UNIVERSITA
DEGLI STUDI
DI PADOVA

Head Office: UNIVERSITA DEGLI STUDI DI PADOVA
DIPARTIMENTO DI SALUTE DELLA DONNA E DEL BAMBINO
Ph.D. COURSE IN: MEDICINA DELLO SVILUPPO E SCIENZE DELLA PROGRAMMAZIONE SANITARIA

CURRICULUM: EMATO-ONCOLOGIA, GENETICA, MALATTIE RARE E MEDICINA PREDITTIVA
SERIES: XXXII

NOVEL HIGH RESOLUTION MASS SPECTROMETRY APPLICATIONS
FOR THE STUDY OF LUNG DISEASES

Coordinator: Ch.mo Prof. Carlo Giaquinto
Supervisor: Ch.mo Prof. Carlo Giaquinto

Co-Supervisor: Ch.ma Prof.ssa Paola Cogo

Ph.D. student: Sonia Giambelluca






Ai miei genitori,

Le mie radici, il mio faro






INDEX

Abstract
Riassunto

Chapter 1: Respiratory Distress Syndrome and surfactant replacement therapy
1.1 Respiratory Distress Syndrome
1.2 Lung surfactant
1.2.1 Alveolar system
1.2.2 Surfactant composition
1.3 Surfactant Replacement Therapy
Bibliography

Chapter 2: Contribution of surfactant replacement therapy by stable isotopes
2.1 Stable isotopes
2.2 Mass spectrometry
2.2.1 Isotope ratio mass spectrometry (IRMS)
Bibliography
Publication 1: Estimating the contribution of surfactant replacement therapy to the alveolar
pool: An in vivo study based on "*C natural abundance in rabbits
Publication 2: Tracing exogenous surfactant in vivo in rabbits by the natural variation of

13C

Chapter 3: Effect of chorioamnionitis on RDS
3.1 Chorioamnionitis
3.2 Chorioamnionitis and neonatal outcome
3.2.1 Chorioamnionitis and respiratory outcome
Bibliography
Publication 3: Surfactant components and tracheal aspirate inflammatory markers in

preterm infants with Respiratory Distress Syndrome

o I R Y |

12

15
17
17
21

23

29

37
39
41
43

47



Chapter 4: Metabolomics in lung diseases

4.1 Metabolomics

4.2 Metabolomics application for lung diseases

4.3 Liquid chromatography-mass spectrometry based metabolomics

Bibliography

Publication 4: Effects of maternal chorioamnionitis on epithelial lining fluid lipidomics and

metabolomics in newborns with respiratory distress syndrome

Conclusions

Acknowledgment

53
56
57
61

65

93

95



ABSTRACT

Respiratory Distress Syndrome (RDS) is a respiratory disorder that can affect preterm newborns. It is
due to lung immaturity and a deficiency of lung surfactant, a thin lipoprotein layer which allows lung
expansion and prevents alveolar collapse during expiration. In these babies, nasal Continuous Positive
Airway Pressure (nCPAP) provides non-invasive respiratory support by alveolar recruitment and
improves functional residual capacity during spontaneous breathing. In case nCPAP fails, the next step
is treatment with exogenous surfactant, which improves gas exchange and survival, reducing the need
for mechanical ventilation and then the incidence of chronic lung disease. Although surfactant
replacement therapy remains the gold standard for the treatment of RDS, failure rate ranges from 9%
to 50%. The possibility of tracing the fate of the administered drug and estimate in vivo the amount of
drug reaching the lung could help in improving the therapy and allow the premise to test different

delivery systems.

RDS is a disorder related to prematurity. Among the factors responsible for premature birth,
intrauterine infection (chorioamnionitis) is one of the main causes and it has been reported to have
effects on the development of fetal organs. In particular, it has been reported that infants exposed to
chorioamnionitis had a reduced risk to develop RDS but an increased risk for chronic lung diseases.
Since the function of lung surfactant strictly depends on its composition, a better knowledge on
surfactant metabolite and lipid changes would elucidate the effects of the exposition of the foetus to

maternal intrauterine infection on RDS.

The PhD project focused on 2 objectives:

1. To validate natural abundance stable isotopes approach as a reliable method to quantify the
contribution of exogenous surfactant to the alveolar surfactant pool in a rabbit model of RDS

treated with a porcine exogenous surfactant

2. To assess the effect of maternal intrauterine infection on the surfactant composition of
newborns affected by RDS by liquid chromatography-mass spectrometry (LC-MS/MS) based

metabolomics






RIASSUNTO

La sindrome da distress respiratorio (RDS) € un disordine respiratorio che puo colpire bambini nati
prematuramente. E dovuta all’immaturita polmonare e ad una deficienza di surfattante polmonare, un
sottile strato lipoproteico che permette 1’espansione del polmone e previene il collasso alveolare durante
I’espirazione. In questi bambini il supporto respiratorio tramite nasal Continuous Positive Airway
Pressure (nCPAP) permette il reclutamento alveolare e migliora la capacita respiratoria. In caso la
nCPAP fallisca, lo step successivo ¢ il trattamento con un surfattante esogeno, che migliora lo scambio
gassoso e la sopravvivenza, riducendo la necessita della ventilazione meccanica e quindi I’incidenza di
malattie polmonari croniche. Nonostante la terapia con surfattante esogeno rimanga il gold standard
per il trattamento della RDS, il tasso di fallimento puo variare dal 9% al 50%. La possibilita di tracciare
il destino del farmaco somministrato e stimare in vivo la quantita di farmaco che raggiunge i polmoni

puo aiutare a migliorare la terapia e permettere di testare diversi sistemi di somministrazione.

La RDS ¢ un disordine correlato alla prematurita. Tra i fattori che predispongono alla prematurita,
I’infezione intrauterina (corioamnionite) ¢ una delle cause principali ed & stato riportato avere effetti
sullo sviluppo degli organi fetali. In particolare, alcuni autori hanno riportato che 1’esposizione alla
corioamnionite possa, da una parte, ridurre il rischio di sviluppare la RDS, ma dall’altra aumentare il
rischio di malattie polmonari croniche. Poiche la funzione del surfattante dipende fortemente dalla sua
composizione, una maggiore conoscenza dei cambiamenti del profilo dei metaboliti e dei lipidi

potrebbe chiarire gli effetti dell’esposizione del feto all’infezione intrauterina materna sulla RDS.
Il progetto di dottorato ¢ stato strutturato secondo due obiettivi:

1. Validare I'utilizzo degli isotopi stabili ad abbondanza naturale come metodo affidabile per
quantificare il contributo del surfattante esogeno nel pool alveolare di surfattante in un modello

di RDS di coniglio trattato con surfattante esogeno di origine porcina.

2. Stabilire Deffetto della infezione intrauterina materna sulla composizione del surfattante in
neonati affetti da RDS tramite metabolomica con cromatografia liquida accoppiata a

spettrometria di massa (LC-MS/MS)






Chapter 1

RESPIRATORY DISTRESS SYNDROME AND SURFACTANT
REPLACEMENT THERAPY

1.1 Respiratory Distress Syndrome

Preterm birth is defined as childbirth occurring at less than 37 completed gestational weeks
(GWs). The worldwide incidence of preterm birth is 9.6% of all births, with higher rates in Africa
(11.9%) and North America (10.6%) compared with the lowest rates in Europe (6.2%)[1]. It is a
major determinant of neonatal mortality and morbidity, although improvements in neonatal care
and clinical progress lead to 24 weeks newborn survival. Preterm newborns have higher rates of
cerebral palsy, sensory deficits, learning disabilities and respiratory illnesses compared with
children born at term. Among prematurity-related respiratory disorders, Respiratory Distress
Syndrome (RDS) is the leading cause of respiratory insufficiency. Clinical characteristics of

patients with RDS are[2]:

. Alveolar collapse (atelectasis)

. Decreased compliance (difficulties to inflate)

. Alveolar overexpansion (to overcome atelectasis of the other parts of the lung)
. Intrapulmonary shunting (impaired ventilation/perfusion)

. Hypoxemia

. Hypercapnia (thus, acidosis)

It was initially named hyaline membrane disease (HMD) because of the protein-rich, shiny
appearance of alveoli and small airways found in preterm infants died for respiratory distress.
Nowadays, it is well established that it is characterized by lung immaturity and a deficiency of
surfactant, a thin layer of lipids and proteins which allows lung expansion and prevents
alveolar collapse during expiration, thanks to tension-lowering proprieties. It has been reported
that infants with RDS have surfactant lipid pools of less than 10 mg/kg compared with the
surfactant lipid pool sizes in term infants of perhaps 100 mg/kg[3].

