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® To understand the composition, secretory pathways and functions of pulmonary Charity.
surfactant.
® To review the clinical evidence regarding the use of surfactants in newborn infants and
children.
® To develop an understanding of rarer disorders of surfactant metabolism.

® To understand recent developments and future prospects in the field of surfactants.

Summary

Pulmonary surfactant is a complex mixture of specific lipids, proteins and

carbohydrates, which is produced in the lungs by type Il alveolar epithelial cells.

The mixture is surface active and acts to decrease surface tension at the air-liquid

interface of the alveoli. The presence of such molecules with surface activity had

been suspected since the early 1900s and was finally confirmed in the mid-1900s.

Since then, the chemical, physical and biological properties of the surfactant

mixture have been revealed due to the work of several groups of investigators.

The surfactant mixture is an essential group of molecules to support air breathing.

Thus, preterm infants, who are born with immature lungs and are surfactant

deficient, develop respiratory distress syndrome after being born. Replacement of

natural surfactant therapy with purified surfactant from lungs of nonhuman

species is one of the most significant ad}/ances in neonatology and .has resulted in ERS 2013
improved limits of viability of preterm infants. Although preterm infants are the AT
primary population, exogenous surfactant treatment may also have a role to play in

other respiratory diseases of term-born infants and older children. HERMES syllabus link:
module E.1.16
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Introduction and historical
background

Definition

Pulmonary surfactants are a complex of
specific lipids, proteins and carbohydrates
secreted by type Il alveolar epithelial cells.
The complex is amphiphilic (i.e. it contains
both hydrophobic and hydrophilic groups),
making it ideally suited as a surface-active
agent to decrease surface tension at the air—
liquid interface in the alveoli during the
respiratory cycle. For the purposes of this
review, surfactant will be used to mean
mammalian pulmonary surfactant.

Early history

In 1929, Kurt von Neergaard put forward the
idea that the “retractile forces of the lungs
depend on surface tension in the alveoli, and
this could be the cause of atelectasis in the
newborn lungs.” [1] In elegant experiments
conducted on lung specimens from stillborn
and newborn infants dying within 3 days after
birth (six out of 15 had a low birth weight),
GRUENWALD [2] demonstrated that atelectatic
lungs were more difficult to inflate with air
than with fluid and required higher pressures.
On addition of amyl acetate, a surface-active
agent, the inflation pressure was reduced,
suggesting that surface tension was the cause
of the resistance to inflation. These observa-
tions were confirmed in experiments on ex
vivo lungs of preterm infants dying of hyaline
membrane disease (HMD; pathological
description of respiratory distress syndrome,
see later). These lungs could be expanded in
the presence of liquid, but developed atelec-
tasis with areas of overdistension when
expanded in air [3]. PATTLE [4] provided
evidence of a lining layer in the alveoli that
decreases surface tension, while conducting
experiments on the stability of bubbles. He
demonstrated that this layer could not have
originated from serum (or pulmonary
oedema fluid) but must be secreted in the
lungs. While researching anti-foam agents to
prevent pulmonary oedema, PATTLE [5] con-
ducted detailed experiments to show the
physical property of lung fluid in lowering
surface tension. He also demonstrated
the presence and importance of protein
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components in the lung fluid, which lost its
surface-active properties on incubation with
pancreatin or trypsin. Using a modified
Wilhelmy balance (a model to study surface
films), AVeRry [1] and colleagues demonstrated
that surface tension in lung extracts of
premature infants dying of HMD had higher
surface tension compared to more mature
infants, children or adults. They suggested
that this could be a significant factor in the
pathogenesis of HMD.

The alveolar lining fluid of cows was
extracted by PATTLE and THoMAS [6], and was
noted to contain mainly lecithin and gelatine,
with a small percentage of protein. Using the
extraction method suggested by BONDURANT
and MILLER [7], CLEMENTS [8] and colleagues
extracted alveolar lining fluid from bovine
lungs. They demonstrated a more complex
mixture of lipids and proteins belonging to
three different categories: unsaturated phos-
pholipids (the surface-active component),
nonphosphorylated lipids and proteins as
the skeleton. The first demonstration of the
surfactant film by electron microscopy was
reported by WEeiBeL and GiL [9], who used
separate fixation methods to preserve the
layer during processing. Since then, several
other researchers have continued to invest-
igate the composition and properties of
pulmonary surfactant [10, 11].

