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Abstract

Purpose Acute respiratory distress syndrome (ARDS) is a major cause of hypoxemic respiratory failure in adults. In ARDS
extensive inflammation and leakage of fluid into the alveoli lead to dysregulation of pulmonary surfactant metabolism and
function. Altered surfactant synthesis, secretion, and breakdown contribute to the clinical features of decreased lung com-
pliance and alveolar collapse. Lung function in ARDS could potentially be restored with surfactant replacement therapy,
and synthetic surfactants with modified peptide analogues may better withstand inactivation in ARDS alveoli than natural
surfactants.

Methods This study aimed to investigate the activity in vitro and the bolus effect (200 mg phospholipids/kg) of synthetic sur-
factant CHF5633 with analogues of SP-B and SP-C, or natural surfactant Poractant alfa (Curosurf®, both preparations Chiesi
Farmaceutici S.p.A.) in a severe ARDS model (the ratio of partial pressure arterial oxygen and fraction of inspired oxygen,
P/F ratio < 13.3 kPa) induced by hydrochloric acid instillation followed by injurious ventilation in adult New Zealand rabbits.
The animals were ventilated for 4 h after surfactant treatment and the respiratory parameters, histological appearance of lung
parenchyma and levels of inflammation, oxidative stress, surfactant dysfunction, and endothelial damage were evaluated.
Results Both surfactant preparations yielded comparable improvements in lung function parameters, reductions in lung
injury score, pro-inflammatory cytokines levels, and lung edema formation compared to untreated controls.

Conclusions This study indicates that surfactant replacement therapy with CHF5633 improves lung function and lung archi-
tecture, and attenuates inflammation in severe ARDS in adult rabbits similarly to Poractant alfa. Clinical trials have so far
not yielded conclusive results, but exogenous surfactant may be a valid supportive treatment for patients with ARDS given
its anti-inflammatory and lung-protective effects.
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hydrochloric acid (HCl) may evoke direct damage to the
alveolar—capillary membrane and promote polymorphonu-
clear leukocyte adhesion, activation and sequestration [1].
Mechanical ventilation (MV) as a life-saving intervention
is equired in ARDS [2], but improper MV might induce or
aggravate lung injury, resulting in ventilator-induced lung
injury (VILI). This may lead to an increase in mortality
[3-6]. VILI has been linked to the activation of transcrip-
tion nuclear factor (NF)-kB whose consensus sequence was
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detected in genes of cytokines and chemokines increased
in response to overventilation [7]. Neutrophils, alveolar
macrophages, alveolar epithelial cells, and reactive oxygen
species have all been shown to be affected in VILI. Acti-
vated neutrophils infiltrate the alveoli and release cytotoxic
substances and proinflammatory mediators, aggravating
inflammation and damaging the alveoli. Tumour necrosis
factor-o (TNF-a) and interleukin (IL)-6 are released by mac-
rophages, intensifying the inflammatory reaction. In addition
to attracting a significant number of peripheral neutrophils to
the lungs and macrophages activation exacerbate the inflam-
matory lesions present in the lungs [8].

Acute pulmonary damage might disrupt lung surfactant
in several ways. Surfactant activity has been impaired in
bronchoalveolar lavage fluid (BALF) or tracheal aspirates
from patients with ARDS or other conditions involving lung
damage [9-13]. Extensive studies have shown that injury-
related inhibitors, including plasma and blood proteins
[14-19], meconium [20], reactive oxidants [19, 21-23],
and lytic enzymes like proteases [24] and phospholipases
[25, 26], significantly reduce the activity of lung surfactant.
Albumin and other blood proteins mainly decrease surface
activity by reducing the number of active surfactant
components that may enter the alveolar air—water interface
by competitive adsorption [14, 27]. On the other hand,
during dynamic compression, fatty acids, lysophospholipids,
or lipids found in cell membranes may combine with the
surface layer and prevent it from reaching low surface
tension (ST) [15, 27, 28]. Surfactant lipids or proteins
are chemically altered by phospholipases, proteases, and
reactive oxygen and nitrogen species [12, 25, 29]. The well-
established fact that surface activity deficits can be mitigated
in vitro by increasing the concentration of active surfactant,
even in the presence of inhibitor substances, provides
a rationale for exogenous surfactant supplementation
strategies [30, 31]. Several randomized controlled trials of
exogenous surfactant replacement in ARDS have shown no
or limited improvement in clinical outcomes [32]. Several
factors e.g. poor alveolar distribution, methodology of the
study, ARDS heterogeneity, and dysregulated surfactant
metabolism remain significant issues in designing clinical
trials [33-36].

Randomised controlled experiments have assessed both
synthetic and animal-derived surfactants from porcine or
bovine sources [37]. When compared to the first or second
generations of synthetic surfactants, animal-derived
surfactants lead to a quicker weaning from respiratory
support, a shorter invasive ventilation period, and a lower
death rate [38]. When compared to bovine surfactants,
treatment with porcine natural derived Poractant alfa is
linked with superior results [39]. This difference in outcome
is probably attributable to composition, volume, and/or
dosage. CHF5633 (Chiesi Farmaceutici S.p.A.) is the first
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synthetic surfactant containing both peptide analogues of the
two hydrophobic surfactant proteins B (SP-B) and C (SP-C)
incorporated into a lipid suspension of phosphatidylcholine
and phosphatidylglycerol. Preclinical investigations have
demonstrated its resistance to inactivation and physiological
effectiveness [40—42]. In the present study, we tested the
effects of synthetic surfactant CHF5633 and natural
surfactant Poractant alfa on lung function, inflammation
and lung architecture in an established experimental model
of severe ARDS in adult rabbits. In vitro, the surface
activity and function of both surfactant preparations were
investigated in the presence of inhibitors in a dynamic
system mimicking the respiratory cycle.

Methods
Animal Instrumentation

Both the local Ethics Committee of Jessenius Faculty of
Medicine and the National Veterinary Board of Slovakia
(EK 6/2021 and Ro. 4590-3/2021-2020, respectively) gave
their approval for this study. Twenty-four male adult New
Zealand white rabbits aged 15 weeks with 2.5 (SD 0.3) kg
body weight (b.w.) were used and handled according to the
ARRIVE and the Federation of European Laboratory Ani-
mal Science Associations (FELASA) guidelines and rec-
ommendations, and EU Directive 2010/63/EU for animal
experiments. All animals were instrumented in line with
previous studies [43, 44]. Figure 1 depicts every step of the
experimental protocol.

The animals were first sedated intramuscularly with tile-
tamine, zolazepam (15 mg/kg b.w.; Zoletil, Virbac, France),
and xylazine (5 mg/kg b.w.; Xylariem, Riemser, Germany)
before being placed on a surgical table with a controlled
heating temperature of 37 °C in a supine position for the sur-
gical procedures. The right femoral artery and left and right
marginal ear veins were cannulated for continuous intra-
venous (i.v.) infusion of anesthetics tiletamine and zolaz-
epam (10 mg/kg b.w./h), Ringer’s acetate solution (10 ml/kg
b.w./h), arterial blood sampling, and arterial pressure moni-
toring. An endotracheal tube was inserted after a trache-
otomy was done. After ascertaining adequate anesthesia by
the absence of a reaction to aversive stimuli like toe pinching
and forceps-pinching abdominal skin, atracurium besylate
(0.7 mg/kg b.w./h; Tracrium, Aspen Pharma, Ireland) was
used to paralyze animals before they were mechanically ven-
tilated (Aura V, Chirana, Slovakia). Baseline ventilation was
delivered in volume-controlled mode with tidal volume (V7)
6-8 ml/kg b.w., positive end-expiratory pressure (PEEP) of
0.5 kPa, inspiration expiration rate (I:E) 1:2, respiratory rate
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Fig.1 Scheme of the experimental protocol. The procedures were
divided into different parts: randomization and instrumentation,
induction of lung injury, administration of surfactant, and observation
period. Lightning bolts depict single devastating insults to the lungs,

(RR) 40 breaths per minute (bpm) and inspiratory oxygen
fraction (FiO,) of 0.7 for a 20 min stabilization period.