Lung development occurs in three main periods (Figure 1): the embryonic period, the fetal
period and postnatal lung development. The embryonal period is characterized by lung
organogenesis; fetal phase consists in the pseudoglandular, canalicular and saccular stages;

postnatal lung development comprises the stages of classical and continued alveolarization, as
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well as of microvascular maturation. During the saccular stage, peripheral airways enlarge and
distal airways begin to dilate while their walls begin to thin. Type II pneumocytes, the cells
responsible for surfactant production, are present and maturing. During alveolarization, alveoli
form and mature and alveolar walls thin. All cell types proliferate during this phase, including
type II pneumocytes. The overall result is a maturing lung with a larger surface area and a
minimal diffusion distance for gas exchange[4]. With preterm birth this mechanism is
interrupted. A foetus at 24 GW is completely surfactant deficient and unable to quickly
synthesize or secrete surfactant if delivered. The tissues defining the potential air-blood barrier
are thicker than at term newborn and pulmonary microvascular development has not fully
vascularized the saccular mesenchyme, and is not ready to support air breathing. For this reason,
the incidence of RDS increases with decreasing gestational age. Sixty per cent of infants born
at <28 GW will develop RDS, with incidence of 30% in infants born between 28 and 34 GW,
and less than 5% of infants born after 34 GW|[4]. Other factors that increase the risk of RDS
include male sex, maternal gestational diabetes, perinatal asphyxia, hypothermia, and multiple

gestations.[5]
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Figure 1. Lung development stages (adapted from Hussain et al.[6])



1.2 Lung surfactant
1.2.1 Alveolar system

In humans, the lung alveolar system represents the largest surface exposed to the environment
covering up, in adults, 70-120 m2, creating an extensive surface area through which oxygen and
carbon dioxide are exchanged with blood. The alveolus (Figure 2), the basic respiratory exchange
unit, consists of an epithelial layer and extracellular matrix surrounded by capillaries; it has a
radius of about 0.1 mm, and a wall thickness of about 0.2 um. The alveolar surface is formed by
two types of epithelial cells, pneumocytes I and pneumocytes II, or alveolar cells types I and II,
respectively. Type I cells make up 95% of the alveolus, and serve as a thin barrier between blood
and air[7]. Type II cells account the other 5% of epithelial cells, they can differentiate in type I
cells, and take part in the immune defence, expressing receptors like Toll- like receptor. Also,
they can regulate the transmigration of monocytes across the epithelial layer and participate in T-
cell activation. However, the most important role of type II cells is to synthesize and secrete an
aqueous fluid covering alveolar epithelial cells called pulmonary surfactant[8]. The alveoli have
an innate tendency to collapse because of their spherical shape, small size and the contribution of
water vapour to surface tension[9]. Surfactant forms a lipid monolayer at the air-water interphase
that reduces the surface tension, hence stabilizing the alveoli and preventing their collapse at the
end of expiration. Surfactant also exerts a critical role in host defence representing an efficient

barrier against environmental insults, like pathogens.

Alveolar Alveolar type I cell

) 'J‘%( ’/f/,‘ N
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Figure 2. The structure of the alveolus. Tubular myelin is the form in which surfactant is secreted
by Type Il cells before spreading in a monolayer[10]



1.2.2 Surfactant composition

The function of surfactant in lowering surface tension is mainly due to its composition (Figure 3).
Lipids constitute the major part (approximately 90%) of pulmonary surfactant; among these 80-
90% are represented by phospholipids (PLs), whereas cholesterol comprises the largest amount of
neutral lipids (10-20%). Among these PLs, phosphatidylcholine (PC) makes up the major part
(80%), and around 60% of PC molecules contains two saturated fatty-acid moieties. This di-
saturated PC (DSPC) contains mainly palmitic acid and is defined as 1,2-dipalmitoyl-sn-3-
phosphocholine dipalmitoyl phosphatidylcholine (DPPC). The remaining PLs are a composite of
phosphatidylglycerol (PG, 7-15%), and small quantities (<5% each) of phosphatidylinositol (PI),
phosphatidylethanolamine (PE), and phosphatidylserine (PS). Finally, the most abundant neutral
lipid is cholesterol, together with small amounts of free fatty acids and mono-, di-, and,

triglycerides[11].

Aside the lipids, surfactant is constituted of proteins, which account for the remaining 10%. There
are 4 surfactant’s specific proteins (SP-A, B, C and D) that contribute to surfactant’s formation
and functions. SP-A is the most abundant protein followed by SP-B, SP-C and SP-D. SP-B and
SP-C are hydrophobic proteins and play a direct role in structural organization of the surfactant at
the interphase; mutations in the genes encoding SP-B and SP-C are associated with acute
respiratory failure and interstitial lung diseases. The hydrophilic proteins, SP-A and SP-D, play a

regulatory role in surfactant metabolism along with immunological functions.
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Figure 3. Composition of lung surfactant[12]



SP- B is an 18 kDa hydrophobic peptide composed of 79 amino acid expressed in Clara cells and
alveolar type II cells. It has several functions in lung surfactant system, the most important one is
its ability in enhancing the rate of adsorption and surface spreading of the phospholipids. SP-B
interacts primarily with the head group region of the lipid bilayer. The positively charged amino
acid residues of SP-B interact at the surface of surfactant lipids, together with SP-C, forming
stable monolayers and bilayers that reduce surface tension and enhance the stability and spreading
of the lipid film. It also plays a role in the packaging of surfactant phospholipids into lamellar
bodies and contributes to recycling of surfactant from the alveolar space, enhancing the uptake of

phospholipids by type II epithelial cells[13].

SP-C consists of a 35-amino-acid polypeptide has an important role in the surfactant system, and
most of its properties are strictly linked to its extreme hydrophobicity. SP-C, inserted in the PL
film, disrupts lipid packing promoting lipids movements between sheets of membranes[13].
Surfactant protein C also enhances the reuptake of surfactant phospholipids in vitro and may have

a role in surfactant catabolism[14].

SP-A and SP-D are large glycosylated proteins belonging to collectin family, characterized by the
presence of collagen like domain and carbohydrate binding properties. Thanks to a carbohydrate
recognition domain, SP-A recognizes oligosaccharide moieties on various lung pathogens, thus
opsonizes microorganisms, enhances their uptake by phagocytes, and stimulates the production of
free oxygen radicals. SP-A also inhibits directly the proliferation of Gram-negative bacteria by
increasing the permeability of the microbial cell membrane[15]. Beside its role in the innate
defense of the lung, SP-A is important for the formation of tubular myelin, a structure formed by
surfactant as soon as it is secreted from type II cells and thought to be the structure from which

the surface film forms in vivo[16].

SP-D has a molecular weight of 43 kDa and shows structural similarities with SP-A but
participates only to the host defense response agglutinating carbohydrates and participate to

surfactant metabolism.

The interaction between lipids and proteins is important for the surface-active properties and

homeostasis of the surfactant.



1.3 Surfactant Replacement Therapy

Since 1990 surfactant replacement has been recognized as an effective and safe therapy for
immaturity-related surfactant deficiency. It has been reported that surfactant administration in
preterm infants with established RDS reduces mortality, decreases the incidence of
pneumothorax, pulmonary interstitial emphysema, and grade 3 or 4 intraventricular hemorrhage,
and lowers the risk of chronic lung disease or death at 28 days of age[17-19]. Surfactant
replacement has been used both as prophylactic and as a selective therapy. The prophylactic
administration within 30 min after birth to infants who are at high risk for RDS ensures a normal
surfactant pool and improve lung mechanics, thus reducing the need for mechanical
ventilation[20], but on the other hand exposes infants to possibly unnecessary intubation and drug
administration. Selective surfactant administration addresses the therapy only to those infants who
really need it, but the administration is delayed allowing for lung inflammation and impaired gas

exchange until the therapy is provided[17].

