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Abstract
Background: Ex-vivo lung perfusion (EVLP) systems like XVIVOâ are more and more common in the
setting of lung transplantation, since marginal donor-lungs can easily be subjected to a performance test
or be treated with corticosteroids or antibiotics in high dose regimes. Donor lungs are frequently positive
in bronchoalveolar lavage (BAL) bacterial cultures (46-89%) which leads to a donor-to-recipient
transmission and subsequent to a higher risk of lung infection with reduced posttransplant outcome. We
have previously shown that sphingosine very e�ciently kills a variety of pathogens, including
Pseudomonas aeruginosa, Staphylococcus aureus and epidermidis, Escherichia coli or Haemophilus
in�uenzae. Thus, sphingosine could be a new treatment option with broadspectrum antiinfective
potential, which may improve outcome after lung transplantation when administered prior to lung re-
implantation. Here, we tested whether sphingosine has any adverse effects in the respiratory tract when
applied into the isolated ventilated and perfused lungs.

Methods: A 4-hour EVLP run using minipig lungs was performed. Functional parameters as well as
perfusate measurements where obtained. Biopsies were obtained 30 min and 150 min after inhalation of
sphingosine. Tissue samples were �xed in paraformaldehyde, embedded in para�n and sectioned.
Hemalaun, TUNEL as well as Cy3-coupled anti-sphingosine/ceramide antibodies stainings were
implemented.

Results: We demonstrate that tube-inhalation of sphingosine into ex-vivo perfused and ventilated minipig
lungs results in increased levels of sphingosine in the luminal membrane of bronchi and the trachea
without morphological side effects up to very high doses of sphingosine. Sphingosine also did not affect
functional lung performance.

Conclusion: In summary, the inhalation of sphingosine results in an increase of sphingosine
concentrations in the luminal plasma membrane of tracheal and bronchial epithelial cells. The inhalation
has no local side effects in ex-vivo perfused and ventilated minipig lungs.

Introduction
One of the most important upcoming challenges in global health is the prevention and treatment of
bacterial infections with accelerating antibiotic resistances. Bacterial pneumonia and in particular
ventilator-associated pneumonia (VAP) have high mortality rates, which are ranging from 24% up to 76%
in speci�c settings 1. The most common pathogen worldwide in community-acquired pneumonia (CAP)
(17% of all cases), hospital-acquired pneumonia (HAP) (25% of all cases) 2, and ventilator-associated
pneumonia in intensive care units (28% of all cases) 3 is Pseudomonas aeruginosa (PA). Next to the
acute pulmonary infections, PA is also common among chronic pulmonary infections in patients
suffering from chronic obstructive pulmonary disease (COPD), bronchiectasis 4 or cystic �brosis (CF) 5.
There is an increase of multidrug-resistant (MDR) bacterial pathogens, such as PA, Acinetobacter species,
and methicillin-resistant Staphylococcus aureus (SA), recorded for HAP and VAP over the last years 6. Due
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to this growing global public health issue, national governments addressed this growing threat and set
priorities for the quest of novel antimicrobial agents 7. Therefore, we investigated pulmonary effects of
sphingosine (SPH), which was recently identi�ed as a lipid with marked antimicrobial potency.
Sphingosine is a sphingoid long-chain base which is synthesized from ceramide by the ceramidases.
Sphingosine kills several bacterial species like PA, SA (even methicillin resistant SA; MRSA),
Acinetobacter baumannii, Escherichia coli, and Neisseria meningitides in vitro and in vivo (8–13) 8 9 10 11 12

13. Previous studies have demonstrated that sphingosine is abundantly expressed on the luminal side of
nasal to bronchial epithelial cells in wild-type mice, while sphingosine is greatly reduced in epithelial cells
of cystic �brosis (CF) patients and mice, due to reduced activity of the acid ceramidase in CF epithelial
cells 8 9 12. A normalization of sphingosine levels in airways upon inhalation of sphingosine also
normalized the susceptibility of CF mice to develop pulmonary infections indicating that sphingosine
acts as a natural antibacterial agent in the airways 14.