A PowerLab 8/30 multichannel recorder was used to
continuously record electrocardiograms with subcutaneous
electrodes and invasive arterial pressure monitoring (AD
Instruments, Germany). By using a blood gas analyzer (Rap-
idLab TM348, Bayer Diagnostics, Germany), arterial blood
samples were used to measure gas exchange and acid—base
balance parameters to estimate arterial blood gases (ABG)
parameters. Ventilation parameters, e.g. plateau airway pres-
sure (P,,), static lung-thorax compliance (Cy,,), dynamic
lung-thorax compliance (Cdyn), mean airway pressure (P,,),
PEEP, and airway resistance (R, ), were measured by in-
build sensors and Aura V ventilator software. The following
parameters were calculated: P/F =a ratio between arterial
oxygen partial pressure (PaO,) and a fraction of inspired
oxygen (FiO,); oxygenation index (OI) = (mean airway pres-
sure X Fi0,)/Pa0,; and alveolar-arterial gradient (AaG) =
[FiO, X (Patm — PH,0) — PaC0O,/0.8] — PaO,, where Patm
is barometric pressure and PH,O is the pressure of water
vapour.

Induction of Experimental Model of ARDS

The combination of acid aspiration and high-tidal volume
injurious ventilation resulted in a two-hit experimental
model of severe ARDS (Fig. 1). After 20 min of baseline
ventilation (V. 6 ml/kg b.w., PEEP 0.5 kPa, RR 40 bpm, I:E
1:2 and FiO, 0.7), respiratory parameters and blood gases
were recorded (basal values, BV). FiO, was then increased
to 1.0 and the animal received a bolus of hydrochloric acid
(HC1, 3 ml/kg b.w., pH 1.25) intratracheally with a 15 min
stabilization period as the first insult. Thereafter, in order
to simulate ventilator-induced lung injury (VILI), the lungs

such as intratracheal instillation of hydrochloric acid (HCI) and high-
tidal ventilation with zero positive end-expiratory pressure (ZEEP)
resulting in ventilator-induced lung injury (VILI). The timeline shows
the approximate duration of each period in minutes

were ventilated with injurious pattern of high-tidal volumes
(HV ) with target V; 20 ml/kg, zero PEEP, RR 20-30 bpm,
I:E 1:2, and FiO, 1.0. Hypocapnia was tolerated without
further RR reduction. During HV ventilation, ABG were
measured every 15 min until the P/F ratio decreased to
13.3 kPa, which is equivalent to a P/F of 100 mmHg and
classifies our model as intubated severe ARDS according to
the new global definition of ARDS [45].

Surfactant Preparations

The porcine surfactant Poractant alfa (Curosurf®) and the
synthetic CHF5633 surfactant were used for the treatment.
Poractant alfa is an extract of natural porcine lung surfactant.
CHF5633 contains R-dipalmitoylphosphatidylcholine
(DPPC) and 1-palmitoyl-2oleoyl-glycero-3-phospho-1-glyc-
erol (POPG) in a 1:1 mass ratio 98.3% w/w, and surfactant
protein (SP)-B and SP-C analogues (0.2% and 1.5% w/w,
respectively). The SP-C analogue is a 33-amino acid pro-
tein containing an N-terminal segment analogue of SP-C
and a hydrophobic C-terminal helical segment resembling
natural SP-C. The SP-C analog’s amino acid sequence is
IPSSPVHLKRLKLLLLLLLLILLLILGALLLGL. The SP-B
analogue is a 34-amino acid protein derived from two parts
(encompassing residues 8§-25 and 63—78) of the full-length
SP-B [42]. Both surfactant preparations are formulated at a
phospholipid concentration of 80 mg/ml and were supplied
by Chiesi Farmaceutici S.p.A (Parma, Italy).

Treatment Protocol
After meeting the criteria for severe ARDS (P/F < 13.3 kPa),

the animals (n =24) were assigned randomly to the following
groups: (1) Control group, animals with no surfactant
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treatment (n=38); (2) Poractant alfa group, animals treated
with the natural modified surfactant Poractant alfa (n=38);
and (3) CHF5633 group, animals treated with CHF5633
surfactant, respectively (n=_8). Surfactant treatment
(2.5 ml/kg, 200 mg phospholipids/kg b.w.) was given as
bolus instillations in the trachea above the carina with the
animal in semi-upright right and left lateral position. In
each position, 50% of the dose was administered. In the
control group, an air bolus of 2.5 ml/kg was given instead
of exogenous surfactant.

After the treatment protocol, the animals were subjected
to protective ventilation for additional 4 h in volume-
controlled mode with V. 6 ml/kg, PEEP 0.5 kPa, RR 40 bpm,
I'E 1:2, and FiO, 1.0. PEEP was increased gradually up to
1 kPa in cases where oxygen saturation (Sa0O,) fell below
85%. Post-treatment physiological data, including blood
gases and respiratory parameters were recorded at 15, 30,
60, 120, 180 and 240 min (Fig. 1). Animals displaying
hypotension were given a bolus of saline (10 ml/kg b.w.).
Finally, 4 h after the treatment, the animals were euthanized
under deep anesthesia by receiving an intravenous injection
of potassium chloride at a lethal dose. All 24 animals
survived the entire protocol.

Post-mortem Sampling and Analyses

A sternotomy was performed to open the thorax and
spontaneously collapsed lungs with clamped trachea above
the carina, and the heart were separated from the chest, while
inferior vena cava and aorta were ligated and transected
along with the esophagus. The left lung lobes were lavaged
twice with saline (10 ml/kg b.w.) to obtain the BALF. Right
lung tissue samples were either immediately shock-frozen
and stored at —70 °C until biochemical analyses or fixed by
immersion in 10% buffered formalin for 2 weeks or used to
assess pulmonary edema formation.

In BALF, total and differential white blood cell (WBC)
count was estimated using the veterinary hematology
analyzer (Sysmex XT-2000i, Sweden). Viability of cells
in BALF was determined by automated cell counter
Countess™ (Invitrogen, USA) and expressed in percentage.

Then, the BALF was centrifuged (1500 rpm for 15 min)
and levels of cytokines, oxidative modification products
and other markers were determined in the supernatant.
The concentrations of IL-1p, TNFa, IL-6, and IL-8 were
quantified using rabbit-specific ELISA kits (Cloud-Clone
Corp., USA). Protein oxidative damage was determined
using the OxiSelectTM Nitrotyrosine ELISA Kit and
Advanced Oxidation Protein Products (AOPP) Assay and the
OxiSelect™ TBARS Assay Kit was used to detect oxidation
of lipids expressed as the concentration of thiobarbituric acid
reacting substances (TBARS) (all kits were purchased from
Cell Biolabs, USA). Soluble receptor for advanced glycation
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end products (SRAGE) (MyBioSource, USA), activity of
secretory phospholipase A2 (sPLA), and myeloperoxidase
activity (MPO) (both Abcam plc., UK) were quantified
using rabbit-specific assays. All analyses were performed
in duplicate according to the manufacturer’s instructions.

Tissue samples from the right lung from apical, medial,
and caudal regions were collected according to a pre-set
scheme for estimation of the wet-to-dry (W/D) lung weight
ratio, the extent of lung edema. Lung strips were weighed
before and after drying in an oven at 50 °C for 1 week to
calculate the W/D ratio. Total protein content in BALF was
determined in supernatant by the Bradford colorimetric
method.

Formalin-fixed lung samples from caudal medial right
lung were embedded in paraffin, sectioned, and stained
with hematoxylin and eosin. Histological analysis was
performed blindly by a veterinary pathologist (SM) and
scored according to: neutrophil infiltration, interstitial
congestion and hyaline membrane represented 1—
normal lung, 2—moderate, 3—intermediate, 4—
severe; perivascular edema, emphysema O—absent,
1—mild-moderate, 2—moderate-severe, 3—severe; for
haemorrhage, atelectasis 0—absent, 1—present. The sum
of scores was used to assess the total lung injury score as
described previously [46].