Exogenous surfactant preparations differ in both phospholipid and protein content and can be
categorized as synthetic surfactants and animal derived surfactant extracts. Animal derived
surfactant are derived from biologic sources including cows (bovactant, Boehringer Ingleheim,
Bilberach, Germany; calfactant, ONY, Inc, Amherst, NY; beractant, Abbott Laboratories; Abbott
Park, IL) and pigs (poractant alfa, Chiesi Farmaceutici SpA, Parma, Italy) and are obtained from
bronchoalveolar lavage fluid or minced lung. Animal derived surfactants contain surfactant
proteins SP-B and SP-C, that are thought to be crucial in promoting the adsorption and spread of
monolayers of DPPC. However, foreign proteins in natural surfactant did not show significant
allergic responses in treated infants[17]. They can also be supplemented with phospholipids or
other surface active material while unmodified animal derived surfactant extract contains only the
components remaining after the extraction process. Synthetic surfactants differ from natural
surfactants mostly in their protein composition, can be protein free or contain peptides that are

thought to mimic proteins found in pulmonary surfactant[21].

Currently the most common strategy for management of RDS is non-invasive ventilation with
nasal continuous positive airway pressure (nCPAP) and when surfactant administration is
required, the delivery involves endotracheal intubation and short-duration mechanical ventilation
(InSurE, Intubation Surfactant Extubation). However, the lungs of premature infants are
particularly susceptible to ventilator-induced lung injury because of their immaturity, the need for
sedative medication, secondary effects such as bradycardia or hypotension, and difficulty in
extubation. To prevent the intubation, new administration techniques have been described.
Among these, less invasive surfactant administration (LISA) requires a thin catheter for

intratracheal surfactant delivery in spontaneously breathing preterm infants on nCPAP[22]. Other
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alternative procedures include pharyngeal deposition[23], application via laryngeal mask[24], and

application of nebulized surfactant[25, 26].

InSurE still remains the most widely applied technique. Although beneficial in clinical practice,
the InSurE method cannot be universally applied to all preterm neonates with RDS and is
unsuccessful in a particular section of this population. The InSurE failure rate ranges from 9% to
50%(27, 28] with body weight <750 g, pO2/FiO2 <218, and a/ApO2 <0.44 at the first blood gas

analysis being independent risk factors for failure in infants with gestational age <30 weeks[29].

The estimation of the amount of the administered drug successfully delivered to the lungs
represents a crucial point for the assessment of the efficiency of the procedure used. To this aim,
during my PhD we developed a new non-invasive method to calculate in vivo the ratio between
the exogenous and endogenous surfactant in an animal model of RDS by stable isotopes and
isotopic ratio mass spectrometry. This led to the publication of two articles in peer-reviewed
journals[30, 31]. Next chapter will deal with the stable isotope approach used and will report the

two published articles.
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Chapter 2

CONTRIBUTION OF SURFACTANT REPLACEMENT THERAPY BY
STABLE ISOTOPES

2.1 Stable isotopes

All atoms of one element have the same number of protons in their nucleus, but they may differ in the
number of neutrons, giving each elemental isotope a different atomic mass. Isotopes with lower
atomic mass are termed “light”, and isotopes with higher atomic mass are termed “heavy”. Due to the
identical number of protons, they occupy the same (isos) position (fopos) in the periodic table of
elements. The stable isotopes have nuclei that do not decay to other isotopes on geologic timescales;
radioactive (unstable) isotopes have nuclei that spontaneously decay over time to form other isotopes.
The majority of chemical elements consists of a mixture of stable isotopes, which are not subjected to
any radioactive disintegration. For example, carbon can have three main isotopes (figure 1): carbon-
12 (*C), with 6 protons and 6 neutrons, and carbon-13 (**C) and -14 (**C), with respectively 7 and 8
neutrons (Figure 1). PC is stable, while '*C is not stable and decays at a known rate. '>C represents

about 98.9% of total carbon in nature, the remaining 1.1% is B¢,

N
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@ neutron @6 @7 @8

Figure 1. Isotopes of carbon

Stable isotopes are nearly chemically and functionally identical, but the difference in mass makes

them analytically distinguishable from each other. In light of this, isotopes can be used in biological
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science to discriminate or “trace” molecules. Molecules that differ by the number or arrangement of
isotopically labelled position are referred to as “isotopomers”. Isotopic distribution of element
derives from the origin and the evolution of component they derive from. Processes that impact on
relative abundance of isotopes are known as “isotope fractionation” and can occur, for example
during phase changes, or during specific biological processes. Thus, two components, with the same
formula, can have different isotopic composition deriving from different origins and/or histories, due
to natural fractionation processes. This principle, called stable isotope natural abundance approach, is
used in several fields, as in example geology[l], archelogy[2], forensic science[3] or human
nutrition[4]. In human nutrition the natural abundance approach can be used for directly examining in
vivo the fate of nutrients, and trace their uptake and elimination or to measure nutrient fluxes through
specific pathways. In plants, carbon fractionation depends on the photosynthetic pathway used. Plants
are in fact divided in C3, C4, and CAM (Crassulacean acid metabolism) each characterized by
different speed of carbon fixation and a discrimination against °C. C3 plants use the Calvin-Benson
photosynthetic pathway and they fix CO, by the action of ribulose phosphate carboxylase.
Carboxylation step shows great fractionation leading to very low content of >C in these plants. C4
plants use the Hatch-Slack photosynthetic cycle, which does not show a strong fractionation effect.
This results in different natural abundances of ">C in plants, with C, plants (e.g. corn or sugar cane)
being more enriched in C than C; plants (e.g. tomato, potato, wheat, rice)[5]. CAM plants (e.g.
pineapple and agave) have "*C values similar to C4 plants. When animals consume plants, they
incorporate carbon into their own tissues. Thus, in animals, °C values typically reflect those of their

diet[6], suggesting the use of stable isotopes as potential dietary biomarkers.

Besides the natural abundance approach, compounds that are artificially-labelled in one or several

positions can be used.

In clinical diagnosis, stable isotopes are primarily employed for breath tests aiming at the evaluation
of hepatic, gastric, small intestine and pancreatic functions, and for the diagnosis of Helicobacter
pylori infection[7-9]. All these tests are based on *C-urea breath test. H. pylori is able to survive in
the stomach because it produces urease that cleavages urea locally lowering the pH value. After
administration of a dose of “C-urea, H. pylori produces ammonia and '*CO, that appears in the

expired CO, of patients positive to the infection.

In pharmacology, studies using stable isotopes include pharmacokinetics and assessment of drug
delivery systems[10]. These studies are based on the administration of a compound isotope-labelled,
to the patient by single dose, multiple doses or constant infusion. These tracers can be instilled orally

or intravenously, and modern analytical techniques allow the measurement of undifferentiated
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molecules or after conversion into their metabolites. A large number of different isotopes are used for
studies in humans, but most widely used are the stable isotopes of hydrogen, carbon, oxygen and
nitrogen. Since the last two decades, our research group has been investigating on infant nutrition and

pulmonary diseases by stable isotope tracers[11-15].

Administration of artificially labelled compound at low concentrations in humans has been proven to
be risk-free, they can be used in paediatric research and during gestation since there is no exposition
to radiation. Indeed, more stable isotopes can be administered simultaneously and in repeated doses
allowing to study different biological aspects using the same sample. However, drugs and substances
labelled with stable isotopes are produced by a limited number of companies and only those produced
according to the Good Manufacturing Practice (GMP) regulations can be applied in human studies.

Moreover, the production of other substances on request is very expensive[10].

Although previous pharmacological studies applying stable isotopes techniques were based solely on
the use of artificially stable isotope labelled compounds, in the studies carried out during my PhD
program, we explored the possibility of using the isotopes natural abundance approach applied to

drug delivery.

2.2 Mass spectrometry

The most used analytical method for the measurement of isotopic differences is mass spectrometry,
which separates and quantify ions on the basis of their mass-to-charge ratio (m/z). Any information
gathered from a mass spectrometer comes from analysis of gas-phase ions[16]. To this aim, every
mass spectrometer consists of three main components: an ionization source, a mass analyser and a
detector. In the ionization source, analytes of interest are converted into gas-phase ions. The mass
analyzer takes ionized masses and separates them based on m/z and outputs them to the detector

where they are measured and later converted to a digital output.

