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Abstract

Lung surfactant (LS) is a membrane-based lipid-protein complex
that lines the alveoli, reducing the surface tension at the air-liquid
interface and thus minimizing the work of breathing. Besides this
function, LS is also the first physical barrier between the outside
air and the systemic circulation, therefore playing a key role in the
defense against harmful particles and microorganisms.

Viral respiratory tract infections (RTIs), and especially acute
lower RTls, are one of the leading causes of morbidity and
mortality worldwide. LS participates in the network of in-
teractions between viruses and the immune system to prevent
or lessen the effects of the infection, but it is also altered by
these pathogens, which can potentially impair its function.
The aim of this review is to provide an integrated multidisci-
plinary overview toward understanding the interplay between
respiratory viruses and LS and its health impact on the respi-
ratory system. The review is centered on the antiviral mecha-
nisms of both LS proteins and lipids, and their different
interactions that lead to varying outcomes. Finally, a summary
of the clinical application of surfactant in the scene of lung viral
infection is disclosed, including state-of-the-art approaches of
the therapeutic use of surfactant components.
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The respiratory system

The respiratory system is composed of the organs of the
respiratory tract that allow airflow during breathing. It is
divided into the upper respiratory tract (nose, mouth,
sinuses, pharynx, and larynx), and the lower respiratory
tract, which comprises the conducting airways (trachea
and bronchi), the small airways (bronchioles) and the
breathing part (the alveoli) [1]. In addition, this system
is the first barrier between the body and the environ-
ment. Its epithelium is constantly exposed to organic
matter, vapors, aerosols, and microbial pathogens and
therefore requires effective local defense [2].

This epithelium is comprised of several cells types
(Figure 1): (1) the nasal cavity is lined by stratified
squamous epithelium [3]; (2) conducting airways are
mainly coated with a pseudostratified cylindric muco-
ciliated epithelium [4]; (3) in the small airways, the
epithelium becomes simple cuboidal; (4) in the alveoli
there are two main epithelial cell types: thin, elongated
type I pneumocytes (AT-I cells), which cover 95% of
the alveolar surface, and cuboidal type II pneumocytes
(AT-IT cells) [5,6]. Epithelial cell—cell junctions
through tight junctions ('TJs), adherent junctions (AJs),
gap junctions, and desmosomes constitute the main
physical barrier of the respiratory system [7,8]. In
addition to epithelial cells, alveolar macrophages (AMs)
constitute the first line of defense against pathogens
and produce important chemical signals for immune
response [9—12].

The respiratory epithelium is lined by layers of three
different substances: mucus, periciliary fluid, and sur-
factant. The mucus layer contains 93—95% (w/w) water
and 5—7% (w/v) solid material principally composed of
mucins (large glycoproteins) together with phospho-
lipids, proteoglycans, cellular debris, and various pro-
teins, some of which possess antimicrobial, antiprotease,
and antioxidant properties. This layer is secreted by the
pseudostratified ciliated epithelium, mainly goblet cells,
and, among its functions, it captures inhaled particles
and microbial pathogens, neutralizes soluble gases, and
is cleared by airflow and cilia activity. The periciliary
fluid layer is a watery layer produced by the active
transport of ions by the ciliated pseudostratified
epithelium and is necessary for efficient ciliary beating
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Figure 1
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Structure and composition of healthy respiratory airways. During the inhalation phase, air flows into the upper airways of the respiratory tract, through the
nose or mouth to the sinuses, pharynx, and larynx, until it reaches the lower airways, where the trachea carries the inhaled air to the bronchi. These are
divided into smaller branches, or bronchioles, which are connected by thin ducts to distal bunches of microscopic air sacs also known as alveoli. The
epithelial structure changes throughout the tract, from a more stratified conformation at the nasal cavity and pseudostratified epithelium at the trachea and
bronchi, to a more simple and non-ciliated epithelium at the alveoli, which is mainly composed of AT-l and AT-lI cells, and alveolar macrophages. The three
layers that line the epithelium (mucus, periciliary fluid and surfactant) are also represented in the figure. Abbreviations: AT-l, type | pneumocytes; AT-II,

type Il pneumocytes.

and mucin hydration. Finally, pulmonary surfactant,
more widely known as lung surfactant (LLS), which is
synthesized and secreted by the Club cells (in the small
airways) and AT-II cells, mainly coats the alveolar
epithelium, although it is also present in the rest of the
airways, and it’s composed mainly of lipids, although
with a small but essential protein portion. Its main
function is to reduce surface tension during the gas
exchange that takes place during respiratory cycles, thus
preventing lung collapse [5,13,14]. Club and AT-II cells
also produce other molecules, such as cytokines, growth
factors [15], and endogenous antimicrobial pep-
tides [16,17].

Lung surfactant

LS is a membrane-based system composed of a
mixture of lipids (90%, w/w) and proteins (10%, w/w),
which is adsorbed into the air-liquid interface of
alveoli, optimizing the breathing mechanics by

lowering the surface tension and thus preventing the
alveolar collapse. It also prevents lung edema, relaxes
the airway smooth muscle, and possesses multiple
immune functions [18].

LS performance depends to a large extent on its
composition. The major components of the system are
lipids, mostly saturated phosphatidylcholine (DPPC)
(~40%, w/w) (Figure 2). This phospholipid has satu-
rated acyl chains that minimize surface tension by
tightly packing at the air-liquid interface. The next
more abundant lipids in the complex are unsaturated
phosphatidylcholines (PC), which can account for 25%
of the total mass, whereas negatively charged phos-
phatidylglycerol (PG), phosphatidylinositol (PI) and
phosphatidylserine (PS) are less abundant (between
8% and 4% of LS total mass, each). In the case of
humans, the major anionic molecular species are
palmitoyl-oleoyl-phosphatidylglycerol  (POPG) and
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Figure 2

Antiviral activities of pulmonary surfactant Isasi-Campillo et al.

3

/53]
SNIFLO¥d

248¢

LIp1DS

unpC

4
x3 =
AT Dol

x6

o N-terminal domain
wwn Collagen body

« Coiled-coil neck domain
@& CRD

PG CHOL

SP-D SP-D Fuzzy ball

Current Opinion in Colloid & Interface Science

Composition and organization of LS in healthy human lungs. a) Lipid and protein composition of LS by mass and organization of the different components
into LS membranes and films at the air-liquid interface. (b) Structure and oligomerization of surfactant collectins SP-A and SP-D. Both proteins are
composed of monomers, each of which containing a N-terminal domain, a collagen-like domain, a neck region and a carbohydrate recognition domain
(CRD). SP-A is formed by 6 trimers and SP-D can be found in a cruciform-like structure, that can be combined to form larger oligomeric structures known
as “fuzzy balls”. Proteins are not scaled. Abbreviations: CRD, carbohydrate recognition domain; Chol, cholesterol; DPPC, Dipalmitoylphosphatidylcholine;
NLs, neutral lipids; PG, phosphatidylglycerol; Pl, phosphatidylinositol; PLs, phospholipids; SP-A, surfactant protein A; SP-B, surfactant protein B; SP-C,
surfactant protein C; SP-D, surfactant protein D; unPC, unsaturated phosphatidylcholine.

dioleoyl-phosphatidylinositol (DOPI). Another impor-
tant component is cholesterol, with ~8% of LS total
mass. These components improve lipid adsorption,
spreading, and fluidity of the surfactant film [19].
Finally, a residual 4% and 5% of surfactant accounts for
other phospholipids (PL) and neutral lipids (NLs)
respectively [19—25]. Although lipids are mainly
involved in biophysical functions, they also take part in

regulating innate immunity and modify the host
response to pathogens [14,20,21,26].