Surface Activity Analysis

Natural surfactant was isolated from BALF by taking the
supernatant from the first centrifugation (5 min at 1500 X g
to removed cells) and subjecting it to a centrifugation of
40,000 x g at 4 °C (for 65 min to generate a surfactant
pellet). The pellet from this high-speed centrifugation
was resuspended in 500 pl of saline and determined the
lipid content (Lipid Quantification Kit, STA-617, Cell
Biolabs, Inc., San Diego, USA). After resuspension of the
surfactant pellet, the biophysical activity of the surfactant
material from animal model was assessed at a final total
lipid concentration of 3 mg/ml. In contrast, exogenous
surfactant sample contained 2.5 mg phospholipids/ml.

A pulsating bubble surfactometer (PBS; General
Transco Inc., Seminole, FL, USA) was used to assess
the surface activity of surfactant preparations. A diluted
exogenous surfactant sample was filled in an acrylic
sample chamber, preheated to 37 °C. A bubble with a
0.4 mm minimum radius was created and maintained for
30 s of stabilization. Subsequently, pulsation between
bubble radius 0.4 and 0.55 mm (corresponding to 50%
area expansion and compression) was initiated at a cycling
frequency of 20 rpm. Pressure across the bubble’s surface
was continuously recorded using a microprocessor. Surface
tension values at the minimum and maximum bubble sizes
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were calculated using the Laplace equation [47]. Plasma
proteins (albumin, fibrinogen) were used to evaluate the
resistance of surfactants to inactivation in PBS.

Statistics

Statistical analysis was performed using the statistical
software Prism 9 (GraphPad, USA). The results are presented
as mean and standard deviation (SD). Data normality
was tested using the Shapiro-Wilk test. All measured
variables, except semiquantitative histopathological
features, had a normal distribution within each group;
therefore, two-way ANOVA with Tukey’s post-hoc test in
parameters with dynamic changes for specific time-points
and Kruskal-Wallis non-parametric test (few variables
per group) for testing the differences between the groups
were performed. Semiquantitative data from histological
evaluation were tested by Chi-square test or Fisher’s exact
test for qualitative binary variables (absent/present) and
Mann—-Whitney non-parametric test for multiple variables
(1-4 scale). A p value below < 0.05 was considered as
statistically significant. The confidence interval (CI) was
additional information about the likely magnitude of the
effect being investigated and the reliability of the estimate.

Results
Pulsating Bubble Surfactometer Analysis

The biophysical activity of the surfactant material recovered
from the lungs of the rabbits with ARDS evaluated in the
pulsating bubble surfactometer (PBS) showed a tendency to
lower the surface tension (ST), which failed to reach statisti-
cal significance (Control vs. Saline p =0.964). Significant
differences were not observed between treated groups com-
pared to Control (Fig. 2a). The dynamic changes of minimal
ST of surfactant material obtained from rabbit lung lavage
fluids across the whole period (5 min) of cycling in PBS are
shown in Fig. 2b. Poractant alfa and CHF5633 surfactant
mixed with HCI (2.5 mg PL/ml, pH 1.25) have a significant
effect on the minimum ST only for Poractant alfa (Fig. 2c).
Addition of albumin or fibrinogen at both concentrations
4 mg/ml and 8 mg/ml significantly increased min ST of
the Poractant alfa and CHF5633 after 5 min of pulsation
(Fig. 2d, e). We observed significant difference between
Poractant alfa with fibrinogen compared to CHF5633
surfactant with fibrinogen both in 4 mg/ml (Fig. 2e). The
dynamic changes of minimum ST of the Poractant alfa and
CHF5633 surfactant alone or mixed with HCI, albumin and
fibrinogen during the whole period of cycling in PBS are
shown in Fig. 2f—i.

Lung Function Parameters

The entry lung function parameters in the initial phase of the
setup did not differ among the experimental groups (Con-
trol vs. Poractant alfa vs. CHF5633) at baseline values (BV)
as well as at Model time point (p > 0.05 for each param-
eter). A model of ARDS was established by instillation of
hydrochloric acid followed by injurious high-volume ven-
tilation and no PEEP. Induction of lung injury was accom-
panied by severe deterioration in all measured lung func-
tion parameters, including P/F, OI, AaG, C,, P, and R,;
significant deterioration (p <0.001 for each parameter) was
observed at time point Model (representing severe ARDS
with P/F <13.3 kPa) compared to BV. Deterioration of all
lung function parameters persisted only in the untreated con-
trol group till the end of the experiment, for additional 4 h
(Fig. 3).

Treatment with either surfactant preparation improved
lung function, with significant effect at least immediately
after administration. Noticeable improvement in P/F, Ol and
AaG was observed at 15 and 30 min after therapies with
either Poractant alfa or CHF5633 (for all parameters at each
time point, p <0.001); however only with Poractant alfa
this significant effect persisted till the end of experiment
(Fig. 3a—c). In Cg,, P,, and R,,, the effect of treatment
was evident and slightly delayed (from 60 min after
administration of surfactant), especially for Poractant alfa.
Poractant alfa, but not CH5633 surfactant, significantly
improved Cg, (p <0.05) relative to the controls for about
the entire observation period (Fig. 3d). CHF5633 improved
P, only at 60 min (p <0.05) and R, at 180 min (p <0.001)
and 240 min (p <0.01) after administration compared to
controls (Fig. 3e, f).

No statistically significant differences were observed
between the two surfactant therapies. However, when area-
under-the-curve (AUC) analysis was used, AUC of Poractant
alfa in C,, showed significant differences compared to the
CHF5633 (p=0.022, CI: —2.36, —0.11). In addition, only
AUC of Poractant alfa differed significantly from controls
for P/F (p=0.031, CI: —118.3, =5.47), AaG (p=0.01, CI:
18.43, 131.9), C, (p=0.003, CI: —2.47, —0.54) and P,
(»p=0.016, CI: 0.46, 4.53). AUC of CHF5633 therapy in
OI (p<0.001, CI: 25.97, 61.42) and R, (p=0.047, CI:
0.44, 58.62) differed from the controls and the effect was
comparable with Poractant alfa.

Arterial Blood Gases (ABG) Parameters

Administration of either surfactant preparation significantly
improved ABG parameters. Poractant alfa significantly
improved PaO,, PaCO,, SaO, and pH immediately after
therapy with persisted effect till the end of the 4 h observa-
tion period compared to controls (p <0.001 repeatedly for all
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«Fig.2 Surface activity and analysis of the surfactant resistance to
inactivation. Minimum surface tension (ST; ymin) of a surfactant
materials isolated from rabbit lavage fluids, ¢ minimum ST of the
Poractant alfa and CHF5633 surfactant at concentration 2.5 mg/ml
mixed with hydrochloric acid (HCI; pH 1.25), and d albumin (Alb)
and e fibrinogen (Fbg) both at concentration 4 or 8 mg/ml after 5 min
of pulsation in a pulsating bubble surfactometer (PBS). Minimum ST
during the whole analysed period for 5 min of cycling in PBS of b
surfactant materials from rabbits, f the Poractant alfa and CHF5633
at concentration 2.5 mg/ml, g Poractant alfa and CHF5633 mixed
with HCI (2.5 mg PL/ml, pH 1.25), and h mixture of surfactants and
albumin (Alb), i fibrinogen (Fbg) at concentration 4 mg/ml or 8 mg/
ml. Data are presented as mean and SD. Statistical comparisons:
*p<0.05, #*p <0.01, ***p <0.001

observed time-points) (Fig. 4). For CHF5633, marked and
significant improvement was observed in PaO, only 15 and
30 min after administration compared to controls (for both
time-points p <0.001). Compared to controls, CHF5633
improved SaO, throughout the experiment (at each time
point p <0.001), PaCO, (markedly at 180 min p <0.001)
and pH with delay effect from 120 min after therapy till
the end (p <0.01). Poractant alfa had more persistent effects
compared to the untreated control animals than CHF5633,
but there were no differences between the surfactant treated
groups.