Structure of surfactant

Extraction of surfactant

Pulmonary surfactant exists in two major
pools: intracellular and extracellular. Most of
our knowledge of this complex is derived
from studying the extracellular pool secreted
by type Il alveolar epithelial cells into the
alveolar space. Intracellular surfactant pools
(lamellar bodies) show similarity to the
alveolar components, when studied [12].
Since steps involved in the extraction and
purification of pulmonary surfactant can
affect the composition of the mixture, the
purification process needs to be carefully
considered while interpreting results of stud-
ies [13]. Previous sources of pulmonary
surfactant (pulmonary oedema foam [3]) have
been replaced by fractionated lung homo-
genates and alveolar washes for extraction,
followed by density gradient centrifugation for
purification of the components [14].




Composition

Mammalian surfactant, extracted by broncho-
alveolar lavage and purified by centrifugation,
shows similarity in its chemical composition in
various species. Figure 1 shows the composition
of bovine surfactant, representative of mam-
malian pulmonary surfactant, containing 8o—
85% phospholipid, 5-10% neutral lipids and
5—10% surfactant apoproteins [16]. Phosphati-
dylcholine (PC) is the major phospholipid
component of mammalian surfactant and is
the primary constituent responsible for low-
ering surface tension in the alveoli. The
majority of the PC in mammalian surfactant
is present as the palmitoyl-PC, either with
disaturated palmitic acid acyl groups (dipal-
mitoylphosphatidylcholine (DPPC)) or disatu-
rated PC. It is now clear that DPPC is the
primary surface-active molecule at the air—
fluid interface in the alveoli, with phosphati-
dylglycerol (PG) probably playing a secondary
role [16]. The precise functions of other
phospholipids  (phosphatidylethanolamine,
phosphatidylinositol, phosphatidylserine and
sphingomyelin) and neutral lipids (cholesterol
and diacylglycerol) are yet to be elucidated [15].

Structure of lipid components

Since PCs are the main surface-active compo-
nents of surfactant and as surface tension is a
result of difference in attraction of molecules
at an interface, the chemical structure of the
PCs is an important determinant of their
function. PC and PG consist of a three-carbon
backbone, with a hydrophilic head group
(choline or glycerol) that interacts with the
fluid phase and a strongly hydrophobic lipid
side-chains (acyl groups). The side chain in
DPPC is palmitic acid, which is fully saturated
(hydrogenated). Saturation of the acyl chain
enables the molecule to form ordered mono-
layers and confers the ability to be compressed
firmly (during expiration, a property essential
to decrease surface tension at low lung
volumes). Mono- or di-unsaturation produces
“kinks” in the molecule that make it less
amenable to compression during respiration.
This makes DCCP the ideal molecule to lower
surface-tension in the alveoli [15, 16].
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are a mixture of both serum and non-serum
proteins. Currently, the existence of four
separate non-serum surfactant-associated
proteins has been established. These are
termed surfactant protein (SP)-A, SP-B, SP-C
and SP-D. Although the genetic origin and
functions of these proteins have been cla-
rified, the abundance of each protein in the
surfactant complex is not known with cer-
tainty [15].

SP-A is a 26—35-kDa glycoprotein belong-
ing to a family of mammalian C-type lectins
containing collagen regions, called collectins
[17]. It is synthesised from two genes in
humans, SFTPA1 and SFTPA2, on the long
arm of chromosome 10. In the mature
hydrophilic protein, the amino-terminus con-
sists of an extensive collagen-like region with
a globular carboxyl-terminus containing car-
bohydrate recognition domains. The oligo-
meric form of SP-A consists of hexamers,
which possibly remain bound to transforming
growth factor- in an inactive state and gets
dissociated into the active state on inflam-
matory stimuli [18]. SP-A binds specifically
and avidly to DPPC, suggesting a key role in
surfactant homeostasis [19]. At least eight
different candidate receptors and binding
proteins for SP-A are known, of which some
are exclusively expressed on alveolar type Il
cells [17], with new ones being proposed [20].