We investigated whether administration of sphingosine to ex-vivo perfused and ventilated minipig-lungs
(EVLP) via nebulization had any side effects in epithelial cells of the respiratory tract. In addition, EVLP
systems like XVIVO→ are more and more common in the setting of lung transplantation, where marginal
donor-lungs can easily be subjected to a performance test or be treated with corticosteroids or antibiotics
in high dose regimes 15 16. Donor lungs are frequently positive in bronchoalveolar lavage (BAL) bacterial
cultures (46–89%) which leads to a donor-to-recipient transmission and subsequently to a higher risk of
lung infection with reduced posttransplant outcome 6 17 18. Thus, inhalative sphingosine treatment prior
to lung re-implantation may reduce bacterial counts and may lead to an improved outcome after lung
transplantation if it can be inhaled.

Materials And Methods
Animals

For the organ procurement one year old Goettingen mini pigs (Ellegaard, Soroe Landevej 302, 4261
Dalmose, Denmark) were used with supervison of Central Animal Laboratory of the University Duisburg-
Essen accordingly to the “Principles of Laboratory and Animal care” 19 with at least 10 days of
quarantine. Institutional committee has approved the experiments, including any relevant details. All
animals were checked by general examination for signs of respiratory diseases prior to the experiment.
Additionally, samples of every experimental lung were taken and checked for typical porcine diseases
which can affect lung functional outcome by real time PCR analysis. Animals with multiple positive
results were excluded from the analysis (n = 1).

Prior to euthanasia no intervention or medical application was conducted. Organ procurement was
reported to the local authorities (Landesamt für Natur, Umwelt und Verbraucherschutz NRW) according to
applicable german law (§ 1 VTMVO). We con�rm that all experiments were performed in accordance with
the relevant guidelines (including the ARRIVE guidelines) and regulations.
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Lung procurement

After ketamine (30 mg/kg, i.m.) and xylazin (2 mg/kg, i.m.) sedation pigs were anesthetized with
midazolam (0.1 mg/kg, i.v.) and ketamine (0.3 mg/kg, i.v.) before euthanasia with potassium chloride
(7,45 %, 1.67 mL/kg, i.v.) was induced. After con�rmed death (Maastricht Classi�cation 20), sternotomy
was performed as previously described 21 22. Lungs were �ushed antegrade with 2 L of 4°C Perfadex-
Plus™ (XVIVO Perfusion, Gotheburg, Sweden) followed by a 2-hour period of cold static preservation
(CSP).

Ex-Vivo Lung Perfusion (EVLP)

A 4-hour EVLP run employing the XVIVO→ System (XVIVO Perfusion, Gotheburg, Sweden) following a
modi�ed Toronto protocol was implemented 21. A pressure-controlled ventilation form was used to
prevent barotrauma especially when ventilation was started and minipig lungs were distinct atelectatic 23.
The XVIVO  System was built up with a mechanical ventilator (Hamilton-C2; Hamilton Medical AG,
Bonaduz, Switzerland) and a centrifugal pump (Rota�ow; Maquet Cardio-pulmonary AG, Hirrlingen,
Germany), which circulated perfusate through the system. A gas mixture of 6% O2, 8% CO2, and 86% N2
(named CRYSTAL gas, Air Liquide, Duisburg, Germany) was administered while the perfusate passed
through a Quadrox PLS membrane oxygenator (Maquet Cardiopulmonary AG) to achieve deoxygenation
before the perfusate was recirculated through the pulmonary artery. Fluids were warmed to 36°C using a
heat exchanger (HU 35, Maquet Cardiopulmonary AG). An acellular perfusate was utilized for the circuit
containing modi�ed Custodiol-N (Dr. Franz Köhler Chemie GmbH, Bensheim, Germany), 200ml 10%
human low-sodium albumin (CSL Behring GmbH, Hattersheim, Germany) and 35 ml 5% glucose (G5,
B.Braun, Melsungen, Germany).

