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ARTICLE INFO ABSTRACT
Keywords: A strong inflammatory immune response drives the lung pathology in neonatal acute respiratory distress syn-
PFI}TlO“érY surfactant drome (nARDS). Anti-inflammatory therapy is therefore a promising strategy for improved treatment of nARDS.
Lipidomics . We demonstrate a new function of the anionic phospholipids POPG, DOPG, and PIP2 as inhibitors of IL-1f release
fim:)m:; i)::cs};::;g:lds by LPS and ATP-induced inflammasome activation in human monocyte-derived and lung macrophages. Cur-
MZcfopiages osurf® surfactant was enriched with POPG, DOPG, PIP2 and the head-group derivative IP3, biophysically
Inflammasome characterized and applicability was evaluated in a piglet model of nARDS. The composition of pulmonary sur-
factant from piglets was determined by shotgun lipidomics screens. After 72 h of nARDS, levels of POPG, DOPG,
and PIP2 were enhanced in the respective treatment groups. Otherwise, we did not observe changes of individual
lipid species in any of the groups. Surfactant proteins were not affected, with the exception of the IP3 treated
group. Our data show that POPG, DOPG, and PIP2 are potent inhibitors of inflammasome activation; their
enrichment in a surfactant preparation did not induce any negative effects on lipid profile and reduced bio-
physical function in vitro was mainly observed for PIP2. These results encourage to rethink the current strategies
of improving surfactant preparations by inclusion of anionic lipids as potent anti-inflammatory immune
regulators.
1. Introduction threatening condition in newborns caused by insufficient lung me-
chanics and oxygenation, acute inflammation, tissue destruction and
Neonatal acute respiratory distress syndrome (nARDS)” is a life- fibrotic tissue remodeling. nARDS has been acknowledged by clinicians
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as a specific disease entity for many years (Faix et al., 1989) and in 2017,
“the Montreux definition of nARDS” was finally reported by an inter-
national expert panel (De Luca et al., 2017). Of note, nARDS is to be
distinguished from the respiratory distress syndrome (RDS) of the pre-
mature infant suffering from primary surfactant deficiency in an early
stage of lung development. In nARDS, Toll-like-Receptor (TLR) 4-depen-
dent signaling (Preuss et al., 2012a), neutrophil recruitment, inflam-
masome activation (Kolliputi et al., 2012), apoptosis, and pyroptosis
(Bem et al., 2010) are hallmarks of the hyper-inflammatory cellular
response. Massive degradation of endogenous surfactant by pulmonary
phospholipases (especially by secretory phospholipase A2) (De Luca
et al., 2013) requires surfactant supplementation to maintain lung
function. To date, surfactant therapy is the only approved clinical
intervention for the treatment of nARDS (Amigoni et al., 2017).

Besides the well investigated biophysical function of pulmonary
surfactant, increasing evidence is raised for additional immunological
functions of surfactant lipids. Anionic phospholipid species have been
shown to be efficient inhibitors of TLR4-dependent intracellular
signaling and release of the pro-inflammatory mediators tumor-necrosis-
factor a (TNFa) and nitric oxide (NO) (Kuronuma et al., 2009). Specif-
ically, 16:0/18:1 phosphatidylglycerol (POPG) has been identified as a
potent immune regulator of lipopolysaccharide (LPS)-dependent acti-
vation of TLR4, assigning this lipid species an important function in the
immunological homeostasis of the lung. In contrast to the adult lung, in
the lung of pre-term and healthy neonates and in patients with respi-
ratory distress syndrome the abundance of phosphatidylglycerol (PG)
species is extremely low (Hallman and Gluck, 1976), with low levels of
POPG and hardly detectable amounts of 18:1/18:1 PG (DOPG). Inter-
estingly, earlier studies showed that PG-deficiency does not negatively
affect the biophysical properties of the surfactant film but PG is
compensated by phosphatidylinositol (PI) (Beppu et al., 1983). Inhibi-
tory potential on TLR4 activation was also suggested for PI (Akashi et al.,
2000). Supplementation of these lipid species may therefore be of
benefit especially in newborns and contribute to reduce inflammation
and contain the accompanying pathophysiology of nARDS.

Inflammasome activation is suggested to play a crucial role in the
complex pathologies of nARDS, acute lung injury (ALI), chronic
obstructive pulmonary disease (COPD), and other pulmonary diseases
(Borthwick, 2016; Dolinay et al., 2012; Grailer et al., 2014; Kolliputi
et al., 2012). Interleukin-1f (IL-1B) is a central downstream mediator
produced upon canonical activation of the NLRP3 inflammasome which
can be activated in macrophages by various danger signals. In the
context of Gram-negative infections, LPS in combination with adenosine
triphosphate (ATP) triggers canonical inflammasome activation result-
ing in IL-1p release (He et al.,, 2016). Activation depends on a
two-signal-sequence: TLR4-activation is required for the NF-kB depen-
dent production of pro-IL-1p and caspase-1 (signal 1) and ATP-triggered
K" efflux induces inflammasome complex formation resulting in pro-
cessing and release of the active cytokine (signal 2). So far, immune
regulatory functions of surfactant lipids on inflammasome activation are
mainly unexplored.

Our hypothesis for this study was that anionic surfactant components
can modulate inflammasome activation and may therefore be beneficial
to control inflammation in lung disease. To investigate this hypothesis,
we analyzed the effects of a set of defined PG and PI molecular species
and known signaling molecules on cell activation. To address different
activation pathways, we included PGs, which have been shown to
modulate the TLR4-NFxB signaling axis (Kuronuma et al., 2009;
Numata et al, 2012b) and dipalmitoyl-phosphatidylinositol 3,
5-bisphosphate (PIP2) and inositol-1,2,6-trisphosphate (IP3) as candi-
dates to modulate the sphingomyelinase ceramide axis of inflammasome
activation (Kolliputi et al., 2012). In a second step, a commercially
available porcine surfactant preparation (poractant alfa, Curosurf®,
Chiesi) was enriched with these compounds. To determine functionality
and applicability of the modified surfactant, preparations were charac-
terized for biophysical properties and an in vivo application study was
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performed using a well-established triple-hit model of nARDS in
newborn piglets (Preuss et al., 2012b). The porcine immune system re-
sembles the immune response in the human lung in many aspects and is
therefore a highly suitable model (Mair et al., 2014).

2. Materials and methods
2.1. Lipids and reagents

POPG [16:0/18:1-PG, 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
(1'-rac-glycerol) sodium salt, no. 8404571, DOPG [18:1-(A9-cis)-PG, 1,2-
dioleoyl-sn-glycero-3-phospho-(1'-rac-glycerol)  sodium salt, no.
840475], POPC [16:0/18:1-PC, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine no. 850457], DOPC [18:1-(A9-cis)-PC, 1,2-Dioleoyl-
sn-glycero-3-phosphocholine no. 850375], and PC [L-a-phosphatidyl-
choline, egg, chicken, no. 840051] were purchased from Avanti Polar
Lipids (Alabaster, AL, USA). IP3 [D-myo-inositol-1,2,6-trisphosphate
sodium salt, no. 10007780] and PIP2 [1-(1,2R-dihexadecanoyl-phos-
phatidyl) inositol 3,5-bisphosphate, trisodium salt, no. 10008398] were
products from Cayman Europe (Tallinn, Estonia). N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)—1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine (NBD-PE) and Lissamine™ rhodamine B 1,2-dihexadecanoyl-
sn-glycero-3-phosphoethanolamine (Rh-DHPE) were from Invitrogen™,
Molecular Probes (Eugene, OR, USA).

For in vitro experiments, IP3 was dissolved in A.dest (AD) and PIP2 in
PBS. Phospholipids were dissolved in chloroform, followed by evapo-
ration under a stream of nitrogen. To form small unilamellar vesicles,
PBS was added and the vial was put in an ultrasound bath for 30 min,
followed by a temperature cycle comprised of 3x alternating between
4 °C and 60 °C for 30 min each. Lipid stocks were stored at 4 °C over
night prior to use.

The poractant alfa preparation Curosurf® was a kind gift from Chiesi
(Parma, Italy), ATP and LPS (E. coli serotype O127:B8, L5668) were
obtained from Sigma Aldrich (St. Louis, MO). For lipid extraction and
lipidomics, all chemicals and solvents were purchased in the highest
available purity. Methanol, water and 2-propanol were purchased from
Fluka (Buchs, Switzerland) in LC-MS grade. Chloroform (stabilized with
ethanol), acetyl chloride, tetraethyl ammonium chloride and trihepta-
decanonate (TAG 51:0) were purchased from Sigma-Aldrich (Munich,
Germany). All other lipid standards were purchased from Avanti Polar
Lipids (Alabaster, AL, USA).