Regarding surfactant proteins, two of them are highly
hydrophobic in nature (SP-B and SP-C) whereas SP-A and
SP-D are hydrophilic [22—24,27]. SP-B and SP-C are key
for the surface—active properties of LS, whereas the main
role of collectins SP-A and SP-D is to mediate multiple
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host defense functions [5,19,24,27—30], although they
are also involved in the absorption and spreading of sur-
factant and participate in surfactant metabolism and
recycling [11].

The synthesis of surfactant lipids and proteins takes
place in the endoplasmic reticulum and the Golgi appa-
ratus of the AT-II cells (Figure 3) [31]. SP-A, SP-B, and
SP-D are also synthesized and secreted by Club cells
[30,32]. Surfactant lipids and proteins are assembled into
lamellar bodies (LLBs), that are exoticized to the alveolar
space [14]. Upon secretion by AT-II cells, the surface-
active components of LS quickly adsorb into the air-
liquid interface, forming the surfactant film. Once
adsorbed at the interface, surfactant reduces surface
tension during expiration, thus preventing alveolar
collapse [33—37]. Hinally, clearing and recycling of sur-
factant is carried out mainly by AT-II cells, with a minor
fraction being phagocytosed and degraded by the AMs
[38—40]. More specifically, SP-C has been shown to be
involved in this process, favoring surfactant uptake by
pneumocytes and macrophages [41]. SP-D also

Figure 3

contributes to the fragmentation of phospholipid reser-
voirs and LS homeostasis [29] while SP-A has been
described to regulate surfactant levels through signaling
pathways involving AT-II cells [42].

SP-B is the most crucial protein of the surfactant
system, as its deficiency is lethal. It is synthesized as a
precursor of 40 kDa which is processed into a mature 18
kDa homodimer, that can be oligomerized into higher-
order structures [43]. In the case of SP-C, processing
occurs from a precursor form of 21 kDa to the final
mature protein monomer of 4.2 kDa, which can also be
found in dimers [44]. Both hydrophobic proteins, SP-B
and SP-C, are cationic, and part of their functions rely
on their ability to interact with the anionic lipids in
surfactant layers, especially PG. SP-B and SP-C are
important for the formation and structural organization
of the LS film, ensuring its recycling and maintenance
[23,24,27,45]. In the case of SP-B, apart from its bio-
physical functions, it may have an anti-inflammatory
role, as it has been shown to reduce NO production by
AMs under LPS stimulation [46]. Moreover, the N-
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Metabolism of LS in the alveoli. Surfactant is synthesized by AT-1I cells and packed into LBs, which are secreted into the aqueous subphase and quickly
adsorbed into the air-liquid interface, resulting in a surfactant film that lines the alveoli. Other extracellular structures formed by surfactant, such as LBPs
and tubular myelin, are also represented in the aqueous subphase. Finally, surfactant is recycled or degraded by AT-ll cells and alveolar macrophages.
Abbreviations: AM, alveolar macrophage; AT-l, type | pneumocytes; AT-Il, type Il pneumocytes; ER, endoplasmic reticulum; LBPs, lamellar body-like
particles; LBs, lamellar bodies; MVBs, multivesicular bodies; SAs, small aggregates; TM, tubular myelin.
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terminal module of the SP-B precursor (SP—BN) has
been proposed to exhibit antimicrobial functions in
combination with SP-A [47,48]. On the other hand, it is
known that SP-C activity is associated with cholesterol
of surfactant membranes, and interestingly it might also
be related to a potential anti-inflammatory activity of
the protein [49—52].

Surfactant hydrophilic proteins SP-A and SP-D belong to
a family of collagenous carbohydrate-binding proteins,
known as collectins [30,53,54]. The primary structure of
most of these proteins is characterized by the presence of
several structural traits. Each monomer holds four re-
gions: (1) a short cysteine-rich N-terminal domain
involved in interchain disulfide bond formation; (2) a
collagen-like sequence consisting of Gly-X-Y repeats; (3)
a coiled-coil helical domain; (4) and a carbohydrate
recognition domain (CRD) that binds Ca*t (Figure 2)
[55,56]. This last domain defines the function of the
collectins, mediating the innate immune response, as
they recognize the carbohydrate epitope moieties at the
surface of different microorganisms [57]. The basic
structural trimer of collectins is formed by folding the
collagenous domains into triple helices and by winding a
coiled—coiled domain [30,53,54,58—60]. Nevertheless,
the quaternary structure differs across collectins, so that
trimers multimerize to varying degrees. In the case of
human SP-A, two protein variants exist, SP-A1 and SP-A2,
as a result of gene duplication. In both cases, the protein
structure consists in 6 trimeric assembled units, which
looks like a “bouquet of tulips”, composed of 35-kDa-
monomers held together by disulfide bonds at the N-
terminus [56]. On the other hand, mature SP-D can be
assembled as several oligomeric forms including trimers,
hexamers, dodecamers, or even larger oligomers (called
“fuzzy balls”) composed of 43-kDa-monomers, again
stabilized by the N-terminal domain [61,62] (Figure 2b).

Besides some role in surfactant homeostasis, surfactant
collectins display important roles in host defense against
multiple pathogens [19,63,64] and regulate interaction
with allergens [23,24,64]. The ability of these proteins to
recognize and neutralize pathogens relies on the pres-
ence of sugar moieties at their surface, and it is achieved
through a variety of mechanisms, including aggregation,
apoptosis, opsonization, activation of phagocytosis, inhi-
bition of microbial growth, or modulation of inflammatory
response [65,66]. Importantly, the defense function of
surfactant collectins is enhanced by their N-terminal
domain-mediated oligomerization [65,66].

In this review, we will focus on the importance of the
different components of LS on the innate immune
system, particularly their role in protection against viral
infections. Also, we will discuss their potential use as
therapeutical tools for viral infections.