Neutral lipids

Protein
10.6%

Unsaturated
phosphatidylcholine
32.3%

Figure 1

Cholesterol 2.4%
Diacylglycerol 0.3%

Phospholipids
Sphingomyelin 2.3%
Lysobis-PA 1.3%
PE 3.0%

P11.6%

Composition of surfactant. Representative composition of bovine surfactant from lung
lavage fluid is shown. Components are expressed as a percentage of weight. DPPC:
dipalmitoylphosphatidylcholine; PA; phosphatidic acid; PE: phosphatidylethanolamine;
PG: phosphatidylglycerol; Pl: phosphatidylinositol. Reproduced from [15] with
permission from the publisher.

Structure of protein components

Between 5—10% of surfactant (weight/weight)
consists of protein components [16], which
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Although the lungs are the primary site of
SP-A synthesis, the protein has been shown
to be present in other tissues, including
intestinal, endocrine and middle ear tissues
[17]- This could be related to its role as host
defence protein in mammals.

SP-D is a 43-kDa collectin synthesised
by the SFTPD gene on the long arm of
chromosome 10, in close proximity to the
SP-A genes. The general structure of the
mature protein is similar to that of SP-A, but
the oligomeric form consists of trimers and
other high-order complexes [15]. SP-D binds
to the minor surfactant components phos-
phatidylinositol and glucosylceramide [21],
and thus its role in surfactant homeostasis
is not clear. Three candidate receptors for
SP-D have been described, which are shared
with SP-A, but none is expressed on the
alveolar epithelial type Il cells. There is a wide
distribution of expression of SP-D in mam-
malian cells, probably in keeping with its role
as an immune defence molecule [17].

SP-B is a 79-amino acid (aa) hydrophobic
polypeptide synthesised by the SFTPB gene
on chromosome 2, and always remains
associated with surfactant phospholipids. Its
oligomeric form consists of dimers and
tetramers [22].

SP-C is the most hydrophobic protein in
surfactant, consisting of 35aa synthesised by
the SFTPC gene on chromosome 8 [15]. The
nuclear magnetic resonance structure of SP-C
suggests it is a transmembrane protein,
which can span a fluid DPPC bilayer [22].

Life cycle of pulmonary
surfactant

Epithelial development

The development of the lung during organo-
genesis starts at around 3—4 weeks of gesta-
tion as a bud from the foregut; further
development proceeds in five distinct stages
that overlap at their ends [23]. At the end of
the second stage (pseudoglandular), at
16 weeks of gestation, the tracheobronchial
tree is complete and is lined by undifferenti-
ated epithelium surrounded by mesenchyme.
During the third, or canalicular, stage of
development, the respiratory bronchioles and
alveolar ducts develop, and the epithelium
lining them differentiates into type | and type
Il cells. Lamellar bodies (see later) and
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surfactant protein can be detected in the
cuboidal type Il epithelial cells at around
24 weeks of gestation. These cells are rich in
glycogen, which possibly act as a precursor of
surfactant phospholipids, and have all the
organelles required for the synthesis of
surfactant. Further development of the epi-
thelium and secretion of surfactant, and
increased complexity of the airspaces, pro-
ceeds in the final stages of lung development,
vis-a-vis the saccular and alveolar stages.
Surfactant secreted into the airspaces in utero
can be detected in amniotic fluid in later
gestation, and was the basis of a clinical test
to detect lung maturity [24].

Surfactant synthesis, secretion and
recycling

Stages in the life cycle of surfactant are
depicted in figure2 [13]. Biosynthesis and
processing of surfactant phospholipids and
proteins take place in the endoplasmic
reticulum and Golgi bodies of the type Il
alveolar epithelial cells. These molecules are
then transported and stored (except SP-A) in
structures called lamellar bodies, probably
after going through immature stages called
multivesicular bodies and composite bodies
[25]. Lamellar bodies are lysosome-like orga-
nelles consisting of a limiting bilayer mem-
brane with phospholipid bilayer sheets, thin
rim and a central core of granular material.
During exocytosis, the limiting membrane of
the lamellar body fuses with the plasma
membrane of the epithelial cell, which results
in the contents being poured out into the
alveolar space [26]. The phospholipid-rich
contents associate with surfactant proteins,
especially SP-A, and assemble into a lung-
specific structure called tubular myelin, which
acts as a reservoir of surfactant during
alveolar respiration and enhances the inser-
tion of lipids into the air-liquid interface. The
steps involved in the formation of tubular
myelin are not fully understood, but it is
calcium dependent, as demonstrated by
disassembly of tubular myelin in the presence
of the calcium chelator ethylene glycol tetra-
acetic acid [25]. During air breathing, the
surfactant film is subjected to high pressures
at low lung volumes, which promotes desorp-
tion of surfactant lipid. Part of this desorbed
lipid is recycled by the type Il cells, where
they are endocytosed through multivesicular