2.2. Activation of human macrophages

Human monocytes were isolated from peripheral blood of healthy
volunteers. The procedure was approved by the Ethics Commission of
the University of Liibeck. Volunteers had given their informed consent.
Heparinized blood was separated with a Hypaque-Ficoll gradient (Bio-
chrom, Berlin, Germany), monocytes were collected, washed twice in
HANKS medium and resuspended in RPMI 1640 medium supplemented
with 4% human AB-serum, 100 U/ml penicillin, 100 ug/ml strepto-
mycin, 2 mM L-glutamine and human monocyte colony stimulating
factor, and cultured for 7 d in teflon bags (American Fluoroseal Corp.,
Gaithersburg, MD, USA) at 37 °C and 5% COs. Subsequently, the mac-
rophages were harvested, and washed twice with RPMI 1640.

Primary lung macrophages were isolated from tumor-free lung tis-
sues from surgical specimens of patients who underwent pneumectomy
or lobectomy at the LungenClinic GroBhansdorf. The use of patient lungs
for research purposes was positively reviewed by the ethics committee at
the University of Luebeck (statement no. 07-157 and 14-043). Lung
tissues were used for isolation of alveolar macrophages as part of a
protocol for the isolation of alveolar epithelial cells type II (Marwitz
et al., 2016). Fresh lung tissues were rinsed in sterile PBS to remove
excess blood and stored in RPMI 1640 (Life Technologies) supplemented
with 10% FCS and 1% penicillin/streptomycin at 4 °C until further use.
The tissues were manually dissected using surgical razors and rinsed in
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AECII buffer (1.9 mM calcium chloride dihydrate; 1.3 mM magnesium
sulfate heptahydrate; 136 mM sodium chloride; 6.1 mM potassium
chloride; 3.2 mM disodium hydrogen phosphate; 6.1 mM glucose and
9.9 mM HEPES) using a sieve to remove residual blood. Dissociation was
achieved by incubation at 37 °C and 5% CO; in AECII buffer supple-
mented with 2 mg/ml Dispase II (Roche Applied Sciences, Mannheim,
Germany) for 60 min under constant stirring. Tissue pieces were further
filtered through nylon gaze of decreasing pore size (100 um, 50 pm, 20
um) und finally sedimented for 15 min at 478 rcf at room temperature.
The cell pellets have been resuspended in 50 ml AECII buffer supple-
mented with 0.001% Accutase (MilliPore, Darmstadt, Germany) (v/v)
and 20 pg/ml DNAse I (Roche Applied Sciences, Mannheim, Germany).
These suspensions were applied in 10 ml portions onto 10 ml Biocoll
gradient solution (Biochrome) and centrifuged for 25 min at 478 rcf. The
resulting interphase was washed with AECII buffer at 478 rcf for 15 min
at 4 °C and resuspended in cell culture medium. Cells were seeded in 5 x
107 portions on 6 cm petri dishes and incubated for 20 min at 37 °C in an
incubator to allow for adherence of alveolar macrophages.
Non-adherent cells were removed and used for isolation of alveolar
epithelial cells type II, while the adhered macrophages were further used
in this study.

For cell stimulation experiments, macrophages were seeded at 1 x
10° cells/well in serum-free Opti-MEM Gibco (Thermo Fisher Scientific,
Waltham, MA, USA) and incubated at 37 °C, 5% CO, for 1 h to allow
adherence. POPG, DOPG, IP3, PIP2, or control lipids were added at the
indicated concentrations and incubated for 30 min at 37 °C. Subse-
quently, cells were stimulated with 10 ng/ml LPS and cells were incu-
bated for 4 h. Cell free supernatant samples were taken for the analysis
of TNF-a production. For the analysis of IL-1§ production, cells were
further incubated for 19 h. Subsequently, 5 mM ATP was added and cells
were incubated for 1 h to induce inflammasome activation. 4 h- and 24
h-supernatants were analyzed by human TNF ELISA set (BD Biosciences,
San Jose, CA, USA) and human IL-1/IL-1F2 Duoset (R&D Systems,
Wiesbaden, Germany).

2.3. Surfactant therapy of neonatal ARDS in piglets

The experimental scheme of the triple hit nARDS model was
approved and registered by the committee on animal protection for the
federal state of Schleswig-Holstein and is described in detail in Spengler
et al. (Spengler et al., 2018). Neonatal ARDS was induced in newborn
piglets by 1. repeated airway lavage to mimic the reduced surfactant
amounts in lungs of newborns suffering from nARDS, 2. artificial over-
ventilation to induce tissue disruption and ventilation stress, and 3.
LPS-installation into the lungs to mimic infection with Gram-negative
bacteria. Piglets were continuously monitored and obtained intensive
care during the course of the experiment. The assignment of the treat-
ment groups is outlined in Table 1. Surfactant was applied three times at
2 h, 26 h, and 50 h. For this, Curosurf® was diluted in 0.9% saline to 20
mg/ml for surfactant therapy. Piglets received 50 mg/kg (as an average,
125 mg total in 6.5 ml) Curosurf® by intratracheal instillation. For
Curosurf® enrichment, IP3 (in A.dest) and PIP2 (in PBS) were prepared
at 2.5 mg/ml. POPG and DOPG were prepared at 7.5 mg/ml in PBS and
1 ml of these preparations was added to 6.5 ml Curosurf® directly before
installation into the lungs. The final concentrations of supplemented

Table 1
Treatment groups of the nARDS study.
Group Treatment
Control (C) no surfactant therapy (air bolus)
S50 Curosurf® (50 mg/kg)
1P3 Curosurf® + IP3
PIP2 Curosurf® + PIP2
POPG Curosurf® + POPG
DOPG Curosurf® + DOPG
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compounds in Curosurf® were calculated to be 709.5 uM IP3, 332.5 uM
PIP2, 1342 pM POPG, and 1298 uM DOPG, respectively. Given an
average functional residual capacity of ~15 ml/kg following repeated
airway lavage, the theoretical endobronchial concentrations of the
intervention substances were IP3 339 uM, PIP2 159 uM, POPG 258 uM,
and DOPG 250 uM. For biophysical measurements, similar ratios of
Curosurf® and IP3, PIP2, POPG, and DOPG were prepared at the final
concentrations required for the experiments.

2.4. Size and zeta-potential measurements

The phospholipid preparations that were used for the supplementa-
tion of Curosurf® were characterized by determining their size and the
zeta surface potential. For this, 5ul phospholipid liposomes in PBS were
added to 45ul PBS, mixed, and diluted to a final volume of 1 ml in A. dest.
The size of liposomes was measured on a ZetaSizer Nano device (Mal-
vern Instruments, Kassel, Germany) by dynamic light scattering at 25 °C.
Samples were equilibrated for 3 min to 25 °C and subsequently the
liposome size was determined by triplicate measurements for each
sample in three independent experiments. The zeta-potentials of phos-
pholipid liposomes were determined by measuring the velocity (v) of the
liposomes in a driving electric field with an effective voltage of 152 V via
dynamic light scattering at 25 °C. The corresponding electrophoretic
mobilities (v/E) were calculated and the associated zeta-potentials were
calculated using the Smulochowski approximation. The data represent
the means and SD of n = 3 independent experiments.

2.5. Forster-resonance-energy transfer (FRET)-spectroscopy

The mixing/integration of phospholipid liposomes with Curosurf®
was analyzed exemplarily for liposomes made from POPG and DOPG.
For this, the phospholipid liposomes were labeled with *NBD-PE (donor)
and *Rh-DHPE (acceptor) dyes at 100:1:1 M. Liposomes were diluted in
PBS to a concentration of 10 pM and equilibrated to 37 °C. Measure-
ments were performed on a Fluorolog-3 (Jobin Yvon Inc., Edison, NJ,
USA) under constant stirring. The fluorescence intensities Iponor and
Iacceptor Were adjusted to equal intensities (ratio = 1) before the mea-
surement and recorded for 50 s to obtain the baseline signal. Att =50,
Curosurf® at 20 mg/ml in NaCl was added to obtain a final surfactant to
phospholipid ratio according to the supplemented Curosurf® prepara-
tions and signals were recorded for another 250 s. The ratios Iponor/
Iacceptor Were calculated, with a ratio >1 indicating an increase in lipo-
somal membrane surface area by integration/mixing of the liposomes
with the Curosurf® surfactant.