2.2.1 Isotope ratio mass spectrometry (IRMS)

The measurement of isotopic differences at natural abundance can be carried out on spectrometers
with lower sensitivity but higher precision and resolution than conventional mass spectrometers; the
instrument utilized is an isotopic ratio mass spectrometer (IRMS). In a IRMS instrumentation there

are two different systems for sample injection, the Dual Inlet (DI-IRMS) and Continuous Flow (CF-
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IRMS). In the first case the sample is prepared for the analysis in off-line mode, transformed into gas
before the injection. In CF technique, the sample is injected into a helium flow that, like a carrier,
facilitate the introduction of the sample into the ion source. This system can be interfaced with
preparative and/or separation techniques, such as elemental analyzer (EA), gas chromatography (GC)
and more recently liquid chromatography (LC). The technique used to measure isotopic composition
of organic samples is GC, that leads to separate samples previously derivatized in order to transform

them in volatile phase (Figure 2).

Autosampler FID Sample line
FID  He He O,

Reduction Furnace

Combustion Furnace \(I:Vgttet:;p
2
-
Furnace Mass
Gas Chromatograph Regen. Jj—ij' Spec
T : o = L
i — PEN| Stand-by
Reference Referends gas Ectors oy i Valve
gas supply

He carrier

Figure 2. GC-C-IRMS scheme

One splitter at the end of the chromatographic column, leads to the sample to reach the combustion or
pyrolisis tube, for nitrogen, carbon, hydrogen and oxygen analysis. For carbon analysis samples pass
through oxidation tube made of ceramic and alumina containing a copper, platinum and nichel
filaments[17]. The oxidation into the oven takes place for the reaction of copper with pure oxygen at
600-650°C to form CuO (copper oxide). Platinum then reacts as a catalyzer in the reaction between
nichel and oxygen to form NiO (nickel oxide) at 960°C. The reduction oven removes the oxygen
excess and reduces the eventually formed species of nitrogen oxide and nitrogen. After the sample
combustion to CO, and H,0, water is removed by a nafium trap. The final portion of interface is the

open split that leads the helium flow to the magnetic analyzer (Figure 3).
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Figure 3. IRMS magnetic analyzer

Isotopic ratio can be calculated from simultaneous measurement of 44 m/z mass and 45 m/z mass,

corresponding respectively to '?CO, and *CO..

Isotopic ratios are usually expressed in term of & (delta) that express the deviations, part per thousand,

of a reference standard:

Rsample — Rstandard
8X(%o) = Rstandard * 1000

where R= heavy isotope mass/ light isotope mass ratio (i.e. °C/"*C); §X>0 when the heavy isotope is
enriched versus standard in the sample; 6X<0 when the heavy isotope is impoverished or the light

isotope is enriched versus standard in the sample. Reference standard are shown in Table 1.
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Table 1. International standard references for the stable isotopes of hydrogen, carbon and oxygen.

Stable Natural mean Standard ratio International standard
Element .
isotopes | abundance (%) values reference
VSMOW
Hydrogen H 99.985 *H/'H = 0.000316 (Vienna Standard Mean
2H 0.015
Ocean Water)
12C 08.892 13 /120 PDB
Carbon 13C 1.108 CFC=0012372 | pee Dec Belemnite)
VSMOW
Oxygen 160 99.759 0/'°0 = 0.0039948 | (Vienna Standard Mean
180 0.204
Ocean Water)

For the PhD project, a GC Combustion (GC-Combustion III) coupled to a Delta V Advantage

(Thermo Fisher Scientific, Waltham, MA, USA) isotopic ratio mass spectrometer was used.
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Abstract

Variation of the isotopic abundance of selected nutrients and molecules has been
used for pharmacological and kinetics studies under the premise that the administered
molecule has a different isotopic enrichment from the isotopic background of the
recipient subject. The aim of this study is to test the feasibility of assessing the
contribution of exogenous surfactant phospholipids to the endogenous alveolar pool
in vivo after exogenous surfactant replacement therapy in rabbits.

The study consisted in measuring the consistency of °C/*2C ratio of disaturated-
phosphatidylcholine palmitate (DSPC-PA) in 7 lots of poractant alfa, produced over
a year, and among bronchoalveolar lavages of 20 rabbits fed with a standard chow.
A pilot study was performed in a rabbit model of lavage-induced surfactant defi-
ciency: 7 control rabbits and 4 treated with exogenous surfactant. The contribution
of exogenous surfactant to the alveolar pool was assessed after intra-tracheal admin-
istration of 200 mg/kg of poractant alfa. The *3C content of DSPC-PA was measured
by isotope ratio mass spectrometry.

The mean DSPC-PA *3C/*2C ratio of the 7 lots of poractant alfa was -18.8%o with a
SD of 0.1%o (range: —18.9%o; —18.6%o). The mean *C/*2C ratio of surfactant DSPC
recovered from the lung lavage of 20 rabbits was -28.8 + 1.2%o. (range: —31.7%o;
-25.7%o). The contribution of exogenous surfactant to the total alveolar surfactant
could be calculated in the treated rabbits, and it ranged from 83.9% to 89.6%.

This pilot study describes a novel method to measure the contribution of the exoge-
nous surfactant to the alveolar pool. This method is based on the natural variation of
13¢, and therefore it does not require the use of chemically synthetized tracers. This
method could be useful in human research and especially in surfactant replacement

studies in preterm infants.

KEYWORDS
13C natural abundance, GC-C-IRMS, RDS, stable isotope, surfactant
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1 | INTRODUCTION

The natural stable isotopes fingerprint approach has been used in the
past in many different fields, ie, ecology, archaeology, and food and
beverage industries.2® This approach has been also applied to human
nutritional studies involving dietary intake, because many commonly
consumed traditional and market foods are isotopically distinct.*

In plants, carbon isotopic fractionation depends on the used pho-
tosynthetic pathway (C3 or C,), each characterized by different speed
of CO, carbon fixation and a discrimination against *3C. This results in
different natural abundances of *3C in plants, with C4 plants (eg, corn
or sugar cane) being more enriched in *3C than Cj plants (eg, tomato,
potato, wheat, rice). In animals, 3C values typically reflect those of
their diet,® suggesting the use of stable isotopes as potential dietary
biomarkers.® In the United States, livestock are predominately raised
on corn, which gives to their meat a higher abundance of **C.# The
corresponding meat or meat products made in Europe have signifi-
cantly lower *3C abundance, because European diet is based on a
higher consumption of Cj plants.”

Studies describing the metabolic fate of nutrients based on the
variation of 3C content have been performed in the past by our group
and by several other investigators.s'11 In the present study, we
explored the feasibility of using the isotopes natural abundance
approach applied to drug delivery, in particular the delivery of
poractant alfa (Curosurf®, Chiesi pharmaceuticals, Parma, Italy). This
approach is based on a difference in stable isotopes content between
an exogenous compound and the endogenous isotopic content of the
recipient subject. The constancy of these 2 components through the
study is mandatory.

We tested the suitability of our method by means of an in vivo

model of respiratory distress syndrome (RDS),*?

a breathing disorder
affecting a large portion (approximately 50%) of the smaller preterm
newborns.*® RDS is characterised by lung immaturity and lack of lung
surfactant, a thin layer of lipids and proteins with tension-lowering
proprieties. The lipid portion of pulmonary surfactant is mainly com-
posed of phospholipids (PL, 80%-85% by weight), with a predominant
presence of disaturated-phosphatidylcholine (DSPC, approximately
50% of total PL).** In RDS newborns, treatment with exogenous sur-
factant improves gas exchange and survival, and the InSurE (Intuba-
tion-Surfactant-Extubation) procedure has been widely used since
has been shown to reduce both the need for mechanical ventilation
and death.

Among commercial surfactants, poractant alfa is an extract of
natural porcine lung surfactant obtained from pigs that are raised on
a corn predominant diet. We postulated a marked difference between
the carbon stable isotopes ratio of poractant alfa and the endogenous
surfactant of animals raised on a C3 predominant diet. If this were to
be correct, our novel stable isotope natural abundance approach
could allow to study in vivo the metabolism of exogenous DSPC with-
out interfering with metabolic processes, and without the need of
administrating the expensive chemically synthesized stable isotope
tracers. The possibility of monitoring the fate of the administrated
surfactant and calculating the amount of drug reaching the lungs
could improve treatment dosing strategies and then the therapy
success rate.

SPECTROMETRY

In this study, we tested the hypothesis of a constant isotopic
abundance among different lots of the drug and among the animals
included in the study and the hypothesis of a difference between
the isotopic abundance of recipient animals and the administrated
drug.