bodies, ultimately being stored in lamellar
bodies for secretion [25]. Other parts can be
recycled extracellularly into tubular myelin,
while the rest is taken up by macrophages
for degradation. Recycling of surfactant is
thought to be part of the explanation for
the lasting effects of exogenous surfactant
replacement in preterm infants.

Functions of surfactant

Lipid components

The primary function of the lipid component
of surfactant is to lower surface tension in the
alveoli at the air-liquid interface. Stated
simply, surface tension is the result of forces
of attraction (pressure difference) between
molecules at a surface. For fluids, the higher
the pressure difference (force of attraction),
the higher their surface tension. To minimise
the surface tension, the most stable state is
when the surface area is the lowest, which is a
sphere for fluids. This is related by the Young
and Laplace’s formula: AP=2y/r, where AP is
the pressure difference, 7y is the surface
tension and r is the radius of the sphere.
The surface tension of a certain liquid can be
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altered by adding a second liquid that
reduces the attractive forces. At the surface
of the mixture of fluids, some molecules with
high attractive forces are replaced with others

Biological life cycle of pulmonary surfactant in alveolar type 11 cells. For further details,
including recycling of surfactant, see the main text. ER: endoplasmic reticulum; G: Golgi
bodies; LB: lamellar bodies; TM: tubular myelin; M: monolayer; I: type | alveolar

epithelial cell; 11: type 11 alveolar epithelial cell. Reproduced from [13] with permission

with lower attractive forces, thus lowering the
surface tension.

Phospholipids in surfactant, being amphi-
pathic molecules, form a monolayer at the
air-liquid interface, where they displace water
molecules from the surface to lower tension.
The closer this monolayer is packed, the more
they displace water and the lower the surface
tension. This is what happens at low lung
volumes, as in end expiration. Phospholipids
with saturated side chains like DPPC can
form highly ordered and closely packed films
for prolonged periods of time, while unsa-
turation prevents such close packing [16].
Thus, DPPC is considered the ideal surfac-
tant molecule for lowering alveolar surface
tension.

Protein components

Lipid molecules can change phase from a
liquid state to a gel state. The critical
temperature at which this phase change
occurs is called Te. For DPPC, the Tc is

from the publisher.

41°C; thus, pure DPPC is in a gel state below
this temperature, precluding spread of the
monolayer in the alveoli to form a surface-
active film. The clinical implication of this
property is that, although DPPC is chemically
the ideal surfactant phospholipid, it lacks the
physical properties for lowering surface ten-
sion to lower values at body temperature
(37°0).

NOTTER et al. [27] showed that a mixture of
saturated and unsaturated phospholipids
confers favourable adsorption properties.
However, they clearly demonstrated the
importance of the protein components of
surfactant for adsorption, in the presence of
calcium. Both SP-B and SP-C greatly enhance
the adsorption of DPPC containing mixtures,
with SP-B having an effect that is close to
natural surfactant [22]. Under experimental
conditions, they also confer physical prop-
erties to surfactant films to facilitate their
ability to attain low surface tension under
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compression. Re-spreading of the com-
pressed surfactant film during respiration is
also facilitated by the hydrophobic proteins
SP-B and SP-C. SP-A is closely involved in film
formation of phospholipid mixtures contain-
ing SP-B, in a calcium-dependent manner.
However, the exact mechanism by which each
of these molecules exerts its action is not
known yet.

Apart from the physical effects on sur-
factant, the collectin SP-A has a critical role in
host defence [17]. It enhances the binding,
phagocytosis and killing of several bacterial,
viral and fungal pathogens. Similarly, SP-D
has a carbohydrate recognition domain that
can bind and agglutinate bacteria, viruses
and fungi. No role for surfactant homeostasis
has been demonstrated for SP-D. Thus, the
collectins in surfactant, SP-A and SP-D, have
important host defence functions in the lung.

