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a b s t r a c t

The lives of thousands premature babies have been saved along the last thirty years thanks

to the establishment and consolidation of pulmonary surfactant replacement therapies

(SRT). It took some time to close the gap between the identification of the biophysical and

molecular causes of the high mortality associated with respiratory distress syndrome in

very premature babies and the development of a proper therapy. Closing the gap required

the elucidation of some key questions defining the structureefunction relationships in

surfactant as well as the particular role of the different molecular components assembled

into the surfactant system. On the other hand, the application of SRT as part of treatments

targeting other devastating respiratory pathologies, in babies and adults, is depending on

further extensive research still required before enough amounts of good humanized clin-

ical surfactants will be available. This review summarizes our current concepts on the

compositional and structural determinants defining pulmonary surfactant activity, the

principles behind the development of efficient natural animal-derived or recombinant or

synthetic therapeutic surfactants, as well as a the most promising lines of research that are

already opening new perspectives in the application of tailored surfactant therapies to

treat important yet unresolved respiratory pathologies.
Pulmonary surfactant replacement therapies (SRT) are now

consolidated as routine practices complementing advanced

critical care procedures able to rescue lives of very premature

babies [1e4]. The continuous improvement in these clinical

procedures has been accompanied of an intense research that
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has revealed key determinants of the molecular and bio-

physical mechanisms behind pulmonary surfactant function

[5,6]. However, and in spite of the huge advance in this basic

knowledge, the clinical surfactant preparations most used

today in the neonatology services are still similar to the
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surfactant extracts from animal sources that were already

used thirty years ago. This scenario may be about to change,

with the development and presumably imminent translation

to the clinics of entirely synthetic surfactant preparations that

combine defined phospholipid species and synthetic peptides

designed to mimic important functional determinants in the

key surfactant proteins. Also, with the production of recom-

binant human surfactant proteins in amounts amenable to be

the basis of a new generation of clinical surfactants. Another

line of advancement in the context of SRT has to do with the

tremendous improvement of the critical care facilities

currently applied to rescue premature babies. The use of

much less invasive and highly protective procedures such as

the application of Continuous Positive Airway Pressure

(CPAP), has reduced substantially the prophylactic use of SRT,

which is mostly reserved for babies failing CPAP-only care [7].

This change in care recommendations makes crucial both the

development of predictive tests to determine the babies that

may still need SRT as early as possible [8], and the optimiza-

tion of less invasiveways to administer therapeutic surfactant

[9,10]. On the other hand, extensive basic research from

biophysics and molecular biology approaches, also applied to

a variety of animal models, has provided numerous evidences

indicating that the pulmonary surfactant system results

dramatically altered as a consequence of lung injury and

inflammation associated to severe respiratory diseases. In

spite of that, the incorporation of SRT into the arsenal of

therapeutic strategies to treat or ameliorate devastating acute

or chronic pathologies such as acute respiratory distress

syndrome (ARDS) of several origins in adults and babies [11],

including the one associated with COVID-19, chronic

obstructive pulmonary disease (COPD), fibrosis, and many

others, is still far from reality. In part because the investiga-

tion of the molecular mechanisms behind pulmonary sur-

factant impairment as a consequence of lung injury has been

still unable to bringways to produce better clinical surfactants

with enhanced resistance to inactivation in enough amounts

to treat both pediatric and adult patients at reasonable costs.

This review offers a perspective on the basic concepts learnt

about the principles defining a good clinical surfactant and on

how the development of future enhanced surfactants could

open new opportunities in respiratory medicine.
Pulmonary surfactant: the scenario to replicate or
restore

The main activity of the pulmonary surfactant complexes, as

assembled and secreted by type II pneumocytes into the

alveolar spaces, is to form phospholipid-based films at the

aireliquid interface, competent to reduce dramatically the

surface tension of the thin layer of liquid coating the respi-

ratory epithelium at the distal airways. These films reduce

surface tension from around 70 mN/m in the case of an

aqueous solution at 37 �C to values in the order of 20e25 mN/

m, which are apparently reduced even further to less than

5 mN/m at the end of expiration. Such extremely low tension

values are critical at the time when the lungs reduce their

volume to a minimum and the delicate walls of alveoli are at

risk of collapse.
A simple interfacial monolayer in which the phospholipid

molecules organize orientated with their polar headgroups

exposed to water and the hydrophobic acyl chains pointing to

air is enough to reduce surface tension, as it can be easily

tested in classical physical experiments in Langmuir surface

balances [12]. If the phospholipids have a proper acyl chain

composition, i.e. if they are rich in fully saturated fatty acids

with no double bonds, the monolayer can even reach

extremely low surface tensions, close to 0 mN/m, at least

when they are compressed in vitro. However, surfactant films

at the airways typically present a complex three-dimensional

multilayered structure, connected with a rich network of

membranes into the subphase [13e15] [see cartoon in Fig. 1]. It

is thought that these membrane networks are important to

work as a continuous supply of surface active molecules, to

replace those that are being continuously lost as a conse-

quence of oxidation and/or detachment during breathing dy-

namics [16]. However, different biophysical studies have

proposed that such complex multilayered structure of the

surface films could be also important to ensure enough me-

chanical stability along the demanding breathing mechanics

[17,18].

Lipids and proteins in surfactant are assembled and stored

by type II pneumocytes into special organelles, the lamellar

bodies (LBs), where they adopt a morphology consisting in

densely packed membranes, organized in parallel or concen-

tric geometries, with minimal interbilayer distances [19,20].

