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W N e

Abstract: Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are life-threatening
lung diseases in critically ill patients. The lack of prognostic biomarkers has halted detection methods
and effective therapy development. Quantitative biomarker-based approaches in the systemic circu-
lation have been proposed as a means of enhancing diagnostic strategies as well as pharmacotherapy
in a patient-specific manner. Pulmonary surfactants are complex mixtures made up of lipids and
proteins, which are secreted into the alveolar space by epithelial type II cells under normal and
pathological conditions. In this review, we summarize the current knowledge of SP-D in lung injury
from both preclinical and clinical studies. Among surfactant proteins, surfactant protein-D (SP-D) has
been more widely studied in ALI and ARDS. Recent studies have reported that SP-D has a superior
discriminatory ability compared to other lung epithelial proteins for the diagnosis of ARDS, which
could reflect the severity of lung injury. Furthermore, we shed light on recombinant SP-D treatment
and its benefits as a potential drug for ALI, and we encourage further studies to translate SP-D into
clinical use for diagnosis and treatment.
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1. Introduction

Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are life-
threatening pulmonary diseases in critically ill patients, affecting around 200,000 patients
every year in the United States and approximately 10% of all patients during intensive care
unit (ICU) admissions [1-5]. These threatening diseases are characterized by exudative
alveolar flooding and extensive alveolar collapse due to the disruption of the air-blood
barrier and surfactant abnormalities, respectively [6,7]. Despite notable advances in the
diagnosis and treatment of ARDS over the last 50 years, the risk of mortality remains
high at 30-40% [8]. The lack of prognostic biomarkers has halted detection methods and
effective therapy development [9]. Quantitative biomarker-based approaches in systemic
circulation have been proposed as a means of enhancing diagnostic strategies as well as
pharmacotherapy in a patient-specific manner [6].

Pulmonary surfactants are a complex mixture of lipids and proteins that are secreted
into the alveolar space by epithelial type II cells [10]. The main role of surfactants is to
diminish surface tension in the alveoli at the air-liquid interface and inhibit its collapse
at end-expiration [11]. Currently, there are four known surfactant proteins encoded in the
human genome—surfactant protein (SP) A, B, C, and D. These proteins are divided into
hydrophilic and hydrophobic groups. SP-A and -D are hydrophilic proteins known for their
roles in pulmonary immunity and the regulation of inflammation. The molecular weight
of SP-A is 36 kDa, while the molecular weight of SP-D is 43 kDa. Both SP-A and SP-D
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are homologous in their sequences [12]. SP-B and -C are hydrophobic proteins that play
essential roles in the normal function of pulmonary surfactants. Their biological activities
include maintaining surfactant structures and stabilizing lipid layers over respiratory
cycles [13]. SP-B is the smallest surfactant, with an 8 kDa molecular weight in its mature
form, and SP-C has a 21 kDa molecular weight [14,15] (Table 1). Previous studies have
shown that club cells can synthesize and secrete mature surfactants SP-A, -B, and -D [16,17].
In addition, type Il alveolar epithelial cells are known to synthesize and release all surfactant
components, including surfactant proteins and phospholipids [18-20].

Table 1. Surfactant protein categorization.

Surfactant . Molecular Predominant . . .
Protein Solubility Weight Structure Biological Roles in the Lung
- Reduce the surface tension
SP-A Hydrophilic 36 kDa Hexamer - Regulate immune response
- Essential for normal lung
surfactant function
SP-B Hydrophobic 8 kDa Homodimer - Maintain physiological
surface properties
- Stabilize the alveolar surfactant film
Sp-C Hydrophobic 21 kDa Monomer - Lower the surface tension
- Regulate pulmonary surfactants and
SP-D Hydrophilic 43 kDa Dodecamer lipid homeostasis

- Serve as a lung host defense protein

SP-D is one of the collectin proteins found in the lungs. SP-D plays a crucial role in the
innate immune response by recognizing harmful particles and promoting the phagocytosis
process [21]. Moreover, SP-D regulates inflammatory responses by modulating inflam-
matory pathways such as the toll-like receptor 4 (TLR4) signaling pathway [22]. SP-D
also influences lung surfactant lipid homeostasis and alveolar structures [23]. In regard
to its structure, SP-D consists of four distinct structural domains: N-terminal domain,
collagenous domain, coiled-coil neck domain, and C-type lectin carbohydrate recognition
domain (CRD) [24]. It is known that SP-D is secreted by type II pneumocytes in different
oligomeric forms, including trimers, hexamers, and dodecamers. Dodecamers and higher-
order oligomers are the most active oligomeric forms for the lectin-mediated functions of
SP-D [23,25].

Lung injury and inflammation influence the secretion of surfactant proteins from lung
epithelial cells into the blood circulation. The detection of such proteins in the plasma
or serum at high concentrations could reflect an abnormality in the pulmonary epithelial
barrier/air-blood barrier [11]. Therefore, they have been widely examined as circulating
diagnostic and/or prognostic biomarkers for lung diseases, such as ARDS, chronic obstructive
pulmonary disease (COPD), and idiopathic pulmonary fibrosis (IPF) [26-29].

In this review, we thoroughly summarize the current results for SP-D in ALI/ARDS
from preclinical and clinical studies. Our review focuses on SP-D since it was recently
shown that SP-D had a better discriminatory ability for the diagnosis of ARDS than other
lung epithelial proteins [30]. Furthermore, we shed light on recombinant SP-D, which has
been investigated as a potential drug therapy for ALL
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2. SP-D in Clinical Studies

Circulating SP-D has been investigated as a potential prognostic and/or diagnostic
biomarker for ALI/ARDS over recent decades. In most previous studies, the plasma level
of SP-D was significantly higher in ARDS patients than in controls, raising the possibility
for SP-D to serve as a non-invasive diagnostic biomarker for lung injury [30-32]. Upon
meta-analysis of two independent studies, there was a trend toward a higher concentration
of SP-D in ARDS patients than in non-ARDS controls (Figure 1). Furthermore, serum SP-D
concentrations were significantly higher in direct ARDS patients when compared to other
ARDS patients caused by extrapulmonary origins in a study conducted by Zhonghua and
colleagues [33]. Likewise, Calfee et al. found that plasma SP-D levels were significantly
higher in cases with direct ARDS than indirect ARDS [34]. In line with these findings,
Park J et al. stated that SP-D levels were slightly higher in patients with direct lung injury
compared to those with indirect lung injury, but this change did not reach a statistically
significant level [31]. The sample population in the latter study was smaller than that in the
other two clinical studies, which could explain the non-significant findings. Interestingly, a
recent study reported that circulating SP-D levels were significantly altered in response
to a causative pathogen. The authors found that SP-D was significantly higher in direct
ARDS caused by viral and atypical pathogens than in ARDS caused by typical bacterial
pneumonia [35]. Another study suggested that SP-D could be a good predictive biomarker
for poor outcomes in ARDS caused by viral pneumonia [36]. Overall, it appears that SP-D
in the circulation might serve as a diagnostic biomarker for lung injury and has the potential
to differentiate between direct/indirect lung injury, and reflect certain causative pathogens.