Clinical use of surfactant in
newborn infants

Neonatal respiratory distress syndrome

Respiratory distress syndrome (RDS) is the
prototypical disease of surfactant deficiency
in preterm newborn infants. Infants born at
the extremes of viability (<28weeks gesta-
tional age) have immature lungs with severe
deficiency of surfactant production. After
birth, they need respiratory support and are
said to develop RDS. This is characterised
primarily by a combination of clinical (pre-
maturity and respiratory distress) and radio-
logical (small volume lungs, “ground-glass”
haziness, air bronchograms and loss of
cardiac borders on chest radiographs; fig.3)
features. Other names in use for this
condition are surfactant deficiency disorder
and HMD.

After the discovery of surface-active
agents in the 1950s, AVery [1] and colleagues
noted that the lungs of preterm infants dying
of HMD had higher surface tension com-
pared to more mature infants and children.
After two decades of research into the
physical and chemical properties of surfact-
ant (see Early History) and trials on animal
models [28], exogenous surfactant replace-
ment was first used on human preterm
infants in Japan [29]. Although this was an
observational study, it was followed by
several randomised controlled trials (RCTs)
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Figure 3

Neonatal respiratory distress syndrome (RDS). Chest
radiograph of neonatal respiratory distress syndrome
with generalised “ground-glass’ opacification of the
lung fields bilaterally, air-bronchograms (small
arrows) and loss of cardiac borders (open block
arrows). Endotracheal and nasogastric tubes are in
situ. Image courtesy of S. Barr, University Hospital of
Wales, Cardiff, UK (personal collection).

in the next decade, which confirmed the
clinical benefits of reduced mortality and
morbidity in preterm infants [30, 31].

The majority of the clinical trials on the
use of prophylactic surfactant in preterm
infants were conducted in the era when
neither antenatal corticosteroids nor modern
noninvasive respiratory support modes like
continuous positive airway pressure (CPAP),
were in routine use. A meta-analysis of the
trials concluded that in infants <30 weeks of
gestational who were intubated soon after
birth in the delivery room or before the onset
of clinical RDS, use of prophylactic natural
(animal lung or human amniotic fluid)
surfactant resulted in significant reduction
of the occurrence of pneumothoraces, pul-
monary interstitial emphysema, neonatal
mortality, and the combined outcome of
bronchopulmonary  dysplasia  (BPD) at
28days of age or death, compared to a
placebo control group [32]. A total of nine
RCTs that recruited 1256 infants were
included in this meta-analysis. Prophylactic
artificial (protein free) surfactants in preterm
infants at risk of RDS also resulted in a
reduced risk of neonatal mortality and air leak
syndromes when compared to placebo,
although all of the trials included in this
review were conducted before the widespread




use of antenatal corticosteroids or early CPAP
[33]- Results of the use of protein-containing
artificial surfactants as prophylaxis or treat-
ment of RDS (two trials) were comparable to
animal-derived natural surfactants [34]. Trials
comparing prophylactic (before the onset of
clinical RDS) versus selective (after observing
clinical signs of RDS) use of surfactant (all of
natural origin) in preterm infants <3o weeks
of gestational age, before the widespread
use of antenatal corticosteroids or CPAP,
reported a significant reduction in the risk of
neonatal mortality, the combined outcome of
BPD or death at 28 days, and pulmonary air
leaks [35]. However, when comparing these
two strategies in trials involving infants who
had the benefit of antenatal corticosteroids
and routine early CPAP to control infants
[36, 37], the above benefits were less clear. On
the contrary, use of prophylactic surfactant
was associated with a significant increase in
the risk of BPD at 28 days and the combined
outcome of BPD or death at 28days [35].
Using natural surfactants (animal derived) for
treatment of RDS resulted in a significantly
reduced risk of mortality and pneu-
mothoraces [38] when compared with arti-
ficial surfactants [39], although the artificial
surfactants did show clinical benefits [40].
After the onset of clinical RDS, trials compar-
ing early (prophylactic) use of surfactant
(both natural and synthetic) demonstrated a
significant reduction in the risk of neonatal
mortality, BPD at 36 weeks corrected gesta-
tional age, the combined outcome of BPD or
death at 36 weeks corrected gestational age,
and air leak syndromes (pneumothorax and
pulmonary interstitial emphysema), when
compared with the late (rescue) use of
surfactant (on worsening of RDS) [41].
Multiple doses of surfactant result in signific-
ant reduction in the risk of pneumothorax and
mortality in ventilated preterm infants with
RDS, when compared with a single dose of
surfactant [42]. However, the majority of the
infants involved in this comparison did not
have the benefit of antenatal corticosteroids.
The strategy of early use of surfactant
followed by planned extubation (to noninva-
sive respiratory support) in preterm infants
with clinical signs of RDS results in a
decreased risk of the need for mechanical
ventilation, BPD at 28 days of age and air leak
syndromes when compared to surfactant
administration and prolonged mechanical
ventilation [43].
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In summary, any exogenous surfactant
replacement, as prophylaxis or for rescue
treatment of RDS, results in important
clinical benefits. Natural surfactants (animal
or human amniotic fluid) seem to be clinically
superior to current synthetic surfactants.
After the onset of RDS, the earlier surfactant
is used, the better the outcomes. The strategy
of early surfactant administration followed by
extubation of preterm infants with RDS
seems to have better outcomes when com-
pared to prolonged ventilation after surfact-
ant administration.