Antiviral activities of pulmonary surfactant Isasi-Campillo etal. 5

Viral respiratory tract infections

Viral respiratory tract infections (VRTIs) are the result
of virus particles being inhaled or directly contacting
the mucosal surface of the nose, mouth, or eyes [67].
They are one of the leading causes of morbidity and
mortality worldwide and a significant factor in asthma
and chronic obstructive pulmonary disease (COPD)
exacerbations [68]. According to WHO (World Health
Organization), they are the world’s most deadly
communicable diseases, and the fourth leading cause of
death. These infections can affect people across all age
groups, but they require special consideration in young
children and the elderly [69]. Among all viruses that
can cause RTTs, in this review we will focus on the main
ones, belonging to the Ortho and Paramyxoviridae,
Picornaviridae, Coronaviridae, and Adenoviridae fam-
ilies (Figure 4) [70].

Influenza A virus

Influenza A viruses (IAV) remain a serious global health
concern, resulting in up to half a million deaths annually
[71,72]. These viruses cause respiratory infections
ranging from mild manifestations in the upper respira-
tory tract, which are characterized by fever, sore throat,
runny nose, cough, headache, muscle pain, and fatigue,
to more severe cases when reaching the lower respira-
tory tract, which may develop lung inflammation and
acute respiratory distress syndrome (ARDS) [73,74].

Influenza A is an enveloped, segmented and negative
sense RNA virus, belonging to the Orthomyxoviridae
family. The genome of this virus contains eight RNA
segments, which encode as many as 18 proteins [74].
Proteins involved in cell infection are hemagglutinin
(HA) and neuraminidase (NA) [75]. IAV binds to sialic
acid (SA) residues as receptors on the surface of the host
cell through its trimeric HA. This receptor-mediated
interaction results in attachment, entry, and fusion of
the viral envelope with the endosomal membrane. Once
at the cytosol, IAV begins to replicate its RNA genome
until finally new viral particles are assembled at the
membrane. At this point, NA inactivates SA residues
from the infected cell, avoiding their interaction with
HA and providing the spreading of the virus [53,76].
The primary targets of AV are airway epithelial cells
(AEGCs), resulting in loss of epithelial integrity and
alteration of the respiratory process [77].

Respiratory syncytial virus

Respiratory syncytial virus (RSV) is the main cause of
bronchiolitis and pneumonia in infants in developed
countries. This virus is an enveloped, negative sense,
single-stranded RNA virus of the Preumoviridae subfamily
(within the Paramyxoviridae family). Its genome contains
ten genes, which encode different proteins, including
two important envelope glycoproteins: G glycoprotein

www.sciencedirect.com

Current Opinion in Colloid & Interface Science 2023, 66:101711


www.sciencedirect.com/science/journal/13590294

6 Biological (bio-inspired) Colloids and Interfaces (2023)

Figure 4

a

Respiratory Syncytial Virus 3 Human Parainfluenza
i Virus

SARS-CoV-2 Virus

i
Influenza A Virus Human Adenovirus Rhinovirus

A

=Ceo

|

ACE,

2

t
TMPRSS,

Sialic acid
residues

Sialic acid- CAR |ntegrin

ICAM-1  CDHR3
containing receptors LDLR

' Attachment (G) protein ? Hemaglutinin

neuroamidase

i
‘]‘ Fusion (F) protein %h Fusion (F) protein

_ (RNA)
Glycosylation s Lipid bilayer

v Spike protein ()

I Envelope protein (E)

I Matrix protein (M)

Glycosylation by
Lipid Bilayer Lo
& " e Genetic Material
Matrix (M) protein ==’ Matrix (M) proteln (RNA)
) Small hydrophobic protein AAR Lipid Bilayer i Glycosylation

T Fibre
S entrnay (receptor binding, VP
B e hemagglutination)
s ycosylation
il Hexon VP2
f structural
1 Hemaglutinin {stnictiral)
Penton base
Lipid bilayer w (penetration) ‘ vPs
DNA VP4

I Matrix protein M1
e  Core proteinV

) Genetic Material (RNA)

808 Matrix protein M2
Core protein VII

T Neuraminidase &  Storshape receptor

Terminal protein P
or fingers

i i
| |
"\ Genetic Material (RNA) i | o Genetic Material | !
i !

Respiratory Syncytial Virus
Parainfluenza Virus

Human Coronavirus

AN

Influenza A Virus
Adenovirus

Rhinovirus

Respiratory Syncytial Virus

/) Parainfluenza Virus

Comon Cold
Upper
respiratory Pharyngitis
tract
Laryngitis
Tracheitis
Lower
respiratory Bronchitis
tract
Bronchiolitis
Pneumonia

Human Coronavirus

Influenza A Virus

Current Opinion in Colloid & Interface Science

Viral types responsible for respiratory tract infections. (a) Schematic representation of respiratory syncytial virus, human parainfluenza virus, SARS-CoV-2
virus, influenza A virus, adenovirus and rhinovirus, and their interaction with cell receptors. (b) Schematic representation of the distribution and clinical
presentation of different respiratory viruses in the upper and lower respiratory tract. Abbreviations: ACE2, angiotensin converting enzyme 2; CAR,
Coxsackievirus and adenovirus receptor; CDHR3, cadherin-related family member 3; CoV, human coronavirus; CXC3R1, C-X-C Motif Chemokine Re-
ceptor 1; HPIV, human parainfluenza virus; HSPG, Heparan sulfate proteoglycans; IAV, influenza A virus; ICAM-1, intercellular adhesion molecule 1;
LDLR, low-density lipoprotein receptor; RN, rhinovirus; RSV, respiratory syncytial virus; TLR4, Toll-like receptor 4; TMPRSS2, Transmembrane serine

protease 2.

that mediates cell attachment and F glycoprotein that
mediates fusion of the virion with the cell membrane
[78,79]. RSV infections occur via nostrils or mouth and
once inside, they begin to infect AECs of the upper
respiratory system, moving to the lower airways. It has
been determined that ciliated cells in the bronchial
epithelia and AT cells in the alveoli are the main cells
targeted by RSV infection [80]. Once infected, the pro-
cess of transcription and replication of RSV occurs very

swiftly, producing an alteration in the integrity of the
epithelial tissue and consequent inflammation. This
inflammation can generate irreversible alterations in the
respiratory system [81].