Study

Park J et al 2017
Ware LB et al 2013

Overall

12=91.22%, p=0.07

Control ARDS
N Mean SD N Mean SD Difference in means and 95% CI
38 9.7822 9.9384 38 24.1737 19.7998 —-
100 49.6871 36.858 100 97.6144 84.9992 —l—
e ——

Figure 1. SP-D concentrations between control and ARDS subjects from two independent studies [30,31].
Meta-analysis was performed using STATA, version 18. Means and standard deviations were calculated
using the methods of Luo et al. [37] and Wan et al. [38], respectively.

In terms of severity of ARDS, there were no associations between circulating SP-D
levels and lung injury severity parameters in two published studies [39,40], whereas another
two studies reported a significant correlation between SP-D and lung injury score [41,42]
(Table 2). Regarding mortality outcomes, elevated SP-D plasma levels were significantly
associated with the risk of death in multiple cohort studies. Three independent studies
reported higher circulating SP-D levels in non-survivors when compared to those in live
patients [36,41,43]. Likewise, an elevated baseline circulating SP-D level was associated
with a greater mortality risk and worse clinical outcomes [43]. Similarly, an elevated serum
level of SP-D was an independent prognostic factor for the risk of mortality in another
cohort study [33]. In contrast to these aforementioned studies, Greene KE et al., in one
single cohort, stated that the circulating SP-D level was neither a specific nor sensitive
predictor of mortality after the progression of ARDS [42]. When we conducted a meta-
analysis of two independent studies, no significant association was seen between SP-D
and mortality (Figure 2). Likewise, elevated SP-D was not significantly related to mortality
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in pooled odds ratios from two studies (Figure 3). In short, the SP-D concentration in the
blood appeared to be a prognostic predictor of worse outcomes, including risk of death, in
most previous clinical reports but did not appear as such in our meta-analysis.

Table 2. The change in circulating SP-D in ALI/ARDS patients and its association with severity and

mortality outcomes.

Main Findings Reference
Higher SP-D levels were significantly associated with fewer ventilator-free days 3]
Higher SP-D levels were significantly associated with fewer organ-failure-free days
SP-D was significantly associated with the number of days on a ventilator and length of stay in hospital [41]
The baseline correlation of SP-D with lung injury score was significant
SP-D was significantly correlated with the lung injury score on day 3 of ARDS
Circulating SP-D was neither a specific nor sensitive predictor of mortality after the progression of ARDS 2]
Higher levels of SP-D were significantly associated with fatal outcomes in ARDS patients caused by influenza
A virus (HIN1) (361
Circulating SP-D was significantly correlated with a diagnosis of moderate to severe PARDS, mechanical
ventilator, ICU, and hospital length of stay in influenza-infected children [44]
Plasma SP-D peaked on day 4 and remained elevated until day 9
SP-D significantly correlated with PRISM III score
Multivariable regression analyses indicated that elevated SP-D concentrations were significantly associated with
risk of death, duration of mechanical ventilation, pediatric ICU length of stay, and higher oxygenation index
SP-D was significantly higher in non-survivors than in living children [45]
SP-D concentrations were significantly and positively correlated with age
Obesity was significantly associated with lower circulating SP-D levels among children with PARDS [46]
Elevated plasma SP-D was significantly associated with oxygenation index (OI) and lung injury severity (LIS)
on day 1 among PARDS patients
Direct lung injury led to higher SP-D levels in children than indirect lung injury [47]
There was a significant association between day 1 SP-D levels and in-hospital mortality
The serum concentrations of SP-D were significantly increased in ARDS patients with pulmonary [48]

superinfections in comparison to ARDS patients without pulmonary superinfections

Abbreviations: ALI, acute lung injury; ARDS, acute respiratory distress syndrome; PARDS, pediatric acute
respiratory distress syndrome; SP-D, surfactant protein D; ICU, intensive care unit; PRISM III, pediatric risk of

mortality; O, oxygenation index; LIS, lung injury severity.

12 = 89.68%, p=0.27

Survivors Non-survivors
Study N Mean SD N Mean SD Difference in means and 95% Cl
Eisner MD et al 2003 370 83.5158 81.8652 195 122.06 131.449
Delgado Cetal 2015 25 239.266 330.17 12 670.287 412.591 O
Overall T T T

-600 -400 -200

Figure 2. The comparison of SP-D concentrations between survivors and non-survivors among ARDS
patients from two independent studies [36,43]. Meta-analysis was performed using STATA, version 18.
Means and standard deviations were calculated using the methods of Luo et al. [37] and Wan et al. [38],
respectively.
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Study

Eisner MD et al 2003

Yang Q et al 2017

Overall, IV (I? = 64.1%, p = 0.095)

Effect

(95% Cl)

1.21 (1.08, 1.35)

1.09 (1.00, 1.09)

1.10 (1.06, 1.14)

Figure 3. The effect of elevated SP-D concentrations on mortality outcome [33,43]. Pooled odds ratios
were calculated using STATA, version 18.

Pediatric acute respiratory distress syndrome (PARDS) is one of the most critical
conditions managed in pediatric intensive care units (PICUs). PARDS is characterized by the
progression of consecutive inflammatory events that eventually disrupt the alveoli—capillary
membrane. The pathophysiology of PARDS is complex since it involves a causative nature
and body-host responses [49]. The current diagnosis for PARDS requires an assessment
of several variables, such as physical exams, chest X-rays, and oxygenation indices [50].
Circulating biomarkers have been studied in PARDS due to their potential benefits in
diagnosis, prognostication, and the assessment of therapeutic responses [51]. In particular,
SP-D has been investigated as a useful diagnostic and prognostic blood marker for PARDS
in clinical settings. For instance, Chakrabarti et al. reported that SP-D in circulation
was significantly correlated with the severity of PARDS, mechanical ventilation, ICU,
hospital length of stay, and Pediatric Risk of Mortality (PRISM III) scores in influenza-
infected children [44]. Likewise, Dahmer et al. showed that SP-D concentrations were
significantly associated with severity of PARDS, duration of mechanical ventilation, PICU
length of stay, and risk of death [45]. In relation to oxygen indices, two independent studies
showed that elevated plasma SP-D was significantly associated with poor oxygenation
index (OI) [45,47]. Overall, circulating SP-D measurements were associated with the
severity of clinical parameters and poor outcomes, including death in children, supporting
the application of circulating SP-D as a prognostic marker in PARDS.