These structures are highly dehydrated, as a consequence of

extreme packing generated at expenses of the hydrolysis of

ATP by the lipid pumpABCA3, which uses the energy liberated

by ATP to translocate the phospholipids that are assembled as

multi-bilayers inside the lumen of LBs [21e23]. Upon the

proper stimulus, and once their content is liberated into the

alveolar spaces, LBs convert into extracellular LB-like particles

(LBPs) that seem to preserve a compact state until reaching the

interface, where they rapid and cooperatively unpack to

transfer massively the surfactant material into the surface

film [24,25].

The whole complexes of pulmonary surfactant can be

extracted and purified from the lungs by making a bron-

choalveolar lavage (BAL) (as explained for instance in

Ref. [26]). If BAL is obtained from animal lungs, the whole

material coating both distal and upper airways can be

collected together. If made by bronchoscopy in patients, the

material extracted will correspond to that present in the

limited region washed. Once the cells coming with the

lavage are discarded, the material pelleted by centrifugation

constitutes the pulmonary surfactant complexes, whose

typical composition is represented in Fig. 1. They are

composed of approx. 90% by mass of lipids, including

around 80% phospholipids and in the order of 10% neutral

lipids, mainly cholesterol, and ~10% of associated proteins,

including the specific surfactant proteins (SP-) A, B, C and D

[16,23,27]. Proteins SP-A (~5e6% of total surfactant weight)

and SP-D (associated with surfactant membranes in a minor

(<1%) and highly variable amount) have hydrophilic char-

acter and belong to the collectin (Ca2þ-dependent collage-

nous lectins) family. They play essential roles as part of

innate defense mechanisms [27e29]. SP-A and SP-D bind to

different motifs at the surface of microorganisms, allergens

https://doi.org/10.1016/j.bj.2022.03.001
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Fig. 1 Biogenesis and composition of pulmonary surfactant interfacial films. A) Pulmonary surfactant is assembled and stored

by type 2 pneumocytes into special organelles, the Lamellar Bodies (LB). Once the content of LB is secreted by pneumocytes into

the alveolar spaces, part of them remain as compact lamellar body-like particles (LBP), while others are converted into tubular

myelin (TM), an ordered array of membranes, whose function is still under debate. Ultimately, LBPs and TM transfer surface-

active molecules into the aireliquid interface, to form a multilayered surface film competent to stabilize alveoli at the end of

expiration. B) Surfactant includes 4 surfactant-associated proteins: the hydrophilic SP-A and SP-D and the hydrophobic, and

deeply integrated into lipid, proteins SP-B and SP-C. C) Compositional proportions of different proteins and lipids in a typical

pulmonary surfactant.
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and environmental particles and facilitate their recognition

and clearance by macrophages, the main immune cells in

charge of keeping the large respiratory surface clean and

sterile.

It is an interesting and intriguing problem how the bio-

physical activity of pulmonary surfactant to stabilize the

mammalian lung has evolved to also integrate elements

involved in the innate defense, with no clear evidence of what

emerged first in the evolution of air-breathing animals [30]. In

this sense, we still do not know whether all the structures of

surfactant are related with the biophysical stabilization of the

lung while being compatible with the presence of defense

molecules, or whether some of the structures assembled by

surfactant in the airways are rather involved in preventing the

colonization of the respiratory epithelium by potential path-

ogenic entities. For instance, active surfactant is known to

form a peculiar ordered array of membranes at the alveolar

spaces, the so-called tubular myelin (TM), with the necessary

participation of proteins SP-A and SP-B [31,32]. It was origi-

nally thought that TM could constitute a reservoir of surface

active material, but it could actually be part of a network of

structures designed to optimize protection against pathogens.

Both proteins, SP-A [33,34] and SP-B [35], have revealed direct

and indirect antibiotic activities, which could support this

hypothesis.
Natural clinical surfactants: establishing the
surfactant replacement therapy (SRT) paradigm

It was as early as 1959 when the lack of an operative surface

activematerial was established by Mary Avery as the probable

cause of the Hyaline Membrane Disease associated to

neonatal Respiratory Distress Syndrome and the high mor-

tality of premature babies [36]. Many attempts to supplement

those babies with an exogenous surfactant failed since then

until trials such as that from Fujiwara et al. were finally suc-

cessful, later in the 80's of the last century [37]. The experi-

ments with materials obtained from animal lungs had

revealed that an extract in organic solvents prepared from

BAL surfactant was enough to reproduce most of the surface

tension reducing properties of the whole surfactant, at least

in vitro [38,39]. Those extractive procedures with solvents

such as chloroform/methanol mixtures are typically used by

biochemists to obtain the lipid components of biological

samples [40], and it was therefore assumed that the lipid

moiety of surfactant was the main responsible for their sur-

face tension reduction capabilities. Numerous biophysical

studies thus established the role played by the peculiar lipid

composition of pulmonary surfactant, including its unusually

high proportion of disaturated phospholipids such as

https://doi.org/10.1016/j.bj.2022.03.001
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dipalmitoylphosphatidylcholine (DPPC), the most abundant

phospholipid species in surfactant and the most active in

terms of reducing surface tension [41]. Equally unusual

compared with the phospholipid composition of other animal

tissues resulted the presence in surfactant of phosphatidyl-

glycerol (PG) a phospholipid whose presence was early

established as an indicator of lung maturity [42,43].

However, any attempt to rescue preterm newborns with

lipid mixtures mimicking the lipid composition of surfactant

failed. It was proposed that the particular structure in which

surfactant lipids are assembled by the pneumocytes in vivo, as

the highly packed and dehydrated membranes of LBs, pro-

vides somehow a driving force for the lipids to spread and

transfer into the interface, a key process to form the surface-

active films that stabilize the lungs [44]. Several approaches

inspired by this hypothesis, such as delivering dry surfactant

lipid mixtures, also failed [45,46]. The pioneer successful ex-

periments by Fujiwara directly supplemented preterm new-

borns with aqueous suspensions derived from organic

extracts of surfactant from animal lungs [37], suggesting that

those extracts contained something else that was strictly

required and that was not present into the purely lipidic

mixtures.