Neonatal meconium aspiration
syndrome

Meconium aspiration in term or near-term
infants has severe respiratory consequences,
including mechanical obstruction of the air-
ways [44], changes in pulmonary gas
exchange and compliance [44] and surfactant
inactivation [45] due to a chemical pneumon-
itis [46]. Infants with severe meconium
aspiration syndrome (MAS) develop persist-
ent pulmonary hypertension and may require
temporary support with lung bypass strat-
egies, called extracorporeal membrane oxy-
genation (ECMO) [47]. Four randomised
controlled clinical trials have explored the
efficacy of using high-dose pulmonary sur-
factant in term or nearterm infants with
MAS. A meta-analysis of the studies reported
a significant reduction in the risk of treatment
with ECMO compared with standard care,
although other important outcomes, like
mortality, air leaks, BPD and intraventricular
haemorrhage, were not different between the
two groups [48]. Two trials have used a
strategy of lung lavage with dilute surfactants
for the treatment of MAS. A meta-analysis of
these two trials concluded that this strategy
significantly reduced the combined risk of
death or need for ECMO compared with a
placebo control group [49]. However, other
important clinical outcomes were not sig-
nificantly different between the two groups,
although the total number of infants involved
in the trials was small. In a recent compar-
ative trial of lung lavage versus bolus dose of
surfactant in an animal model of MAS, the
former group (lavage) demonstrated signific-
antly improved ventilation characteristics and
pulmonary arterial pressures [50]. This ther-
apy may be of benefit in the future, as
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Educational
questions

1. The molecule best
suited for surface activity
at the air-liquid interface
in the alveoli is:

a. SP-B
. PG
DPPC
. sphingomyelin
SP-A

o a0 o

2. The most common
use for exogenous sur-
factant in humans is in:

a. ARDS

b. RDS

c. MAS

d. group B strep-
tococcal sepsis

e. bronchiolitis

3. Currently, the best
time to replace surfact-
ant in preterm infants
with neonatal RDS:

a. is before the onset
of RDS (prophylactic)

b. is at the onset of
RDS (early rescue)

c. is only when RDS
gets worse with increas-
ing ventilatory require-
ments (late rescue)

d. never, as surfact-
ant replacement is not
indicated in RDS

e. remains controver-
sial, and a topic of
research

4. According to current
research, which of the
following is the most
effective exogenous sur-
factant replacement for
neonatal RDS?

a. Poractant alfa

b. Endogenous
human (from amniotic
fluid)

c. Colfosceril

d. Lucinactant
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suggested by the results of nonrandomised
trials.

Group B Streptococcus sepsis in
newborn infants

Acute respiratory distress syndrome due to
group B streptococcal (GBS) sepsis can cause
surfactant dysfunction by mechanisms similar
to MAS. In addition, due to inflammatory
injury of the alveolar epithelial surface leading
to compromise of the air—fluid barrier, there is
leakage of fluid (alveolar oedema) and serum
proteins into the airspace. Both alveolar
oedema [51] and serum proteins [52] can
contribute to surfactant inactivation and
dysfunction. Efficacy of exogenous surfactant
replacement therapy in acute respiratory
failure due to GBS sepsis was studied in a
prospective multicentre trial [53]. Treatment
with surfactant resulted in a rapid decrease in
oxygen requirements, although other morbid-
ities and mortality were high overall.