2 | MATERIALS AND METHODS

2.1 | Extraction and isolation of DSPC from
poractant alfa

A 200-pL aliquot of 7 different lots of poractant alfa produced over a
period of a year were provided by Chiesi pharmaceuticals (Parma,
Italy). Poractant alfa aliquots were heated at 37°C in a water bath,
then diluted 1:81 with NaCl 0.9%, processed and analysed in triplicate.
Lipids were extracted by the method of Bligh and Dyer'® after addi-
tion of the internal standard, dipentadecanoyl phosphatidylcholine
(PC-C15). Extracted lipids were oxidized with osmium tetroxide, resus-
pended in chloroform and spotted on silica gel G thin-layer plates
(Merck, Darmstadt, Germany). The plates were developed with chloro-
form:methanol:isopropanol:0.25% KCl:trimethylamine (40:12:33:8:24).
DSPC was visualized against a standard and scraped off from the silica
gel plate. DSPC fatty acids were derivatized as methyl ester by adding
2-mL 3 M HCI methanol and heating at 100°C for 1 hour. Methyl

esters were then extracted with hexane.

2.2 | Collection and analysis of rabbit
bronchoalveolar lavages

The experimental procedure was approved by the intramural Animal
Welfare Body and the Italian Ministry of Health (Prot.n® 1300-2015-
PR) and complied with the European and Italian regulations for animal
care. A total of 31 rabbits were studied: 20 rabbits for the feasibility
study and 11 rabbits for the pilot study. Rabbits were 7 to 8 weeks
old, with a body weight of 1.7 + 0.3 kg. Water and diet were provided
ad libitum. All rabbits underwent surfactant depletion procedure as
previously described.'? For each rabbit, the entire volume of all bron-
choalveolar lavages (BALs) necessary for surfactant depletion were
merged into a pool (BAL pool). After homogenization, a 10-mL aliquot
of the BAL pool was immediately centrifuged at 100 xg for 10 minutes
in order to sediment cells and debris. Obtained supernatant was trans-
ferred in a new tube, aliquoted and stored at -80°C until analysis.
For the analysis, BALs were slowly thawed on ice, then
homogenised by vortex for 10 seconds. Lipids were extracted, and

DSPC fatty acids were derivatized as described for poractant alfa.

2.3 | Isotopic analysis of rabbit BAL

To evaluate the inter-individual variability of *3C/*2C alveolar DSPC-
PA, a feasibility study was performed in 20 rabbits with surfactant
deficiency induced by BALs. For each rabbit, the BAL pool was col-
lected and processed. BAL samples were preserved and processed as

previously mentioned.
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2.4 | Exogenous surfactant therapy

To test the modification of DSPC-PA *3C abundance in rabbit lungs
after surfactant administration, a pilot study was performed in 11 rab-
bits with surfactant deficiency induced by BALs. For each rabbit, the
BAL pool was collected. After surfactant depletion: 4 rabbits received
200 mg/kg of poractant alfa using the InSurE technique; 7 rabbits
served as a negative control group and did not receive exogenous sur-
factant. After 90 minutes, all rabbits underwent repeated depletion
BALs again using 20 mL/kg of pre-warmed saline (37°C) until visual
inspection showed transparent solution. An additional pool of all BALs
made at the end of the experiment (BAL end experiment) was
collected from both treated and control rabbits.

BAL samples were preserved and processed as previously

mentioned.

2.5 | Stable isotopes analysis

In order to assess DSPC concentration, a prior quantitative analysis of
DSPC was performed by a GC-FID (Agilent 5890).

DSPC-PA 3C/*2C ratio was analysed by gas chromatograph
coupled with isotope ratio mass spectrometer (GC-IRMS, Thermo
Fisher Scientific Delta V Advantage).

For GC-IRMS analysis, the DSPC fatty acids separation was
achieved on an Ultra-2 (25 m, 0.32 mm, 0.52-um film thickness)
column (Agilent J&W). Helium was used as carrier gas, and on-column
injection was applied. The initial temperature gradient was 60°C, 1-
minute hold; then increased to 195°C with a rate of 30°C/minute, 2-
minute hold; finally, 30°C/min to 240°C, with a hold of 7 minutes.

Fatty acids were then combusted online at 960°C and introduced
as CO, into the ion source. Finally, the *3C/*2C ratio of the ionized
CO, was measured.

Carbon isotopic analysis was performed in triplicate and normal-
ized against Vienna Pee Dee Belemnite (V-PDB) standard. Results
are expressed as 6%o (delta permil) of 3C/*2C, which indicate the dif-

ference, in part per thousand, from the standard:
6X(%°) = [(Rsample_Rstandard)/Rstandard] x 1000

where “R” is the ratio of the heavy to light isotope in the sample or

standard.

2.6 | Analytical error of GC-IRMS method

The linearity range of our GC-IRMS for methylated PA is 2 to 200 ng.
The analytical error, expressed as standard deviation, for °C/*2C
tested for alveolar DSPC-PA from rabbit BALs at DSPC concentrations
within the instrumental linearity range was *0.2%. (with &°C:
-30.2%o).

The inter-assay repeatability was measured by injecting a certified
standard solution of 3 alkanes (Alkane-Mix C14-C16 in Isooctane
15 ng/uL, IVA Analysentechnik e. K., Meerbusch, Deutschland) at
the beginning of each sequence. The inter-assay precision measured
on 10 days for C15 alkane was +0.2%o (with §3C: —28.0%).

2.7 | Statistical analysis

A paired t test was performed to assess the difference between BAL
pool and BAL end experiment in control group. Statistical analysis
was performed with Prism 5 software (GraphPad Prism 5, San Diego,
CA, USA). A P-value <0.05 was considered significant.

Data are presented as mean + SD and min-max range.

3 | RESULTS

31 |

DSPC-PA 3C/*2C ratio was measured in 7 batches of poractant alfa
to test the constancy of carbon stable isotope abundance. The mean
value was -18.8 + 0.1%o (-18.9%o0; —18.6%o).

Isotopic analysis of poractant alfa

3.2 | Isotopic analysis of rabbit BALs

BALs from 20 adult rabbits were studied to assess the inter-individual
variability of *3C/*2C alveolar DSPC-PA. The mean value obtained was
-28.8 + 1.2%0 (-31.7%0; —25.7%o).

3.3 | Exogenous surfactant therapy

BAL pool and BAL end experiment from 7 negative control rabbits and
4 rabbits treated with poractant alfa were analysed for DSPC-PA 3C/
12C ratio to verify the contribution of exogenous surfactant to the
alveolar pool. No significant difference was found between DSPC-
PA *3C/*2C ratio in BAL pool (mean = SD: -29.0 + -0.6%o) and BAL
end experiment (mean + SD: -28.9 + -0.6%o) for control rabbits
(P =0.884).

Results for treated rabbits are resumed in Figure 1. The InSurE
administration of 200 mg/kg of exogenous surfactant causes a
mean variation of -8.0 + 0.3%o (-7.6%o, —8.2%0) of DSPC-PA °C
abundance in rabbit alveolar pool. Based on mean poractant alfa
DSPC-PA 3C/2C ratio of -18.8%o, the percentages of exogenous

B
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FIGURE 1 DSPC-PA & 3C/*2C (%o) in poractant alfa and in rabbit
BAL fluids before and after 200 mg/kg poractant alfa administration.
Data presented as mean of triplicate injections; different symbols
correspond to different rabbits. BAL pool: pool of all BALs collected
before poractant alfa administration; BAL end experiment: pool of all
BALs collected after poractant alfa administration
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surfactant calculated for the 4 rabbits were: 83.9%, 89.6%, 84.4%,
and 86.3%.

4 | DISCUSSION

The aim of this work was to describe the feasibility of measuring the
contribution of the exogenous surfactant to the intrapulmonary
endogenous pool. We demonstrate that, under the premise that
exogenous surfactant is isotopically different from the endogenous
counterpart, this is doable.

In this study, we designed a new method based on stable isotope
natural abundance using gas chromatography coupled to isotope ratio
mass spectrometry. To this purpose, we verified the suitability of our
method in lung-lavaged adult rabbits by assessing the constancy of
poractant alfa 3C/*2C among different batches, the inter-individual
variability of alveolar DSPC-PA 3C natural abundance in rabbits, the
difference in carbon stable isotopes abundance between endogenous
and exogenous surfactant, and the effect of poractant alfa administra-
tion on rabbit alveolar DSPC-PA °C content.