The missing piece was found around those years of the

earliest successful SRT. The organic extracts prepared from

natural surfactant purified by BAL containedminor but crucial

amounts of two small proteins, later called SP-B and SP-C,

which provide the surface active lipids with the ability to

adsorb and spread very rapid and efficiently into the air-

eliquid interface [47,48]. Without these proteins, lipids have

no tendency to move out from the bilayered structures in

which they spontaneously assemble once exposed to aqueous

environments, into the interface [5,6,23]. SP-B and SP-C had

not been detected before because i) they are present in really

low proportions in surfactant, in the order of 1% with respect

to lipid mass, ii) they are extremely hydrophobic, which

makes them to be co-extracted with lipids in organic solvents,
Table 1 Composition of natural clinical pulmonary surfactant f

Surfactant Source (animal) Source (material)

Native surfactant Porcine Lavage

Alveofact (Beractant) Bovine Lavage

BLES Bovine Lavage

Curosurf (Poractant) Porcine Minced tissue

Infasurf (Calfactant) Bovine Lavage

Surfacen Porcine Lavage

Survanta (Bovactant) Bovine Minced tissue

Abbreviations: Chol: cholesterol; DPPC: dipalmitoyl phosphatidylcholine;

Sup: supplemented with; NR: not reported.

Proteins: relative amounts in reference to full proportion in native surfac

Data taken from Ref. [49] and manufacturers.
a property of very few proteins or peptides, iii) because of this

high hydrophobicity, these proteins are deeply embedded into

the lipids in the surfactant complexes [Fig. 1], whose presence

mask their detection, and iv) they have a rather unusual

amino acid composition with very low proportion of the res-

idues that typically react with protein-sensitive reagents. The

presence of these hydrophobic surfactant-associated proteins

caused the all-or-none difference between the biophysical

behavior, and the ultimate physiological performance, of

purely lipidic mixtures and those of the organic extracts from

natural surfactants.

Once established that a lipid/protein extract obtained from

a natural surfactant could be reconstituted to a suspension

with the ability to efficiently form surface-active films, and

thus serve in facilitating opening and stabilization of preterm

lungs, the golden age of surfactant therapy was opened [1e4].

The different natural clinical surfactants still in use were

variations in the way to prepare a extract of the most hydro-

phobic components of surfactant using organic solvents

applied to different materials of animal origen [49], and were

able to reproducemuch of the complexmultilayered structure

of surfactant suspensions and films [13]. As summarized in

Table 1, all the materials that ultimately worked had in com-

mon the presence of enough amounts of the hydrophobic

surfactant proteins, although varied in their relative amount,

as well as in the qualitative and quantitative lipid composi-

tion, which depended strongly on the startingmaterial (BAL or

whole minced lungs) and on the way the organic extract was

processed and purified to become a standardized product.
The key lipid and protein ingredients as learned
from natural surfactants

Extensive research during the last decades has produced a

model on the basic biophysical and molecular principles on

how surfactant works to stabilize the airways, and what the
ormulations.

% PL %DPPC Sup. % Chol Proteins

80e90 36e54 e 5 SP-Bþþþ
SP-Cþþþ

88 39 e 3e4 SP-Bþþ
SP-Cþþ

95 42 e 4 SP-Bþþ
SP-Cþþ

99 35e56 e 0.3e1.6 SP-Bþþ
SP-Cþþ

90e94 40 e 5 SP-Bþþ
SP-Cþþ

91e95 45 e 5 SP-Bþþ
SP-Cþþ

84 75 DPPC, PA, TGs NR SP-Bþ
SP-Cþþ

PA: palmitic acid; PL: phospholipids; TGs: triglycerides.

tant (þþþ 100%; þþ 40-70%; þ 10-30%).

https://doi.org/10.1016/j.bj.2022.03.001
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role is of its most important components [5,6]. These studies

required the development of key in vitro setups competent to

mimic the behavior of aireliquid interfaces subjected to

breathing-like physiologically meaningful conditions. The

readers are referred to recent reviews describing in detail

these approaches and how they allow assessing

structureefunction relationships in pulmonary surfactant

preparations [12,50,51]. According to this research, the most

important components in surfactant can be summarized as

follows [illustrated in Fig. 2].

DPPC and saturated phospholipid species

As stated above, DPPC is the most abundant phospholipid

species in lung surfactant from most mammals (typically in

the order of 40e50%with respect to total surfactant mass) and

the one able to produce by itself films with the lowest surface

tension. The saturated acyl chains of DPPC can adopt a fully

straight conformation, with all the CeC bonds in trans

configuration, and this allows the molecule to rich maximal

packing, occupying the minimal area per molecule under

extreme compression. Unsaturated acyl chains, with the

typical cis double bonds of the natural fatty acids, have kinks

in their tails that prevent maximal packing, and as a conse-

quence, cannot be in principle compressed to so extreme low

tensions. It has been considered for long time that for DPPC-

enriched films to reach full condensation upon compression,

the operating temperature needs to be lower than the melting

temperature of DPPC (41 �C). This temperature corresponds to
Fig. 2 Key components of a clinical pulmonary surfactant. The ab

the aireliquid interface is the key feature allowing pulmonary su

coexistence of segregated fluid regions, enriched in unsaturated

critical for adsorption and re-spreading of surfactant bilayers alon

C partition into the disordered regions with preferential interacti

phases. Both proteins require the interaction with the anionic ph

transfer of surface-active phospholipids between bilayers and mo

highest pressures of the films through the establishment of bilay

form complexes with SP-B, and participates in monolayerebilaye
the transition temperature at which DPPC (bi)layers go from a

condensed, ordered state (the so-called gel phase), into a fluid

disordered, highly mobile state (the liquid-crystalline phase).