Coronavirus

Coronaviruses (CoVs) are a varied group of enveloped vi-
ruses with positive-sense, non-segmented, single-
stranded RNA genomes [82]. There are numerous types
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Inflammatory mechanisms, alveolar epithelial and endothelial damage, and surfactant inactivation of an infected, compared to a healthy alveolus. The
entry of a virus in the alveolus leads to necrosis of alveolar cells, disruption of the tight junction between them, which causes lung flooding with edema,
producing leakage of serum proteins that interfere with the adsorption capability of the LS, impairing its function. Furthermore, a viral infection triggers an
exacerbated immune response that causes the recruitment and infiltration of immune cells, such as activated neutrophils and activated macrophages,
boosting the production of pro-inflammatory and pro-fibrotic mediators (green nebula) (TFG-B, TNF-a., MMPs, TIMPs, IL-1, IL-4, IL-5, IL-6, IL-13, IL-17)
and ultimately leads to the buildup of reactive oxygen and nitrogen species (red and violet nebula), that can oxidize or hydrolyze surfactant lipids and
proteins (black proteins and lipids), or proteases and phospholipases (sPLAy) that can hydrolyze surfactant lipids, further inactivating surfactant. Ab-
breviations: AT-I, type | pneumocytes; AT-lI, type Il pneumocytes; Chol, cholesterol; DPPC, Dipalmitoylphosphatidylcholine; FFA, free fatty acids; oxSP-B,
oxidized surfactant protein B; oxSP-C, oxidized surfactant protein C; PG, phosphatidylglycerol; RNS, reactive nitrogen species; ROS, reactive oxygen
species; SP-A, surfactant protein A; SP-D, surfactant protein D; sPLA,, Secretory phospholipase A2.

of human coronaviruses that circulate in the population
causing a “common cold”, such as HCoV-229E, HCoV-
0C43, HCoV-NL63, and HCoV-HKU1. In contrast,
severe acute respiratory syndrome-associated coronavirus
(SARS-CoV), middle east respiratory syndrome corona-
virus (MERS-CoV), and severe acute respiratory syn-
drome coronavirus-2 (SARS-CoV-2) cause severe viral
pneumonia by infecting alveolar pneumocytes, bronchial
epithelial cells, and upper respiratory tract cells in humans
[83]. This kind of virus is characterized by the presence of
a trimerized surface protein called Spike glycoprotein or S-
protein, which is critical for invasion of the host cell [84].
Specific binding of the S-protein to different cells re-
ceptors like Angiotensin-converting enzyme 2 receptor
(ACE2), human aminopeptidase N (APN), and dipep-
tidyl peptidase 4 (DPP4) is responsible for the entry of
coronaviruses into host cells [82,85].

Other respiratory viruses

Rhinoviruses (RVs) are non-enveloped positive-strand
RNA viruses from the Picornaviridae family. RVs are the
main cause of common cold in humans, but may also have
lower respiratory tract involvement, with a clinical pre-
sentation of bronchitis or pneumonia [86,87]. Human
Adenovirus (AdV) is a non-enveloped DNA virus that
causes a wide range of illnesses, such as conjunctivitis,
gastroenteritis, and respiratory infections [88]. Human
Parainfluenza (HPIV) are single-stranded, enveloped
RNA viruses that cause a broad spectrum of respiratory
clinical manifestations, including colds, bronchiolitis, and
pneumonia [89]. Human immunodeficiency virus (HIV)
is a genetically related member of the Lentivirus genus of
the Retroviridae family. This virus is characterized by its
ability to induce failure of the immune system, which
allows the emergence of opportunist infections and
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cancer [90]. Even though the respiratory route is not a
mode of transmission of HIV, HIV replication does occur
in the lung, becoming an important reservoir of virus
[91]. This virus contains envelope glycoproteins gp120
and gp41, which recognize cell surface receptors.
Concretely, gp120 is essential for virus entry into T cells
upon interaction with CD4 protein and is the primary
target for binding HIV by various C-type lectins. Human
cytomegalovirus (HCMYV), also known as human
herpesvirus 5, has a large double-stranded DNA genome.
It is a highly widespread virus in the population but
typically in a latent state. However, in immunocompro-
mised patients, the clinical picture is complicated and
may lead, although rarely, to a respiratory disease [92,93].

Transmission, replication, and clinical
manifestations of vRTIls

The first step of a vVRTT is the transmission and entry of
the virus. There are four main modes of transmission
from the infected to the new host: direct contact, in-
direct contact, droplets, and aerosol (or airborne).
However, it is important to highlight that some viruses,
like influenza, coronaviruses, and rhinoviruses can also
infect gastrointestinal tract cells, so fecal transmission is
also possible [94]. There are viral determinants for
transmission or survival such as composition and struc-
ture of the envelope and capsid, and the internal pro-
teins and genomes, as well as the ability to form viral
aggregates. Environmental determinants also play an
essential role, such as temperature, humidity, salinity,
pH, ventilation, airflow, and ultraviolet radiation. Finally,
host determinants of contagiousness, susceptibility, and
transmission at individual and population levels must be
also considered [94].

Once inside the new organism, viruses, as opportunistic
agents, look for target cells to deploy their replication and
propagation machinery. As a result, they bind to specific
receptors located on the surface of respiratory tract cells
[67]. As described above, most respiratory viruses are
enveloped particles, so after receptor binding, the virus
enters the target cell either through fusion of its enve-
lope with the plasma membrane (RSV, HIV, and CMV) or
through receptor-mediated endocytosis (IAV, HPIV, CoV,
and AdV) [95]. This initiates the production and repli-
cation of viral proteins, which leads to the release of new
viral particles into the respiratory tract [67].

Regarding the clinical presentation, it depends on the
location of the target cells in the respiratory tract,
although often several symptoms can overlap (Figure 4b).
If the receptor is in the upper respiratory tract, clinical
manifestations are more likely to be mild and not inca-
pacitating, including cough, rhinitis, or pharyngitis (RV,
AdV, HPIV, IAV). On the contrary, if the infection reaches
the lower respiratory tract, symptoms might be more

severe and patients are more likely to develop bronchitis,
bronchiolitis, pneumonia (HPIV, IAV, RSV, and SARS vi-
ruses) and to suffer dyspnea, hypoxia interstitial inflam-
mation, pulmonary infiltrates, massive cytokine storm,
and, consequently, ARDS, leading to respiratory failure
[67,70,96]. Lower RTT can occur by different mecha-
nisms: 1) Direct infection of lung cells without prior
replication in the upper respiratory tract, due to the se-
lective tropism of some viruses such as IAV; 2) Spreading
of the infection from the upper to the lower respiratory
tract, for example by coronavirus; 3) Hematogenous
spreading, for example in cytomegalovirus infection [97].

What happens when the virus reaches the
mucosa at the respiratory surface?

The respiratory epithelium and its different coating
layers described above constitute the first line of de-
fense against microorganisms, specifically against the
respiratory viruses. It participates in the innate and
adaptive immune response through the release of
proinflammatory molecules and activation of immune
system cells [7]. Once viruses enter the respiratory
tract, they are confronted by a large defense machinery
located in the upper and lower airways, which includes
mucociliary escalators, intercellular apical junctional
complexes (AJCs), immune mediators secreted by the
AEGs, and LS, among others [8,98].