According to studies reporting the influence of diet stable iso-
topes composition on that of animal tissues,® the isotopic analysis of
DSPC-PA of poractant alfa extracted from lungs of pigs fed on a C4
diet showed a high 13¢/12C ratio. Moreover, this ratio is constant
among different batches, reflecting the standardization of animal
breeding and raising system used. On the other hand, the carbon iso-
topic analysis of DSPC-PA in rabbits showed the typical §*3C bulk of
C3 plants (-34%o to —22%0%) and confirmed a significant lower *3C
abundance than poractant alfa, with a mean difference of 10.0%o.

Our precision (expressed as standard deviation) for GC-IRMS
analysis of BAL processed in single and injected in triplicate is
+0.2%o0, and no significant effect of DSPC concentration on 18¢c/t2c
ratio (vs V-PDB) of alveolar DSPC-PA was found. Under these condi-
tions, the difference in DSPC-PA °C natural abundance between
poractant alfa and rabbits alveolar pool is wide enough to distinguish
the endogenous compound from the exogenous one. Considering a
mean difference of 10%. and an error of 0.2%., the endogenous/
exogenous (and vice versa) ratio we are able to discriminate is 1/49
(2%). In the clinical practise, this ratio could allow to detect even a
small quantity of administrated surfactant, in order to potentially
assess the efficacy of conventional and other newer surfactant deliv-
ery systems (LISA, aerosol).*”

Our pilot study on 4 rabbits receiving poractant alfa showed a sig-
nificant variation of alveolar DSPC-PA *3C abundance after adminis-
tration, which could be exploited to measure the percentage of
exogenous and endogenous surfactant. In fact, it is well known that
surfactant administration stimulates endogenous surfactant synthe-
sis.X® Exogenous surfactant rapidly spreads throughout airways and
airspaces. Immediately after administration, the amount of exogenous
surfactant in lavage fluid decreases, and during the first 3 hours, most
of it become associated to lung parenchyma.'” However, the epithelial
uptake of surfactant is balanced by surfactant secretion into the epi-
thelial lining fluid.2° Then, the *¥C/*2C ratio found in treated rabbits,
90 minutes after treatment administration, represents the contribution

of both lung, new synthetized and secreted DSPC and poractant alfa

SPECTROMETRY

13C content (the latter providing for approximately the 86% of mea-
sured DSPC). In control rabbits, no significant difference in DSPC-PA
13C was found 90 minutes after depletion, corroborating the hypoth-
esis that the re-secreted DSPC from lung has the same **C content
of DSPC recovered in the alveolar spaces at the beginning of the
experiment.

Surfactant has been historically studied with radioactive isotopes
in cell cultures and in animals.?*2® More recently, administration of
13C-labelled endogenous substances, such as carbohydrates and lipids,
has been widely applied in biochemical studies and also for surfactant
kinetics.?*

Application of stable isotope technology in humans has proved to
be risk-free. However, drugs and substances labelled with stable iso-
topes are produced by a limited number of companies and only those
produced according to the Good Manufacturing Practice regulations
for active pharmaceutical ingredients can be applied in human studies.
Actually, only few substances are available in the Good Manufacturing
Practice grade (ie, 13C-urea and *3C-octanoic acid), and the production
of other substances on request is very expensive.2> Our novel stable
isotopes approach at *3C natural abundance overcomes the problem
of administering any artificially labelled tracer because it is based on
a different isotopic background. Thus, poractant alfa behaves as a nat-
urally and uniformly labelled tracer. We foresee that surfactant kinetic
studies will be at reach in any infant who receives the commercially
available poractant alfa and in whom sampling from the airways will
be possible through the endotracheal tube. Repeated sampling at
different time points should give data on surfactant kinetics.

Nevertheless, we tested here an animal model raised on a con-
trolled diet. The difference between endogenous and exogenous *3C
natural abundance could decrease when considering to apply this
approach in infants fed with variable diets or with a more C,4 plants
enriched diet. Further studies are necessary to assess the isotopic
background and the feasibility of natural abundance approach in
humans. Moreover, additional studies should address the isotopic con-
tent of other selected fatty acids as well. If this method will be proven
to be reliable and thus suitable for clinical applications in human as
well as in animal research, this could represent an advance for surfac-
tant replacement therapy in the treatment of RDS, even in very low

birth weight infants.

5 | CONCLUSION

Here, we report a novel method that allows for the contribution of the
exogenous surfactant to the alveolar surfactant in treated rabbits by
exploiting the difference in stable isotopes content at natural abun-
dance. This method could serve in understanding treatment failures

after surfactant administration and then increase therapy success rate.
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Abstract

Background: Respiratory Distress Syndrome (RDS) is a prematurity-related breathing disorder caused by a
quantitative deficiency of pulmonary surfactant. Surfactant replacement therapy is effective for RDS newborns,
although treatment failure has been reported. The aim of this study is to trace exogenous surfactant by '>C
variation and estimate the amount reaching the lungs at different doses of the drug.

Methods: Forty-four surfactant-depleted rabbits were obtained by serial bronchoalveolar lavages (BALs), that were
merged into a pool (BAL pool) for each animal. Rabbits were in nasal continuous positive airway pressure and treated
with 0, 25, 50, 100 or 200 mg/kg of poractant alfa by InSurE. After 90 min, rabbits were depleted again and a new pool
(BAL end experiment) was collected. Disaturated-phosphatidylcholine (DSPC) was measured by gas chromatography.
DSPC-Palmitic acid (PA) '*C/'*C was analyzed by isotope ratio mass spectrometry. One-way non-parametric ANOVA

Stable isotope

and post-hoc Dunn’s multiple comparison were used to assess differences among experimental groups.

Results: Based on DSPC-PA '*C/'“C in BAL pool and BAL end experiment, the estimated amount of exogenous
surfactant ranged from 61 to 87% in dose-dependent way (p < 0.0001) in animals treated with 25 up to 200 mg/kg.
Surfactant administration stimulated endogenous surfactant secretion. The percentage of drug recovered from lungs
did not depend on the administered dose and accounted for 31% [24-40] of dose.

Conclusions: We reported a risk-free method to trace exogenous surfactant in vivo. It could be a valuable tool for
assessing, alongside the physiological response, the delivery efficiency of surfactant administration techniques.

Keywords: Respiratory distress syndrome, Lung surfactant, Surfactant replacement therapy, '>C natural abundance,

Background

RDS is a respiratory disorder that mostly affects
preterm infants and it is characterised by lung immaturity
and critically low amounts of pulmonary surfactant [1, 2].
To overcome pulmonary surfactant deficiency, exogenous
surfactant replacement therapy represents a crucial
achievement in the care of the preterm newborn [3], redu-
cing death and pneumothorax [4]. There are several mo-
dalities to administer exogenous surfactant, including
InSurE (Intubation-Surfactant-Extubation) [5], aerosoliza-
tion [6], laryngeal mask [7], and intratracheal catheters
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[8]. Among these, InSurE procedure has been widely used
since it has been shown to improve gas exchange and sur-
vival, and to reduce the duration of mechanical ventila-
tion. However, treatment failure after InSurE has been
reported to be from 9 to 50% [9], with the need of repeat-
ing the treatment in some patients [10].

During clinical development of a therapy, definition of
the dosage and dosage schedule is a key question, and it
is the objective of the so-called dose-finding studies. [11]
Although the performance of a therapy can be evaluated
by different clinical parameters, monitoring the fate of a
drug in vivo remains a main concern, since it usually en-
tails the need for dispensing labelled compounds [12].
The possibility of estimating the amount of drug reach-
ing the target organ could improve treatment dosing
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strategies, help in comparing different delivery systems,
thus increasing the therapy success rate.

We recently developed a new method to estimate
the contribution of exogenous surfactant to the alveo-
lar pool in a rabbit model of RDS based on carbon
stable isotope natural abundance of the disaturated-
phosphatidylcholine palmitic acid (DSPC-PA) [13], the
main phospholipid component of pulmonary surfac-
tant. Briefly, we verified the suitability of our method
in lung-lavaged adult rabbits by assessing the con-
stancy of poractant alfa DSPC-PA carbon stable iso-
topes ratio among different batches, the difference in
carbon stable isotopes abundance between endogen-
ous and exogenous surfactant, and the effect of por-
actant alfa administration on rabbit alveolar DSPC-PA
13C content. Our novel method allowed to discrimin-
ate an endogenous/exogenous (and vice versa) ratio of
1/49 (2%), without the need for dispensing any artifi-
cially labelled compound [14, 15]. This aspect makes
the stable isotope natural abundance approach safe
and exploitable to study in vivo different doses and
surfactant administration methods.