Consequently, it is assumed that evolution has selected DPPC

as the basis for surfactant in homeothermic mammals

because at a physiological temperature of 37 �C, DPPC films

can still be compressed to the maximally packed condensed

state required to achieve extremely low surface tensions.

However, packing/condensation does not depend only on

temperature, but also on hydration, which defines the so-

called lyotropic phases (as temperature defines the thermo-

tropic phasesmentioned above) of lipids [5]. It has been recently

demonstrated that the highly dehydrated state reached dur-

ing the assembly of LBs, allows freshly secreted unused sur-

factant to maintain a ordered state up to temperatures well

above 41 �C [52], which could be important for a good surfac-

tant to sustain breathing even under challenging physiolog-

ical situations such as feverish episodes. Apart from DPPC,

other minor amounts of disaturated phospholipid species

complement surfactant and possibly modulate their behavior

under slightly different contexts [53,54], according to adaptive

processes that still need to be elucidated.

Phosphatidylglycerol (PG) and polyhydroxylated anionic
phospholipids

The phospholipid phosphatidylglycerol (PG) is a typical

component of the plasma membrane of bacteria such as

Escherichia coli, and of the membranes of plant cells, but very
ility of DPPC to pack into highly compact condensed films at

rfactant to reduce surface tension to very low values. The

phospholipids, is important to provide a dynamic character,

g the interface. Hydrophobic surfactant proteins SP-B and SP-

on with the boundaries between ordered and disordered

ospholipids PG and PI. SP-B is the key protein to promote

nolayers and to provide maximal mechanical stability at the

eremonolayer and bilayerebilayer contacts. SP-C is able to

r transitions from the most fluid domains.
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unusual in animal cell membranes. However, PG, and also

phosphatidylinositol (PI), are the most abundant anionic

phospholipid species in lung surfactant [42,43,55]. Typically, PI

antecedes metabolically the appearance of PG, as it is a pre-

cursor in the pathway to its biosynthesis, but PI also consti-

tutes a significant fraction of mature surfactant and in some

animal species PI is even more abundant than PG [55]. The

fraction of both (PG þ PI) polyhydroxylated (their headgroup

contains glycerol or inositol groups, rich in eOH) anionic

phospholipids in surfactant accounts for about 10e15% of its

mass. They appear at the end of gestation when the lungs

mature and are being prepared for air respiration [42,43,55,56].

Extensive studies revealed that PG and PI but not other anionic

phospholipids abundant in other tissues, establish selective

interactions with the cationic hydrophobic proteins SP-B and

SP-C [57,58]. Today it is considered that PG and PI act as a sort

of cofactors required for proteins SP-B and SP-C to adopt the

proper conformation that allows them to catalyze the efficient

transfer of surface active phospholipids into the respiratory

surface.

Equilibrated proportion of saturated/unsaturated
phospholipid species

The analysis of the structure of pulmonary surfactant mem-

branes [59,60] and interfacial films [61,62] early revealed a

conspicuous remarkable feature: the coexistence until close to

physiological temperatures of two different phases, one or-

dered and the other disordered, bothwith fluid character. This

coexistence depends on the presence in surfactant of similar

proportions of saturated (mainly DPPC) and unsaturated

phospholipid species. At temperatures below the phase tran-

sition temperature of the saturated phospholipids, but above

of that of the unsaturated species, surfactant layers segregate

domains with different order/packing, and presumably

composition. It has been interpreted that evolution has

somehow selected such a particular compositional combina-

tion for lung surfactant to optimize two simultaneous, albeit

somehow contradictory, properties. The presence of enough

ordered phase is essential for surfactant films to richmaximal

packing and produce minimal surface tension with maximal

stability. Still, the simultaneous presence of disordered re-

gions into the membranes and films provides to the system a

dynamic enough behavior, crucial for rapid adsorption into

the interface during expansion at inspiration and for rapid

spreading along the interface once the surface expands again

after each breathing cycle [59]. These dynamic properties

emerging from the most disordered regions of surfactant

layers need to be modulated by the hydrophobic proteins,

which partitions preferentially into such disordered domains,

even accumulating at the boundaries between ordered and

disordered phases [63,64]. An equilibrated proportion of

saturated and unsaturated phospholipid species, and there-

fore of ordered/stable and disordered/dynamic phases, in

surfactant, is therefore critical for surfactant to behave as a

sort of material “alloy”, exhibiting simultaneously physical

properties of the two intermixed phases. The phase coexis-

tence extends in surfactant layers along the length scale, from

the micro- down to nano-meter sized domains [65,66]. Inter-

estingly, surfactant from heterothermic mammals leaving
and breathing at different body temperatures (such as for

instance hibernating species) may exhibit important changes

in the relative proportions of saturated/unsaturated phos-

pholipids [67e69]. Phospholipid-promoted adaptive changes

in surfactant composition and structure seem to be also linked

to a proper modulation of the proportion of cholesterol. The

conclusion is therefore that different lipid mixtures can still

support optimal activity as a function of particular physio-

logical contexts.