At the upper airways the mucus, along with the peri-
ciliary fluid lining the epithelium, forms a semi-
permeable barrier, allowing the exchange of nutrients,
water, and gases and preventing the entry of pathogens
such as viruses. Together, they constitute the muco-
ciliary clearance system. This system allows the elimi-
nation of inhaled particles and is the result of the
coordinated activity between the submucosal glands and
goblet cells, producers of this viscous layer, as well as the
ciliated cells, responsible for the coordinated movement
of the fluid film into the pharynx. One of the most
important components of this system are the mucins,
specifically the mucins MUCSAC and MUCS5B [4,99].
These mucins play a key role in antimicrobial responses,
and it has been shown that in the presence of certain
respiratory viruses, such as IAV, their expression is
induced allowing optimal virus elimination [100,101].
Regarding AJCs, which contribute to the maintenance of
the epithelial barrier integrity, they include TJs and
AJs located at the apicolateral membranes of AECs.
These junctions prevent the disruption of epithelium
homeostasis and thus the entry of pathogens, such as
viruses, which have not been eliminated by the muco-
ciliary system [98,102]. In fact, the importance of this
barrier has been determined in infections by different
types of AV, in which despite epithelial cell apoptosis,
transepithelial resistance and protein expression of AJCs
was maintained [103].
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In addition, to prevent viral infection, respiratory cells of
the upper and lower tract have on their surface several
pattern recognition receptors (PRRs) that recognize
specific pathogen-associated molecular patterns (PAMPs)
on the surface of pathogens and initiate signaling cascades
that lead to an innate immune response [104]. The best-
characterized PRRs are the TLRs. These receptors are
integral type I membrane glycoproteins that recognize a
variety of PAMPs, activating signaling pathways that
induce proinflammatory cytokines and interferons (IFNs)
expression [105]. TLLR3 has been found to be expressed in
intracellular endosomes and recognizes viral replication
products such as viral ssRNAs from RV, RSV, and [AV
[106—108]. Other TLRs (TLR7/8 and TLR9) detect
ssRNAs and dsRNAs of IAV and AdV respectively [7].
TLR4, expressed on the cell surface, interacts with the
RSV fusion protein [109]. On the other hand, two RNA
helicases RIG-1 and MDAS target viral replication prod-
ucts in the cytosol [7].

Once the epithelium recognizes the specific virus, it
secretes different cytokines, chemokines, and antimi-
crobial peptides. Cytokines (TNF-a, IL-6, IL-8, IL-1b,
etc.) regulate immune responses, cell functions, prolif-
eration, differentiation, and viral propagation. Chemo-
kines (type I (IFN-0/B) and type III (IFN-1)) play a key
role in the regulation of the immune system by stimu-
lating the recruitment of immune cells (neutrophils,
macrophages, T cells, NK cells, etc.) in the lungs. In
addition, antimicrobial determinants, such as RNS and
ROS, lactoferrin, inflammatory pro-resolving lipids
(lipoxins), etc., are also secreted to inhibit viral activ-
ity [110,111].

Finally, the defense of lower airways counts with addi-
tional mechanisms involving LS. Besides its biophysical
role in breathing mechanics, LS is an integral compo-
nent of the host defense system, protecting the alveolus
from microorganisms and exogenous substances [111].
In this sense, the most relevant defense machinery
against viruses is constituted by LS collectins (SP-A and
SP-D). These proteins, integrated into the lipoprotein
surfactant complexes, have an immunomodulatory ca-
pacity and trigger a cytochemical response through their
binding to different receptors located in cells of the
innate immune system (AMs, monocytes, neutrophils,
among others) [112—114]. In addition, they are capable
of binding to pro-inflammatory mediators such as IFN
and lipopolysaccharide (LLPS), thus limiting apoptosis,
cytotoxicity, and inflammation in the alveolus [115,116].
Finally, these proteins act as opsonins, binding to anti-
genic determinants located on the surface of pathogens
promoting their phagocytosis by cells of the immune
system [54,117]. Specifically, SP-A even has direct
antibiotic activities against Gram-negative respiratory
bacteria [118]. On the other hand, although the hy-
drophobic proteins of LS, together with the lipids, are
mainly responsible for surfactant biophysical function,
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some studies have determined that they may also play a
role as mediators of the anti-inflammatory response and
against respiratory pathogens like viruses or bacte-
ria [26,119,120].

Role of surfactant collectins against
respiratory viruses

Several studies have determined that collectins of the
surfactant system act as antiviral proteins [14]. As detailed
below, it has been described how they directly interact
with different viruses through their CRDs by engaging
terminal monosaccharide residues or via recognition of
PAMPs on viruses, serving as soluble pattern recognition
receptors (PRRs). Different profiles in saccharide selec-
tivity of the CRDs have been reported, so that SP-A shows
priority binding for N-acetylmannosamine and L-fucose,
while SP-D binds to inositol, maltose, and glucose [66].
"This selectivity could be important to understand their
different capacity to bind glycosylated proteins on the
surface of viral capsids. Moreover, other modes of inter-
action with viral particles apart from glycosylation recog-
nition of the viral protein are also possible.

Antiviral activity of collectins through virus binding may
follow different mechanisms like inhibition of virus
interaction with the target cell, or opsonization thanks to
their oligomerization ability and subsequent clearance or
phagocytosis by macrophages or neutrophils. Besides
virus interaction, collectins are also involved in immu-
nomodulation of processes like inflammation. They have
been shown to bind several receptors at the surface of
immune cells causing different and even opposite effects
depending on the physiological situation [121]. Part of
this duality could be related to the occupancy of the
CRD and alternative interaction modes with immune cell
receptors [122]. However, this aspect, in the context of
viral infections, has been still poorly explored.

In this section, we briefly summarize what is known
about collectin interactions with different respiratory
viruses (Table 1). For more information, specific reviews
on lung collectins are recommended [54,79,121,123].

Collectins and influenza A virus

The most extensive data set available regarding viral
neutralization by collectins relates to [AV. In fact,
different interaction modes with the virus have been
described for SP-D and SP-A. SP-D recognizes, through
its CRD, specific surface patterns of high mannose oli-
gosaccharides expressed on the HA or NA of IAV,
preventing their interaction with the host cell receptors
by steric impairment, and thus reducing viral uptake into
epithelial cells. Moreover, oligomerization of SP-D into
supratrimeric structures allows multivalent high-avidity
interactions between the collectin and IAV [54,124].
These multiple binding sites also promote IAV aggrega-
tion facilitating viral clearance through the gradient of
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Table 1

Antiviral properties and interactions involved of lung surfactant collectins.