2.6. Fourier-transform infrared spectroscopy (FT-IR)

Fluidity and phase-transition of lipids was determined by infrared
spectroscopy carried out with an IFS-55 spectrometer (Bruker, Billerica,
MA, USA). Curosurf® preparations were prepared according to the
preparations in the piglet model stated above to a final concentration of
40 mg/ml. Samples were placed between CaF; crystals and cooled to
4 °C. Temperature scans were performed automatically between 10 °C
and 70 °C with a heating rate of 0.6 °C min~'. Every 3 °C, 65 in-
terferograms were accumulated, apodized, Fourier-transformed and
converted to absorbance spectra. The main vibrational band used for the
evaluation of the gel to liquid phase transition of the lipids was the
symmetrical stretching vibration of the methylene groups vs (CHy)
located around 2852 cm! The phase transition temperature (T.) be-
tween the ordered f-phase and the fluid a-phase was determined as the
temperature of the inflection point of the peak absorption wavenumber.

2.7. Small-angle X-ray scattering (SAXS)

SAXS experiments of surfactant were performed at the BioSAXS
beamline P12 of the European Molecular Biology Laboratory (EMBL) at
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the synchrotron light source PETRA III at DESY (Hamburg, Germany).
For SAXS measurements, Curosurf® samples were prepared to a final
lipid concentration of 40 mg/ml and were placed in 80 mm long 1 mm
thick glas capillaries (Hilgenberger GmbH, Malsfeld, Germany) in an
automatically xy-adjustable capillary sample holder with temperature
control. Diffraction experiments were performed with 0.04 s exposure
time and 20 frames per sample were averaged. Diffraction was detected
on a 2D photon counting Pilatus 2 M detector calibrated with silver
behenate. Scattering patterns were investigated in the range of the
scattering vector 0.1 < s < 1.0 nm ! (s = 2 sin 6/A, 20 scattering angle
and 1 = 0.124 nm) and were recorded in dependence of temperature
between 20 °C and 80 °C. The scattering patterns were evaluated by
assigning the spacing ratios of the main scattering maxima to defined
three-dimensional structures (Luzzati and Husson, 1962; Luzzati et al.,
1993). The lamellar structures are most relevant here. They are char-
acterized by reflections grouped in equidistant ratios, i.e., 1, 1/2, 1/3,
1/4, etc. of the lamellar repeat distance d;.

2.8. Surface tension measurements

Static and dynamic surface tension was determined with a pulsating
bubble surfactometer (PBS; Electronetics Corp. New York, NY). For this,
Curosurf® was diluted to 20 mg/ml in 0.9% NaCl and compounds or
buffer control (0.9% NaCl or A. dest, AD in the case of IP3) were added
according to the fortified surfactant preparations in the piglet model
stated above. Samples were further diluted to 2 and 2.5 mg/ml in 0.9%
NaCl and incubated for 30 min at 37 °C under gentle agitation before
measurement. An air bubble was generated at a radius of 0.4 mm using
microscopic calibration in a sample chamber containing approximately
42p1 of the surfactant preparations by aspirating ambient air through a
chimney. After 30 s, the PBS was started by recording the transmural
pressure between the sample chamber and ambient air during the ter-
minal 10.6 s of adsorption (total period ~ 1 min) and subsequently
during dynamic pulsation for 5 min. The bubble was cyclically expanded
and compressed (50% of surface area) at a frequency of 20/min and
37 °C. The surface tension (y) at start, at end of recording of adsorption,
during pulsation at maximum (ymax) and minimum (ymin) bubble size
was calculated using the Young-Laplace equation.

2.9. Determination of surfactant proteins SP-A and SP-D from
bronchoalveolar lavage (BAL)

For surfactant protein A (SP-A) and D (SP-D) determination, BAL
samples and human SP-A or SP-D protein controls were separated on
12% Tris-acrylamide gels. The proteins were transferred to nitrocellu-
lose membranes and washed in TBST. Membranes were blocked for 1 h
in non-fat dry milk in TBST, incubated at 4 °C overnight with goat anti-
human SP-A antibody or goat anti-human SP-D antibody (Santa Cruz,
Dallas, TX, USA). HRP-conjugated secondary antibody was added for 2 h
at room temperature and analyzed by ECL (Thermo Fisher Scientific,
Waltham, MA, USA). Band intensities were quantified using ImageJ
1.45S analysis software (NIH, Bethesda, MD, USA) and normalized to
the respective SP-A or SP-D protein controls.

2.10. Lipid extraction from bronchoalveolar-lavage derived surfactant

Surfactant samples from piglets were obtained at time point 0 h from
the first pulmonary lavage and at time point 72 h at the end of the
experiment by instillation of 30 ml/kg warm 0.9% NaCl. Volumes of the
bronchoalveolar lavages (BAL) recovered from the lungs were in the
range of 73%. BAL was processed by the addition of the cOmplete EDTA-
free anti-protease cocktail (Roche; 200ul/10 ml BALF) and centrifuged
for 10 min at 1500 rpm to sediment the cell fraction. Surfactant was
harvested from the top of the supernatant, snap frozen in dry ice and
stored at —80 °C. Cell- and surfactant-free lavage fluid was stored at
—20°C.
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Surfactant lipids were extracted in a batch procedure including n =
84 surfactant samples to provide comparable conditions for all samples.
Extraction was performed from 10pl of surfactant samples according to
the protocol of Bligh and Dyer (Bligh and Dyer, 1959). The composition
of the poractant alpha used in the experiments was determined from an
extract of 10ul Curosurf® and 10uL 0.9% NaCl in quadruplicates. Blank
extraction samples, containing 10ul LC-MS grade water instead of sur-
factant were processed in the same manner as all other samples for
quality control. 0.5ul of a butyl hydroxy toluene solution (1 mg/ml in
methanol) were added to each sample. Afterwards, 5pl of an internal
standard mix (Supplemental information, Table S1) were spiked into the
samples. Each sample was mixed with 320pl chloroform and 640pl
methanol containing 3% acetic acid and the mixtures were incubated for
30 min at room temperature. Afterwards, 320ul water were added to
induce phase separation and the samples were incubated again for 30
min while continuous shaking. The samples were centrifuged for 15 min
at 3700 g. The lower, organic, phase was transferred into a separate
collection tube and the water phase was re-extracted with 320pl chlo-
roform. After incubation for 30 min with continuous shaking, the sam-
ples were centrifuged, again, and the lower phase was collected and
combined with the extracts from the first extraction step. The extracts
were concentrated in a vacuum centrifuge until complete dryness and
resolved on 100pl of chloroform/methanol/water (60/30/4.5; v/v/v).
Samples were stored at —80 °C until mass spectrometric analysis.

2.11. Mass spectrometric lipid analysis

Lipid extracts were diluted 1:100 in chloroform/methanol/iso-
propanol (1:2:4; v/v/v) containing 0.05 mM tetraethyl ammonium
chloride. Samples were analyzed using automated flow-injection on a Q
Exactive Plus Mass Spectrometer (Thermo Scientific, Bremen, Germany)
equipped with a 1100 series HPLC system (Agilent Technologies,
Waldbronn, Germany). Ten microliters sample volume were injected
(injection speed 10pl/min) into an isocratic flow of chloroform/
methanol/iso-propanol (1:2:4; v/v/v) containing 0.05 mM tetraethyl
ammonium chloride with a flow rate of 10pul/min. Survey MS scans were
acquired for 5 min in a mass range from m/z 350 to 1200 with a mass
resolution of 280,000 at m/z 200. Capillary voltage was set to 3.7 kV in
negative and to 4.3 kV in positive ion mode. Source temperature was
210 °C and S-lens RF level was set to 100%. Four injections were per-
formed per sample: twice positive and negative ion mode in separate
runs. In sum each sample was analyzed for 30 min.