Total and Differential Leukocyte Counts

Both surfactant preparations affected total and differential
WBC count in the BALF. Significantly increased total WBC
count in BALF was found after Poractant alfa (» <0.001, CI:
—1.09, —0.46) and CHF5633 (p <0.001, CI: —1.04, —0.40)
compared to controls (Fig. 5a). Also, the percentage of neu-
trophils and lymphocytes changed after both surfactant ther-
apies. Decreased neutrophils after the Poractant alfa treat-
ment (p <0.001, CI: 5.92, 18.93) and CHF5633 (p =0.004,
CI: 2.39, 15.41); and increased lymphocytes after Poractant
alfa (p=0.001, CI: —17.23, —4.22) and CHF5633 (p =0.001,
CI: —16.95, —3.93) compared to controls were observed
(Fig. 5c). Cell viability in BALF was significantly higher
after administration of either surfactant preparation com-
pared to the untreated controls, for Poractant alfa (p =0.009,
CI: —21.20, —3.05), for CHF5633 (p=0.001, CI: —24.70,
—6.55) (Fig. 5b). There were no differences in the counts of
WBC between the two surfactant preparations.

Markers of Inflammatory, Oxidative, and Vascular
Modifications and Degrading Enzymes

Both surfactant therapies resulted in reduced levels of pro-
inflammatory cytokines and markers of oxidative modifi-
cation compared to the untreated control group in BALF.
Poractant alfa and CHF5633 significantly decreased levels
of cytokines. No marked differences were observed between

the two surfactant preparations, even though Poractant
alfa appeared to be more efficient; p-values for Poractant
alfa: IL-1p (p=0.013, CI: 4.34, 36.91), TNFa (p =0.007,
CI: 22.5, 146.5), IL-6 (p=0.017, CI: 3.98, 41.47), IL-8
(»p=0.009, CI: 66.71, 487.5); and p-values for CHF5633:
IL-1f (»p =0.042, CI: 0.59, 33.16), TNFa (p=0.028,
CI: 6.78, 130.8), IL-6 (p=0.025, CI: 2.65, 40.13), IL-8
(p=0.026, CI: 26.18, 447.0) compared to untreated con-
trols (Fig. 6).

Oxidative damage to proteins expressed by 3NT and
AOPP was similarly and significantly reduced after
administration of both surfactant preparations, for both
preparation and both markers p <0.01 compared to
untreated controls. Only CHF5633 markedly reduced
oxidative damage to lipids expressed by TBARS compared
to controls (p=0.007, CI: 0.25, 1.53), in addition, compared
to Poractant alfa (p =0.025, CI: —0.86, —0.07) (Fig. 6g).

The level of SRAGE and activity of the enzymes sPLA
and MPO were mitigated after both surfactant treatments.
Compared to Control group, for Poractant alfa SRAGE
(p=0.0004, CI: 40.29, 130.6), sPLA (p=0.012, CI: 0.44,
3.73), MPO (p <0.0001, CI: 4.47, 10.79), and for CHF5633
sRAGE (p=0.041, CI: 1.74, 92.02), sPLA (p=0.014,
CI: 0.40, 3.69), MPO (p <0.0001, CI: 3.75, 10.08). No
statistically significant differences in biochemical markers
except TBARS were observed between the two surfactant
therapies (Fig. 6).

Lung Edema and Protein Content in BALF

Recovery of the BALF was without difference in all groups
(Poractant alfa vs. CHF5633 vs. control, p > 0.05). Total
protein content in BALF increased in the untreated control
group, and, similarly, lung edema expressed as a wet—dry
lung weight ratio (W/D ratio) was increased. Both surfactant
preparations resulted in significantly reduced levels of BALF
protein content (for Poractant alfa p=0.0013, CI: 0.76, 3.01;
for CHF5633 surfactant p=0.002, CI: 0.68, 2.92). Both sur-
factant therapies decreased the total W/D ratio compared
to controls (for Poractant alfa p <0.0001, CI: 1.27, 3.43;
for CHF5633 surfactant p =0.0002, CI: 1.08, 3.24) (Fig. 7a,
b). In each section of the lung, both surfactant preparations
significantly decreased W/D with a stronger effect for the
Poractant alfa; the most lung parts p <0.01 including cau-
dal ventral part compared to Control group (for CHF5633
p<0.05) (Fig. 7¢).

Histological Evaluation of Lung Tissue
In lung tissue, histological signs of severe acute lung injury
were observed in the untreated Control group and the alveoli

and the pulmonary parenchyma displayed a diffuse mis-
cellaneous inflammatory cell infiltrate. Typical partially
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Fig.3 Lung function parameters. a The ratio of arterial oxygen par-
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ance (Cg,, ml/cm H,0), e mean airway pressure (P,,, kPa), f air-

stat®
way resistance (R,,. kPa s/l) before (basal value, BV), at established

ARDS condition (Model), and during 4 h after administration of sur-

disrupted tissue architecture with collapsed alveoli was
present. Alveoli displayed an acute cell reaction of poly-
morphs, predominantly neutrophils and plasma cells with
activated pneumocytes, and numerous erythrocytes. In some
places, massive hyaline membranes and protein debris were
present at the alveolar surface (Fig. 8a). Both surfactants
improved the lung architecture. In Poractant alfa group, the
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factant therapy (marked with an arrowhead) in the control, Poractant
alfa, CHF5633 groups (n=38 in each group). Data are presented as
mean and SD. Statistical comparisons: for Poractant alfa *p <0.05,
##p <0.01, *#*p<0.001 vs. Control and for CHF5633 *p<0.05,
#p <0.01, ¥ p <0.001 vs. Control

lung seemed normal at low power, but slightly thickened
alveolar septa displayed rare inflammatory cell infiltrates.
There were mostly polymorphs—neutrophils, plasma cells
and a few erythrocytes. The alveolar spaces were airy with
inconspicuous protein debris. The peribronchial space
around the terminal bronchi displayed increased lympho-
cyte aggregates (Fig. 8b). Similarly, in CHF5633 group, the
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Fig.4 Arterial blood gases (ABG) parameters. a Partial pressure of
oxygen (PaO,, kPa), b partial pressure of carbon dioxide (PaCO,,
kPa), ¢ oxygen saturation (Sa0,, %), d pH before (basal value, BV),
at established ARDS condition (Model), and during 4 h after admin-
istration of surfactant therapy (marked with an arrowhead) in the

pulmonary parenchyma showed normal alveoli with slightly
thickened alveolar septa and thin inflammatory infiltrates.
The alveoli were airy with scattered polymorphs, plasma
cells and erythrocytes. Inconspicuous hyaline membranes
and deposits of proteinaceous material in the alveolar septa
were present (Fig. 8c).

Morphological analysis revealed marked deterioration
in all histopathological features in Control group,
measured by a scoring system. Both surfactant
preparations significantly attenuated neutrophil
infiltration (for Poractant alfa p =0.044, for CHF5633
p=0.018), and interstitial congestion (for Poractant
alfa p =0.040, for CHF5633 p=0.019). Only CHF5633
surfactant significantly affected the presence of hyaline
membranes (p =0.029) compared to untreated animals
(Fig. 8e—g). Overall, the sum of all observed histological
parameters expressed as a total lung injury score was
significantly reduced by both surfactant preparations; for
Poractant alfa (p =0.009, CI: 1.64, 6.36), and CHF5633
surfactant (p =0.005, CI: 1.64, 6.36) compared to

Control, Poractant alfa, CHF5633 groups (n=38 in each group). Data
are presented as mean and SD. Statistical comparisons: for Poractant
alfa *p <0.05, *¥p<0.01, ***p <0.001 and for CHF5633 #p <0.05,
#p <0.01, ¥ p <0.001 vs. Control

Control group (Fig. 8d). There were no differences in
semiquantitative histopathological features between the
surfactant preparations.