Virus Collectin Virus-specific interactions Antiviral-related activities
IAVs SP-D Mannose carbohydrates in the HA and NA Viral aggregation [125,126].
(glycosylation-dependent binding) Potentiates |AV-neutrophils responses [76].
[124,125] Limits IAV replication and blunts inflammatory responses to the virus [127].
Inhibits hemagglutinin binding activity and reduces viral uptake into epithelial cells [125].
Decreases neuraminidase activity [128].
SP-D deficient-mice decreases IAV clearance [129]
SP-D levels increase in IAV infection [129].
SP-A HA cell attachment site through sialic acids Inhibits hemagglutinin binding activity of IAV and induces modest viral aggregation [131].
in SP-A (calcium-dependent) [130] Enhances neutrophil and alveolar macrophage uptake of IAV in vitro [132].
RSV SP-D F and G glycoproteins (calcium- SP-D deficient mice increase inflammatory markers and reduce phagocytosis by alveolar
dependent) [133,134]. macrophages [133].
SP-D levels were not detected in one-third of the infants infected with RSV [135].
Inhibits viral infectivity by blocking the entry of RSV to cell [134].
Enhances the phagocytosis and pulmonary clearance of RSV in mice [133].
SP-A F and G glycoproteins [136]. SP-A deficient mice shows more susceptibility to RSV infection with high levels of
proinflammatory cytokines, viral load, and infiltration [137].
Neutralizes virus infectivity [136].
Infants ventilated for severe RSV infection present reduced levels of SP-A [135].
Enhances uptake of RSV by peripheral blood mononuclear cells (PBMCs) and alveolar
macrophages [138].
Modulates the cellular cytokine release on RSV infection [138].
Enhances RSV clearance in vivo [137].
SP-A2 polymorphisms are associated with the severity of RSV infection in infants [139].
AdV SP-A Decreased inflammation and increased clearance of Adenovirus [140]
Parainfluenza SP-D SP-D inhibits hemagglutination activity of Sendai virus, the related murine parainfluenza
virus [72].
Increased SP-D mRNA levels in parainfluenza type 3-infected lambs [141].
SP-A Increased SP-A mRNA levels in parainfluenza type 3-infected lambs [141].
Coronavirus SP-D SARS-CoV Binds to HCoV-229E virions in a dose-dependent manner [143].
S-protein [142]. Prevents infection of bronchial epithelial cell line more efficiently than SP-A [143].
Aggregates the virus through direct interaction with S-protein [142].
Plasma levels of SP-D were elevated in SARS-type pneumonia [144], also, serum levels of
SP-D were elevated in patients with COVID and macrophage activation syndrome [145].
High serum levels of SP-D are correlated with more severe COVID-19 disease [146].
fhSP-D acts as an entry inhibitor of SARS-CoV-2 infection into overexpressing ACE2
receptor cell line [147,148].
SP-A Binds to HCoV-229E virions in a dose-dependent manner [143].

Prevents infection of bronchial epithelial cell line and reduces infection of alveolar
macrophages [143].
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surfactant from the lower to the upper airways and the
mucocillary escalator, or via phagocytic cells such as
macrophages and neutrophils [76]. Accordingly, several
studies have demonstrated that high-level HA glycosyl-
ation is involved in increased IAV susceptibility to SP-D-
mediated inhibition. Therefore, the infection with a SP-
D insensitive (low glycosylated HA) TAV strain entails an
increase in both virus replication and clinical symptoms
whereas infection with a SP-D sensitive strain (high
glycosylated HA) leads to a milder clinical course, due to
the effect of SP-D on virus neutralization and spreading
reduction [72]. In fact, HA proteins of pandemic strains
(1918, 1957, 1968, and 2009) causing high lung infection,
were poorly glycosylated and showed a limited SP-D
binding, in contrast to a seasonal HIN1 strain that
induced only mild disease in infected mice and a higher
binding to the collectin [76].

On the other hand, glycosylation has also an effect on
the structural stability and integrity of HA and NA and
provides the virus with an effective mechanism to skip
immune checkpoints by hiding neutralization epitopes
and allowing evasion from recognition by antiviral anti-
bodies [76]. All this suggests that glycosylation confers
adaptive advantages to AV, while it also makes the virus
more sensitive to SP-D.

Regarding SP-A interaction with TAV, it has been shown
that HA binds to sialic-acid residues on SP-A in a
calcium-dependent manner, in contrast to the HA
glycosylation-dependent binding of SP-D, limiting the
ability of the virus to reach and attach to cellular sialy-
lated receptors in the host cells [53,127]. Also, SP-A
causes aggregation of IAV, preventing its spreading and
favoring its elimination by the immune system, although
to a lesser extent than SP-D [131].

Despite SP-A is present at higher concentrations than
SP-D in the respiratory lining fluid, its antiviral activity
is lower [125]. Several studies with SP-A knockout
mice showed an increased inflammatory response and
viral load after infection with IAV, although these
changes were much less pronounced than in SP-D
knockout mice. In addition, double SP-A and SP-D
knockout mice had a pattern of infection nearly iden-
tical to SP-D knockout mice [130]. On the other hand,
in response to [AV infection in mice increased levels of
SP-D but not SP-A were detected [127]. Altogether,
these results indicate that SP-D plays a more impor-
tant role than SP-A in the innate response to AV
infection [72]. However, the role of both collectins
may be complementary in many cases since the
mechanism of SP-A interaction with TAV does not
depend on HA glycosylation [149]. In this regard, some
studies have described that strains resistant to SP-D
are not to SP-A [72].

Antiviral activities of pulmonary surfactant Isasi-Campillo et al. 11

Collectins and respiratory syncytial virus

LS collectins play a key role in the defense against RSV
infection. Both proteins are capable of binding to the
RSV glycosylated G and F proteins and neutralizing RSV
in vitro and in vivo, however, mechanisms are not well
understood, neither their dependence on viral protein
glycosylation. Binding to G protein seems to be calcium-
dependent, but it is not clear for SP-A whether it occurs
through its N-terminal [54,121,133,134]. Moreover, re-
combinant fragments of both proteins, consisting of the
CRD, neck, and a shorter collagenous tail (rfhSP-A and
rfhSP-D), have been proven to trimerize and neutralize
RSV. Regarding the effect of collectin genetic variations,
it has been shown that SP-A2 polymorphisms are related
to severity of RSV infection [139].

Several studies with collectin-deficient mice have been
performed for RSV infection. SP-A and SP-D deficient
mice developed a reduced viral clearance and a more
aggressive immune response increasing inflammatory
markers and recruitment of inflammatory cells like
neutrophils together with defects in the generation of
ROS species by AMs. Administration of native SP-A or
SP-D to these deficient mice infected with RSV
prevented lung inflammation and enhanced RSV clear-
ance. SP-D was also found to partially reverse RSV-
induced inhibition of oxygen radical production by
macrophages and neutrophils [133,137]. On the other
hand, RSV was shown to modify mRNA expression
levels of SP-D by reducing translation efficiency [150].