3. SP-D in Preclinical Studies

Current in vivo studies suggest that SP-D plays a role in lung inflammation and can
reflect the severity of lung injury when measured from the circulation. These preclinical
studies utilized various treatments to induce lung injury in animals. The treatments
included were malaria-induced ALI, lipopolysaccharide (LPS), influenza, Pneumocystis
carinii, bleomycin, and pathogenic bacteria, such as Staphylococcus aureus and Pseudomonas
aeruginosa (Table 3). In a mouse model with malaria-induced ALI, the amount of SP-D
protein found in the lungs was vastly elevated when compared to that in control groups [52].
Continuously increased serum SP-D levels were observed in response to chronic lung injury
(Pneumocystis carinii) when compared to acute lung injury induced by LPS or bleomycin [53].
In acute injury models, serum SP-D levels were also significantly elevated on day 5, peaked
on day 10, and gradually decreased until day 28 after bleomycin administration [54]. In
the latter study, conventional biomarkers, such as lactate dehydrogenase (LDH), monocyte
chemoattractant protein-1 (MCP-1), and C-reactive protein (CRP), were only elevated for
a few days in the serum, and did not change significantly over time. In the same study,
SP-D levels in bronchoalveolar lavage fluid (BALF) increased and peaked on day 3, and
significantly correlated with total cell counts, granulocyte cell counts, serum albumin levels,
and the wet lung weight/body weight ratio [54]. Overall, studies indicate that circulating
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SP-D reflects some pathological alterations in the lungs and is a useful prognostic tool for
lung injury and its complications in vivo.

Table 3. Main findings for SP-D in preclinical models of lung injury.

Reference Experimental Model Conclusion Change in SP-D

Lung levels of interleukin 6 (IL-6) and tumor

necrosis factor alpha (TNF-«) were higher in SP-D

knockout (KO) mice than in wild-type (WT) mice -
and were elevated more after indirect than direct

lung injury.

[55] LPS induced ALI The number of macrophage-specific antibody
(MAC-3)-positive cells increased approximately -
2-fold in SP-D KO mice after indirect lung injury.

The level of granulocyte-macrophage
colony-stimulating factor (GM-CSF) was
approximately 5-fold greater in SP-D KO mice
than in WT mice in response to indirect injury.

Serum SP-D levels increased continuously during
chronic lung injury compared to acute injury.

Strong immunoreactivity for SP-D was seen on
macrophages and type II pneumocytes upon -
LPS exposure.

53] LPS, bleomycin, or Pneumocystis
carinii induced ALI

SP-D translocated from the airways into the
vascular system.

Serum SP-D levels reflected pathological
alterations in the lungs, and the measurement of 0
SP-D was a useful tool for detecting lung injury.

SP-D immunoreactivity was seen on type II
pneumocytes, Club cells, and -
alveolar macrophages.

Elevated SP-D expression was noted in alveolar
[54] Bleomycin induced ALI type II cell hyperplasia on day 3.

SP-D levels in BALF increased and peaked on day

3 and significantly correlated with the total cell

count, the granulocyte cell count, the serum T
albumin level, and the wet lung weight/body

weight ratio.

SP-D levels in serum were significantly elevated
on day 5 and peaked on day 10.

Higher mortality, greater respiratory distress, and
weight loss were seen in SP-D KO mice after -
receiving bleomycin compared to WT.

More pulmonary parenchymal inflammation and
BAL cellularity were seen in SP-D KO mice.

[56] Bleomycin induced ALI - — -
More trichrome staining and higher

hydroxyproline levels were noted in the lung -
tissues of SP-D KO mice.

SP-D-overexpressing mice were significantly resistant
to bleomycin-induced severity and mortality.

. More severe infection was seen in double
(571 Staphylococcus aureus induced ALT knockout (SP-A /D KO) mice than in WT controls. )
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Table 3. Cont.

Reference

Experimental Model Conclusion Change in SP-D

(58]

SP-D KO mice showed greater injury scores in the
lung than WT.

A higher mortality rate was observed in infected

Pseudomonas aeruginosa KO mice compared to infected WT.
induced ALI

BALF neutrophil and macrophage counts were
higher in KO mice than in WT after infection.

SP-D concentrations in the lung were reduced at
48 h after infection in WT.

[44]

Influenza induced ALI

Circulating SP-D showed a greater increase in mice
following influenza infection than other proteins.

[52]

Malaria induced

Malaria-infected mice had an increased protein
level of SP-D in the plasma and lungs compared to )
uninfected mice.

A significant positive correlation was seen
between SP-D in the plasma and the lung.

Positive staining of SP-D was found in alveolar
type II cells and alveolar macrophages.

Abbreviations: ALI, acute lung injury; ARDS, acute respiratory distress syndrome; SP-D, surfactant protein D; IL-6,
interleukin 6; TNF-a, tumor necrosis factor-alpha; KO, knockout; WT, wild-type; MAC-3, macrophage-specific
antibody; GM-CSF, granulocyte-macrophage colony-stimulating factor; BALF, bronchoalveolar lavage fluid;
1, increase; |, decrease.

It is well recognized that the SP-D protein is largely secreted from alveolar epithelial
cells and, to some extent, from other pulmonary cells, such as non-ciliated bronchial
epithelial cells or club cells. For instance, cytoplasmic positive staining of SP-D was found in
alveolar epithelial cells, mainly alveolar type II cells, and alveolar macrophages in malaria-
infected mice [52]. Likewise, strong immunoreactivity for SP-D was seen on macrophages
and type II pneumocytes upon LPS exposure, and SP-D appeared to translocate from
airways into the vascular system [53]. Similarly, SP-D immunoreactivity was seen on type
II pneumocytes, club cells, and alveolar macrophages, while elevated SP-D expression was
noted in alveolar type II cell hyperplasia from day 3 to day 10 after bleomycin treatment [54].
These findings confirmed that SP-D is produced from lung cells, mainly alveolar type II
cells, in response to lung injury and can be easily detected in the circulation. This supports
the clinical application of SP-D as a diagnostic or prognostic biomarker for ALL

Loss-of-function and gain-of-function strategies have been applied to preclinical re-
search for decades, and their positive impacts are undoubtable. Previously, three indepen-
dent studies employed the loss-of-function strategy to evaluate the role of SP-D in response
to lung injury by using SP-D KO mice, and one study employed the gain-of-function strat-
egy by using SP-D overexpressing mice. SP-D KO mice did not show a higher mortality
than WT mice after LPS treatment as reported by King et al. [55]. In contrast, after receiving
bleomycin, a higher mortality rate was seen in SP-D KO mice compared to WT mice [56].
Likewise, a higher mortality rate was observed in KO mice than in WT after Pseudomonas
aeruginosa infection [58]. In a study of mice overexpressing SP-D, the authors reported that
mice were significantly resistant to bleomycin-induced lung injury, as reflected by reduced
severity and mortality [56]. In conclusion, SP-D plays an essential and protective role
against lung injury, whereas loss of SP-D may deteriorate lung conditions after pathogenic
or sterile stimulus.

