.
35.
36.
37.

38.

de Graaf, I. A. M. et al. Preparation and incubation of precision-cut liver and intestinal slices for application in drug metabolism and
toxicity studies. Nat. Protoc. 5, 1540-1551 (2010).

Rieg, A. D. et al. Levosimendan relaxes pulmonary arteries and veins in precision-cut lung slices - the role of KATP-channels, cAMP
and cGMP. PLoS One 8, €66195 (2013).

. Ruigrok, M. J. R. et al. siRNA-mediated RNA interference in precision-cut tissue slices prepared from mouse lung and kidney. AAPS

J. 19, 1855-1863 (2017).

. Sechase, S. et al. Bronchoconstriction in nonhuman primates: a species comparison. J. Appl. Physiol. 111,791-798 (2011).
. Meng, F. et al. Replication characteristics of swine influenza viruses in precision-cut lung slices reflect the virulence properties of the

viruses. Vet. Res. 44, 110 (2013).

. Hansen, N. U. B. et al. Tissue turnover of collagen type L, III and elastin is elevated in the PCLS model of IPF and can be restored

back to vehicle levels using a phosphodiesterase inhibitor. Respir. Res. 17, 76 (2016).

. Simoen, V. & Christophe, B. Effect of levocetirizine on the contraction induced by histamine on isolated rabbit bronchioles from

precision-cut lung slices. Pharmacology 78, 61-65 (2006).

. Cousens, C. et al. Jaagsiekte sheep retrovirus infection of lung slice cultures. Retrovirology 12, 31 (2015).
. Wujak, L. et al. FXII promotes proteolytic processing of the LRP1 ectodomain. Biochim. Biophys. Acta - Gen. Subj 1861, 2088-2098

(2017).

Hofmann, F et al. A Co-culture system with an organotypic lung slice and an immortal alveolar macrophage cell line to quantify
silica-induced inflammation. PLoS One 10, e0117056 (2015).

Rieg, A. D., Rossaint, R., Uhlig, S. & Martin, C. Cardiovascular agents affect the tone of pulmonary arteries and veins in precision-
cut lung slices. PLoS One 6, €29698 (2011).

Hess, A. et al. Prevalidation of the ex-vivo model PCLS for prediction of respiratory toxicity. Toxicol. Vitr 32, 347-361 (2016).
Neuhaus, V. et al. Functional testing of an inhalable nanoparticle based influenza vaccine using a human precision cut lung slice
technique. PLoS One 8, €71728 (2013).

Maihofer, N. A. et al. Imatinib relaxes the pulmonary venous bed of guinea pigs. Respir. Res. 18, 32 (2017).

Vaccin. Immunother 13, 351-358 (2017).

Ruigrok, M. J. R. et al. siRNA-mediated protein knockdown in precision-cut lung slices. Eur. J. Pharm. Biopharm. 133, 339-348
(2018).

Hiorns, J. E. et al. Airway and parenchymal strains during bronchoconstriction in the precision cut lung slice. Front. Physiol 7, 309
(2016).

Stribos, E. G. D. et al. Precision-cut human kidney slices as a model to elucidate the process of renal fibrosis. Transl. Res. 170, 8-16.
el (2016).

Zhivotosky, B. & Orrenius, S. Assessment of apoptosis and necrosis by DNA fragmentation and morphological criteria. Curr. Protoc.
Cell Biol. 1-23, https://doi.org/10.1002/0471143030.cb1803s12 (2001).

Elmore, S. Apoptosis: A review of programmed cell death. Toxicol. Pathol. 35, 495-516 (2007).

Ma, Q. Role of Nrf2 in oxidative stress and toxicity. Annu. Rev. Pharmacol. Toxicol. 53, 401-426 (2013).

Davidovich, P, Kearney, C. J. & Martin, S. J. Inflammatory outcomes of apoptosis, necrosis and necroptosis. Biol. Chem 395, 1163-71
(2014).

Jurikovéd, M., Danihel, I.., Poldk, S. & Varga, I. Ki67, PCNA, and MCM proteins: Markers of proliferation in the diagnosis of breast
cancer. Acta Histochem. 118, 544-552 (2016).

McBride, H. M., Neuspiel, M. & Wasiak, S. Mitochondria: More than just a powerhouse. Curr. Biol. 16, 551-560 (2006).

Thomas, M. P. et al. Apoptosis triggers specific, rapid, and global mRNA decay with 3’ uridylated intermediates degraded by DIS3L2.
Cell Rep. 11, 1079-1089 (2015).

Vander Heiden, M. G., Cantley, L. C. & Thompson, C. B. Understanding the Warburg effect: the metabolic requirements of cell
proliferation. Science 324, 1029-33 (2009).