Discussion

Acute Respiratory Distress Syndrome (ARDS) presents
as a clinical syndrome marked by widespread damage
to the alveoli, lung edema, and hypoxemic respiratory
failure resulting from either septic or sterile origins.
This condition commonly occurs in critically ill
patients and is associated with a significant mortality
rate (of 30-50%), as highlighted by the recent COVID-
19 pandemic, and the substantial number of cases has
posed significant challenges for healthcare organizations
globally [48]. The pathophysiology of ARDS involves
the activation and dysregulation of many interconnected
pathways in response to injury, including inflammation
and coagulation both in the lung and systemically [8].
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Fig.5 Leukocyte counts. Total (a) and differential (¢) white blood
cells (WBC) counts and b percentage of viable cells in the bron-
choalveolar lavage fluid (BALF) in the control group, and groups
treated with Poractant alfa and CHF5633 surfactant (n=8 in each
group). Neut neutrophils, Lymph lymphocytes, Mono monocytes, Eo
eosinophils, Baso basophils. Data are presented as individual values
with mean and SD. Statistical comparisons: for Poractant alfa and
CHF5633 vs. control **p <0.01, ***p <0.001

Impairment of pulmonary epithelium and endothelium
causing damage to the alveolar-capillary barrier is a
key factor in ARDS and results in ventilation-perfusion
mismatch and subsequent hypoxia [49]. Persistent
inflammation, the activation of sPLA, and the leakage of
plasma proteins into the alveolar space collectively lead
to the inactivation of pulmonary surfactant, resulting in
alteration of the surface tension, disturbed gas exchange
and the loss of lung function [50, 51]. The objective
of treating ARDS is to minimize iatrogenic injury
and address the underlying cause. In order to improve

@ Springer

oxygenation, invasive mechanical ventilation is the
mainstay for most ARDS patients [52, 53] and exogenous
surfactant replacement therapy offers another therapeutic
option. However, the use of exogenous surfactant in
patients with ARDS is still controversial, as studies have
produced diverse results. The use of both natural and
synthetic surfactant preparations in randomized clinical
trials generally resulted in improved oxygenation indices.
However, these trials have not demonstrated clear
survival benefits [33, 54-56]. Potential explanations for
the lack of success in a treatment that holds promise
may include variations in surfactant composition,
methods of drug delivery, and the diversity in surfactant
biology within the target population [57]. In addition, the
response to exogenous surfactant in preclinical studies
with direct lung injury is promising [44, 58-61].

In this study, we used an in vivo model of severe ARDS to
find differences in efficacy between surfactant preparations
of different origins on lung function and inflammation that
we could not demonstrate in our previous study using a
mild ARDS model [43], and an in vitro model of surfactant
function to investigate the biophysical activity of exogenous
surfactants using a pulsating bubble surfactometer.
Impairment of the biophysical activity of surfactants was
assessed as minimal surface tension (ST) in the pulsating
bubble surfactometer. After 5 min of pulsation, the minimal
ST was near 5 mN/m even when HCI (pH 1.25) was added
(Fig. 2c). One of the key events in ARDS is an increased
alveolar plasma protein load due to increased endothelial
and epithelial permeability [18]. Importantly, CHF5633
was significantly inactivated with Alb and Fbg (Fig. 2c¢).
The minimal ST of the samples were high, the border that
determines a good biophysical activity of surfactant (over
5 mN/m). Surfactant materials isolated from rabbit lavage
fluids were evaluated. The ST values in all groups were
below 5 mN/m, including untreated animals (Fig. 2a). We
assume that instilation of HCI did not cause a homogeneous
distribution and lung damage was not totally diffused. This
means that the lungs of injured animals also contained
undamaged natural surfactant. In addition, natural surfactant
containing all phospholipids and surfactant proteins makes
it even more resistant to loss of activity [62].

In an attempt to replicate a clinical scenario capturing
the multifactorial etiology of ARDS, two noxious factors
causing lung injury were included. Adult rabbits were
subjected to a combination of intratracheal instillation
of HCI and high-volume ventilation to induce ARDS-
like injury. The rationale behind the choice of injurious
insults is supported by the fact that (1) aspiration of gastric
content is a significant factor leading to ARDS [63], (2) the
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Fig.6 Inflammatory, oxidative, and vascular damage markers and
degrading enzymes. Levels of interleukins a IL-1f8, b TNFa, ¢ IL-6,
d IL-8 (all in pg/ml), and e 3-nitrotyrosine (3NT, in nM), f advance
oxidation protein products (AOPP in uM), g thiobarbituric acid-
reactive substances (TBARS, in uM MDA), and h soluble receptor
for advanced glycation end products (SRAGE in pg/ml), i activity

of secretory phospholipase A2 (sPLA in umol/min/ml), j myeloper-
oxidase activity (MPO, U/g) in BALF of the Control, Poractant alfa,
CHF5633 groups (n=8 in each group). Data are presented as indi-
vidual values with mean and SD. Statistical comparisons: for Poract-
ant alfa vs. CHF5633 vs. control *p <0.05, **p <0.01, ***p <0.001
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Fig.7 Effects on ARDS-induced deterioration of alveolar-capillary
membranes. Total a and partial lung edema formation ¢ expressed
as wet—dry (W/D) lung weight ratio and b protein content in BALF
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MM medial medial, CM caudal medial, CD caudal dorsal, CV caudal
ventral. Data are presented as individual values with mean and SD.
Statistical comparisons: for Poractant alfa vs. CHF5633 vs. control
*p<0.05, #p <0.01, ***p <0.001

biophysical forces associated with mechanical ventilation
might contribute to VILI [64]. Both injuries lead to loss
of microvascular integrity, extravasation of edema fluid
and proteins into the alveoli, where they could directly
interfere with alveolar surfactant function and affect
respiration, as described previously [44]. After induction
of lung injury, the lung function parameters of the Control
group, such as P/F and oxygenation indexes, alveolar-
arterial gradient, compliance, and oxygen saturation, rapidly
deteriorated to levels indicative of intubated severe ARDS
(P/F <100 mmHg, or <13.3 kPa by the new global definition
of ARDS [45]) and remained low until the end of experiment
(Figs. 3 and 4), consistent with results from previous studies
[65—-68]. This model should particularly be relevant for the
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study of pulmonary surfactant inactivation and ARDS that
develops secondarily. The combination of damage to the
alveolar epithelium leading to altered synthesis, secretion,
and breakdown of surfactant with increased functional
inhibition creates space for testing exogenous surfactants
that are resistant to secondary inactivation [32]. Treatment
with both surfactant preparations, CHF5633 or Poractant
alfa rapidly improved lung function parameters to a similar
extent. These results are similar to previous studies of
surfactant therapy in ARDS models [43, 44, 59, 60]. A rapid
improvement in P/F, OI, AaG compared to controls was
observed during the first 15 and 30 min after administration
with a subsequent reduction in the activity of exogenous
surfactants on lung function. This may be due to the
inactivation of the therapeutic surfactant in the compromised
alveolar space filled with edema fluid, plasma proteins, and
activated polymorphonuclear leukocytes. Poractant alfa
improved respiratory parameters P/F, AaG, C,., and P,
throughout the observation period with a significant effect
compared to the control animals.

ARDS is characterized by significant inflammatory
cell infiltration and alveolar epithelial and endothelial
injury. Lung infection and aspiration of gastric content
can directly damage alveolar type-II epithelial cells and
impair surfactant metabolism [32]. There is a massive
influx of leukocytes especially neutrophils from the
circulation into the interstitium and alveolar spaces [69].
In accordance, the histological lung sections revealed an
acute cellular response in the alveoli, characterized by a
predominance of neutrophils and plasma cells, along with
activated pneumocytes four hours after ARDS induction.
Activation of these cells is associated with production of
pro-inflammatory cytokines such as IL-1p, TNFa, IL-6
and IL-8 [70-72]. Furthermore, activated neutrophils and
linked oxidative bursts can cause oxidative damage of
proteins and lipids [49, 73]. Since pulmonary surfactant
has anti-inflammatory properties, it is desirable to reduce
inflammation concurrently with surfactant replacement
therapy in ARDS. In this study, both Poractant alfa and
CHF5633 surfactant preparations significantly decreased
the number of neutrophils in BALF (Fig. 5), and reduced
the level of inflammatory and oxidative markers (Fig. 6).
Observing the rise in the total white blood cell count in
BALF after both surfactant preparations is intriguing.
The large and fast changes in WBC count after injury
and/or therapy may reflect an early release of leukocytes
from the bone marrow and their subsequent trapping in
the vessels of the lung. The potent anti-inflammatory and
antioxidative properties of exogenous surfactants have
been discussed previously [58, 60, 74, 75]. In addition,
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both surfactant preparations decreased the levels of
degrading enzymes causing surfactant dysfunction and
endothelial damage (Fig. 6h, i). In particular, reduced
sPLA activity after surfactant administration could
be informative as it links inflammation and surfactant
dysfunction and correlates with clinical outcomes in
patients with ARDS [76, 77].