Functional Measurements

Pulmonary function parameters containing oxygenation capacity (ΔpO2), pulmonary vascular resistance
(PVR), and the static / dynamic compliance (Cstat/Cdyn).

Perfusate Measurements

Perfusate analysis were performed hourly. Lactate levels as by-product of anaerobic cellular metabolism,
activities of lactate dehydrogenase (LDH) as a marker of cell damage and alkaline phosphatase (AP)
activity as a marker of pneumocyte type II injury were measured.

Wet/Dry-Ratio

For the wet/dry-ratio small biopsies out of the lobus caudalis were collected prior to perfusion start and
after the EVLP run to quantify the water content of lung tissue. Wet weight was measured immediately
after removal and for the dry weight tissue samples underwent a 24-hour desication at 65°C.

Inhalations
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After balanced randomization inhalation groups were built (5 ml; 125 µM (n = 3), 500 µM (n = 3) of
sphingosine and control with the solvent 10% octylglucopyranoside (OGP) (n = 3)). One hour after organ
perfusion was started a 15-minute inhalation (Aerogen, Aerogen Solo, Galway, Ireland; particle size 3.54
µm) was implemented.

Biopsies

Proximal bronchi biopsies were obtained 30 min and 150 min after inhalation end using a �beroptic
videoscope (Ambu A/S, Baltorpbakken 13, DK-2750 Ballerup, Denmark). In none of the lungs pathological
changes or signs for tumors were observed. Tissue samples from larger bronchi were taken for
histological and biochemical studies using toothed (alligator) forceps and underwent immediately �xing
in 4% paraformaldehyde (PFA) for 40 h or shock-freezing in liquid nitrogen.

Quanti�cation of sphingosine and ceramides by HPLC-MS/MS

Shock-frozen tissue samples were subjected to lipid extraction using 1.5 mL methanol/chloroform (2:1,
v:v) as described 24. Extraction solvents contained d7-sphingosine, 17:0 ceramide and 16:0-d31-
sphingomyelin (all Avanti Polar Lipids, Alabaster, USA) as internal standards. Chromatographic
separations were achieved on a 1260 In�nity HPLC (Agilent Technologies, Waldbronn, Germany)
equipped with a Poroshell 120 EC-C8 column (3.0 × 150 mm, 2.7 µm; Agilent Technologies). MS/MS
analyses were carried out using a 6490 triple-quadrupole mass spectrometer (Agilent Technologies)
operating in the positive electrospray ionization mode (ESI+). SPH and six sub-species (16:0, 18:0, 20:0,
22:0, 24:0 and 24:1) each of ceramides (Cer) and sphingomyelins (SM) were analyzed by selected
reaction monitoring (SRM) as described 25. Quanti�cation was performed with MassHunter Software
(Agilent Technologies). Sphingosine and ceramide contents were normalized to total sphingomyelin (sum
of six sub-species) and expressed as fmol / pmol total SM.

Antibodies and reagents

Ceramide was stained in the histologies using the monoclonal mouse anti-ceramide antibody clone S58-9
(#MAB_0011, Glycobiotech). Sphingosine was detected by monoclonal mouse anti-sphingosine
antibodies, clone NHSPH (#ALF-274042010, Alfresa Pharma Corporation). Cy3 donkey anti-mouse IgM
F(ab)2 fragments (#715-166-020; Jackson ImmunoResearch) or Cy5-coupled donkey anti-mouse IgM
antibody (#715-176-020; Jackson ImmunoResearch) were used as secondary antibodies for
visualization.