2.12. Quantification of free cholesterol

Free cholesterol was quantified using derivatization with acetyl
chloride as described earlier by Liebisch et al. (Liebisch et al., 2006).
Briefly, 10pl of the crude lipid extracts were derivatized, dried and af-
terwards resolved in 100ul chloroform/methanol/water (60/30/4.5;
v/v/v). Derivatized samples were analysed by automated flow injection
on a Q-TOF Ultima quadrupole time-of-flight mass spectrometer (Wa-
ters, Milford, USA) coupled to a 1100 Series HPLC-system (Agilent,
Waldbronn, Germany) using choroform/methanol/2-propanol (1:2:4;
v/v/V) containing 3.7 mM ammonium acetate as eluent. 1pl sample was
injected into an isocratic flow of 8ul/min (0-2.5 min post injection) and
20pl/min (2.51-4.5 min post injection) with and equilibration before
the next run with 8ul/min (4.51-5 min post injection). The mass spec-
trometric acquisition consisted of two scans over the complete run time:
(1) MS/MS scan (product ion scan) of precursor ions m/z 446.4
(cholesterol acetyl ester) and (2) MS/MS scan (product ion scan) at m/z
453.4 (cholesterol-d7 acetyl ester). QuanLynx module (MassLynx 4.0,
Waters) was used for quantification. Quantification was applied on
CID-transitions m/z 446/369 (cholesterol) and m/z 453/376 (choles-
terol-d7) by integration of the flow-injection peak. Linear quantification
was achieved by referring the cholesterol signal to cholesterol-d7.
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2.13. Lipid identification and quantification

LipidXplorer software (Version 1.2.6) was utilized to search for the
lipid classes: SM, LPS, PS, LPG, PG, LPE, PE, PE-O, PA, LPC, PC, PC-O,
LPI, PI, CL, Cer and HexCer using customized MFQL-scripts (Herzog
et al., 2011). Lipids were only assigned to a mass spectrometric signal
when the mass error for a match was below 2 ppm. The dataset was
manually corrected for overlapping lipids (isobaric species), isotopic
pattern and all ambiguous lipid identifications were removed. Inter-
fering signals from the sample matrix were removed by comparing the
average intensity of matching mass spectrometric signals in
blank-extract-measurements and surfactant samples. Each lipid species
whose abundance in surfactant extracts was lower than ten-fold of the
intensity in average blank measurements was removed. Lipids species
were quantified based on corresponding internal standard of the same
lipid class (Supplemental information, table S1) and are expressed in
pmol/ul surfactant. For lipid classes without internal standard, quanti-
ties were determined in relation to the sum-intensity of internal stan-
dards (LPC, SM, PC, PE and TAG in positive ion mode; LPC, PA, PC, PG,
PS and PE in negative ion mode), thus reflecting a relative concentration
(Graessler et al., 2009). Mean values for one sample were determined
from 4 technical replicates. Afterwards, individual results for positive
and negative ion mode were aligned. Lipid species were annotated as
follows: Lipid Class [No. of carbon atoms in side chains: No. of unsatu-
rations in side chains]. For sphingolipids: Class [No. of carbon atoms in
side chains: No. of unsaturations in side chains; No. of hydroxylations].
PE-O/PC-O: Lipid species with one alkyl linked side chain instead of acyl
link.

2.14. Statistical data analysis

2.14.1. Data normalization

For statistical data analysis the ‘relative abundance (%)’ was calcu-
lated by division of each lipid quantity by the sum of all lipid quantities
in a sample.

2.14.2. Data filtering

Before data analysis, four samples with the lowest number of iden-
tified lipids (F29_DOPG, F43_Control, F65_POPG, F68_S50) and four
samples with the highest number of identified lipids (F22_0 h, F50_PIP2,
F66_0 h, F69_PIP2) were removed from the dataset. In the consecutive
analysis only lipid species were further considered that were detected in
at least 80% of the remaining samples.

2.14.3. Hierarchical clustering

Hierarchical clustering was computed with GeneCluster 3.0 (de
Hoon et al., 2004) and visualized with JavaTreeView 1.1.6r4 (Saldanha,
2004). Pure Curosurf® extracts and 72 h control samples without
intervention were not considered in this analysis. In GeneCluster the
dataset of relative abundances was log2-transformed and the lipid spe-
cies were mean-centered. Only lipid species with an overall standard
deviation higher than 0.1 in the dataset were considered for clustering.
Hierarchical clustering was calculated for individual samples as well as
for lipids using Euclidean Distance metric and Complete Linkage clus-
tering method. In JavaTreeView the pixel contrast was set to 1. Clus-
tering of 72 h samples was performed in the same manner with the
exception that exclusively 72 h samples were considered.

2.14.4. Statistical analysis

Two-way ANOVA was calculated with GraphPad Prism (Versions 5
and 6, GraphPad software Inc.). Significance was assumed with a p <
0.05.
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3. Results

3.1. Inflammasome activation in human macrophages is reduced by
anionic phospholipids

To evaluate the capacity of phospholipids to attenuate cellular acti-
vation, we analyzed a set of synthetic phospholipids with negative head
group charge (PIP2, the head group derivative IP3, POPG, and DOPG)
with respect to their capacity to inhibit the cytokine response of human
macrophages to bacterial LPS as a stimulus mimicking bacterial infec-
tion in nARDS. The canonical inflammasome pathway was activated in a
sequential protocol providing LPS challenge as signal 1 and ATP chal-
lenge as signal 2. Pretreatment of monocyte-derived macrophages with
phospholipids led to significant inhibition of IL-1f production by PIP2,
POPG, and DOPG in a dose-dependent manner (Fig. 1A). Also TNF-a
production was potently blocked (Fig. 1B), confirming previously pub-
lished data (Kuronuma et al., 2009). In contrast, IP3 did not confer any
inhibition of IL-1p and TNF-a production (Fig. 1A, B). Determination of
the IC50 concentrations revealed PIP2 as the strongest inhibitor for both
cytokines (2.6 uM for IL-1p and 0.62 uM for TNF-a), IC 50 values for
POPG and DOPG were higher by factors 2-10 (Fig. 1C). Of note, IC50
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Fig. 1. Phospholipids with anionic, but not with neutral headgroups inhibit
inflammatory activation of human macrophages by LPS. (A) IL-1p and (B) TNF-
o production by human monocyte-derived macrophages stimulated with 10 ng/
ml LPS and treated with increasing concentrations of the intervention sub-
stances for 4 h (TNF-a production) or for 23 h followed by 5 mM ATP for 1 h
(IL-1p production). Cytokines were determined from cell-free supernatants.
Values are means + SEM of 4 independent experiments with cells from indi-
vidual donors. (C) IC 50 values were determined from log transformed data sets.
(D) IL-1p and (E) TNF-a production by human monocyte-derived macrophages
stimulated as stated above in the presence of neutral phospholipids. Values are
means + SEM of 3 independent experiments. (F) IL-1f and (G) TNF-a produc-
tion by lung tissue macrophages stimulated as stated above. Values are means
+ SEM of 3 independent experiments. Differences between the groups (*
p<0.05, ** p<0.01, *** p<0.001) by one-way ANOVA for LPS+PIP2/
POPG/DOPG.
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values also demonstrate that the inhibition of IL-1p production by
phospholipids was an order of magnitude less sensitive than inhibition
of TNF-a production. To investigate the specificity of phospholipids, we
analyzed a set of control phospholipids with comparable fatty acid
composition but neutral head group charge at physiological conditions,
16:0/18:1 phosphatidylcholine (POPC) and 18:1-(A9-cis)-phosphati-
dylcholine (DOPC), and also a natural mixture of phosphatidylcholine
(PC). These PC molecules did not inhibit IL-1f and TNF-a, demonstrating
a strict specificity of the inhibitory effect on the lipid head group
(Fig. 1D, E).

Macrophage populations represent a complex pool of specialized
immune cells with highly adapted immune functions fitting to the re-
quirements of different organs (Murray and Wynn, 2011). Alveolar
macrophages are the primary resident immune cells in the lung. Their
activation is tightly controlled at different levels to maintain immune
homeostasis (Minutti et al., 2017; Moulakakis et al., 2007; Sender et al.,
2013). To gain information on the inhibition profile of primary lung
cells, macrophages were isolated from the lungs of patients undergoing
pneumonectomy. In these cells, stimulation of IL-1p by LPS and ATP was
significantly reduced by POPG and DOPG and partially reduced, but not
statistically significant by PIP2 (Fig. 1F). Again, inhibitory effects on
TNF-a secretion were more pronounced (Fig. 1G).

Of note, IP3 did not exhibit any inhibitory effects on IL-1$ and TNF-«
production in monocyte derived- and primary tissue macrophages,
suggesting that negative head group charge alone is not sufficient to
directly modulate macrophage activation, but a hydrophobic molecular
component is required in addition (Fig. 1A-G). These results demon-
strate that anionic phospholipids provide efficient inhibition of inflam-
matory mediators in LPS-stimulated macrophages and might thus
support a balance towards lung homeostasis.