In the present work, we further investigated the effi-
cacy and the reliability of our method in lung-lavaged
adult rabbits managed with a nasal continuous positive
airway pressure [16] (nCPAP) and treated with increas-
ing doses of poractant alfa in a dose-ranging study.

Materials and methods

Animals and sample collection

The experimental procedure was approved by the intra-
mural Animal Welfare Body and the Italian Ministry of
Health (Prot. n° 1300-2015-PR) and complied with the
European and Italian regulations for animal care. A total
of 44 adult rabbits were included in the study. Rabbits
(male) were 7 to 8weeks old, with a body weight of
1.9+ 0.3kg (min 1.2, max 2.8 Kg). Water and diet were
provided ad libitum. The diet was the same for all ani-
mals (3409 Rabbit, maintenance and breeding - Kliba
Nafag, Kaiseraugst, Switzerland) and was kept constant
for at least six days before the studies.

All rabbits underwent a standardized surfactant deple-
tion procedure, using 20 mL/kg of pre-warmed saline
(37 °C) until visual inspection showed transparent lavage
fluid, as previously described [16].

For each rabbit, the entire volume of all bronchoal-
veolar lavages (BALs) necessary for surfactant
depletion was pooled (BAL pool). After surfactant de-
pletion, rabbits were randomly assigned to 5 treat-
ment groups and received different doses of poractant
alfa using the InSurE technique according to a pro-
cedure previously described [16]: 0 mg/kg (N =11); 25
mg/kg (N=6); 50mg/kg (N=11); 100 mg/kg (N =8);
200 mg/kg (N =8).
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The dose-range 50—200 mg/kg was previously used to
assess the performances of poractant alfa [17] and syn-
thetic surfactant CHF5633 [18].

Ninety minutes after exogenous surfactant administra-
tion, all rabbits underwent a second surfactant depletion
with the same technique as described above. For each
animal, all BALs performed at the end of the experiment
were pooled (BAL end experiment).

After homogenization, a 10-mL aliquot of the BAL
pool and of BAL end experiment was immediately cen-
trifuged at 100xg for 10 min in order to sediment cells
and debris. The supernatant was transferred in a new
tube, aliquoted and stored at — 80 °C until analysis.

Aliquots of all the lots of poractant alfa used for the
study were provided by Chiesi Farmaceutici (Parma,
Italy) and kept at 4 °C until analysis.

Extraction and isolation of DSPC

BALs were slowly thawed on ice, then homogenised by
vortex for 10s. Lipids were extracted by the method of
Bligh and Dyer [19] after addition of the internal stand-
ard, dipentadecanoyl phosphatidylcholine (PC-C15) 1
mg/ml. Extracted lipids were oxidized with osmium tet-
roxide, resuspended in chloroform and spotted on silica
gel G thin-layer plates (Merck, Darmstadt, Germany).
The plates were developed with chloroform:methanol:
isopropanol:0.25% KCl:trimethylamine (40:12:33:8:24).

DSPC was visualized against a standard and scraped
off from the silica gel plate. DSPC saturated fatty acids
were derivatized as methyl ester by adding 2-mL 3 M
HCI methanol and heating at 100 °C for 1 h. Methyl es-
ters were then extracted with hexane.

Poractant alfa aliquots were heated at 37 °C in a water
bath, then diluted 1:81 with NaCl 0.9%, processed and
analysed in triplicate by following the same procedure
used for BAL lipids extraction.

Stable isotopes analysis
In order to assess DSPC concentration, a prior quantitative
analysis of DSPC was performed by Gas Chromatography -
Flame Ionization Detector (GC-FID, HP 5890, Agilent
Technologies, Santa Clara, CA, USA). DSPC-PA '*C/**C
ratio was analysed by Gas chromatography — Combustion
— Isotope Ratio Mass Spectrometry (GC-C-IRMS, Delta V
Advantage, Thermo Fisher Scientific, Waltham, MA, USA).
For GC-C-IRMS analysis, the DSPC fatty acids separ-
ation was achieved on an Ultra-2 (25 m, 0.32 mm, 0.52-
pum film thickness) column (Agilent). Helium was used
as carrier gas, and on-column injection was applied. The
initial temperature gradient was 60 °C, 1-min hold; then
increased to 195°C with a rate of 30 °C/minute, 2-min
hold; finally, 30 °C/min to 240 °C, with a hold of 7 min.
Fatty acids were then combusted online at 960 °C and
introduced as CO, into the ion source. Finally, the
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13C/2C ratio of the ionized CO, was measured by de-
tecting mass 44/45.

Carbon isotopic analysis was performed in triplicate
and normalized against Vienna Pee Dee Belemnite
(V-PDB) standard. Results are expressed as 8%o (delta
per-mil) of *C/*2C, which indicate the difference, in
part per thousand, from the standard:

R sample-R standard

0X (%o0) =
(%) R standard

*1000

where “R” is the ratio of the heavy to light isotope in
the sample or standard.

Calculations

Data analysis was carried out with Microsoft Excel 2016
(Microsoft Corp). The contribution of exogenous surfac-
tant to the alveolar pool was calculated as follows:

BAL DSPC(mg/Kg)
_ DSPC (mg/ml)*BAL Volume (ml)

Rabbit body weight (Kg)

Dilution factor
_ PA 13C/12C of BAL end experiment-PA 13C/12C of BAL pool

~ PA 13C/12C of administered DSPC-PA 13C/12C of BAL pool

Exogenous DSPC (mg/Kg)
= DSPC in BAL end experiment (mg/Kg)*dilution factor

Endogenous DSPC (mg/Kg)
= Total DSPC in BAL end experiment—exogenous DSPC

administered DSPC x 100

%of administered in lungs = Exogenous DSPC

Data for each lot of administered poractant alfa were
used for the calculations relative to the receiving rabbits.

For rabbits receiving 0 mg/kg of poractant alfa the
DSPC recovered in BAL end experiment was assumed
to be 100% endogenous.

Statistical analysis

Wilcoxon signed rank test was performed to compare
carbon stable isotopes ratio in BAL pool and BAL end
experiment of control rabbits. One-way non-parametric
ANOVA (Kruskal-Wallis) and post-hoc Dunn’s multiple
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comparison were used to assess differences among ex-
perimental groups.

Kendall’s Tau-b (tb) coefficient of correlation was used
to measure the degree of association between the dose
administered and changes in DSPC amount and carbon
stable isotopes content in treated rabbits.

Statistical analysis was performed using GraphPad
Prism 5 (GraphPad Software Inc., San Diego, CA, USA)
and SPSS 25 (IBM Corp, Armonk, NY, USA) software. A
p-value <0.05 was considered significant. Data are pre-
sented as median and interquartile range [IQR] or as
mean * SD, according to data distribution.

Results

BAL pool and BAL end experiment from 44 rabbits
treated with different doses of poractant alfa were ana-
lysed for DPSC content and DSPC-PA "*C/**C ratio to as-
sess the contribution of exogenous surfactant to the
alveolar pool. The alveolar DSPC content in BAL pool
and BAL end experiment of rabbit experimental groups
are shown in Fig. 1. No differences were found for BAL
pool (p =0.177), while the DSPC amount in BAL end ex-
periment was significantly different (p <0.0001) and posi-
tively correlated (tb 0.789, p<0001) with the dose
administered.

The *C abundance of alveolar DSPC-PA was constant
during the experiment for rabbits treated with 0 mg/kg
of poractant alfa: BAL pool -29.1%. [-29.5, —28.8];
BAL end experiment —29.0%0 [-29.3, - 28.1] (p = 0.41).
A positive correlation (tb 0.654, p <0.0001) was found
between the differences in '*C/*>C of DSPC-PA in BAL
end experiment and BAL pool and the administered
dose.