Immunohistochemistry

Stainings were performed as previously described 9 26 27 28 29. Samples were �xed in 4% phosphate-
buffered (PBS) paraformaldehyde (pH 7.2–7.4) for 48 h, washed and stepwise dehydrated with an
ethanol to xylol gradient. Lung tissue biopsies were then embedded in paraplast and sectioned at 7 µm.
Sections were dewaxed, rehydrated and antigens were retrieved by 30 min treatment with pepsin (Digest
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All; #003009, Invitrogen) at 37°C. Sections were washed with water and PBS (pH 7.4), unspeci�c binding
sites were blocked by incubation in PBS supplemented with 0.05% Tween 20 (Sigma) and 5% fetal calf
serum for 10 min. Samples were stained with anti-ceramide antibodies (1:100 dilution) or anti-
sphingosine antibodies (1:1000 dilution) in H/S (132 mM NaCl, 20 mM HEPES [pH 7.4], 5 mM KCl, 1 mM
CaCl2, 0.7 mM MgCl2, 0.8 mM MgSO4) plus 1% FCS at room temperature for 45 min. Sections were
washed 3-times with PBS supplemented with 0.05% Tween 20, once with PBS and stained with Cy3-
coupled anti-mouse IgM F(ab)2 fragments diluted 1:200 in H/S, 1% FCS for 30 min. Samples were
washed above and embedded in Mowiol. Sections were analyzed on a Leica TCS-SP5 confocal
microscope employing a 40 × lens. Image analysis was performed using a Leica LCS software version
2.61 (Leica Microsystems, Mannheim, Germany) with identical settings for all samples.

TUNEL assays

As previously described 30 PFA-�xed samples were processed and sectioned as described above.
Sections were microwaved with 0.1 M sodium citrate (pH 6.0) at 450 W for 5 min, washed twice in PBS
and the TUNEL reaction was performed with 5 µl TUNEL enzyme, 20 µl TMR label and 25 µl TUNEL
dilution according to the instructions of the vendor (Roche). Samples were incubated for 60 min at 37°C
and washed 3-times in PBS. Finally, samples were incubated for 10 min at 70oC in PBS, washed once in
PBS and embedded in Mowiol in order to reduce background staining.

Hemalaun stainings

As previously described 30 para�n sections of lung tissues were dewaxed, rehydrated and washed as
described above followed by a 5 min staining with hemalaun. Sections were embedded in Mowiol and
analyzed on a Leica TCS-SP5 confocal microscope employing a 40 × lens. Hemalaun stainings were
scored as following: Grade 0: no change of the epithelial cell layer, basal membrane intact, no evidence of
leukocyte in�ux, less than 2% pycnotic, i.e. dead cells. Grade 1: small disruptions of the epithelial cell
layer, basal membrane intact, very minor leukocyte in�ux with few singular cells in the epithelial cell layer,
less than 5% pycnotic, i.e. dead cells. Grade 2: Larger disruptions of the epithelial cell layer, basal
membrane still intact, scattered leukocyte in�ux, less than 10% pycnotic, i.e. dead cells. Grade 3: Larger
disruptions of the epithelial cell layer, disrupted basal membrane, massive leukocyte in�ux, more than
10% pycnotic, i.e. dead cells.

STATISTICS
To examine whether mean values of our dependent groups are signi�cantly different a univariate ANOVA
with repeated measures was conducted. Three groups were built on the basis of inhalation solution and
concentration (sphingosine 125 µM (125 µM SPH); n = 3), sphingosine 500 µM (500 µM SPH); n = 3) and
the solvent octylglucopyranoside (OGP; n = 3)). Data was explored in mean value (mean) and standard
deviation (sd). Differences were considered signi�cant at the level of p < 0.05 = *, p < 0.01 = ** and p < 
0.001 = ***, Univariate analysis (ANOVA) was used for normal distributed variables, Kruskal-Wallis testing
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was applied when Gaussian distribution was rejected. For ANOVA a Bonferroni correction was applied if
variances were equal distributed and Dunnett´s T3 test if not. Statistical analysis was performed using
SPSS Statistics 22 (IBM, Armonk, New York, US).