3.2. Biophysical characterization of phospholipid fortified surfactant

In a next step the clinical approved surfactant preparation Curosurf®
was enriched by addition of IP3, PIP2, POPG or DOPG and biophysical
characterization was performed to obtain fundamental information on
physical surfactant properties. Characterization of the phospholipid li-
posomes (IP3, POPG, DOPG) by light scattering showed small liposomes
with a size range of 139.8 + 2.1 nm for PIP2, 257.7 + 23.5 nm for
DOPG, and 229.8 + 7.1 nm for POPG (Fig. 2A). As expected, all three
lipids had a negative zeta potential with decreasing negative values in
the sequence PIP2 —52.1 + 4.9 mV, DOPG —73.9 + 3.6 mV, and POPG
—82.58 + 1.7 mV (Fig. 2B). Exemplarily performed FRET-analysis of
fluorophore-labeled phospholipid liposomes showed that the liposomes
rapidly admix with the Curosurf® surfactant as can be taken from the
increase in fluorescence ratio of the FRET-donor and acceptor dye
(Fig. 2C), but not with protein-free pure DPPC liposomes (data not
shown). The fluidity state of lipids is an important physico-chemical
characteristic determining the behavior of membranes. At low
ambient temperatures the acyl chains are in a solid gel (§)-phase char-
acterized by low fluidity of the acyl chains. At higher temperatures the
acyl chains are in a liquid-crystalline («)-phase with high fluidity of the
hydrocarbon chains. The main gel to liquid-crystalline phase transition
occurs at a characteristic phase transition temperature Tk.

Curosurf® showed a clear and defined phase transition at 37.1 °C.
Addition of IP3, PIP2, did not affect the phase behavior, POPG and
DOPG slightly reduced the phase transition temperature to 34.5 °C and
36.0 °C, respectively (Fig. 2D). To gain insights into the membrane or-
ganization, surfactant preparations were analyzed by small-angle X-Ray
scattering (Fig. 2E). At 20 °C Curosurf® control (+PBS) showed sharp
diffraction peaks indicative of highly hydrated coordinated membrane
layers. The equidistant spacing of diffraction maxima at d; (11.90 nm),
dy/2 (5.84 nm), d;/3 (3.92 nm) and d;/4 (2.98 nm) are indicative of an
L, phase with multilamellar membrane organization and a lamellar
repeat distance (d-spacing) of 11.90 nm of a membrane bilayer
including the hydration layer. Between 35 °C and 40 °C a phase
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transition occurs, as can be taken from the broadening of the peak,
indicating a lower coordination of membrane stacks, and a decrease in
the membrane d-spacing to 10.50 nm due to melting of the acyl chains.
PIP2 decreased the d-spacing at 20 °C from 11.90 nm to 11.56 nm. The
addition of POPG and DOPG to Curosurf® decreased the d-spacing to
11.30 nm and 11.36 nm, respectively, and both phospholipids induced
the occurrence of a beginning non-lamellar phase at 35 °C and above
(reflections indicated by arrows). Control measurements were also
performed on Curosurf® diluted in saline (+NaCl), to analyze effects of
IP3. Curosurf® +NaCl showed a dominant first order diffraction peak at
7.94 nm. The peak spacing d; (7.94 nm), d;/2 (3.97 nm) is indicative of
a lamellar L,-phase. Further reflections indicate the existence of a sec-
ond surfactant phase. The addition of IP3 induced the appearance of a
new major diffraction peak at 11.24 nm showing enlargement of the
lamellar repeat distance of the L, phase. No phase transition was
observed in the presence of IP3, instead, above 35 °C the major peak
shifted to 7.75 nm, showing that the non-lipophilic inositol compound
clearly exhibits effects on the organization of the surfactant membranes
(Fig. 2E).

The biophysical function of the diluted surfactant was evaluated by
surface tension measurements. Static surface tension at start and end
adsorption of samples at 2 and 2.5 mg/ml showed a good biophysical
activity with mean surface tensions below 30 mN/m. Using preparations
of 2 mg/ml phospholipids at start of adsorption, a significantly increased
surface tension was found in samples containing PIP2 (28.2 + 3.1 N/m;
mean + SD) compared to the control (NaCl-control: 26.8 + 0.8 mN/m;
Fig. 2F, p<0.05). With exception of this, no differences between Cur-
osurf® (2 or 2.5 mg/ml) diluted in saline and Curosurf® plus PIP2,
POPG or DOPG either at start or end adsorption were found (Fig. 2F).

The time dependent effects of maximum surface tension (ymax) shows
relatively stable results for Curosurf® NaCl-control, Curosurf® plus
POPG at 2 and 2.5 mg/ml and for Curosurf® plus DOPG at 2.5 mg/ml
(Fig. 2G, upper panel). ymax Was not stable and increases by time in
Curosurf® plus A. dest (AD-control) and Curosurf® plus IP3 at 2 and 2.5
mg/ml phospholipids and Curosurf® plus DOPG at 2 mg/ml phospho-
lipids (p<0.0001 vs NaCl-control at 300 s, Fig. 2G, upper panel). The
most distinct differences in ymax Wwas found between PIP2 containing
samples and Curosurf® controls at 2 and at 2.5 mg/ml phospholipids:
Ymax Was increased independently from pulsation length to mean ranges
of 48.4-57.6 mN/m (2 mg/ml) or 54.5-59.7 mN/m (2.5 mg/ml)
compared to NaCl-control with ranges of 35.3-39.1 mN/m (2 mg/ml)
and 32.2-33.6 mN/m (2.5 mg/ml; p<0.0001), respectively (Fig. 2G,
upper panel; supplemental information, Table S2).

The main biophysical function of lung surfactant is the reduction of
the surface tension to values close to zero mN/m during surface area
compression, which, in these experiments, is reflected by data on yp;, at
50% surface area compression. All preparations showed a time depen-
dent decrease in ypjp. During dynamic cyclic compression yni, decreased
for all preparations giving finally (after 300 s) non-significant differ-
ences compared to controls (Fig. 2G, lower panel). Comparing Cur-
osurf® NaCl-controls with samples plus PIP2, POPG, or DOPG
characteristic patterns were found when comparing the time depending
decrease of ymin: Fig. 2G demonstrates in comparison to Curosurf®
control (NaCl-control) significant differences of yni, for PIP2 ranging
from 30 to 180 s, for POPG from 30 to 120 s and for DOPG from 15 (30)—
60 s of pulsation. This delay in reduction of yn, is also found by
calculating the period until mean-yni, is reduced below the arbitrary
value of 10 mN/m. It was 25 s for Curosurf® measurements. After
admixture of PIP2, POPG or DOPG this period is delayed to 146, 85, and
65 s respectively.

Samples containing IP3 (in AD) were analyzed separately compared
to the respective Curosurf® control (AD-control 2 and 2.5 mg/ml
phospholipids). No differences were found in adsorption kinetics. AD-
controls showed a time dependent increase of ypax giving maximum
values at 300 s of pulsation. This observation is pronounced in the
samples containing 2 mg/ml phospholipids. Neither ymax, time
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Fig. 2. Biophysical characterization of phospholipid modified surfactant. (A) Size and (B) Zeta-Potential of PIP2, DOPG, and POPG lipid preparations in PBS that
were used for the supplementation of Curosurf. Data are mean +SD of 3 independent experiments. (C) Interaction/mixing of fluorophore-labeled POPG and DOPG
liposomes (**) with Curosurf® was determined by FRET-Assay. Curosurf was added at t = 50 s to the liposomes. Data are mean of n = 3 experiments. (D) Acyl chain
mobility of Curosurf surfactant membranes (Curosurf control, black; Curosurf with addition of the indicated compounds) in dependence on temperature. Wave-
numbers depict the peak position of the infrared-absorption of the symmetric stretching vibration v of the CH, groups. Data are representative of 2-3 independent
measurements. (E) Nanoscale organization of the Curosurf surfactant membranes was determined by SAXS. Scattering vectors are indicated for temperatures between
20 °C and 80 °C. The spacing of the diffraction maxima is indicted as d = 1/s (nm) in black for 20 °C or in the color code of the respective temperatures. (F) Static
surface tension (y) determined during adsorption at an air bubble at start and end of recording (terminal 10.6 s) determined in the pulsating bubble surfactometer.
Results are expressed as mean + SD of 5 repeated experiments. Sample preparations are Curosurf® (2 or 2.5 mg/ml) diluted in saline plus different lipids (+ PIP2;
+POPG; +DOPG; +IP3) or buffer controls (NaCl-control; A. dest, AD-control). IP3 required dilution in AD and was compared to AD-control. *: p< 0.05 vs. control;
Two-way-repeated-measures-ANOVA followed by Tukeys multiple comparison test. (G) Surface tension at maximum (ymax) and minimum (y;,) bubble size recorded
in a cyclically 50% compressed bubble in the pulsating bubble surfactometer after 15, 30, 60, 120, 180 and 300 s (left to right in each color group). Sample
preparations as described under (F). Results are expressed as mean + SD of 5 repeated experiments. *: p < 0.05, **: p< 0.01, ***: p<0.001 and ****: p<0.0001 vs.
control; Two-way-repeated-measures-ANOVA followed by Tukeys multiple comparison test.
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dependent reduction of ymin, NOr ymin after 300 s values showed differ-
ences between Curosurf® or Curosurf® plus IP3 (Fig. 2G; supplemental
information, Table S2).