Inflammatory mediators and bioactive substances,
including reactive oxygen and nitrogen species, cause
damage to endothelial and epithelial cells. Additionally,
high lung volumes during model setting result in alveolar
rupture, air leakage, and localized lung overdistension
[6]. This damage leads to an increased permeability
across the alveolar-capillary membrane [78, 79]. Lung
wet/dry (W/D) weight ratio has been shown to reflect the
integrity of the alveolar-capillary barrier and the degree
of pulmonary edema. Increased lung edema formation and
protein content in BALF were observed in control animals.
Similarly, massive hyaline membranes, hemorrhage, protein
debris, and perivascular edema formation were observed
upon histological examination in untreated animals. Both
surfactant preparations significantly reduced these changes
in lung architecture and resulted in decreased lung edema
compared to the controls (Figs. 7 and 8). It could be
associated with the reduction of alveolar surface tension,
thereby decreasing the tendency of alveoli to collapse and
preventing subsequent fluid transudation [80].

The exploration of surfactant replacement as a
potential therapeutic approach for ARDS has spanned
several decades. Despite the uncertainty surrounding the
precise cause of surfactant abnormalities in ARDS and
how dysregulated surfactant directly translates to adverse
clinical outcomes, it is probable that both surfactant
deficiency resulting from direct alveolar epithelial
injury and secondary abnormalities involving surfactant
functional inhibition due to endothelial leakage play
roles in the pathogenesis of ARDS [32]. Serum proteins
e.g. albumin may compete with surfactant molecules
and reduce surfactant adsorption. Inflammation and
the associated oxidation and sPLA can facilitate the
hydrolysis of surfactant phospholipids and subsequently
alter the fluidity and structure of the surfactant, which
significantly affects its biophysical function [81, 82].
Consequently, the exogenous surfactant may restore
pulmonary surfactant homeostasis and alveolar epithelial
lining integrity. While surfactant replacement therapy is
the standard of care in premature neonates with primary
surfactant deficiency, studies of adult patients with
ARDS so far have demonstrated no survival benefits [32].
Due to the diverse pathophysiology of ARDS, exogenous

surfactants used for treatment are likely required to
withstand inactivation by the various compounds present
in the alveoli to be effective. The most vulnerable to
inactivation are surfactant proteins (SP), mainly
hydrophobic SP-B and SP-C which substantially enhance
surfactant function [83]. Use of synthetic surfactant
may provide an alternative to animal-derived products
because natural surfactant is very expensive and large
quantities would be required to counteract the effect
of surfactant inhibition in adults. Furthermore, current
evidence showed the benefits of surfactant use in ARDS
if administered a highly functional exogenous surfactant
preparation in early respiratory failure [84, 85].

This study has several limitations. First, we used in vivo
model of injury from sterile cause e.g. HCI and thus our
findings may not be generalizable to clinical settings of
gastric juice aspiration cases. Clinical aspiration represents
more complex contents e.g. gastric particulate debris, food
particles, bacterial products, and cytokine suspensions [70].
Second, we used HCI1 with a pH 1.25, which is lower than
gastric juice pH of ICU patients that ranges from 3.0 to
4.0 [86]. However, pH 4.0 is associated with lung injury
and, together with high-volume ventilation mimicking
VILI, could represent a valid model of severe ARDS.
Third, we altered healthy lung with intact endogenous
surfactant and analyzed the effect of surfactant preparation
for 4 h, thus the further progress of therapy and injury is
unclear. Main focus of the study was on the early and acute
phase of ARDS. Fourth, it is obvious to point out several
interspecies differences e.g. immune response, differences
in the respiratory system structures of animal models and
humans [87].

In conclusion, the aim of this study was to compare
two surfactant preparations in terms of biophysical
function in vitro and biological effects in an animal
model of ARDS, focusing on lung function parameters,
inflammation, and lung architecture. Using a two-hit
model of severe ARDS, more closely reproducing human
ARDS, we attempted to distinguish the therapeutic effect
of Poractant alfa and CHF5633, exogenous surfactants
of different origin. We have shown that administration
of the synthetic surfactant CHF5633 in this model
leads to a transient improvement in lung function, a
reduction in lung inflammation and edema formation,
similar to the effects of natural surfactant Poractant
alfa. The pathogenesis of the early exudative phase of
ARDS includes not only surfactant dysfunction, but
also prominent aspects of inflammation, and alveolar-
capillary membrane injury. Currently, randomized
controlled trials do not endorse the regular application
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«Fig. 8 Histological analysis and histopathological quantitation. Lung
sections from animals in untreated Control group (a), group treated
with Poractant alfa (b) or CHF5633 surfactant (¢) (=8 in each
group); the quantification of total lung injury (d), neutrophil infiltrate
(e), interstitial congestion (f), hyaline membrane (g), perivascular
edema (h), hemorrhage (i), atelectasis (j). Heatmap representation of
the results of blinded semiquantitative analysis and the color of each
cell representing the semiquantitative scoring of the histopathological
features of one animal according to scoring systems. In the Control
group, the pulmonary parenchyma displayed a diffuse inflammatory
cell infiltrate (polymorphs, neutrophils and plasma cells with acti-
vated pneumocytes, and erythrocytes) and collapsed alveoli. Massive
hyaline membranes and protein debris were observed (a). In Poract-
ant alfa group, the lung seemed normal at low power, but slightly
thickened alveolar septa displayed rare inflammatory cell infiltrate,
mostly polymorphs—neutrophils, plasma cells, and few erythrocytes.
The alveolar spaces were airy with inconspicuous protein debris (b).
In CHF5633 surfactant group, lung parenchyma showed normal alve-
oli with slightly thickened alveolar septa and thin chronic inflamma-
tory infiltrate, scattered polymorphs, plasma cells and erythrocytes.
Inconspicuous hyaline membranes and deposits of proteinaceous
material in the alveolar septa were present (¢). The magnification x50
and X200 was used. Statistical comparisons: for Poractant alfa vs.
CHF5633 vs. control *p <0.05, **p <0.01

of surfactant. However, increased stability against
inactivation, simpler and homogeneous production
are the trump cards provided by synthetic surfactants.
It seems that synthetic surfactants containing two
hydrophobic surfactant peptides or a combination thereof
and a more complex phospholipid composition will be
able to replace natural surfactants, but further research
in this field is necessary.

Acknowledgements The authors thank Chiesi Farmaceutici S.p.A
(Parma, Italy) for providing both surfactant preparations and Dr. Stan-
islav Mateffy from Diagnostic Center of Pathology Unilabs (Presov,
Slovakia) for histological analysis. This study was supported by grants
VEGA 1/0004/21 and VEGA 1/0097/23 provided by the Scientific
Grant Agency of the Ministry of Education, Science, Research and
Sport of the Slovak Republic and project APVV-17-0250 provided by
the Research and Development Agency of the Slovak Republic.

Author Contributions Conceptualization and methodology, PM and
PK; realization of experiments, PM, PK, MK, JH and NN; data analy-
sis: PM, PK and MK; writing—original draft preparation, PM; writ-
ing—review and editing, PM, PK, MK, JH, TC, JJ and AC; funding
acquisition, PM and AC. All authors have read and agreed to the pub-
lished version of the manuscript.

Funding Open access funding provided by The Ministry of Education,
Science, Research and Sport of the Slovak Republic in cooperation
with Centre for Scientific and Technical Information of the Slovak
Republic.

Data Availability The data are available on request from correspond-
ing author.

Declarations

Conflict of interest The authors declare no competing interests.