In SP-D KO mice, lung levels of inflammatory mediators, such as IL-6 and TNF-«, were
higher than in WT mice. Additionally, the levels of inflammatory mediators were higher
in the lung after indirect than direct lung injury when performed by intraperitoneal and
intratracheal injections of LPS, respectively. In the same study, the number of macrophage-
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specific antibody (MAC-3)-positive cells and levels of granulocyte-macrophage colony-
stimulating factor (GM-CSF) increased significantly in SP-D KO mice after indirect lung
injury. The authors concluded that after such injury, SP-D inhibited lung inflammation
and migration of peripheral immune cells into the lung through GM-CSF-dependent
pathways [55]. Moreover, another study showed that more severe pulmonary parenchymal
inflammation and BAL cellularity were seen in SP-D KO mice after bleomycin exposure [56].
Likewise, the number of neutrophils and macrophages in the BALF was higher in KO mice
than in WT after Pseudomonas aeruginosa administration [58]. In the last two studies, SP-D
KO mice had greater injury scores than WT [56,58]. Altogether, these studies confirmed
the protective role of SP-D in lung injury by inhibiting cytokine/chemokine induction and
immune cell migration into the lung.

4. Recombinant SP-D and Its Potential Benefits as a Treatment for ALI

In addition to its possible role as a circulating biomarker for lung injury, SP-D has also
been investigated as a potential drug therapy for acute and chronic pulmonary diseases,
including COPD, influenza A virus, coronavirus disease 2019 (COVID-19), and ALIL In a
study of COPD, SP-D inhibited lipid-laden foamy macrophages (FMs), which are frequently
seen under oxidative stress and have defective phagocytic functions. This study supported
the essential role of SP-D in the lipid stability of alveoli and provided a possibility for
the clinical application of SP-D as a treatment for lung inflammation and COPD [59].
Another study showed that recombinant SP-D inhibited influenza A virus replication,
suggesting that SP-D could be utilized as a platform to develop a potential class of antiviral
drugs [60]. Likewise, recombinant SP-D downregulated mRNA levels of pro-inflammatory
mediators in vitro during the early stage of influenza A virus infection, indicating that
SP-D diminished aberrant lung inflammation and lung damage induced by influenza
infections [61]. Moreover, SP-D inhibited severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) replication in vitro, an enveloped RNA virus responsible for the COVID-
19 pandemic, denoting the possibility of SP-D as a drug therapy in immune responses
triggered by SARS-CoV-2 infection [62]. Consistently, recombinant SP-D also inhibited
SARS-CoV-2 replication after binding to the SARS-CoV-2 Spike protein and prevented
viral entry into cells expressing angiotensin-converting enzyme 2 (ACE2), an important
receptor for cell entry of SARS-CoV-2. In the same study, recombinant SP-D significantly
downregulated the mRNA levels of pro-inflammatory mediators like TNF-¢, interferon-
alpha (IFN-w), interleukin-1 (IL-13), IL-6, IL-8, and regulated upon activation normal T
cell expressed and secreted (RANTES) in vitro, suggesting an additional protective role
for recombinant SP-D in SARS-CoV-2 infections [63]. In lung injury models induced by
LPS and lipoteichoic acid (LTA) treatments, intratracheal recombinant SP-D prevented
lung inflammation manifestations, including neutrophilic infiltrates [64]. In a model
of ventilation-induced inflammation and lung injury, recombinant SP-D also diminished
neutrophil counts and neutrophil elastase activity in BALF and lung tissue, respectively [65].
Overall, these studies supported the potential use of recombinant SP-D as a treatment for
patients with lung injury.

5. Challenges and Future Directions

Despite the major consistent findings for SP-D as a potential non-invasive biomarker
for ALL there are still some inconsistent data, particularly when we compare preclinical
findings to clinical findings. For instance, most clinical reports showed a greater concen-
tration of SP-D in patients with direct lung injury whereas the opposite was observed in
preclinical studies. Moreover, although SP-D concentrations were obviously altered in
response to lung injury, big variations were observed from previous reports and a reference
value is still missing. In addition, several factors may affect SP-D concentration and need
to be taken into consideration, like age [45] and weight [46]. Furthermore, the molecular
weight of SP-D is higher than other surfactant proteins, and this could affect its stability
in the systemic circulation, and also after collection for laboratory measurements. Lastly,
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treatment with recombinant SP-D may alleviate ARDS severity in humans based on the
current literature, but there is a lack of preclinical research aimed primarily at assessing the
efficacy and safety of SP-D. This is an essential step for developing recombinant SP-D as a
drug therapy in clinical settings. In short, more studies are still needed for the development
of SP-D as a potential biomarker and a therapeutic agent for patients with ALL

6. Conclusions

In conclusion, the current review has focused on SP-D as a potential diagnostic and
prognostic biomarker for lung injury by summarizing available preclinical and clinical
studies. The current findings indicate that SP-D is translocated from the alveoli into the
systemic circulation, suggesting that SP-D can non-invasively reflect the severity of lung
injury. Nevertheless, extensive validation is necessary to establish the clinical usefulness
of SP-D as a potential biomarker for lung injury. Moreover, this review has shed light on
recombinant SP-D as a potential drug therapy for pulmonary diseases, particularly ALI
and ARDS.