Crosby, L. M. & Waters, C. M. Epithelial repair mechanisms in the lung. AJP Lung Cell. Mol. Physiol 298, L715-L731 (2010).
Dias-Freitas, E, Metelo-Coimbra, C. & Roncon-Albuquerque, R. Molecular mechanisms underlying hyperoxia acute lung injury.
Respir. Med. 119, 23-28 (2016).

Frohlich, E. & Salar-Behzadi, S. Toxicological assessment of inhaled nanoparticles: Role of in vivo, ex vivo, in vitro, and in silico
studies. Int. J. Mol. Sci. 15, 4795-4822 (2014).

Pérez-Garijo, A. When dying is not the end: Apoptotic caspases as drivers of proliferation. Semin. Cell Dev. Biol. 82, 86-95 (2018).
Galluzzi, L. et al. Molecular definitions of cell death subroutines: Recommendations of the Nomenclature Committee on Cell Death
2012. Cell Death Differ 19, 107-120 (2012).

Kraupp, B. G. et al. In situ detection of fragmented dna (tunel assay) fails to discriminate among apoptosis, necrosis, and autolytic
cell death: A cautionary note. Hepatology 21, 1465-1468 (1995).

Dragoni, S. et al. Gold nanoparticles uptake and cytotoxicity assessed on rat liver precision-cut slices. Toxicol. Sci 128, 186-197
(2012).

Brasier, A. R. The nuclear factor-B-interleukin-6 signalling pathway mediating vascular inflammation. Cardiovasc. Res. 86,211-218
(2010).

Acero, R. et al. Effect of hydrocortisone on the macrophage content, growth and metastasis of transplanted murine tumors. Int. J.
Cancer 33, 95-105 (1984).

Yamamoto, S. et al. Clinical relevance of Ki67 gene expression analysis using formalin-fixed paraffin-embedded breast cancer
specimens. Breast Cancer 20, 262-270 (2013).

Hydbring, P., Malumbres, M. & Sicinski, P. Non-canonical functions of cell cycle cyclins and cyclin-dependent kinases. Nat. Rev.
Mol. Cell Biol. 17, 280-292 (2016).

Dashzeveg, N. & Yoshida, K. Cell death decision by p53 via control of the mitochondrial membrane. Cancer Lett. 367, 108-112
(2015).

SCIENTIFIC REPORTS |

(2019) 9:16239 | https://doi.org/10.1038/s41598-019-52813-2


https://doi.org/10.1038/s41598-019-52813-2
https://doi.org/10.1002/0471143030.cb1803s12

www.nature.com/scientificreports/

39. O'Reilly, M. A. DNA damage and cell cycle checkpoints in hyperoxic lung injury: braking to facilitate repair. Am. J. Physiol. Lung
Cell. Mol. Physiol. 281, 1.291-305 (2001).

40. Hogan, B. L. M. et al. Repair and regeneration of the respiratory system: Complexity, plasticity, and mechanisms of lung stem cell
function. Cell Stem Cell 15, 123-138 (2014).

41. Barkauskas, C. E. et al. Lung organoids: current uses and future promise. Development 144, 986-997 (2017).

Author contributions
Concept and design: M.R., W.H. and P.O.; Data collection and interpretation: M.R., J.T., B.M., W.H. and P.O.;
Drafting the manuscript: M.R., W.H. and P.O. All authors edited and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-52813-2.

Correspondence and requests for materials should be addressed to W.L.J.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:16239 | https://doi.org/10.1038/s41598-019-52813-2


https://doi.org/10.1038/s41598-019-52813-2
https://doi.org/10.1038/s41598-019-52813-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The effects of oxygen concentration on cell death, anti-oxidant transcription, acute inflammation, and cell proliferation i ...
	Materials and Methods

	Animal tissue. 
	Precision-cut lung slices. 
	ATP/protein content. 
	Cytokine release. 
	mRNA expression. 
	Protein expression. 
	Stainings. 
	Statistics. 

	Results

	Characterization of general viability markers. 
	Evaluation of tissue damage. 
	Localization of DNA fragmentation. 
	Activation of caspase-dependent apoptosis. 
	Transcription of NRF2-downstream target genes. 
	Expression of pro-inflammatory cytokines. 
	Induction of proliferation-related genes. 
	Localization of proliferating cells. 

	Discussion

	Conclusion

	Figure 1 Characterization of general viability markers.
	Figure 2 Evaluation of tissue damage.
	Figure 3 Localization of DNA fragmentation.
	Figure 4 Activation of caspase-dependent apoptosis.
	Figure 5 Transcription of NRF2-downstream target genes.
	Figure 6 Expression of pro-inflammatory cytokines.
	Figure 7 Induction of proliferation-related genes.
	Figure 8 Localization of proliferating cells.
	Table 1 Primers.
	Table 2 Antibodies.