Coronavirus and collectins

Within the surfactant, collectins SP-A and SP-D are also
important to modulate coronavirus infection [121].
Previously to SARS-CoV-2 pandemic, elevated serum
levels of SP-D were reported in patients with (SARS)-
related pneumonia [144]. With this precedent, the
study of collectin levels in patients with COVID-19 was
performed. Lung-specific SP-A and SP-D serum levels
were elevated in patients with SARS-CoV-2, pointing
them as potential biomarkers of COVID-19 pneumonia
severity [144,146]. However, SP-D levels in BAL of
patients with COVID-19 were lower [151]. In order to
determine the relevance of collectins levels and their
potential implication in viral infectivity, the ability of
SP-D and SP-A to interact with HCoV-229E virions was
characterized, showing that this interaction inhibits
infection of human bronchial epithelial cells and AMs
[143]. However, low levels of binding of SP-A to glyco-
sylated S-protein have been reported, so that the
mechanism underlying the inhibitory effect of this
protein upon coronavirus infection remains to be solved
[142]. On the other hand, a different study has revealed
that SP-D binds to glycosylated S-protein in a calcium-
dependent manner and inhibits SARS-CoV-2 replication
in Caco-2 cells [151]. In this sense, high therapeutic
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potential is predicted for the recombinant fragment of
SP-D (rfhSP-D) as it has been shown to inhibit infection
and replication of SARS-CoV-2 in clinical samples. This
inhibition seems to be mediated by interaction of rfhSP-
D with the receptor-binding domain of the S1 subunit of
SARS-CoV-2 spike protein [147,148].

Other viruses and collectins

The role of collectins in the protection against the vi-
ruses described above has been extensively investigated.
However, although superficially studied, their partici-
pation in other viral infections has been also suggested.
SP-A reduces lung inflammation, decreasing the levels
of tumor necrosis factor-o0 (TNF-a), interleukin (IL)-6,
and IL-1b in mice infected with adenovirus. In addition,
SP-A deficient mice have a low rate of adenoviral clear-
ance by AMs [140]. In neonatal lambs infected with
Parainfluenza Virus Type 3, RNA levels of SP-A and SP-
D were elevated compared with non-infected lambs.
This increase was associated with less viral antigens in
lung tissue, so it could be related to the antiviral activity
of collectins [141]. Finally, recent studies have deter-
mined that SP-A and SP-D, also present in the female
genito-urinary tract, can interact with envelope glyco-
protein of HIV (gp120), inhibiting binding to CD4 and
therefore infection of CD4+ T cells [54,72].

With all this, the importance of collectins in the defense
against viruses is clear. However, more integrated
studies are required for providing a global view of sur-
factant significance on virus protection, including the
involvement of other surfactant proteins, lipids, and
inflammatory markers.

Antiviral activity of lung surfactant lipids

As described above, lipids constitute the prevailing part
of LS, with DPPC as the major molecular species and
other minor lipids like PG, PI, and cholesterol also
bearing essential functions. Although lipids are mainly
related to biophysical surfactant functions, they are also
involved in attenuating inflammation and in modifying
the host response to pathogens showing a protective role
[19]. The ability of anionic lipids to interact with certain
respiratory viruses has been demonstrated [152]. In
particular, POPG and PI have been found to prevent
plasma membrane attachment and consequent infection
of epithelial cells thanks to their high-affinity interac-
tion with viruses like IAV and RSV [153—156]. More-
over, anionic surfactant lipids regulate inflammatory
cascades through inhibition of TLRs by, for example,
binding to specific interacting proteins like CD14 in
macrophages [25]. This is the case of PG and PI treat-
ment of bronchial epithelial cells infected with either
IAV or RSV. They decrease the production of inflam-
matory mediators like I1.-8 by TLR-mediated response
inhibition [152,155,156]. Finally, virus infection and
subsequent lung inflammation are prevented by

intranasally inoculated POPG or PI to mice infected
with either IAV or RSV [153,156].

Beyond these common effects observed for anionic
lipids regarding IAVand RSV, antiviral activities of these
surfactant components have been out of scope. The
recent SARS-CoV-2 pandemic has prompted an in vitro
study with VeroE6 cells highly expressing the ACE2
receptor and infected with SARS-CoV-2 in the presence
of POPC, POPG, or PI. It was observed that treatment
with anionic surfactant lipids significantly suppressed
viral load and the cytopathic effects in the infected cells
[26]. However, much research remains to be done to
determine whether lipids could act as potent inhibitors
of this coronavirus infection.

Opverall, these studies place POPG, PI, and derivatives
as outstanding candidates for viral infection prevention
and treatment.

Antiviral activity of surfactant hydrophobic
proteins

Little is known about the role of hydrophobic surfactant
proteins in antiviral defense. Polymorphisms in the SP-B
and SP-C genes have been shown to be associated with
increased susceptibility to severe RSV infections
[157,158]. In this line, mice deficient in SP-C had lower
virus clearance, along with a more severe and prolonged
inflammatory clinical presentation [157].

Alterations in the respiratory system in the
presence of viruses

During vRTIs, damage is generated at different points
of the respiratory network. Along the progression of the
infection, specific and local effects of the virus turn to
events affecting at a more general level. The importance
of the presence of LS in the respiratory system goes
further than the anti-viral properties shown by several of
its components, as the complex all together is essential
to return the lung to homeostasis.

Damage at the upper airways affects cell integrity,
including alterations in AJCs and cell morphology or
exacerbated apoptosis, among others [159—162].
Following epithelial disruption, interference with the
epithelial repair mechanisms (involving matrix metal-
loproteases, cytokines, and growth factors) can also occur,
leading for instance to pulmonary fibrosis, reduced lung
function, and increased mortality [163—165]. Regarding
mucociliary defense mechanism, overproduction of
mucins together with ciliary alteration can lead to airway
obstruction and exacerbation of viral infection [166,167].

If the infection reaches, or starts in, the lower respiratory
tract, lung function may be compromised (Figure 5).
Viruses begin to replicate in the alveolar cells, specifically
infecting AT-II cells in the case of SARS-CoV-2 and IAV,
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or both AT-IT and AT-I cells in the case of AdV and RSV,
the latter also affecting endothelial cells. As a result,
infected cells can undergo lysis (AdV) [168] or apoptosis
(IAVand SARS-CoV-2) [169], and sometimes lead to the
formation of syncytium (RSV, SARS-CoV-2) and inclu-
sion bodies (AdVand RSV) [111,170]. Viruses often take
advantage of the presence of surfactant phospholipids to
enter the cells. For example, DPPC improves adenoviral
entry by direct interaction [171] and, interestingly,
adenovirus induces the efflux of apical PC by the ABCAL1
transporter, which may be related to an opportunistic use
of the cellular lipid metabolism [172].

Infection induces the infiltration of inflammatory cells
into the alveoli and an aberrant production of TNF-o
that alters the functionality of sodium channels of AT-II
cells. Sodium transport is coupled to their ability to keep
the alveoli free of fluid, driving it from the alveolar space
back into the interstitium and to the blood circulation,
so that alteration of these channels by viral infection
triggers lung edema [2,173,174]. Alveolar edema
necessarily imposes negative consequences on the gas
exchange, as it increases the tightly regulated thin
aqueous layer below the air-liquid interface of alveoli.
Furthermore, plasma proteins leak into the alveolus and
act as surface-active molecules which are adsorbed into
the interface in competition with surfactant compo-
nents, resulting in the inactivation of the surfactant
system [175—177]. Therefore, surface tension reduc-
tion fails, leading to the unbalance of physical forces that
attempt to alveolar collapse, increasing epithelial injury
and thus exacerbating edema, entering a vicious cycle of
lung damage.