Author Contributions: Conceptualization, resources, and writing, A.E. and A.A., with the contribu-
tions of S.A.; supervision, D.Z; critical revision of the manuscript, S.A., X.W. and D.Z. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by NIH grants NIH/NHLBI R00 HL141685 to D.Z. and NIH/NIAID
RO3AI169063 to X.W.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Ragaller, M,; Richter, T. Acute lung injury and acute respiratory distress syndrome. J. Emerg. Trauma Shock. 2010, 3, 43-51.
[CrossRef]

2. Lew, TW.; Kwek, T.K,; Tai, D.; Earnest, A.; Loo, S.; Singh, K.; Kwan, KM.; Chan, Y; Yim, C.F,; Bek, S.L.; et al. Acute respiratory
distress syndrome in critically ill patients with severe acute respiratory syndrome. JAMA 2003, 290, 374-380. [CrossRef]

3.  Matthay, M.A,; Zimmerman, G.A. Acute lung injury and the acute respiratory distress syndrome: Four decades of inquiry into
pathogenesis and rational management. Am. J. Respir. Cell Mol. Biol. 2005, 33, 319-327. [CrossRef]

4.  Bellani, G,; Laffey, ].G.; Pham, T.; Fan, E.; Brochard, L.; Esteban, A.; Gattinoni, L.; van Haren, F; Larsson, A.; McAuley, D.E; et al.
Epidemiology, Patterns of Care, and Mortality for Patients With Acute Respiratory Distress Syndrome in Intensive Care Units in
50 Countries. JAMA 2016, 315, 788-800. [CrossRef] [PubMed]

5. Rubenfeld, G.D.; Caldwell, E.; Peabody, E.; Weaver, ].; Martin, D.P.; Neff, M.; Stern, E.J.; Hudson, L.D. Incidence and outcomes of
acute lung injury. N. Engl. ]. Med. 2005, 353, 1685-1693. [CrossRef] [PubMed]

6. Matthay, M.A.; Zemans, R.L.; Zimmerman, G.A.; Arabi, Y.M.; Beitler, ].R.; Mercat, A.; Herridge, M.; Randolph, A.G.; Calfee, C.S.
Acute respiratory distress syndrome. Nat. Rev. Dis. Primers 2019, 5, 18. [CrossRef] [PubMed]

7. Gonzales, ].N.; Lucas, R.; Verin, A.D. The Acute Respiratory Distress Syndrome: Mechanisms and Perspective Therapeutic
Approaches. Austin. J. Vasc. Med. 2015, 2, 1009.

8. Welker, C.; Huang, J.; Gil, I.].N.; Ramakrishna, H. 2021 Acute Respiratory Distress Syndrome Update, With Coronavirus Disease
2019 Focus. J. Cardiothorac. Vasc. Anesth. 2022, 36, 1188-1195. [CrossRef]

9. Garcia-Laorden, M.I; Lorente, J.A.; Flores, C.; Slutsky, A.S.; Villar, ]. Biomarkers for the acute respiratory distress syndrome: How
to make the diagnosis more precise. Ann. Transl. Med. 2017, 5, 283. [CrossRef]

10. Lopez-Rodriguez, E.; Gay-Jordi, G.; Mucci, A.; Lachmann, N.; Serrano-Mollar, A. Lung surfactant metabolism: Early in life, early
in disease and target in cell therapy. Cell Tissue Res. 2017, 367, 721-735. [CrossRef]

11. Han, S.; Mallampalli, R.K. The Role of Surfactant in Lung Disease and Host Defense against Pulmonary Infections. Ann. Am.
Thorac. Soc. 2015, 12, 765-774. [CrossRef]

12.  Vieira, F; Kung, ].W,; Bhatti, F. Structure, genetics and function of the pulmonary associated surfactant proteins A and D:
The extra-pulmonary role of these C type lectins. Ann. Anat. 2017, 211, 184-201. [CrossRef] [PubMed]

13. Parra, E.; Alcaraz, A.; Cruz, A.; Aguilella, V.M.; Perez-Gil, ]. Hydrophobic pulmonary surfactant proteins SP-B and SP-C induce
pore formation in planar lipid membranes: Evidence for proteolipid pores. Biophys. J. 2013, 104, 146-155. [CrossRef] [PubMed]

14. Griese, M,; Lorenz, E.; Hengst, M.; Schams, A.; Wesselak, T.; Rauch, D.; Wittmann, T.; Kirchberger, V.; Escribano, A.; Schaible, T.; et al.
Surfactant proteins in pediatric interstitial lung disease. Pediatr. Res. 2016, 79, 34-41. [CrossRef]

15.  Mulugeta, S.; Beers, M.E. Surfactant protein C: Its unique properties and emerging immunomodulatory role in the lung. Microbes

Infect. 2006, 8, 2317-2323. [CrossRef]


https://doi.org/10.4103/0974-2700.58663
https://doi.org/10.1001/jama.290.3.374
https://doi.org/10.1165/rcmb.F305
https://doi.org/10.1001/jama.2016.0291
https://www.ncbi.nlm.nih.gov/pubmed/26903337
https://doi.org/10.1056/NEJMoa050333
https://www.ncbi.nlm.nih.gov/pubmed/16236739
https://doi.org/10.1038/s41572-019-0069-0
https://www.ncbi.nlm.nih.gov/pubmed/30872586
https://doi.org/10.1053/j.jvca.2021.02.053
https://doi.org/10.21037/atm.2017.06.49
https://doi.org/10.1007/s00441-016-2520-9
https://doi.org/10.1513/AnnalsATS.201411-507FR
https://doi.org/10.1016/j.aanat.2017.03.002
https://www.ncbi.nlm.nih.gov/pubmed/28351530
https://doi.org/10.1016/j.bpj.2012.11.014
https://www.ncbi.nlm.nih.gov/pubmed/23332067
https://doi.org/10.1038/pr.2015.173
https://doi.org/10.1016/j.micinf.2006.04.009

Biomedicines 2023, 11, 2517 10 of 12

16.
17.
18.
19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Singh, G.; Katyal, S.L. Clara cells and Clara cell 10 kD protein (CC10). Am. |. Respir. Cell Mol. Biol. 1997, 17, 141-143. [CrossRef]
Fehrenbach, H. Alveolar epithelial type II cell: Defender of the alveolus revisited. Respir. Res. 2001, 2, 33—46. [CrossRef] [PubMed]
Walther, EJ.; Waring, A.J.; Sherman, M.A.; Zasadzinski, J.A.; Gordon, L.M. Hydrophobic surfactant proteins and their analogues.
Neonatology 2007, 91, 303-310. [CrossRef]

Sorensen, G.L.; Husby, S.; Holmskov, U. Surfactant protein A and surfactant protein D variation in pulmonary disease. Immunobi-
ology 2007, 212, 381-416. [CrossRef]

Kishore, U.; Greenhough, T.J.; Waters, P; Shrive, A K.; Ghai, R.; Kamran, M.F,; Bernal, A.L.; Reid, K.B.; Madan, T.; Chakraborty, T.
Surfactant proteins SP-A and SP-D: Structure, function and receptors. Mol. Immunol. 2006, 43, 1293-1315. [CrossRef]