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

References

1. Nagase T et al (1999) Platelet-activating factor mediates acid-
induced lung injury in genetically engineered mice. J Clin Invest
104(8):1071-1076

2. Raghavendran K et al (2011) Aspiration-induced lung injury. Crit
Care Med 39(4):818-826

3. An XN et al (2019) Oxidative stress promotes ventilator-induced
lung injury through activating NLRP3 inflammasome and TRPM2
channel. Artif Cells Nanomed Biotechnol 47(1):3448-3455

4. Hraiech S et al (2020) Myorelaxants in ARDS patients. Intensive
Care Med 46(12):2357-2372

5. Sahetya SK, Brower RG (2017) Lung recruitment and titrated
PEEP in moderate to severe ARDS is the door closing on the open
lung? JAMA 318(14):1327-1329

6. Slutsky AS, Ranieri VM (2013) Ventilator-induced lung injury.
N Engl J Med 369(22):2126-2136

7. Held HD et al (2001) Ventilation-induced chemokine and cytokine
release is associated with activation of nuclear factor-xB and is
blocked by steroids. Am J Respir Crit Care Med 163(3):711-716

8. Bos LDJ, Ware LB (2022) Acute respiratory distress syn-
drome: causes, pathophysiology, and phenotypes. Lancet
400(10358):1145-1156

9. Gunther A et al (1996) Surfactant alterations in severe pneumonia,
acute respiratory distress syndrome, and cardiogenic lung edema.
Am J Respir Crit Care Med 153(1):176-184

10. Mander A et al (2002) Altered phospholipid composition and
aggregate structure of lung surfactant is associated with impaired
lung function in young children with respiratory infections. Am J
Respir Cell Mol Biol 27(6):714-721

11. Petty TL et al (1977) Characteristics of pulmonary surfactant in
adult respiratory-distress syndrome associated with trauma and
shock. Am Rev Respir Dis 115(3):531-536

12. Pison U et al (1989) Surfactant abnormalities in patients with
respiratory failure after multiple trauma. Am Rev Respir Dis
140(4):1033-1039

13. Schmidt R et al (2002) Altered fatty acid composition of lung
surfactant phospholipids in interstitial lung disease. Am J Physiol
Lung Cell Mol Physiol 283(5):L1079-L1085

14. Holm BA, Enhorning G, Notter RH (1988) A biophysical mecha-
nism by which plasma-proteins inhibit lung surfactant activity.
Chem Phys Lipid 49(1-2):49-55

15. Holm BA, Notter RH (1987) Effects of hemoglobin and cell-
membrane lipids on pulmonary surfactant activity. J Appl Physiol
63(4):1434-1442

16. Holm BA, Notter RH, Finkelstein JN (1985) Surface-property
changes from interactions of albumin with natural lung surfactant
and extracted lung lipids. Chem Phys Lipid 38(3):287-298

17. Keough KMW, Parsons CS, Tweeddale MG (1989) Interactions
between plasma-proteins and pulmonary surfactant—pulsating
bubble studies. Can J Physiol Pharmacol 67(6):663—668

@ Springer


http://creativecommons.org/licenses/by/4.0/

Lung

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

Seeger W et al (1993) Surfactant inhibition by plasma-proteins—
differential sensitivity of various surfactant preparations. Eur
Respir J 6(7):971-977

Seeger W et al (1985) Alteration of surfactant function due to
protein leakage—special interaction with fibrin monomer. J Appl
Physiol 58(2):326-338

Moses D et al (1991) Inhibition of pulmonary surfactant function
by meconium. Am J Obstet Gynecol 164(2):477-481
Amirkhanian JD, Merritt TA (1998) Inhibitory effects of oxy-
radicals on surfactant function: utilizing in vitro Fenton reaction.
Lung 176(1):63-72

Haddad IY et al (1993) Mechanisms of peroxynitrite-induced
injury to pulmonary surfactants. Am J Physiol 265(6):L.555-L564
Hickman-Davis JM et al (2001) Lung surfactant and reac-
tive oxygen-nitrogen species: antimicrobial activity and host-
pathogen interactions. Am J Physiol Lung Cell Mol Physiol
281(3):L517-L523

Pison U et al (1989) Proteolytic inactivation of dog lung sur-
factant-associated proteins by neutrophil elastase. Biochim Bio-
phys Acta 992(3):251-257

Enhorning G et al (1992) Phospholipases introduced into the
hypophase affect the surfactant film outlining a bubble. J Appl
Physiol 73(3):941-945

Holm BA et al (1991) Inhibition of pulmonary surfactant function
by phospholipases. J Appl Physiol 71(1):317-321

Holm BA, Wang WD, Notter RH (1999) Multiple mechanisms of
lung surfactant inhibition. Pediatr Res 46(1):85-93

Hall SB et al (1992) Inhibition of pulmonary surfactant by
oleic-acid—mechanisms and characteristics. J Appl Physiol
72(5):1708-1716

Wang Z et al (2003) Surface activity of a synthetic lung sur-
factant containing a phospholipase-resistant phosphonolipid
analog of dipalmitoyl phosphatidylcholine. Am J Physiol Lung
Cell Mol Physiol 285(3):L550-L559

Notter RH (2000) Lung surfactants: basic science and clinical
applications. CRC Press

Notter RH, Finkelstein JN, Holm BA (2005) Lung injury: mech-
anisms, pathophysiology, and therapy. CRC Press
Dushianthan A et al (2023) Pulmonary surfactant in adult
ARDS: current perspectives and future directions. Diagnostics
(Basel) 13(18):2964

Kesecioglu J et al (2009) Exogenous natural surfactant for treat-
ment of acute lung injury and the acute respiratory distress syn-
drome. Am J Respir Crit Care Med 180(10):989-994

Spragg RG et al (2004) Effect of recombinant surfactant protein
C-based surfactant on the acute respiratory distress syndrome.
N Engl J Med 351(9):884-892

Spragg RG et al (2011) Recombinant surfactant protein C-based
surfactant for patients with severe direct lung injury. Am J
Respir Crit Care Med 183(8):1055-1061

Willson DF et al (2015) The adult calfactant in acute respiratory
distress syndrome trial. Chest 148(2):356-364

Halliday HL (2008) Surfactants: past, present and future. J Peri-
natol 28(Suppl 1):S47-56

Soll R, Blanco F (2001) Natural surfactant extract versus syn-
thetic surfactant for neonatal respiratory distress syndrome.
Cochrane Database Syst Rev 2:CD000144

Singh N et al (2015) Comparison of animal-derived sur-
factants for the prevention and treatment of respiratory distress
syndrome in preterm infants. Cochrane Database Syst Rev
2015(12):010249

Rey-Santano C et al (2017) Cerebral and lung effects of a new
generation synthetic surfactant with SP-B and SP-C analogs in
preterm lambs. Pediatr Pulmonol 52(7):929-938

Springer

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Ricci F et al (2017) In vitro and in vivo comparison between
poractant alfa and the new generation synthetic surfactant
CHF5633. Pediatr Res 81(2):369-375

Sato A, Ikegami M (2012) SP-B and SP-C containing new syn-
thetic surfactant for treatment of extremely immature lamb lung.
PLoS ONE 7(7):¢39392

Mikolka P et al (2021) Impact of synthetic surfactant CHF5633
with SP-B and SP-C analogues on lung function and inflam-
mation in rabbit model of acute respiratory distress syndrome.
Physiol Rep 9(1):e14700

Mikolka P et al (2022) Efficacy of surfactant therapy of
ARDS induced by hydrochloric acid aspiration followed by
ventilator-induced lung injury—an animal study. Physiol Res
71(S2):5237-S249

Matthay MA et al (2024) A new global definition of acute
respiratory distress syndrome. Am J Respir Crit Care Med
209(1):37-47

Matute-Bello G et al (2011) An official American Thoracic
Society workshop report: features and measurements of experi-
mental acute lung injury in animals. Am J Respir Cell Mol Biol
44(5):725-738

Enhorning G (1977) Pulsating bubble technique for evaluating
pulmonary surfactant. J Appl Physiol Respir Environ Exerc Phys-
iol 43(2):198-203