At the same time, as mentioned above, inflammatory
cells are recruited into the alveoli, such as neutrophils or
inflammatory macrophages [2]. For instance, increased
levels of the neutrophil/lymphocyte ratio are related to
severe forms of viral pneumonia and COVID-19 [178].
Inflammatory cells, which include macrophages, mono-
cytes, Tcells, mast cells, and neutrophils, secrete into the
lower respiratory tract different isoforms of sPLAZs,
which display antiviral and anti-inflammatory activities
[179]. However, a dysregulated immune response, such
as in SARS-CoV-2 or RSV infections [180—182], can
cause an increase of sPLLAZ in the alveoli, that hydrolyses
surfactant lipids and degrades surfactant membranes,
releasing free fatty acids (FFA) and lysophospholipids
(LPL) [179,181—184]. The direct insertion of these
membrane-perturbing molecules together with choles-
terol into surfactant layers increases membrane fluidity,
which impairs even more the biophysical activity of sur-
factant [175,185—189]. Hydrolysis of LS phospholipids
by sPLA2 is therefore an additional contribution to
exacerbation of ARDS [190,191]. On the other hand, the
pathological response to viral infections of the lower
respiratory system also includes, as aforementioned, the
release of antiviral effectors such as ROS or RNS, which
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create an oxidative inflammatory environment that can
cause the oxidation of surfactant lipids and proteins
[37,192]. For example, IAV increases the formation of
oxPAPC (oxidized 1-palmitoyl-2-arachidonoyl-phospha-
tidylcholine) in the airspaces [19].

Finally, lower RTIs lead to a dysregulated immune
response, causing widespread lung damage and sec-
ondary complications like systemic inflammation, bac-
terial coinfection (tuberculosis bacterial pneumonia,
etc.), exacerbation of asthma or preexisting COPD,
development of fibrosis, pulmonary arterial hyperten-
sion, and autoimmune diseases [193—197].

Lung surfactant and antiviral therapies

Once a viral infection has been established in the lungs,
antiviral therapies must enter the scene to control the
infection. In recent years, mainly as a consequence of
the emergence of COVID-19 pandemic, LS has been
postulated as a potential actor in the development of
antiviral therapies.

As previously mentioned, some surfactant components,
particularly collectins and anionic lipids, have shown
promising therapeutic potential due to their antiviral or
immunoprotective effects. Some studies point to re-
combinant forms of SP-D as a potent inhibitor of the
inflammatory process produced by SARS-CoV-2 infec-
tion. SP-D has been shown to decrease the number of
apoptotic and necrotic alveolar cells, thus preventing
depletion of surfactant synthesis by AMs [198,199].

Patients with COVID-19 usually have damage at the
alveolar level, particularly in AT-II cells. This injury in-
duces a decrease or complete depletion of LS synthesis
[200] and, to date, there is no effective treatment for
respiratory failure due to SARS-CoV-2 infection. Exoge-
nous surfactants have been used in the treatment of
ARDS and other lung diseases [201]. Their administra-
tion increases the surfactant pool in the lungs, inducing a
decrease in alveolar inflammation and thus an improve-
ment in pulmonary ventilation in children [202,203]. In
contrast to the well-established exogenous supplemen-
tation in the surfactant-lacking lungs of premature in-
fants, LS therapy in inflammatory and lung-injured
scenarios, such as those generated by viral infections, has
encountered important hindrances mainly related to the
inactivation of the exogenous surfactant as well as to the
high doses required to treat adult patients [175]. Until
the burst of the 2019 pandemic, clinical trials had
showed almost no benefits in the use of surfactant
administration in adults with ARDS [204,205]. However,
in the context of COVID-19 disease, the use of surfac-
tant mixtures has been reevaluated, as in some cases an
atypical form of ARDS seems to occur, which resembles
neonatal respiratory distress, and that could be related to
the pronounced decrease of LS synthesis consequent to
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SARS-CoV-2 direct injury to the AT-II cells [206]. In this
line, five clinical trials are nowadays ongoing to estimate
whether the administration of surfactant preparations
(extracted from natural sources [207—210] or synthetic
[211]) can succeed as a therapeutic strategy in the
treatment of COVID-19.

Beyond its potential use as part of antiviral therapies, LS
has been also proposed to reinforce immune response
when administered as mucosal adjuvant of viral vaccines.
SF-10, a lipid-protein mixture containing DPPC, PG,
palmitic acid, and a synthetic SP-C, has been used as
adjuvant in influenza HA oral vaccination. This cocktail
induces efficient systemic and local immunity with
characteristically high levels of secretory HAv-specific
IgA in various mucosal organs [212]. On the other
hand, lipid components of LS were used to encapsulate
cGAMP, a second messenger produced in response to
viral infections and a potent activator of the stimulator
of interferon genes (STING), an immune sensor in
alveolar epithelial cells. Intranasal application of LS-
GAMP nanoparticles together with an inactivated
HINT1 influenza virus vaccine achieved immune pro-
tection against a broad spectrum of heterosubtypic
influenza viruses [213,214].

Finally, LS has begun to be considered as a potential
drug delivery tool in antiviral therapies. Antiviral drugs
employed in the treatment of viral infections could be
potentially incorporated into exogenous surfactant to
improve their spreading through the airways towards
their final targets, including the lower respiratory tract
and the alveoli. In this sense, surfactant has been
proven to be an effective vehiculization agent for
different drugs, such as corticoids or other anti-
inflammatory molecules [215,216]. Although specific
studies of LS as vehiculization agent in the context of
viral infections are still at dawn, a promising future can
be hypothesized for this therapeutic role of surfactant,
as it could potentially act both as a drug carrier and as a
therapeutical element due to its own antiviral and anti-
inflammatory properties.

Conclusion

In addition to its critical role in maintaining respiratory
function, lung surfactant has been found to possess
antiviral properties that help to protect the respiratory
tract against viral infections. Several studies have
demonstrated that LS components can directly inhibit
viral entry and replication within the respiratory tract,
reducing the severity of viral respiratory infections.
Further research is needed to fully understand the
mechanisms by which LS interacts with viruses and to
develop new surfactant-based strategies for preventing
and treating viral RTTs. Nonetheless, current evidence
suggests that preserving LLS production and function
may be an effective therapeutic approach for mitigating

the effects of viral infections on respiratory function
while ensuring proper alveolar homeostasis. Overall, a
deeper understanding of the relationship between LS
and viral respiratory infections will pave the way for
novel therapeutic interventions to combat respira-
tory diseases.
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