Watson, A.; Madsen, J.; Clark, H.W. SP-A and SP-D: Dual Functioning Immune Molecules With Antiviral and Immunomodulatory
Properties. Front. Immunol. 2020, 11, 622598. [CrossRef]

Jiang, H.; Zhang, Y.; Hu, G.; Shang, X.; Ming, J.; Deng, M.; Li, Y.; Ma, Y,; Liu, S.; Zhou, Y. Innate/Inflammatory Bioregulation of
Surfactant Protein D Alleviates Rat Osteoarthritis by Inhibiting Toll-Like Receptor 4 Signaling. Front. Immunol. 2022, 13, 913901.
[CrossRef]

Arroyo, R.; Kingma, P.S. Surfactant protein D and bronchopulmonary dysplasia: A new way to approach an old problem. Respir.
Res. 2021, 22, 141. [CrossRef]

Crouch, E.C. Surfactant protein-D and pulmonary host defense. Respir. Res. 2000, 1, 93-108. [CrossRef]

Arroyo, R.; Echaide, M.; Wilmanowski, R.; Martin-Gonzalez, A.; Batllori, E.; Galindo, A.; Rosenbaum, ].S.; Moreno-Herrero, E;
Kingma, P.S.; Perez-Gil, J. Structure and activity of human surfactant protein D from different natural sources. Am. J. Physiol.
Lung Cell Mol. Physiol. 2020, 319, L148-L158. [CrossRef] [PubMed]

Rao, M.L.; Rao, G.S.; Eckel, J.; Breuer, H. Factors involved in the uptake of corticosterone by rat liver cells. Biochim. Biophys. Acta
1977, 500, 322-332. [CrossRef] [PubMed]

Doyle, LR.; Bersten, A.D.; Nicholas, T.E. Surfactant proteins-A and -B are elevated in plasma of patients with acute respiratory
failure. Am. J. Respir. Crit. Care Med. 1997, 156, 1217-1229. [CrossRef] [PubMed]

Ohlmeier, S.; Vuolanto, M.; Toljamo, T.; Vuopala, K.; Salmenkivi, K.; Myllarniemi, M.; Kinnula, V.L. Proteomics of human lung
tissue identifies surfactant protein A as a marker of chronic obstructive pulmonary disease. ]. Proteome Res. 2008, 7, 5125-5132.
[CrossRef]

Greene, K.E.; King, T.E., Jr.; Kuroki, Y.; Bucher-Bartelson, B.; Hunninghake, G.W.; Newman, L.S.; Nagae, H.; Mason, R.J. Serum
surfactant proteins-A and -D as biomarkers in idiopathic pulmonary fibrosis. Eur. Respir. ]. 2002, 19, 439-446. [CrossRef]

Ware, L.B.; Koyama, T.; Zhao, Z.; Janz, D.R.; Wickersham, N.; Bernard, G.R.; May, A K.; Calfee, C.S.; Matthay, M.A. Biomarkers of
lung epithelial injury and inflammation distinguish severe sepsis patients with acute respiratory distress syndrome. Crit. Care
2013, 17, R253. [CrossRef]

Park, J.; Pabon, M.; Choi, AM.K,; Siempos, LI; Fredenburgh, L.E.; Baron, R.M.; Jeon, K.; Chung, C.R.; Yang, ].H.; Park, C.M.; et al.
Plasma surfactant protein-D as a diagnostic biomarker for acute respiratory distress syndrome: Validation in US and Korean
cohorts. BMC Pulm. Med. 2017, 17, 204. [CrossRef] [PubMed]

Endo, S.; Sato, N.; Nakae, H.; Yamada, Y.; Makabe, H.; Abe, H.; Imai, S.; Wakabayashi, G.; Inada, K.; Sato, S. Surfactant protein
A and D (SP-A, AP-D) levels in patients with septic ARDS. Res. Commun. Mol. Pathol. Pharmacol. 2002, 111, 245-251.

Yang, Q.; Li, Z.Q.; Lan, H.B,; Xiong, S.S.; Wang, S.S.; Yan, C.S. Research of the biomarkers in pulmonary and extrapulmonary
acute respiratory distress syndrome. Zhonghua Yi Xue Za Zhi 2017, 97, 2023-2027. [CrossRef]

Calfee, C.S.; Janz, D.R,; Bernard, G.R.; May, A.K; Kangelaris, K.N.; Matthay, M.A.; Ware, L.B. Distinct molecular phenotypes of
direct vs indirect ARDS in single-center and multicenter studies. Chest 2015, 147, 1539-1548. [CrossRef] [PubMed]

Peukert, K.; Seeliger, B.; Fox, M.; Feuerborn, C.; Sauer, A.; Schuss, P.; Schneider, M.; David, S.; Welte, T.; Putensen, C.; et al. SP-D
Serum Levels Reveal Distinct Epithelial Damage in Direct Human ARDS. J. Clin. Med. 2021, 10, 737. [CrossRef]

Delgado, C.; Krotzsch, E.; Jimenez-Alvarez, L.A.; Ramirez-Martinez, G.; Marquez-Garcia, J.E.; Cruz-Lagunas, A.; Moran, J.;
Hernandez, C.; Sierra-Vargas, P.; Avila-Moreno, E; et al. Serum surfactant protein D (SP-D) is a prognostic marker of poor
outcome in patients with A/HINT1 virus infection. Lung 2015, 193, 25-30. [CrossRef] [PubMed]

Luo, D.; Wan, X,; Liu, J.; Tong, T. Optimally estimating the sample mean from the sample size, median, mid-range, and/or
mid-quartile range. Stat. Methods Med. Res. 2018, 27, 1785-1805. [CrossRef]

Wan, X.; Wang, W.; Liu, J.; Tong, T. Estimating the sample mean and standard deviation from the sample size, median, range
and/or interquartile range. BMC Med. Res. Methodol. 2014, 14, 135. [CrossRef]

Cheng, LW.; Ware, L.B.; Greene, K.E.; Nuckton, T.].; Eisner, M.D.; Matthay, M.A. Prognostic value of surfactant proteins A and D
in patients with acute lung injury. Crit. Care Med. 2003, 31, 20-27. [CrossRef]

Wautzler, S.; Lehnert, T.; Laurer, H.; Lehnert, M.; Becker, M.; Henrich, D.; Vogl, T.; Marzi, I. Circulating levels of Clara cell protein
16 but not surfactant protein D identify and quantify lung damage in patients with multiple injuries. J. Trauma 2011, 71, E31-E36.
[CrossRef]