Cholesterol

In spite of what is stated above, the presence of cholesterol as

a necessary component of a good pulmonary surfactant is still

rather controversial. Cholesterol is the main neutral lipid in

surfactant, in very variable proportions from 2 to 10% bymass,

depending on species, diet, and as said, physiological situa-

tions [42,70]. It is clear that cholesterol is a part of natural

surfactant, and that it modulates the physical properties of

surfactant membranes and films [60,71,72]. In general terms,

cholesterol increases the fluidity of the most ordered phases,

which gain in mobility and dynamics in the presence of

moderate amounts of cholesterol. It has been described that

particularly in some animals, like heterothermic mammals

able to modulate their physiological temperature depending

on seasonal or circadian rhythms or on diet conditions, the

proportion of cholesterol is an important feature that finely

tunes surfactant properties [67e69]. This suggests that the

highly variable amounts of cholesterol in surfactant from

different individuals and species may be a consequence of

cholesterol playing such a modulating role. It has been widely

reported that an exacerbated amount of cholesterol in a

deteriorated and at least partially inactivated surfactant is a

hallmark of pathological contexts such as ARDS associated to

lung injury [73e76]. What is difficult to establish is whether

the high cholesterol proportion is a cause or a consequence of

a poorly performing surfactant system and the corresponding

breathing demands. In the meantime, cholesterol is typically

removed, or simply not considered, to produce most of the

currently used clinical surfactants [49]. However, some sur-

factants such as calfactant (Infasurf), produced as extracts

from whole surfactant from lavage of calf lungs, still contain

the natural proportions of cholesterol and work well in SRT of

premature babies [77e79]. Recent work has proposed that a

minimal amount of cholesterol could be also important in

surfactant to satisfy selected protein-lipid interactions with

the hydrophobic proteins [80].

Hydrophobic surfactant proteins SP-B and SP-C

Numerous evidences have confirmed that air-breathing sup-

ported life is incompatible with total absence of surfactant

proteins SP-B and SP-C. This is behind the lethality of the

congenital lack of the expression of the SP-B gene, either in

humans or in animalmodels, which at the end results in a lack

of not only protein SP-B but also mature forms of protein SP-C

[81e85]. This is also behind the inefficiency of purely lipidic

protein-free clinical surfactants to sustain lung function.

Numerous studies in vitro have revealed that a minimal pro-

portion of these extremely hydrophobic surfactant proteins is

https://doi.org/10.1016/j.bj.2022.03.001
https://doi.org/10.1016/j.bj.2022.03.001


b i om e d i c a l j o u r n a l 4 5 ( 2 0 2 2 ) 6 1 5e6 2 8 621
absolutely required for surfactant lipids to adsorb rapid

enough into the aireliquid interface and produce an almost

immediate reduction in surface tension [6,23]. Interestingly,

when tested in vitro, both SP-B and SP-C seem to exhibit

redundant properties at least with respect to the promotion of

rapid initial adsorption of surfactant into clean interfaces.

Then during compression, the proteins, particularly SP-B, are

crucial to facilitate reaching the lowest surface tension

(<5 mN/m) during compression upon a very limited area

reduction [86]. It is estimated that the change in surface area

at the alveoli, between the inspiration and expirationmoieties

of the breathing cycles, is less than 20%. In the presence of SP-

B, surface films with a proper lipid composition can reach the

lowest tension values with so limited area reduction, which is

not the case in the absence of the protein. Current models

have proposed that this activity of SP-B could depend on the

establishment of protein-promoted bilayerebilayer and

bilayeremonolayer contacts providing the surface film with a

surplus of stability at the highest compression rates that

avoids collapse of the most dynamic regions of the surfactant

films, where SP-B typically partitions [see Fig. 2] [17,80,87,88].

SP-C is a 35-residue polypeptide that promotes

bilayeremonolayer and monolayerebilayer transitions, and

has been related with the depuration of the surface film from

the least active molecules [89e91]. It has been proposed that

once the surface film is formed, the most dynamic compo-

nents, possibly important to promote adsorption, need to be

depurated for the film to become enriched in the most

compression-driven packable elements, which become thus

competent to reach and sustain the minimal tensions. SP-C

could facilitate these compression-driven transitions while

maintaining the excluded material closely apposed to the

surface. Eventually, upon detachment of the excluded mate-

rial from the surface film, SP-C could be in charge of targeting

this spent surfactant for recycling or degradation [92]. Recent

work has reported the participation of both proteins, SP-B and

SP-C, in common supramolecular complexes, and their

mutual regulation of some properties such as their oligo-

merization state or their ability to promote fusion or frag-

mentation of membranes [93].

An operative pulmonary surfactant, at least under ho-

meostatic physiological circumstances, should fulfill these

basic compositional principles with respect to DPPC, satu-

rated/unsaturated proportion, anionic phospholipids,

cholesterol and hydrophobic surfactant proteins. A deviation

from these constraints, as a consequence of pathological

contexts, could originate a surfactant with defective perfor-

mance, either in terms of reduction in surface tension and

stabilization of the lung at low volume, or in terms of recycling

and long-term maintenance, contributing even further to

pathogenesis [94]. A clinical surfactant that cannot fulfill these

constraints, i.e. because of the lack of enough proportions of

operative proteins, could require a different compositional

optimization, behind the standards defined by natural sur-

factant. For instance, several clinical surfactants under

development have been optimized upon addition of a variable

proportion of palmitic acid (PA) [95e98]. PA, with its saturated

acyl chain, provides additional stability to surfactant films

compressed to high packing states. Clinical surfactants lack-

ing enough amounts of an operative SP-B protein typically
require a higher proportion of DPPC, a certain proportion of