Surfactant use in children

Acute respiratory distress syndrome (ARDS)
due to acute lung injury in children and
adolescents can cause surfactant dysfunction
by the same mechanisms as discussed above.
In a large RCT of exogenous natural surfactant
replacement in children with ARDS, the authors
found a significant decrease in oxygen require-
ments and mortality in the treatment group,
compared with the placebo control group [54].
Improvement in ventilation characteristics were
noted in several nonrandomised trials of
exogenous surfactant therapy in children with
ARDS [55], although the number of patients in
each study were small. Overall, there seem to
be short-term benefits in exogenous surfactant,
although further larger trials are warranted.
Bronchiolitis is a common viral respir-
atory infection of infants and young children,
and the most common pathogen is respir-
atory syncytial virus (RSV). A small number of
patients with bronchiolitis progress to respir-
atory failure needing ventilatory support. Three
small RCTs have studied the effects of
exogenous surfactant replacement in children
with respiratory failure due to bronchiolitis. A
meta-analysis of the studies found that use of
surfactant significantly reduced the duration of
mechanical ventilation and intensive care stay;
and improved ventilation characteristics (oxy-
genation and elimination of carbon dioxide)
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[56]. However, due to the small numbers of
infants included in the trials, this remains an
experimental therapy for the treatment of
respiratory failure in bronchiolitis.

In summary, the most common and best
studied application for surfactants is in pre-
term neonatal RDS. Some controversies
remain regarding the use of surfactants in
this population, including the timing of the
first dose, indications for multiple doses and
the use of newer synthetic surfactant prepara-
tions (table1) [57]. Surfactants have been used
for other indications in neonates and children,
and have achieved short-term benefits.
However, further work is required to clarify
the role of surfactants for non-RDS diseases.

Genetic defects of
surfactant proteins

Of the four known surfactant proteins, the
hydrophobic SP-B and SP-C are essential for
normal surfactant function in the lungs.
Although not directly involved in lowering
surface activity, another protein that has been
identified on the limiting membrane of
lamellar bodies is adenosine triphosphate-
binding cassette A3 (ABCA3) [58]. ABCA3 is
thought to be an intracellular transporter for
lipid molecules of surfactant into the lamellar
bodies. Thyroid transcription factor (TTF)-1 is
involved in development of the lung and
expression of surfactant proteins during foetal
life [59]. Thus, genetic mutations of the TTF-1
gene NKX2.1 can result in lung diseases in
newborn infants which mimic RDS.

Among all the known genetic diseases of
surfactant metabolism, defects of SP-B are
the best studied. Although over 30 mutations
have been identified in SFTPB, the most
common one is a substitution of three bases,
GAA, for C at codon 121 on exon 4. This is
termed 121ins2 and accounts for about 70%
of the mutations resulting in SP-B deficien-
cies [60]. Several other mutations have been
identified, all of which result in loss of
function of the gene [61]. The best estimate
of the incidence of 121ins2 mutation in the
population is 1 in 1000—-3000 [62], suggesting
a total rate of any mutation of about 1 in 600—
1800. Since any SP-B deficiency is autosomal
recessive, the predicted incidence of this
disorder is very rare. Mutations resulting in
partial deficiency of SP-B have been described,
which lead to chronic disease [61]. Surfactant
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TABLE 1 Sources and components of lung surfactants

Generic name Trade name Source Phospholipids Proteins Country of Origin

Beractant Survanta Bovine 25 mg-mL" (50% DPPC) SP-B, SP-C USA

Calfactant Infasurf Bovine 35 mg-mL" (74% DPPC) SP-B, SP-C USA

Poractant alfa Curosurf Porcine 80 mg-mL" (70% SP-B, SP-C Italy
DPPC)

Bovactant Alveofact Bovine 50 mg-mL” SP-B, SP-C Germany

BLES bLES Bovine 27 mg-mL" SP-B, SP-C Canada

Endogenous human Amniotic fluid 20 mg-mL” SP-A, SP-B, SP-C  USA/ Netherlands

surfactant

Colfosceril Exosurf Neonatal Synthetic 13.5 mg-mL" (100% England
DPPC)

Lucinactant Surfaxin Synthetic 30 mg-mL" (75% DPPC) Sinapultide USA

BLES: bovine lipid surfactant; DPPC: dipalmitoylphosphatidylcholine; SP: surfactant protein. Reproduced and modified from [57] with permission from

the publisher.

replacement results in small improvement of
clinical status, but this is short-lived [61].