Determann, R.M.; Royakkers, A.A.; Haitsma, J.J.; Zhang, H.; Slutsky, A.S.; Ranieri, V.M.; Schultz, M.]. Plasma levels of surfactant
protein D and KL-6 for evaluation of lung injury in critically ill mechanically ventilated patients. BMC Pulm. Med. 2010, 10, 6.
[CrossRef]


https://doi.org/10.1165/ajrcmb.17.2.f138
https://doi.org/10.1186/rr36
https://www.ncbi.nlm.nih.gov/pubmed/11686863
https://doi.org/10.1159/000101346
https://doi.org/10.1016/j.imbio.2007.01.003
https://doi.org/10.1016/j.molimm.2005.08.004
https://doi.org/10.3389/fimmu.2020.622598
https://doi.org/10.3389/fimmu.2022.913901
https://doi.org/10.1186/s12931-021-01738-4
https://doi.org/10.1186/rr19
https://doi.org/10.1152/ajplung.00007.2020
https://www.ncbi.nlm.nih.gov/pubmed/32432921
https://doi.org/10.1016/0304-4165(77)90024-1
https://www.ncbi.nlm.nih.gov/pubmed/588595
https://doi.org/10.1164/ajrccm.156.4.9603061
https://www.ncbi.nlm.nih.gov/pubmed/9351625
https://doi.org/10.1021/pr800423x
https://doi.org/10.1183/09031936.02.00081102
https://doi.org/10.1186/cc13080
https://doi.org/10.1186/s12890-017-0532-1
https://www.ncbi.nlm.nih.gov/pubmed/29246207
https://doi.org/10.3760/cma.j.issn.0376-2491.2017.26.002
https://doi.org/10.1378/chest.14-2454
https://www.ncbi.nlm.nih.gov/pubmed/26033126
https://doi.org/10.3390/jcm10040737
https://doi.org/10.1007/s00408-014-9669-3
https://www.ncbi.nlm.nih.gov/pubmed/25537934
https://doi.org/10.1177/0962280216669183
https://doi.org/10.1186/1471-2288-14-135
https://doi.org/10.1097/00003246-200301000-00003
https://doi.org/10.1097/TA.0b013e3181f6f0b4
https://doi.org/10.1186/1471-2466-10-6

Biomedicines 2023, 11, 2517 11 of 12

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Greene, K.E.; Wright, ] R,; Steinberg, K.P,; Ruzinski, ].T.; Caldwell, E.; Wong, W.B.; Hull, W.; Whitsett, ].A.; Akino, T.; Kuroki, Y.; et al.
Serial changes in surfactant-associated proteins in lung and serum before and after onset of ARDS. Am. |. Respir. Crit. Care Med. 1999,
160, 1843-1850. [CrossRef]

Eisner, M.D.; Parsons, P.; Matthay, M.A.; Ware, L.; Greene, K.; Acute Respiratory Distress Syndrome, N. Plasma surfactant protein
levels and clinical outcomes in patients with acute lung injury. Thorax 2003, 58, 983-988. [CrossRef]

Chakrabarti, A.; Nguyen, A.; Newhams, M.M.; Ohlson, M.B.; Yang, X.; Ulufatu, S.; Liu, S.; Park, S.; Xu, M,; Jiang, J.; et al.
Surfactant protein D is a biomarker of influenza-related pediatric lung injury. Pediatr. Pulmonol. 2022, 57, 519-528. [CrossRef]
Dahmer, M.K; Flori, H.; Sapru, A.; Kohne, J.; Weeks, H.M.; Curley, M.A.Q.; Matthay, M.A.; Quasney, M.W.; BALI and RESTORE
Study Investigators and Pediatric Acute Lung Injury and Sepsis Investigators (PALISI) Network. Surfactant Protein D Is
Associated With Severe Pediatric ARDS, Prolonged Ventilation, and Death in Children With Acute Respiratory Failure. Chest
2020, 158, 1027-1035. [CrossRef]

Ward, S.L.; Dahmer, M.K.; Weeks, H.M.; Sapru, A.; Quasney, M.W.; Curley, M.A.Q.; Liu, K.D.; Matthay, M.A.; Flori, H.R.
Association of patient weight status with plasma surfactant protein D, a biomarker of alveolar epithelial injury, in children with
acute respiratory failure. Pediatr. Pulmonol. 2020, 55, 2730-2736. [CrossRef] [PubMed]

Lim, M.].; Zinter, M.S.; Chen, L.; Wong, KM.Y,; Bhalla, A.; Gala, K.; Guglielmo, M.; Alkhouli, M.; Huard, L.L.; Hanudel, M.R.; et al.
Beyond the Alveolar Epithelium: Plasma Soluble Receptor for Advanced Glycation End Products Is Associated With Oxygenation
Impairment, Mortality, and Extrapulmonary Organ Failure in Children With Acute Respiratory Distress Syndrome. Crit. Care Med.
2022, 50, 837-847. [CrossRef] [PubMed]

Peukert, K.; Sauer, A.; Seeliger, B.; Feuerborn, C.; Fox, M.; Schulz, S.; Wild, L.; Borger, V.; Schuss, P.; Schneider, M.; et al. Increased
Alveolar Epithelial Damage Markers and Inflammasome-Regulated Cytokines Are Associated with Pulmonary Superinfection in
ARDS. |. Clin. Med. 2023, 12, 3649. [CrossRef] [PubMed]

Orloff, K.E.; Turner, D.A.; Rehder, K.J. The Current State of Pediatric Acute Respiratory Distress Syndrome. Pediatr. Allergy
Immunol. Pulmonol. 2019, 32, 35-44. [CrossRef]

Hon, K.L.; Leung, K.K.Y.; Oberender, F.; Leung, A.K. Paediatrics: How to manage acute respiratory distress syndrome. Drugs
Context 2021, 10, 1-12. [CrossRef]

Carlton, E.E; Flori, H.R. Biomarkers in pediatric acute respiratory distress syndrome. Ann. Transl. Med. 2019, 7, 505. [CrossRef]
Punsawad, C.; Viriyavejakul, P.; Techarang, T. Surfactant Protein D Is Altered in Experimental Malaria-Associated Acute Lung
Injury/ Acute Respiratory Distress Syndrome. J. Trop. Med. 2019, 2019, 9281605. [CrossRef]

Gaunsbaek, M.Q.; Rasmussen, K.J.; Beers, M.F.; Atochina-Vasserman, E.N.; Hansen, S. Lung surfactant protein D (SP-D) response
and regulation during acute and chronic lung injury. Lung 2013, 191, 295-303. [CrossRef]