Results
To test possible adverse effects of sphingosine in EVLP mini pig lungs, we measured oxygen capacity
(∆pO2), static (Cstat) and dynamic compliance (Cdyn), pulmonary vascular resistance (PVR) after
inhalation of a 5 ml supspension containing 125 µM, 500 µM sphingosine or OGP, the solvent of
sphingosine. The results showed that sphingosine did not signi�cantly affect functional performance
during a 4-hour EVLP run (Table 1). Water content of lung tissues sample were increasing in all groups
during EVLP run without signi�cant differences. Perfusate measurements revealed an increase of lactate
levels and activity of LDH and AP. Statistical computing at 1, 2, 3 and 4 hours did not yield signi�cant
differences (Table 1).
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Table 1
Statistical analysis of the functional parameters ∆pO2 (difference between pulmonary arterial to

pulmonary venous oxygen partial pressure in the perfusate) Cstat and Cdyn (static and dynamic lung
compliance), PVR (pulmonary vascular resistance), as well as the ratio between wet and dry weight after

EVLP run (wet/dry ration, W/D-ratio) and perfusate measurements of lactate levels, activity of lactate
dehydrogenase (LDH) and alkaline phosphatase (AP) after inhalation of a 125 µM (SPH 125), 500 µM

(SPH 500) and 10% OGP (OGP) suspension in a 4 hour EVLP run. Given is the mean ± SD, statistical
signi�cance p < 0.05, ANOVA (Equal variance assumed: Bonferroni test; equal variance not assumed:

Dunnett´s T3 test)

      OGP SPH 125 µM SPH 500 µM  

Parameters   EVLP
time

n mean ± sd n mean ± sd n mean ± sd p-
value

Functional                  

  ΔpO2 1 hour 3 386 ± 17 3 291 ± 167 3 320 ± 92 n.s.

    2 hours 3 416 ± 92 3 295 ± 214 3 298 ± 97 n.s.

    3 hours 2 371 ± 25 3 285 ± 183 3 278 ± 75 n.s.

    4 hours 3 386 ± 105 3 250 ± 135 2 273 ± 173 n.s.

    p-value   n.s.   n.s.   n.s.  

  PVR 1 hour 2 530 ± 434 3 601 ± 772 3 223 ± 93 n.s.

    2 hours 2 466 ± 426 3 493 ± 579 3 252 ± 166 n.s.

    3 hours 2 651 ± 707 3 667 ± 576 3 310 ± 195 n.s.

    4 hours 2 612 ± 747 3 742 ± 645 2 431 ± 531 n.s.

    p-value   n.s.   n.s.   n.s.  

  Cdyn 1 hour 3 27 ± 8 3 17 ± 2 3 20 ± 9 n.s.

    2 hours 3 24 ± 9 3 16 ± 6 3 18 ± 8 n.s.

    3 hours 3 17 ± 4 3 15 ± 8 3 20 ± 4 n.s.

    4 hours 3 20 ± 17 3 12 ± 9 2 14 ± 12 n.s.

    p-value   n.s.   n.s.   n.s.  

  Cstat 1 hour 3 39 ± 22 3 19 ± 1 3 22 ± 10 n.s.

    2 hours 3 31 ± 20 3 18 ± 6 3 21 ± 8 n.s.

    3 hours 3 32 ± 27 3 17 ± 6 3 37 ± 24 n.s.

    4 hours 3 32 ± 36 3 13 ± 9 2 21 ± 10 n.s.

    p-value   n.s.   n.s.   n.s.  
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      OGP SPH 125 µM SPH 500 µM  

W/D Ratio     3 88.41 ± 
2.3

3 86.98 ± 
3.2

3 87.57 ± 
2.3

n.s.

Perfusate                  

  Lactate 1 hour 3 1.9 ± 0.42 3 1.2 ± 0.06 3 1.4 ± 0.45 n.s.