Although SP-C is closely involved in
surfactant metabolism in the lungs, muta-
tions of SFTPC do not usually result in a
severe phenotype. The mutations are usually
inherited in a dominant fashion, and their
incidence is not known. Deficiencies of SP-C
have been implicated in interstitial lung
disease (ILD) in children [63].

The other protein deficiency leading to
surfactant dysfunction is that of ABCAs.
Although the precise function of this protein
is not yet established, ABCA3 gene mutations
were identified in newborns with severe lung
disease and surfactant deficiency [64]. The
presence of abnormal lamellar bodies in
these infants suggested the role of ABCA3
as a transporter protein. Several mutations
have been reported for ABCA3, with a
substitution of valine for glutamic acid at
codon 292 being identified as the most
common [65]. Severe neonatal hypoxic respir-
atory failure is the usual phenotype of ABCA3
deficiency [64], although a more chronic
course with ILD is also known [61].

Dominantly expressed mutations of NKX2.1
have been reported to cause a syndrome
involving  choreoathetosis, hypothyroidism
and chronic lung involvement (respiratory

distress in the newborn period or repeated
infections in later childhood) [66]. The respir-
atory component could range between acute
neonatal RDS to chronic childhood ILD.
Several mutations have been identified, result-
ing in a wide variety of phenotypes [67].

Although several genetic defects resulting
in deficiency of surfactant proteins quantity or
function have been identified, currently no
specific treatment exists for any of them. SP-B
deficiencies are the most severe, and often
carry poor prognosis. However, some forms
of SP-B deficiency have been reported (com-
pound heterozygotes and splice mutations)
with prolonged survival [68, 69]. Presentation
of the other genetic defects can be clinically
variable. Lung transplantation has been
performed for several of these disorders and
resulted in a s5-year survival rate (fig.4) of
approximately 50% [61, 70]. However, lung
transplantation is associated with many
complications and, thus, should be confined
to experienced specialist centres.

Recent developments and
future trends

Currently, administration of surfactant to
newborn infants and children requires
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intubation and mechanical ventilation. As this
treatment is most commonly used in preterm
infants at risk of or with established RDS, this
becomes an invasive procedure. Mechanical
ventilation itself can result in lung injury [71],
and noninvasive modes of ventilation are
becoming more prevalent [72]. Thus, less
invasive methods of surfactant delivery are
being trialled. First reported in Germany [73],
surfactant delivery through a thin endotra-
cheal catheter in spontaneously breathing
infants seems to limit the need for mech-
anical ventilation and reduce the incidence of
BPD [74, 75]. In a variation of this method,
DARGAVILLE et al. [76] delivered surfactant to
spontaneously breathing infants on CPAP
(after premedication) through a vascular
catheter. Although this method has theor-
etical benefits, further research will be needed
on RCTs to clarify the clinical effects of such a
strategy for surfactant delivery.

Another noninvasive way of delivering
surfactant is by nebulisation. Several reports
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of nebulised surfactant in spontaneously
breathing preterm infants have been
published [77]. Unfortunately, due to sig-
nificant differences in methods used,
these are not comparable. Although neb-
ulisation seems to be a feasible procedure,
further research is needed to standardise
methods, doses, clinical efficacy and safety
before it becomes established in clinical
practice [78].

Conclusion

Surfactants are natural complexes of phos-
pholipids and proteins that are present at the
air—liquid interface of the lungs to lower
surface tension. Replacement with exogenous
surfactant in preterm infants is one of the
most significant advances in neonatology.
Exogenous surfactant therapy may also have
a role in other respiratory disorders of the
newborn and of older children, but further




work is required to establish its place.
Further research is also required into newer

Pulmonary surfactant in newborn infants and children -

composition and timing. However, the place
of this intervention has been firmly fixed in

novel methods of its delivery, optimal medicine.
]
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