The biophysical studies revealed that surfactant enrichment induced
specific changes in the 3D nanoscale organization of surfactant. How-
ever, these changes did not impact the biophysically important fluidity
state. The functional surfactant activity was changed in terms of
increased adsorption, increased maximum and delayed minimum sur-
face tension by PIP2, partly increased ymax and delayed ymin after
addition of DOPG and only delayed ypi, after addition of POPG. No
functional differences were found in samples containing IP3.

3.3. In vivo evaluation of fortified surfactant in a piglet nARDS model

In a previous study, the therapeutic effect of the modified Curosurf®
was investigated in a porcine model of nARDS. We could demonstrate,
that piglets receiving surfactant enriched with PGs and PIs showed
improved lung function parameters and reduced tissue destruction. Data
on lung performance, clinical measures, tissue inflammatory responses,
and lung fibrosis demonstrated significantly reduced pathology (Spen-
gler et al., 2018). In the current part of the study, we focused on the
detailed analysis of the lung surfactant composition in the porcine
nARDS model, as the composition of lung surfactant is crucial for its
biophysical role in breathing, physiological gas exchange and immu-
nological functions. Surfactant samples were obtained from BAL of all
piglets at the beginning of the experimental protocol (time point 0 h, n
= 84) and at the end of the nARDS model (time point 72 h, n = 6-8
animals per group). The assignment of the treatment groups is outlined
in Table 1.

3.4. Surfactant lipid profiles of healthy and nARDS piglets: major
phospholipid classes

Lipid profiles of surfactant samples were generated by shotgun lip-
idomics screens (Schwudke et al., 2007). Surfactant lipids were extrac-
ted from surfactant obtained from BAL samples and analyzed by
high-resolution mass spectrometry. Lipid species were identified by
determining the mass-to-charge ratio (m/z) with an error below 2 ppm
and their quantity was estimated on basis of internal lipid standards
which were spiked into each sample before the lipid extraction pro-
cedure. Data obtained are presented in a way to provide unbiased in-
formation on the surfactant composition and insights into the
abundance and changes of individual surfactant lipid species and
treatment compounds.

First, we focused on delineating the surfactant composition in
healthy piglets and piglets with nARDS and compared the lipids ob-
tained from animals at time point O h with the lipids obtained from
piglets without any therapeutic intervention after 72 h of nARDS (con-
trol group). Shotgun lipidomics screens identified a total of 194 different
lipid species in the surfactant samples (Supplemental data Table S3).
However, because of the severity of the induced pathology, we have
dramatically changed efficiencies in collecting surfactant samples be-
tween the treatment groups and overall lipid amounts. To be able to
focus on the underlying metabolic perturbations, 84 lipids were selected
that were present in at least 80% of all samples. These 84 lipids grouped
into nine major lipid classes including PC, PI, PE, PS, cholesterol,
sphingomyelin, PG, ceramide, and diacylglycerols (DAG). Fig. 3A-C
shows significant degradation of total PC, PG and PI after 72 h of nARDS
disease progression without therapeutic intervention. Similar results
were obtained for all other lipid classes. These data demonstrate a strong
overall degradation of pulmonary surfactant lipids during disease
progression.

The pulmonary surfactant of healthy and nARDS piglets without
treatment was further analyzed for compositional changes regarding the
lipid classes. The pie charts in Fig. 3D (0 h) and Fig. 3E (72 h, control
group) depict that no major changes in the surfactant lipid profile could
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Fig. 3. Piglet pulmonary surfactant is strongly degraded during nARDS pro-
gression but the overall lipid composition of surfactant remains stable. (A, B, C)
Dot plots displaying abundance of PC, PG, and PI lipid classes (pmol/pl of piglet
surfactant sample) of samples at 72 h compared to samples at 0 h. Data are
means +SD. Significances were calculated by one-tailed t-test (** p < 0.01, ***
D < 0.001). (D) Pie chart of the relative abundances of major lipid classes found
in pulmonary surfactant of healthy (0 h) piglets (mean +SD, n = 38). (E) Pie
chart of the relative abundances of the major lipid classes found in pulmonary
surfactant of untreated nARDS (72 h control) piglets (mean +SD, n = 6). (F)
Concentration of DPPC (PC [32:0], (pmol/ul of piglet surfactant sample) in
samples at 72 h comparing the treatment groups. Data are mean +SD. Differ-
ences between the treatment groups were tested by ANOVA with Dunnett’s
multiple comparison test and found to be not significant (p > 0.05).

be observed after 72 h of untreated disease progression. PC remains the
major lipid class. However, the relative abundance of PI species slightly
decreased from 20.3% to 17.5%, whereas those of PS, PE, and SM
slightly increased (PS: from 2.2% to 2.6%; PE: from 7.4% to 8.4%; SM:
from 0.2% to 0.5%; 0 h and 72 h respectively). The PG level remained at
its initial very low level of 0.3% (mean value; PG range 0 h, 0.08 - 0.4%);
72 h, 0.19 - 0.4%). Despite the massive reduction in the overall lipid
content of the surfactant, the data did not indicate any selective
degradation of individual lipid species.

We next compared the untreated control group with the different
groups receiving surfactant treatment at time point 72 h of nARDS
progression. Surprisingly, we did not observe any significant stabiliza-
tion of the most abundant surfactant lipid DPPC [PC 32:0] in the sur-
factant treatment groups (Fig. 3F).

3.5. Surfactant proteins (SP-A and SP-D) in piglets receiving surfactant
therapy

Surfactant protein (SP)-A and SP-D are the immunologically relevant
surfactant proteins with important roles in pathogen recognition and
immune response. SP-A is demonstrated to exert strong anti-
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inflammatory regulation on alveolar macrophages and represents an
important factor in maintaining immune homeostasis. Immune regula-
tion is exerted for example by the direct interaction of SP-A to pathogens
or bacterial LPS (Keese et al., 2014; Wright, 2005), interference with LPS
transport by the LPS-binding protein LBP (Stamme et al., 2002) and LPS
binding to CD-14, TLR4, and MD-2 (Garcia-Verdugo et al., 2005) and by
constitutive basal modification of intracellular NF-xB signaling compo-
nents in alveolar macrophages (Minutti et al., 2017; Moulakakis et al.,
2007; Sender et al., 2013). Compared to healthy control piglets before
nARDS, a reduction of SP-A was observed after 72 h in all treatment
groups, with one exception: IP3 conferred a stabilization of SP-A protein
level (Fig. 4A), a fact that could contribute to the anti-inflammatory
effects observed in this group (Spengler et al., 2018). We did not
observe any significant changes in the levels of SP-D in any of the groups
(Fig. 4B). These data are in accordance with previously published
findings showing that SP-A is mildly reduced during ARDS in children
(Todd et al., 2010).