Comparison of the difference between DSPC-PA
13C/™C in BAL end experiment and BAL pool in rabbits
treated with different doses of poractant alfa is shown in
Fig. 2. All groups (50 mg/kg 6.9%o [5.1, 7.6]; 100 mg/kg
6.7%o [6.0, 8.4]; 200 mg/kg 8.2%o [7.8, 8.9]), except ani-
mals treated with a dose of 25 mg/kg (6.5%0 [5.4, 6.7]),
significantly differed from rabbits treated with 0 mg/kg
(0.0%o [- 0.3, 0.8]) (» < 0.0001).

Based on the differences on ">C/"*C of alveolar DSPC-
PA in BAL pool and BAL end experiment, the contribu-
tion of exogenous DSPC to the rabbit alveolar pool and
the percentage of administered poractant alfa recovered
from the lungs were calculated in all treated rabbits. The
percentage of administered poractant alfa recovered
from the lungs did not correlate with the administered
dose (p =0.80) and accounted for 38% [20, 43], 24% [14,
48], 29% [21, 22] and 35% [23, 40] of the dose with 25,
50, 100, and 200 mg/kg, respectively.

The mean ratio between endogenous and exogenous
DSPC in the rabbit alveolar pool of the different experi-
mental groups is shown in Fig. 3. The estimated amount
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Fig. 1 Alveolar DSPC amount (mg/kg) in BALs of rabbits treated with different doses of poractant alfa. (@) BAL pool: pool of all depletion BALs; (b)
BAL end experiment: pool of all BALs collected after poractant alfa administration. Data shown as median and interquartile range. Statistical
differences according to Dunn’s multiple comparison: *p < 0.05, ***p < 0.001. Kendall's correlation for Fig. 1b: tb =0.789, p < 0001

of exogenous surfactant in the alveolar pool increased in
a dose-dependent way (tb 0.710, p <0.0001). A signifi-
cantly higher amount was found for 200 mg/kg group
(24.4 mg/kg [19.1, 26.7]) compared to rabbits treated
with 25 mg/kg (3.0 mg/kg [2.5, 3.7], p<0.001) and 50
mg/kg (4.1 mg/kg [2.7, 8.5], p<0.001), and for 100 mg/
kg group (9.4 mg/kg [8.9, 12.1]) compared to rabbits
treated with 25 mg/kg (p < 0.05).

The estimated amount of endogenous surfactant se-
creted into the airways during 90 min after exogenous

surfactant administration was higher in rabbits treated
with 100 mg/kg (4.0 mg/kg [2.2, 4.3]) and 200 mg/kg
(3.8 mg/kg [2.7, 4.6]) than in rabbits receiving 0 mg/kg
of poractant alfa (0.7 mg/kg [0.3, 1.6]) (p < 0.01).

Discussion

In the present study, we showed the feasibility of using
the '*C natural abundance approach to trace exogenous
surfactant (poractant alfa) at progressively increasing
doses in a rabbit model of RDS. To this purpose, we

*k*

1

Poractant alfa dose (mg/Kg)

Fig. 2 Variation of DSPC-PA '*C. Differences between alveolar DSPC-PA™3C/'?C in BAL end experiment and BAL pool of rabbits treated with
different doses of poractant alfa. BAL pool: pool of all depletion BALs; BAL end experiment: pool of all BALs collected after poractant alfa
administration. Data shown as median and interquartile range. Statistical differences according to Dunn’s multiple comparison: ***p < 0.001.
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verified: the constancy of alveolar DSPC-PA '3C/"2C
during the experiment in a group of untreated rabbits
(0 mg/kg dose); the correlation between the dose admin-
istered and changes in alveolar DSPC-PA '*C/**C before
and after treatment with poractant alfa. Since these
premises were satisfied in our model, we calculated the
contribution of poractant alfa to the surfactant alveolar
pool. Dose-dependent studies have been previously pub-
lished for different animal-derived surfactants, including
bovactant (Alveofact, Boehringer-Ingelheim, Ingelheim
am Rhein, Germany) [20] and poractant alfa [17, 18].
However, those studies focused on the clinical effects of
the administered dose and on the performance of the ex-
ogenous surfactant. Data about the amount of drug
reaching the lungs are scarce. Here we investigated the
possibility to estimate the percentage of surfactant deliv-
ered to the lung by InSurE procedure at increasing doses
of the drug. The percentage of administered exogenous
surfactant recovered from the BAL was only 31%. This is
because an important fraction of the administered sur-
factant becomes inaccessible to lavage already at 1 min
after administration [21]. Moreover, the percentage of
recovery was independent from the dose instilled. This
is a crucial result for allowing users to confidently apply
this technique in different surfactant replacement
studies where often different surfactant dosages need to
be compared. There was a positive correlation between
the administered dose and the differences in DSPC-PA
13C/"C before and after treatment. Based on the
multiple comparison test used, significant difference in
the variation of '*C was not reached only for the
comparison between rabbits receiving 0 and 25 mg/kg of

surfactant, because the reported p-value is adjusted for
the number of rabbits (11 vs 6, respectively). These data,
taken together, corroborate the power of our method,
highlighting both a standardization of drug administra-
tion and BAL collection procedures on one side and the
sensitiveness of the natural abundance approach to the
dose administered on the other. Of interest, we used
doses of poractant alfa which are much lower than the
recommended dose of 200 mg/kg. We showed the suit-
ability of our method to quantify “rather low” thera-
peutic doses allowing the premises to apply this
approach also for animal studies on new less-invasive
surfactant application (LISA) systems or for aerosolized
or nebulized surfactant administrations, exploiting the
present results as a calibration curve for the total deliv-
ered surfactant dose.

The combination of both quantitative data on DSPC
amount and on carbon modification after treatment re-
sulted in a clear picture of DSPC alveolar pool, which
was a combination of both poractant alfa and new
synthetized and/or secreted DSPC. The possibility to ac-
curately estimate the ratio between the exogenous and
the alveolar DSPC also allowed for the knowledge that a
greater endogenous portion can be detected in rabbits
who underwent therapy (at clinical dosages) compared
to animals who did not receive the drug. The effect of
the administration of exogenous surfactant on the syn-
thesis and secretion of endogenous lung surfactant have
been extensively studied, although the results are still
controversial [22-24]. In vivo studies suggested an en-
hanced synthesis of endogenous surfactant PC both in
rabbits [25, 26] and preterm infants [27], while no
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noticeable effects on the endogenous synthesis have
been described in mice treated with a therapeutic dose
of both synthetic or natural exogenous surfactant [28].
In the present study, a clear dose-dependent tendency
was observed for the comparison of the endogenous
DSPC amount in the alveolar pool among the experi-
mental groups, confirming a stimulation of endogenous
DSPC secretion or synthesis after treatment, mainly
when a therapeutic dose is administered. Of note, the
present study was conducted in adult rabbits thus with
mature lungs and, likely, with normal amounts of intra-
cellular surfactant. Preterm infants with RDS have low
amounts of both alveolar and lung tissue associated sur-
factant and in addition DSPC synthesis is much reduced.
We speculate that endogenous surfactant synthesis/se-
cretion is less likely to occur in preterm infants in the
time frame of our animal studies. Pilot feasibility studies
in preterm infants are ethically acceptable and they need
to be done. Worth of note, in previous reports the con-
tribution of newly synthesized surfactant has been esti-
mated by the use of radio-labelled [24, 29] or stable
isotope-labelled precursors of surfactant phospholipids
[27, 28]. This is the first study in which the exogenous
and endogenous surfactant can be distinguished in the
alveolar pool without the need for administering any ar-
tificially labelled compound. This aspect supports a
higher suitability of our method for research in human
medicine, even for in vivo studies involving a vulnerable
target population like preterm infants.

This approach is non-invasive and risk-free, but stud-
ies in infants carry some limitations. The first is that it
requires patients to be intubated to allow for airways
sampling. Sample collection is not possible in case of
non-invasive surfactant administration techniques, how-
ever the need for reintubation after such techniques was
reported to be as high as 75% [30]. Data on the contri-
bution of exogenous surfactant to the total amount of
surfactant from tracheal aspirates in case of reintubation
after the first surfactant administration is of interest to
clinicians and it may help in understanding the cause of
the respiratory failure. Our method could help in distin-
guishing respiratory (surfactant related) from non-
respiratory causes of CPAP failure, and could provide in-
formation on the endogenous or exogenous origin of the
surfactant deficiency [31]. Our technique has theoretical
limitations as well. One of these could