PA, or both, to reach and maintain low enough surface ten-

sions upon compression. The price to pay is that these sur-

factant preparations are much less dynamic and their

suspensions exhibit more viscous behaviors than natural

surfactants. This may become a problem at the time of

delivering a highly concentrated bolus of therapeutic surfac-

tant into the airways of a baby.
Making recombinant or synthetic humanized
surfactant protein analogs

It is clear that the inclusion of enough amounts of operative

versions of the hydrophobic surfactant proteins is the bottle-

neck in the production of the required amounts of clinical

surfactants to treat not only premature babies but also pa-

tients of other respiratory pathologies. Clinical surfactants

from natural origin are expensive to produce, very limited in

amount, and difficult to standardize. Furthermore, the use of

materials of animal origin has potential non-negligible

intrinsic risks of the presence of pathogenic entities difficult

to assess and prevent. Production of native-like proteins by

expression of the human genes in appropriate recombinant

systems is clearly the future to pursue. However, the high

hydrophobicity of SP-B and SP-C and the complexity of their

native assemblies, generated in vivo upon co-expression of

very complex and large precursors, makes this task a really

difficult challenge. Variable amounts of recombinant human

SP-C (rhSP-C) are starting to be available already [99,100], and

some first recombinant surfactants based in this rhSP-C have

been already tested in clinical trials [101]. However, in spite of

the successful production of the precursor of human SP-B in

different expression systems [102,103], the production of re-

combinant hSP-B has been still an insuperable challenge.

As an alternative, several simplified versions of proteins

SP-B and SP-C have been rationally designed and synthetized

[104]. The production in large amounts of synthetic peptides is

not cheap, but can be done under very controlled and repro-

ducible conditions of quality. The proteins and their analogs

are only needed in very small proportions and can be

reasonably produced synthetically considering the surfactant

amounts required to treat neonates. Amore complex problem

would be the production of the entirely synthetic surfactants

that would be required to treat adult patients. In the mean-

time, different synthetic surfactant preparations are entering

into clinical trials and providing very important information

on the potential of SRT based on surfactant protein analogs

[105,106]. The smaller hydrophobic protein, SP-C, has been

produced synthetically in several laboratories, with some

sequence variations to reduce self-aggregation tendencies

and avoid problems with oxidation. For instance, the syn-

thetic surfactant CHF5633, which has shown to be effective in

preterm babies, contains a synthetic version of human SP-C in

which valine residues and the single methionine in the wild

type protein have been substituted by leucines, and the cys-

teines by serines [3,107]. The production of synthetic versions

of SP-B, a larger protein of 79 amino acids, with three intra-

molecular and one intermolecular disulphide bridges, ismuch

more difficult and different laboratories have designed
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simplified polypeptides mimicking just partial motifs of the

wild type protein. The readers are referred to several reviews

that summarize the different attempts to make synthetic

functional analogs of SP-B [104,108,109].

In general terms, these synthetic protein analogs mimic

only part of the activities of the native proteins, but can offer a

reasonable ability to form interfacial films able to reduce

surface tension in a stable manner. Synthetic preparations

based strictly in synthetic analogs of SP-B, reproducing the

structure and biophysical capabilities of the protein only to a

limited extent, typically require a modified phospholipid

composition, with higher proportions of DPPC and often sig-

nificant amounts of PA. Remarkably, preparations combining

analogs of the two proteins such as CHF5633, seem to work

reasonably well with a much simpler composition that re-

sembles much more the actual composition of native surfac-

tant. Experiments carried out both in vitro and in vivo

confirmed that the preparation containing both SP-B and SP-C

analogs worked better than preparations containing just one

of the analogs [110,111]. Although the synthetic peptides only

mimic part of the structural motifs of the proteins, and is

difficult to believe that these simplified versions could repro-

duce the supramolecular complexes apparently formed by SP-

B and SP-C, it is possible that some of the SP-B/SP-C in-

teractions could still be recapitulated, providing at least part

of the biophysical features inherent to native lipid/protein

surfactant complexes.
Combining the ingredients is not enough:
building the proper structure

Once the key ingredients to formulate an operative clinical

surfactant have been identified, it is important to remark that

they need to be properly assembled for the lipid/protein or

lipid/peptide complexes to exhibit optimal activity. In vivo,

lipids and proteins are assembled together into highly

compact, partly dehydrated, complexes that acquire the

ability to transfer material into the aireliquid interface in a

highly cooperative manner. Such highly efficient cooperative

transfer is likely behind the formation of complex multilay-

ered interfacial films with maximal stability to not only pro-

duce low surface tensions but to main those low tensions

along many recurrent compressioneexpansion cycles.

Numerous experiments in vitro have confirmed the impor-

tance of a high enough density/concentration of surfactant

complexes in the subphase in order to form surface films with

optimal performance. This has likely to do with such coop-

erative very rapid transfer of massive amounts of surface

active molecules into the interface. Freshly secreted native

complexes in the form of LBPs likely preserve local coopera-

tive transfer capabilities once each LBP package touches the

aireliquid interface [24]. Complexes reconstituted in vitro are

presumably only partly recapitulating the native structure,

and can only producemassive interfacial transfer if applied at

high enough concentrations onto the respiratory surface. This

is likely the reason why clinical surfactants are designed to be

applied at very high concentrations, which in many cases is

limited by the physical nature of the lipid/protein or lipid/

peptide suspensions. Poractant alpha, one of the natural
clinical surfactants more widely applied at the neonatal

intensive care units (NICUs), is prepared at a nominal con-

centration of 80 mg of phospholipid per mL, the same con-

centration at which the synthetic surfactant CHF5633 has

been tested in clinical trials [105]. Other surfactants, natural or

synthetic, are delivered at lower concentrations because there

are limitations in the maximum concentrations achievable

depending on the composition and their subsequent viscosity.