3.6. Lipid profiles of piglets receiving surfactant therapy

The surfactant lipidomes showed characteristic compositions for the
study groups. Hierarchical clustering analysis (Fig. 5) groups the ma-
jority of surfactant samples of healthy piglets (0 h) to cluster I (Corr. =
0.727), with only one sample located outside of the cluster. Surfactant
samples of the treatment groups were located in cluster II (Corr. =
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Fig. 4. Immunological active surfactant proteins SP-A and SP-D. (A) SP-A and
(B) SP-D protein concentrations in bronchoalveolar lavage samples before lung
injury (0 h) and after 72 h of mechanical ventilation. The samples were
analyzed in technical duplicates by western-blot and normalized to an internal
SP-A/D protein control, as well as to the samples “before injury” (= 100%).
Significances were calculated by one-tailed t-test (* p < 0.05).
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0.752). All samples of healthy piglets (0 h) were characterized by low
abundances of PG species including PG [36:2], PG [34:1], PG [32:0], PG
[32:1] and PG [34:2]. The same trend was observed for PE-O [38:5] and
SM [34:1] (Fig. 5, bottom). These noted lipids showed the most striking
differences between control and treatment and showed highly correla-
tive behavior signified by the clustering (Fig. 5, cluster A, Corr. =
0.549). Lipids comprising long-chain unsaturated acyl moieties, such as
PC [38:3], PE [38:4], and PG [36:3], were characteristically increased in
the treatment groups (Fig. 5, cluster B). For the majority of PI species, we
observed the opposite trend where the relative abundance in 0 h samples
was higher when compared to the Curosurf® treatment (Fig. 5, cluster
Q).

The clustering of Curosurf® (Cluster II) treated piglets indicated that
some treatment groups have a specific lipidome status when compared
to the standard treatment (S50 — gray, Fig. 5). All samples from the
DOPG treatment group (DOPG - green, Fig. 5) formed a clearly sepa-
rated sub-cluster indicating similar lipidome composition. The POPG
treatment group was clustered together on the right side of the
dendrogram (POPG - blue, Fig. 5) with exception of one sample. All
cases of the PIP2 (red, Fig. 5) and IP3 (orange, Fig. 5) treatment groups
are found together in subcluster IIa with exception of one PIP2 sample.
Furthermore, all lipidomes of IP3 and PIP2 treatment group were
located in close proximity to the standard treatment group S50.
Nevertheless, it was possible to observe that three of four PIP2 treated
samples cluster together.

From the obtained shotgun lipidomics datasets, we assumed that
signals of PG [34:1] refer mainly to POPG and signals identified as PG
[36:2] mainly to DOPG. We observed an accumulation of PG [34:1] and
PG [36:2] in the respective treatment groups which most likely influ-
enced the clustering structure. The utilized analytical workflow did not
cover PIP2 and IP3 molecules. However, PI [32:0] was identified as a
potential metabolite of PIP2 [32:0] lacking two phosphates and was
increased in the PIP2 treatment group. A direct link between IP3 treat-
ment and the overall lipidome composition could not be observed and
the IP3 group was clustered together with the S50 group.

3.7. Comparison of the lipidomes of treatment groups with fortified
surfactant

In the next step, we performed Analysis of Variance (ANOVA) on the
relative abundances (Fig. 6A) and identified significant accumulation of
PG [34:1], PG [36:2] and PI [32:0] in the respective treatment groups
when compared to the standard treatment S50 with highly significant p-
values. This strong accumulation can also be visualized in the group wise
comparisons depicted in Fig. 6B. At the same time we compared the
overall PG profile of all treatment groups (Supplemental information,
Fig. S1) and did not see any effect by treatment additives, except the
accumulation of POPG or DOPG, respectively. Additionally, we did not
find indications for head group exchange for [34:1] and [36:2] aliphatic
chains that were present in the treatment groups. From this perspective,
we can conclude that there was no conversion of POPG or DOPG to other
lipids covered in this screening such as POPC, DOPC, or the respective
PE and PI species. However, we identified a slight but significant (p <
0.01) increase of PI [32:0] in the PIP2 32:0 treated surfactants (Fig. 6A,
B) where the overall PI composition is not affected in the treatment
groups (Supplemental information, Fig. S2).

Next, we aimed at elucidating the effect of the treatment lipids on the
surfactant lipidomes. To be able to identify general surfactant alter-
ations in addition to the supplemented treatment lipids, we excluded the
lipid species PG [34:1] and PG [36:2] from the analysis. Then, the cut-off
for the inclusion of lipid species into the cluster analysis was set to an
overall standard deviation (SD) larger than 0.1 to focus the analysis
exclusively on species with the highest variability. All 33 lipid compo-
nents that fulfilled that criteria were further analyzed by hierarchical
clustering (Fig. 6C). For the IP3 treatment group we found that 4 of 5
samples clustered together. However, a clear separation of treatment
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Fig. 5. Lipid profiles of 0 h and 72 h samples
are clearly distinguishable. Hierarchical clus-
tering of 64 piglet surfactant samples (tree top).
Groups are shown by colored bars above the

tree: white, 0 h samples; gray, 72 h Curosurf®
(control); orange, 72 h Curosurf® + IP3; red,
72 h Curosurf® + PIP2; blue, 72 h Curosurf® +
POPG; green, 72 h Curosurf® + DOPG treat-
ment. 84 lipid species present in 80% of the
samples were clustered (tree left). Character-
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groups from the S50 could not be observed. This result demonstrates
that the lipid alterations within the treatment groups were driven by the
specific additives while the overall surfactant lipidome was only
marginally affected. We conclude that the supplemented lipids accu-
mulate in the lung surfactant without changing the overall lipidome
composition and only negligible appearance of conversion products.

4. Discussion

To improve patient care and reduce pathology and mortality in
nARDS new treatment options are needed. Among these, improvement
of surfactant supplementation therapy represents a promising approach.
The current concepts for the development of new generation surfactants
are focused on the major phospholipid component of lung surfactant
DPPC, the anionic phospholipid POPG and the lipophilic surfactant
proteins SP-B and SP-C (Curstedt et al., 2013; Ricci et al., 2017; Sweet
et al., 2017). Since several recent papers highlight the involvement of
inflammasome activation as a major pathway contributing to the path-
ophysiology in ARDS (Borthwick, 2016; Grailer et al., 2014; Kolliputi
et al., 2012), the current study aimed to (i) address the potential of

10

istic lipid species for clusters are noted below
the tree. Clustering metric in both cases was
‘Euclidean Distance’ and method was ‘Complete
Linkage’. Lipid abundances are expressed on
the heat-map as log2-fold changes. Blue color-
ing expresses a decrease and yellow coloring
expresses an increase.

phospholipids to modulate this pathway, (ii) to analyze the biophysical
properties of modified surfactant preparations and (iii) to provide
fundamental data on the surfactant composition in the healthy lung, in
the diseased lung and under therapy with modified surfactant.

Challenge of macrophages with LPS and ATP is a widely used system
to study inflammasome mediated IL-1p production in vitro. Our data
clearly demonstrate that PIP2, POPG, and DOPG inhibited IL-1f pro-
duction in monocyte-derived macrophages as well as in primary mac-
rophages from human lung tissue. The IC50 values and doses required
for significant inhibition of IL-18 production were one order of magni-
tude higher than the doses inhibiting TNF-a production (Fig. 1B, C, E).
This difference in the required inhibitory doses is likely due to the
different activation pathways involved. The lowest IC50 values were
determined for PIP2, IC 50 values for POPG and DOPG were higher by
factors 2-10. Clearly, IP3 did not confer any direct inhibiting effect of
the IL-1p production in human monocyte-derived and in primary lung
macrophages. Similar results were also obtained in experiments on
macrophages from piglets (Spengler et al., 2018), underlining that this is
a broader species-independent observation.

Inhibitory effects of phospholipids on TLR4 activation by LPS have
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been related to the interaction of anionic phospholipids with several
proteins involved in the signaling pathway, including CD14, LBP, TLR4,
and MD-2 (Kuronuma et al., 2009; Mueller et al., 2005). POPG and also
PI have been shown to be effective inhibitors of TLR4 activation
resulting in NF-kB dependent TNF-«a release and NO-production (Kur-
onuma et al., 2009). Efficiency of phospholipid inhibition by POPG has
been demonstrated in the context of mycoplasma infection and respi-
ratory viral infections (Kandasamy et al., 2011; Numata et al., 2010,
2012a). So far, the regulatory networks of phospholipid mediated
inflammasome activation are not delineated in detail. Not surprisingly,
the therapeutic effects of surfactant supplementation observed in our
piglet model was much more diverse than would be anticipated from
these current in vitro studies, reflecting the complex interplay of immune
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T
g
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o
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regulation circuits in vivo. Piglet groups receiving IP3, PIP2, and POPG
modified surfactant showed improvement of vital lung parameters over
the observed time course of 72 h, with IP3 and POPG providing the most
beneficial effects. With respect to the inflammasome activation
pathway, significant inhibition of several steps of the NLRP3-ASC-IL-1
pathway was observed in protein extracts of whole lung tissue for the
group receiving IP3, and some effects were evident in the DOPG group
(Spengler et al., 2018). Besides the alveolar macrophage, which repre-
sents the primary and dominant immune cell in the lung, other pulmo-
nary cell types contribute to the inflammatory scenario. Type II
pneumocytes have been shown to respond with inflammasome activa-
tion in acute lung injury and ARDS (Kolliputi et al., 2012). The cross-talk
and co-stimulatory effects between immune-competent cells and
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different stages of regulation should therefore also be considered. In line
with this, inhibitory effects of IP3 were observed also on the ceramide
axis which might explain the strong effects observed in vivo. Further-
more, the potency of IP3 might also not only be a result of local effects,
but also of its systemic impact, as immune modulation was not only
observed in the lung, but also in the liver (Spengler et al., 2018). To
generate a complete picture of the regulatory mechanisms, both types of
analysis, on the cellular level as show here and in vivo are required.