Murata, M.; Otsuka, M.; Ashida, N.; Yamada, G.; Kuronuma, K.; Chiba, H.; Takahashi, H. Surfactant protein D is a useful
biomarker for monitoring acute lung injury in rats. Exp. Lung Res. 2016, 42, 314-321. [CrossRef]

King, B.A.; Kingma, P.S. Surfactant protein D deficiency increases lung injury during endotoxemia. Am. J. Respir. Cell Mol. Biol.
2011, 44, 709-715. [CrossRef] [PubMed]

Casey, J.; Kaplan, J.; Atochina-Vasserman, E.N.; Gow, A.].; Kadire, H.; Tomer, Y.; Fisher, ].H.; Hawgood, S.; Savani, R.C.; Beers, M.E.
Alveolar surfactant protein D content modulates bleomycin-induced lung injury. Am. J. Respir. Crit. Care Med. 2005, 172, 869-877.
[CrossRef] [PubMed]

Du, X.; Meng, Q.; Sharif, A.; Abdel-Razek, O.A.; Zhang, L.; Wang, G.; Cooney, R.N. Surfactant Proteins SP-A and SP-D Ameliorate
Pneumonia Severity and Intestinal Injury in a Murine Model of Staphylococcus aureus Pneumonia. Shock 2016, 46, 164-172.
[CrossRef]

Du, J.; Abdel-Razek, O.; Shi, Q.; Hu, F; Ding, G.; Cooney, R.N.; Wang, G. Surfactant protein D attenuates acute lung and kidney
injuries in pneumonia-induced sepsis through modulating apoptosis, inflammation and NF-kappaB signaling. Sci. Rep. 2018, 8, 15393.
[CrossRef]

Hsieh, M.H.; Chen, P.C.; Hsu, H.Y,; Liu, J.C.; Ho, Y.S,; Lin, Y.J.; Kuo, C.W.; Kuo, W.S.; Kao, H.E; Wang, S.D; et al. Surfactant
protein D inhibits lipid-laden foamy macrophages and lung inflammation in chronic obstructive pulmonary disease. Cell Mol.
Immunol. 2023, 20, 38-50. [CrossRef] [PubMed]

Hillaire, M.L.; van Eijk, M.; Vogelzang-van Trierum, S.E.; Fouchier, R.A.; Osterhaus, A.D.; Haagsman, H.P.; Rimmelzwaan, G.F.
Recombinant porcine surfactant protein D inhibits influenza A virus replication ex vivo. Virus Res. 2014, 181, 22-26. [CrossRef]
Al-Ahdal, M.N.; Murugaiah, V.; Varghese, PM.; Abozaid, S.M.; Saba, I.; Al-Qahtani, A.A.; Pathan, A.A.; Kouser, L.; Nal, B,;
Kishore, U. Entry Inhibition and Modulation of Pro-Inflammatory Immune Response Against Influenza A Virus by a Recombinant
Truncated Surfactant Protein D. Front. Immunol. 2018, 9, 1586. [CrossRef] [PubMed]

Arroyo, R.; Grant, S.N.; Colombo, M.; Salvioni, L.; Corsi, F; Truffi, M.; Ottolina, D.; Hurst, B.; Salzberg, M.; Prosperi, D.; et al.
Full-Length Recombinant hSP-D Binds and Inhibits SARS-CoV-2. Biomolecules 2021, 11, 1114. [CrossRef] [PubMed]

Beirag, N.; Kumar, C.; Madan, T.; Shamji, M.H.; Bulla, R.; Mitchell, D.; Murugaiah, V.; Neto, M.M.; Temperton, N.; Idicula-
Thomas, S.; et al. Human surfactant protein D facilitates SARS-CoV-2 pseudotype binding and entry in DC-SIGN expressing cells,
and downregulates spike protein induced inflammation. Front. Immunol. 2022, 13, 960733. [CrossRef]


https://doi.org/10.1164/ajrccm.160.6.9901117
https://doi.org/10.1136/thorax.58.11.983
https://doi.org/10.1002/ppul.25776
https://doi.org/10.1016/j.chest.2020.03.041
https://doi.org/10.1002/ppul.24990
https://www.ncbi.nlm.nih.gov/pubmed/32725941
https://doi.org/10.1097/CCM.0000000000005373
https://www.ncbi.nlm.nih.gov/pubmed/34678846
https://doi.org/10.3390/jcm12113649
https://www.ncbi.nlm.nih.gov/pubmed/37297845
https://doi.org/10.1089/ped.2019.0999
https://doi.org/10.7573/dic.2021-1-9
https://doi.org/10.21037/atm.2019.09.29
https://doi.org/10.1155/2019/9281605
https://doi.org/10.1007/s00408-013-9452-x
https://doi.org/10.1080/01902148.2016.1215570
https://doi.org/10.1165/rcmb.2009-0436OC
https://www.ncbi.nlm.nih.gov/pubmed/20639460
https://doi.org/10.1164/rccm.200505-767OC
https://www.ncbi.nlm.nih.gov/pubmed/15994463
https://doi.org/10.1097/SHK.0000000000000587
https://doi.org/10.1038/s41598-018-33828-7
https://doi.org/10.1038/s41423-022-00946-2
https://www.ncbi.nlm.nih.gov/pubmed/36376488
https://doi.org/10.1016/j.virusres.2013.12.032
https://doi.org/10.3389/fimmu.2018.01586
https://www.ncbi.nlm.nih.gov/pubmed/30105014
https://doi.org/10.3390/biom11081114
https://www.ncbi.nlm.nih.gov/pubmed/34439781
https://doi.org/10.3389/fimmu.2022.960733

Biomedicines 2023, 11, 2517 12 of 12

64. TIkegami, M.; Scoville, E.A.; Grant, S.; Korfhagen, T.; Brondyk, W.; Scheule, R.K.; Whitsett, ].A. Surfactant protein-D and surfactant
inhibit endotoxin-induced pulmonary inflammation. Chest 2007, 132, 1447-1454. [CrossRef] [PubMed]

65. Sato, A.; Whitsett, J.A.; Scheule, R K.; Ikegami, M. Surfactant protein-d inhibits lung inflammation caused by ventilation in
premature newborn lambs. Am. J. Respir. Crit. Care Med. 2010, 181, 1098-1105. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1378/chest.07-0864
https://www.ncbi.nlm.nih.gov/pubmed/17925426
https://doi.org/10.1164/rccm.200912-1818OC
https://www.ncbi.nlm.nih.gov/pubmed/20133924

	Introduction 
	SP-D in Clinical Studies 
	SP-D in Preclinical Studies 
	Recombinant SP-D and Its Potential Benefits as a Treatment for ALI 
	Challenges and Future Directions 
	Conclusions 
	References