It is important to take into account that once a dosage of

clinical surfactant is applied into the upper airways, it spreads

and dilutes into the total volume of fluid coating the entire

airways, with the subsequent reduction in concentration/

density and the possible loss of cooperativity. The problem

could be worse if, as a consequence of the respiratory failure

and the lung injury, some edema has already occurred and

additional fluid has leaked into the alveolar spaces [94]. This,

apart from other problems (see below the reference to inac-

tivation contexts), presumably originates a further reduction

in the operative concentration of surfactant and a loss of ef-

ficiency. Similar loss of cooperativity could be expected if

surfactant is administered not as a intratracheal concentrated

bolus but as a certain volume of diluted suspensions nebu-

lized during a period of time. Nebulization have been tested as

a less-invasive alternative to deliver clinical surfactant, with

only limited efficacy [9]. New approaches need to be designed

to deliver surfactant in non-invasive ways without losing the

characteristic cooperative behavior of freshly secreted natural

surfactants. A promising alternative that is being recently

explored is the administration of dry therapeutic surfactant

powders, resulting from the elimination of solvent, i.e. by

spry-drying, from lipideprotein surfactant mixtures [112].

Aerosolization of dry powder surfactant may preserve a rapid

and cooperative adsorption following the efficient delivery of

surfactant by a less-invasive procedure. The basic concept is

still under development, including the development of

optimal compositions affecting both biophysical behavior and

excipients to facilitate the stability of dry lipid-based powders

under appropriate storage and delivery conditions.

An interesting strategy explored in the literature to pro-

duce clinical surfactantswith high efficacy is their transient or

permanent exposure to highly concentrated hydrophilic

polymers such as dextran, polyethylenglycol or hyaluronic

acid (HA). It has been demonstrated that exposure to molec-

ularly crowded environments such as those created by

concentrated water-soluble polymers increase the activity of

surfactants at diluted concentrations or in the presence of

inhibitory compounds, at list as assessed in vitro [51,113e115].

It somehow recapitulate the effect of the presence in surfac-

tant of the hydrophilic protein SP-A, which increases the

surface activity of surfactant improving its cooperative

adsorption to form surface-active interfacial films [116e118].

Physico-chemical studies have revealed that the exposure of

surfactant to such crowded media induce their condensation

into a sort of pre-activated state with much higher packing

and conspicuous dehydration of the complexes, and that this

induces somehow a re-organization of the distribution of

lipids and proteins into more surface active states [113,114].

Administration of surfactant/polymer combinations does not

work that well in vivo, possibly as a consequence of osmotic

forces created by the highly concentrated polymers into the
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airways. However, some polymers like HA seem to induce a

irreversible pre-activation of surfactant that is apparently

retained even after removal of the polymer [113]. This illus-

trates that novel more efficient future clinical surfactants

could be produced by mimicking some of the processes

occurring during assembly and maturation of surfactant into

the LBs of the pneumocytes but using alternative procedures

accessible at the industrial productive platforms.
Tailoring surfactants for specific applications

Although the continuous improvement of perinatal care at the

modernNICUs has reduced considerably the number of babies

still requiring SRT [7], this technology keeps saving the lives of

uncountable very premature babies whose lungs had still no

time to mature and be ready for air breathing. The lungs of

many of these babies mature properly once they can be

opened thanks to the introduction of the exogenous surfac-

tant. In these babies, the exogenous surfactant has only to

play a transient role tominimize lung injury as a consequence

of respiration in the absence of an operative surfactant. In a

relatively short period of time, the exogenous surfactant is

substituted by the endogenously produced material, once the

lung matures and produces its proper surfactant. The conse-

quence is thatmany of these babies only require one, at worse

two, doses of clinical surfactant to initiate their air-breathing

life. To what extent the clinical surfactant used in these SRT

needs to be as close as possible to the optimal native material

is questionable. It is plausible that this “starting” surfactant

only needs to be good enough as a “biophysical initiator”,

meaning that it is at least competent to form an interfacial

surface active film in a rapid and efficient manner, stable for a

sufficiently long period of time to allow the production and

arrival of the endogenous material. This may be the reason

why many different surfactant preparations, produced by

different methods from natural sources, or assembled from

the combination of a variety of lipids and proteins/peptides,

seem apparently to work.

A completely different scenario is what a clinical surfactant

likely encounters once delivered into an injured and inflamed

lung like it is the case in babies suffering of meconium aspi-

ration syndrome (MAS), or in other cases of ARDS as a conse-

quence of lung injury and inflammation by multiple potential

causes [12]. Endogenous surfactant may be then inactivated as

a consequence of the liberation of enzymes (lipases, proteases)

and oxidative radicals, and/or the presence into edematous

airways of leaked serum and different inflammatory media-

tors. If this is the case, the injury of the alveolar epithelium

may require tissue reparation before it is ready to produce new

endogenous surfactant. Under such constraints, exogenous

surfactant needs to be able to restore surfactant function even

in the presence of a highly inactivating context, during a long

enough period of time. The surfactant-promoted biophysical

facilitation of breathing mechanics can thus prevent further

inflammatory damage and contribute to progressively restore

a proper lung performance. So far, SRT trials in cases of ARDS

and lung injury have shown very limited success, possibly

because of the limited efficacy of the available clinical
surfactants, particularly under the very demanding circum-