    2 hours 3 2.0 ± 0.49 3 1.9 ± 0.21 3 2.4 ± 0.35 n.s.

    3 hours 3 2.6 ± 0.72 3 2.2 ± 0.15 3 3.0 ± 0.27 n.s.

    4 hours 2 3.1 ± 0.85 3 2.7 ± 0.15 3 3.4 ± 0.20 n.s.

    p-value   n.s.   n.s.   n.s.  

  LDH start 3 249 ± 151 3 200 ± 93 3 192 ± 164 n.s.

    end 3 326 ± 195 3 296 ± 127 3 313 ± 158 n.s.

  AP start 3 7 ± 5 3 1 ± 2 3 3 ± 3 n.s.

    end 3 21 ± 25 3 2 ± 3 3 5 ± 5 n.s.

    p-value   n.s.   n.s.   n.s.  

Mass spectrometry (MS) analysis of lung tissues after EVLP run revealed a trend to a dose-dependent
increase of bronchial sphingosine concentrations after inhalation. However, the variation of the samples
was rather high and values in the MS studies did not reach signi�cance (Fig. 4a and b). This is very likely
due to the fact that the biopsies contained very variable amounts of epithelial cell layer vs. submucosa.

Since MS of biopsies determines sphingosine not only in the epithelial cells that are exposed to
sphingosine, but also in the submucosa and other bronchial tissue such as muscles and even small
vessels, we analyzed whether inhalation of sphingosine results in an increase of sphingosine speci�cally
in the bronchial epithelial cell (BEC) layer. To this end, we performed histological studies and stained
para�n sections with Cy3-coupled monoclonal anti-sphingosine antibodies. The results show a marked
increase of sphingosine speci�cally in bronchial epithelial cell layers after tube-inhalation of a 125 µM
SPH suspension compared to the solvent OGP (Fig. 1). We did not observe an accumulation of
sphingosine in the submucosa or in endothelial cells (Fig. 1). Interestingly, tube-inhalation with
sphingosine suspension at 500 µM did not increase its local concentration in the BEC layer compared to
125 µM (Fig. 1), which might be caused by the generation of larger micelles that are unable to interact
with cells at this high concentration.

Next, we tested whether sphingosine is converted into ceramide within BEC after tube-inhalation. Biopsies
from lungs after tube-inhalation reveal a small, but signi�cant increase of ceramide concentrations in
BEC compared to OGP (Fig. 2). The MS studies on ceramide did not reach statistical signi�cance, again
due to the relatively high variation of the values (Fig. 2).



Page 11/21

Histological studies demonstrate an accumulation of sphingosine in bronchial epithelial cells after
inhalation. EVLP minipig lungs were inhaled with sphingosine at concentrations of 125 µM sphingosine
(SPH), 500 µM sphingosine (SPH) and with 0.125% octylglucopyranoside (OGP) as control. The lungs
were subjected to bronchoscopy 30 and 150 minutes after the inhalation, biopsies were �xed in
paraformaldehyde, embedded in para�n and sectioned. Sections were stained with Cy3-coupled anti-
sphingosine antibodies or Cy3-coupled anti-ceramide antibodies. Shown are representative immune
stainings. Given is the mean ± SD from 3 sections with 5 visual �elds per animal (blinded tests), *p < 0.05,
**p < 0.01, ***p < 0.001, ANOVA.

Next, we analyzed whether sphingosine inhalation affects epithelial cell integrity. To this end, we
analyzed the integrity of the bronchial epithelial cell layers upon H&E staining of para�n sections. The
results demonstrate that sphingosine had no negative impact on the integrity of the BEC layer (Fig. 3).