A study by another group recently demonstrated that the zwitter-
ionic surfactant lipid DPPC can interfere with inflammasome activation
by LPS and ATP in the human U937 cell line and in unprimed or LPS-
primed human monocytes. In this experimental setting, the authors
did not observe inhibitory effects of POPG or PS. They identified nico-
tinic acetylcholine receptor as target of inhibition by DPPC via modu-
lation of ATP-sensitivity of P2X7 channel gating (Backhaus et al., 2017).
This finding represents an interesting new aspect, especially in view of
the fact that inflammasome activation pathways in monocytes and
macrophages are quite differentially regulated. In our study, the tested
neutral PC species mediated even enhanced IL-1f production of mac-
rophages (Fig. 1D). Of note, the neutral lipids alone did not induce
TNF-a or IL-1f release and testing of the phospholipid preparations by
the Limulus-Amoebocyte Lysate (LAL) assay did not indicate that the
enhancing effect is conferred by endotoxin contamination. Together,
these observations suggest that also along the axis of inflammasome
activation different pathways have evolved to interfere with immune
activation and support immune homeostasis in the lung. Within this
regulatory network, both the zwitterionic phospholipid DPPC and the
anionic lipids contained in the lung surfactant may contribute to provide
a well-balanced system.

As changes in the pulmonary surfactant composition have a strong
impact on biophysical and physiological lung function, monitoring of
the surfactant lipid composition is important for the evaluation of
treatment strategies. The comparison of the lipid composition in sur-
factant of the healthy newborn piglets at t = 0 h with the same piglets
receiving surfactant therapy after 72 h revealed characteristic changes
in the lipid profile of lung surfactant. The typical surfactant profile of
newborns dominated by high content of PI species and minor amounts of
PG species is reflected in the lipidome data. In ARDS induced by
meconium aspiration in newborns, an increased abundance of poly-
unsaturated lipids was recently reported (Autilio et al., 2020). In line
with these data, we observed similar changes in the PC profile of 72 h
ARDS untreated controls in comparison to the healthy state (t = 0 h).
The particular increase of long chain polyunsaturated PC species (PC
36:2, 36:3, 36:4, 38:4, and 38:5) is indicative of cell debris and tissue
destruction associated with severe ARDS (Supplemental information,
Fig. S3). Upon surfactant treatment, specific lipidome changes were
observed. Several lipid species such as PG [34:2], PG [32:0] and PG
[32:1] can be identified as components of the Curosurf® preparation
used. Especially the increase in PG 34:1 indicates a typical content of
POPG contained in the surfactant of adult lungs. However, the overall
composition determined in lung surfactant samples from Curosurf®
treated piglets represents a unique profile with lipid species that clearly
differs from the lipid profile of Curosurf® (Supplemental data Table S3)
and (Pelizzi et al., 2002). Several lipid species were identified in the 72 h
surfactant samples that were not contained in the surfactant of healthy
piglets and not in the Curosurf® preparation. These lipids were mainly
PE-ether, however their abundance was quite low. Of note, sampling of
lavage and surfactant in different disease states represents a major
challenge of this experimental setting. Lipid extraction from lung tissue
samples could improve the lipid recovery and quantification of the tissue
surfactant pool. The major differences observed were exclusively
restricted to the applied lipids, demonstrating that surfactant enrich-
ment resulted in a stable maintenance of the surfactant composition. In
line with this, also the immunologically active surfactant proteins SP-A
and SP-D were not affected, with the exception of the IP3 group, where
SP-A levels were increased, suggesting improved anti-inflammatory
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regulation by the SP-A route. We initially expected to observe stabili-
zation of the surfactant amounts. However, the data did not indicate
significant stabilization of particular and overall lipids in the treatment
groups. Nevertheless, we observed significantly improved outcome
(Spengler et al., 2018). We conclude that enhancing the amount of
surfactant is not the only target to reduce pathophysiology. The
immunological effects and the impact of surfactant lipids on cell and
tissue metabolism are also of great importance for the outcome. It is
therefore of major interest, to obtain more information on the molecule
pathways and turnover of surfactant and treatment lipids. Doping of the
treatment compounds with lipid tracer could provide such information.

Pulmonary surfactant arranges as a thin film at the air-water inter-
face and in several different types of multilamellar structures. Most
peculiar characteristic lipid structures are surfactant lamellar bodies and
tetragonal structures named tubular myelin (Perez-Gil, 2008). System-
atic investigation into the molecular structure and biophysical behavior
of clinical surfactant preparations can provide important information for
the development of improved or artificial surfactants. As such, choles-
terol, which is usually extracted from clinically used porcine surfactant
preparations has recently been demonstrated to have a strong impact on
the organization and phase behavior of the porcine surfactant prepara-
tions HL-10 (Andersson et al., 2017). The biophysical analysis of the
fortified surfactant preparations showed no effects on phase state and
fluidity. The SAXS analysis revealed nanoscale modifications of the
membrane organization, with a slight reduction of the bilayer d-spacing
by the additives. POPG and DOPG induced a tendency to non-lamellar
structure at physiological temperature. Of general interest is the obser-
vation that the surfactant mesophase differed in saline and in PBS
preparations. The much smaller d-spacing of surfactant bilayers
observed in saline was strongly increased by IP3, reflecting the strong
effects of electric repulsion on membrane organization.

The functional capacity to reduce surface tension in vitro were mainly
reduced in PIP2 containing surfactant. Also, addition of POPG and
DOPG seemed to delay refinement of a surfactant film at the air liquid
interface as indicated by delayed reduction of ynj, compared to control
preparations. To establish a surfactant film with high functional ca-
pacity, enrichment of DPPC in the monolayer induced by squeeze- out of
non-DPPC components is proposed (Pérez-Gil and Keough, 1998; Xu
et al., 2020). This could be in line with the delayed reduction of surface
tension during compression of the preparations in the pulsating bubble
surfactometer. However after 5 min, no differences in yp;, have been
found. The functional data derived in the pulsating bubble surfac-
tometer are limited to low surfactant concentrations, since light opacity
of higher concentrations avoid proper microscopic adjustment of the
bubble size. Concentrations used in this study were close to biophysical
inactivation, which e.g. is indicated by more stable ypax and ypin results
in samples at concentrations of 2.5 compared to 2.0 mg/ml. On the other
hand, there are limited data on the physiologic concentration of sur-
factant in the terminal airways. Of note, as demonstrated in a previous
study, the application of the here studied supplemented surfactant
preparations conferred improved lung oxygenation in a piglet model,
demonstrating sufficient biophysical function of the preparations in vivo
(Spengler et al., 2018). The described effects on the biophysical function
found in vitro may be counterbalanced by increasing the phospholipid
concentration and/or the concentration of the surfactant proteins-A, -B
and/or -C that firstly are known to improve biophysical activity of sur-
factant and secondly are increased in natural surfactant.

5. Conclusions

In conclusion, our study demonstrates that in vitro, PIP2, POPG, and
DOPG confer anti-inflammatory immune regulation by inhibiting TNFa
and IL-1f release. Enrichment of surfactant resulted in minor modifi-
cations of the biophysical state of surfactant. For PIP2 supplementation,
the biophysical function to lower the surface tension was impaired. As
the anti-inflammatory activity was highest for PIP2, lower
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concentrations might be sufficient to retain the physical surfactant
function. In vivo application of the preparations demonstrated an
increased abundance of the treatment compounds with an otherwise
stable lung surfactant composition. In conclusion or data show that
enrichment with anionic lipids in surfactant therapy is a promising
strategy to attenuate hyper-inflammatory responses in pulmonary
diseases.
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