stances associated with lung injury. The investigation of the

biophysical and molecular mechanisms of surfactant inacti-

vation has been very active during the last few years, including

the crucial development of in vitromodels to test and assess in

qualitative and quantitative detail surfactant performance

under physiologically meaningful inactivating scenarios

(revised in Refs. [12,51,94,119]). However, it is difficult to predict

to what extent the behavior of clinical surfactants under

controlled in vitro conditions could model the complex sce-

narios generated by injured lungs in vivo. The in vitro models

have at least allowed determining that there is room for

improvement in the development of clinical surfactants with

enhanced resistance to inactivation. The synthetic surfactant

CHF5633, for instance, has shown some resistance to inacti-

vation by both serum or meconium [94], and it certainly

showed improved performance in vivo with respect to natural

surfactants such as poractant-alpha when tested in animal

modelswith lung injury [120]. Towhat extent such inactivation

resistance resides in a particular lipid composition or in the

concerted action of SP-B and SP-C analogs is something that

requires further investigation. Interestingly, it seems that a

synthetic surfactant such as CHF5633 might somehow exhibit

much slower turnover in vivo than a natural preparation like

poractant-alpha [121]. This may facilitate protection of the

respiratory spaces during the long periods of time required to

restore the endogenous production of the patient's surfactant.

In any case, it opens a new line of research that could pursue

tailoring different surfactants for specific clinical applications,

for instance when longer residence times, or resistance to

particular inhibitory contributions, may be required. Other

alternatives may include the use in surfactant formulations of

non-hydrolyzable analogs of surface-active phospholipids

[122,123], which could exhibit higher protection against the

action of inflammatory phospholipases typically leaked in

injured lungs [124]. In a similar line, it has been proposed that

supplementation of clinical surfactant with inhibitors of in-

flammatory phospholipases such as varespladib may aid to

treat ARDS [125].

A particular case of recent interest has been the potential

use of SRT in the treatment of COVID-19 patients [126]. Pre-

liminary results upon application of SRT in some COVID-19

patients were encouraging [127,128] and several clinical tri-

als are open at the time of writing this review, whose results

should be delivered in brief allowing to assess the potential

utility of surfactant replacement to improve the outcome of

patients with severe COVID-19-associated ARDS. It has been

reported that the SARS-Cov-2 virus has some tropism against

type II cells, whose destruction is a probable contribution to

the severity of the worst cases of COVID-19. In this sense,

COVID-19 could be more similar to pathologies associated

with a intrinsic lack of surfactant, such as neonatal RDS, than

to secondary ARDS evolved from multifactorial lung injury

and inflammation [129].

An additional avenue for improvement of materials

amenable for SRT includes the incorporation of the hydro-

philic surfactant proteins SP-A or SP-D. These proteins not

only complement surfactant from the point of view of the

protection against pathogens, but exhibit conspicuous anti-
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inflammatory properties [29,130,131]. Recombinant versions

of human collectins SP-A and SP-D have been already pro-

duced [132,133], making feasible the production of more

complete humanized surfactant preparations, with enhanced

properties in the framework of certain pathologies such as

bronchopulmonary dysplasia [134].

Another particular case that may require tailored clinical

surfactants is their use as promising drug-delivery agents.

Recent research has analyzed in detail the ability of pulmo-

nary surfactant to facilitate spreading and diffusion of thera-

peutic molecules, including poorly soluble drugs or particles

carrying siRNAs, using the respiratory aireliquid interface as a

shuttle [135e137]. Different biophysical approaches using

specific setups have revealed how surfactant can transport

different molecules to long distances, once delivered at the

aireliquid interface, which facilitates an efficient distribution

all the way from the upper to the distal airways [138e140].

This can improve substantially the paradigm of the delivery of

inhaled drugs at extents difficult to predict, but that could be

potentially extensible to any therapeutic agent, including

peptides and proteins such as antibodies or enzymes, gene

therapy vectors or inhaled vaccines. It is conceivable that the

compositional and structural determinants governing the

ability of surfactant to vehiculize therapeutic agents via the

aireliquid interface will be different to those defining full

surface tension reduction capabilities. It is also important to

consider that an optimized delivery into the distal airwayswill

be likely connected with a fruitful transepithelial delivery into

the systemic circulation, opening new avenues for the sys-

temic delivery of drugs such as peptidic hormones or anti-

bodies, through non-invasive pathways that are not available

nowadays. Future research should be able to optimize novel

surfactant preparations engineered for inhalative delivery,

with particular features tailored for well-defined therapeutic

entities.
Conclusions: the basic surfactant recipe

A basic recipe to produce a good clinical surfactant should

consider a basic composition containing a) sufficient pro-

portions of DPPC, b) an equilibrated combination of saturated

and unsaturated phospholipids, c) enough proportion, in the

order of 10e15%, of anionic polyhydroxylated phospholipids,

particularly PG, and d) sufficient content of SP-B and SP-C

proteins or their analogs. Clinical surfactants should be also

produced as a highly concentrated suspensions able to form

surface active interfacial films with high cooperativity, and/or

be subjected to some treatments that could optimize their

structure towards a highly packed/dehydrated state with

higher activity and enhanced resistance to inactivation. Finally,

this basic recipe should admit variations in composition and

productionmethodologies as a function of the final therapeutic

target, whether intended for non pathologic but immature

lungs, injured lungs or healthy operative lungs requiring de-

livery of inhalative treatments.

The future of the wide but tailored application of SRT to

patients of different respiratory pathologies is highly prom-

ising but is currently going through the bottleneck of the

production of massive amounts of humanized surfactant
proteins as a basis for the production of therapeutic surfac-

tants of new generation. Their combination with selective

drugs or bioactive elements (DNA, RNA, antibodies, enzymes

and inhibitors, etc), together with the development of efficient

non-invasive delivery strategies will pave the way towards a

future world of personalized surfactant therapies.
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