Inhalation of sphingosine does not affect epithelial cell integrity in bronchi. Para�n sections from
bronchial biopsies from EVLP minipig lungs that were inhaled with 125 µM sphingosine (SPH), 500 µM
sphingosine (SPH) or with 0.125% octylglucopyranoside (OGP) as control were stained with hemalaun to
analyze the integrity of the bronchial epithelial cell layer and in�ux of leukocytes into the epithelial cell
layer. Sphingosine inhalation did not affect epithelial cell integrity. To determine epithelial cell integrity, we
employed the following score: Grade 0: no change of the epithelial cell layer, basal membrane intact, no
evidence of leukocyte in�ux, less than 2% pyknotic, i.e. dead epithelial cells. Grade 1: small disruptions
of the epithelial cell layer, basal membrane intact, no evidence of leukocyte in�ux, less than 5% pyknotic,
i.e. dead epithelial cells. Grade 2: Larger disruptions of the epithelial cell layer, basal membrane still intact,
no evidence of leukocyte in�ux, less than 10% pyknotic, i.e. dead epithelial cells. Grade 3: Larger
disruptions of the epithelial cell layer, disrupted basal membrane, leukocyte in�ux, more than 10%
pyknotic, i.e. dead epithelial cells. Shown are representative hemalaun stainings from 4 pigs and the
quantitative analysis of the epithelial cell integrity. Number of leukocytes in the epithelial cell layer (total
of 300 epithelial cells/pig) was counted. Given is the mean ± SD from 3 sections with 5 visual �elds per
animal (blinded tests) *p < 0.05, **p < 0.01, ***p < 0.001, ANOVA

Sphingosine could be converted into sphingosine 1-phosphate, which might induce an in�ux of
leukocytes into the tissue. Thus, we determined the number of leukocytes within the BEC layer upon tube-
inhalation. These studies revealed that inhalation of sphingosine did not induce a leucocyte-in�ux into
the BEC layer (Fig. 3). Finally, we also determined whether sphingosine-inhalation might induce cell death
in the BEC layer. To this end, we performed TUNEL assays on para�n sections from bronchi prior and
after sphingosine-inhalation. The results showed no evidence for any induction of cell death by
sphingosine (Fig. 5).

Inhalation of sphingosine does not induce cell death in bronchi. A TUNEL reaction was performed for
para�n sections from bronchial biopsies from EVLP minipig lungs that were inhaled with 125 µM
sphingosine (SPH), 500 µM sphingosine (SPH) or with 0.125% octylglucopyranoside (OGP) as control.
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Statistical analysis of TUNEL positive cells [%] after inhalation of octylglucopyranoside (OGP), 125 µM
(125 µM SPH) or 500 µM (500 µM SPH) sphingosine containing 5 ml suspension did not reveal a
statistically signi�cant difference. Given is percentage of TUNEL positive cells from 3 sections with 5
visual �elds per animal (blinded tests), Given are whisker-blots, statistical signi�cance *p < 0.05, **p < 
0.01, ***p < 0.001, ANOVA.

Discussion
In the present study, we demonstrate that sphingosine-inhalation in EVLP minipig lungs has no side
effects in the trachea and the lung. We also did not detect any effects to the functional performance
during a 4-hour EVLP run. No increase in lactate levels or activity of LDH and AP in the perfusion
perfusate was observed.

The present data are consistent with previous in-vivo inhalation studies in mice and mini pigs showing
that nasal inhalation of sphingosine has no adverse side effects 31 30. However, in these studies
sphingosine was applied via nasal inhalation, which does not allow application of such a de�ned dose of
sphingosine as in the present study. Further, previous studies did not record any functional lung data. In
our previous study healthy mini pigs underwent a 14-day period of sphingosine inhalation. It was shown
that the daily administration did not result in obvious changes of the health status, loss of activity or
reduced food intake and no local signs of in�ammation in the upper airway were observed.

To measure the sphingosine concentration speci�cally in epithelial cells of the bronchi and trachea we
performed confocal microscopy. These studies revealed an increase of the surface sphingosine
concentration in the bronchial epithelial cell layer even in EVLP minipig lungs upon application of
sphingosine. The mass spectrometry studies showed a rather high variability of the sphingosine
concentrations, which is very likely due to the variable amounts of epithelial cells in these samples.