Verdonk F et al (2022) Upcoming and urgent challenges in critical
care research based on COVID-19 pandemic experience. Anaesth
Crit Care Pain Med 41(5):101121

Matthay MA et al (2019) Acute respiratory distress syndrome. Nat
Rev Dis Primers 5(1):18

Huppert LA, Matthay MA, Ware LB (2019) Pathogenesis of
acute respiratory distress syndrome. Semin Respir Crit Care Med
40(1):31-39

Kraftt MP (2015) Overcoming inactivation of the lung surfactant
by serum proteins: a potential role for fluorocarbons? Soft Matter
11(30):5982-5994

Fujishima S (2023) Guideline-based management of acute respira-
tory failure and acute respiratory distress syndrome. J Intensive
Care 11(1):10

Zhang Q et al (2023) Effect of mechanical ventilation guided by
transpulmonary pressure in acute respiratory distress syndrome
patients: a systematic review and meta-analysis of randomized
control trials. Eur Rev Med Pharmacol Sci 27(15):7020-7030
Meng H et al (2012) Exogenous surfactant may improve oxygena-
tion but not mortality in adult patients with acute lung injury/acute
respiratory distress syndrome: a meta-analysis of 9 clinical trials.
J Cardiothorac Vasc Anesth 26(5):849-856

Meng SS et al (2019) Effect of surfactant administration on out-
comes of adult patients in acute respiratory distress syndrome: a
meta-analysis of randomized controlled trials. BMC Pulm Med
19(1):9

Zhang LN et al (2013) Exogenous pulmonary surfactant for acute
respiratory distress syndrome in adults: a systematic review and
meta-analysis. Exp Ther Med 5(1):237-242

Dushianthan A et al (2012) Clinical review: Exogenous sur-
factant therapy for acute lung injury/acute respiratory distress
syndrome—where do we go from here? Crit Care 16(6):238
Mikolka P et al (2023) Synthetic surfactant with a combined SP-B
and SP-C analogue is efficient in rabbit models of adult and neo-
natal respiratory distress syndrome. Transl Res 262:60-74

Xu Y et al (2023) Efficacy of synthetic surfactant (CHF5633)
bolus and/or lavage in meconium-induced lung injury in ventilated
newborn rabbits. Pediatr Res 93(3):541-550

Zebialowicz Ahlstrom J et al (2019) Synthetic surfactant with a
recombinant surfactant protein C analogue improves lung func-
tion and attenuates inflammation in a model of acute respiratory
distress syndrome in adult rabbits. Respir Res 20(1):245



Lung

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Piva S et al (2021) Surfactant therapy for COVID-19 related
ARDS: a retrospective case-control pilot study. Respir Res
22(1):20

Herting E et al (2001) Resistance of different surfactant prepara-
tions to inactivation by meconium. Pediatr Res 50(1):44—-49
Bellani G et al (2016) Epidemiology, patterns of care, and mortal-
ity for patients with acute respiratory distress syndrome in inten-
sive care units in 50 countries. JAMA 315(8):788-800

Kallet RH (2022) Mechanical ventilation in ARDS: Quo Vadis?
Respir Care 67(6):730-749

Blazquez-Prieto J et al (2021) Activation of p21 limits acute lung
injury and induces early senescence after acid aspiration and
mechanical ventilation. Transl Res 233:104-116

Chimenti L et al (2020) Comparison of direct and indirect mod-
els of early induced acute lung injury. Intensive Care Med Exp
8(Suppl 1):62

Kamiyama J et al (2015) Hyperinflation deteriorates arterial oxy-
genation and lung injury in a rabbit model of ARDS with repeated
open endotracheal suctioning. BMC Anesthesiol 15:73

Ricci F et al (2017) Physiological, biochemical, and biophysi-
cal characterization of the lung-lavaged spontaneously-breathing
rabbit as a model for respiratory distress syndrome. PLoS ONE
12(1):e0169190

Williams AE, Chambers RC (2014) The mercurial nature of neu-
trophils: still an enigma in ARDS? Am J Physiol Lung Cell Mol
Physiol 306(3):L217-L230

Kosutova P, Mikolka P (2021) Aspiration syndromes and associ-
ated lung injury: incidence, pathophysiology and management.
Physiol Res 70(Suppl 4):S567-S583

Liu Z et al (2022) Association between inflammatory biomarkers
and acute respiratory distress syndrome or acute lung injury risk:
a systematic review and meta-analysis. Wien Klin Wochenschr
134(1-2):24-38

Metwaly S et al (2018) Evolution of ARDS biomarkers: will
metabolomics be the answer? Am J Physiol Lung Cell Mol Phys-
iol 315(4):L526-1.534

Narasaraju T et al (2011) Excessive neutrophils and neutrophil
extracellular traps contribute to acute lung injury of influenza
pneumonitis. Am J Pathol 179(1):199-210

Ikegami M et al (2005) Reversibility of lung inflammation
caused by SP-B deficiency. Am J Physiol Lung Cell Mol Physiol
289(6):L.962-1L.970

Kolomaznik M et al (2023) Efficiency of exogenous surfactant
combined with intravenous N-acetylcysteine in two-hit rodent
model of ARDS. Respir Physiol Neurobiol 316:104138

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

De Luca D et al (2013) Clinical and biological role of secretory
phospholipase A2 in acute respiratory distress syndrome infants.
Crit Care 17(4):R163

De Luca D et al (2020) Surfactant-secreted phospholipase A(2)
interplay and respiratory outcome in preterm neonates. Am J
Physiol Lung Cell Mol Physiol 319(1):L95-L104

Albertine KH et al (2002) Fas and fas ligand are up-regulated in
pulmonary edema fluid and lung tissue of patients with acute lung
injury and the acute respiratory distress syndrome. Am J Pathol
161(5):1783-1796

Matthay MA, Zemans RL (2011) The acute respiratory dis-
tress syndrome: pathogenesis and treatment. Annu Rev Pathol
6:147-163

Bredenberg CE, Paskanik AM, Nieman GF (1983) High surface
tension pulmonary edema. J Surg Res 34(6):515-523

De Luca D, Autilio C (2021) Strategies to protect surfactant and
enhance its activity. Biomed J 44(6):654-662

Touqui L, Arbibe L (1999) A role for phospholipase A2 in ARDS
pathogenesis. Mol Med Today 5(6):244-249

Johansson J, Curstedt T (2019) Synthetic surfactants with SP-B
and SP-C analogues to enable worldwide treatment of neonatal
respiratory distress syndrome and other lung diseases. J Intern
Med 285(2):165-186

Cattel F et al (2021) Use of exogenous pulmonary surfactant in
acute respiratory distress syndrome (ARDS): role in SARS-CoV-
2-related lung injury. Respir Physiol Neurobiol 288:103645
Lewis JF, Veldhuizen R (2003) The role of exogenous surfactant in
the treatment of acute lung injury. Annu Rev Physiol 65:613-642
Bonten MJ et al (1995) The role of intragastric acidity and stress
ulcus prophylaxis on colonization and infection in mechanically
ventilated ICU patients. A stratified, randomized, double-blind
study of sucralfate versus antacids. Am J Respir Crit Care Med
152(6 Pt 1):1825-34

Yehya N (2019) Lessons learned in acute respiratory distress syn-
drome from the animal laboratory. Ann Transl Med 7(19):503

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

@ Springer



	The Synthetic Surfactant CHF5633 Restores Lung Function and Lung Architecture in Severe Acute Respiratory Distress Syndrome in Adult Rabbits
	Abstract
	Purpose 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Animal Instrumentation
	Induction of Experimental Model of ARDS
	Surfactant Preparations
	Treatment Protocol
	Post-mortem Sampling and Analyses
	Surface Activity Analysis
	Statistics

	Results
	Pulsating Bubble Surfactometer Analysis
	Lung Function Parameters
	Arterial Blood Gases (ABG) Parameters
	Total and Differential Leukocyte Counts
	Markers of Inflammatory, Oxidative, and Vascular Modifications and Degrading Enzymes
	Lung Edema and Protein Content in BALF
	Histological Evaluation of Lung Tissue

	Discussion
	Acknowledgements 
	References