It is important to note that we detected only a very small increase of ceramide in the epithelial cell layer of
the bronchi after sphingosine application. This might be due to a very low conversion of sphingosine into
ceramide or by a rapid conversion of ceramide into other lipids, most likely sphingomyelin. We also did
not detect an increase of sphingosine 1-phosphate in biopsies of bronchi upon inhalation suggesting that
this metabolite of sphingosine is either not formed or also rapidly consumed. However, it is also possible
that the concentrations of sphingosine 1-phosphate in the biopsies were below the detection level. In any
case, the concentrations of sphingosine 1-phosphate are very low, which is important since increased
concentrations of sphingosine 1-phosphate might trigger an in�ux of leukocytes into the bronchi. An
in�ux of neutrophils cannot be determined in the present system, which is an isolated perfused system.

It is also interesting to note that we did not observe a linear increase of sphingosine concentrations in the
BEC layer with increased concentration of sphingosine in the inhalation �uid. We have already observed a
similar phenomenon in the in vivo studies on minipigs with nasal inhalation of sphingosine 30. It might be
possible that higher concentrations of sphingosine form larger micelles that are less e�cient aerosolized
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or too large to be carried for a longer distance in the airways. Thus, a dose of 125 µM sphingosine in the
inhalation �uid seems to be optimal.

Sphingosine is a long chain base that is part of the lipid composition of the bronchial epithelial cell layer
and inter alia important for the �rst line defense against pathogens. Low sphingosine levels were
detected in the respiratory tract in patients and mice with cystic �brosis as well as in mice after burn
injury or in elderly mice. All of these mice showed an increased susceptibility for pulmonary infections,
which was corrected by inhalation of sphingosine 32 33 34 35, indicating the signi�cance of sphingosine
for the defense of the airways against pulmonary infections. Studies in recent years have shown that an
increase of sphingosine levels via the sphingomyelin-pathway or upon direct administration of
exogenous sphingosine by inhalation or tube-coating leads to decreased susceptibility of pulmonary
infection, signi�cant reduction in colony forming units (CFU) in infected mice as well as decreased
mortality rates in these mice models 14 31 33 34 36 37 38 39 40.

The present study supports the notion that sphingosine might serve as a new therapeutic treatment
option with no side effects and a broad-spectrum antibacterial activity 8 31 32 33 36. Further research is
required to investigate the antibacterial effects in EVLP lungs.

Conclusion
In summary, we demonstrate that inhalation of sphingosine into an EVLP minipig lung results in an
increase of sphingosine concentrations in the luminal plasma membrane of bronchial epithelial cells. The
inhalation has neither local side effects nor affects functional parameters during the 4h EVLP run.
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Figure 1

Fluorescence intensity after staining with Cy3-coupled anti-sphingosine (Fig. 1).
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Figure 2

Ceramide (Fig. 2) antibodies.
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Figure 3

Disruption of epithelial cell layers
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Figure 4

a, b: Statistical analysis of mass spectrometry after inhalation of 5 ml suspension of
octylglucopyranoside (OGP), 125 µM (125 µM SPH) or 500 µM (500 µM SPH) sphingosine. Lipids were
suspended in 0.9% NaCl. Concentrations of sphingosine total, ceramide total ceramide are given in
fmol/pmol total SM (sphingomyelin). The 1st biopsy was performed 30 minutes after inhalation, the 2nd
biopsy was performed 150 minutes after inhalation. Tissue samples (main bronchus, bronchus,
periphery) were collected after a 4-hour EVLP run from main bronchus, bronchus and periphery. Given are
whisker-blots, statistical signi�cance p<0.05, ANOVA.



Page 21/21

Figure 5

TUNEL pos. cells in different sections


