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Surfactant protein D (SP-D) is a pattern recognition molecule belonging to the Collectin
(collagen-containing C-type lectin) family that has pulmonary as well as extra-pulmonary
existence. In the lungs, it is a well-established opsonin that can agglutinate a range of
microbes, and enhance their clearance via phagocytosis and super-oxidative burst. It
can interfere with allergen—IgE interaction and suppress basophil and mast cell activa-
tion. However, it is now becoming evident that SP-D is likely to be an innate immune
surveillance molecule against tumor development. SP-D has been shown to induce
apoptosis in sensitized eosinophils derived from allergic patients and a leukemic cell line
via p53 pathway. Recently, SP-D has been shown to suppress lung cancer progression
via interference with the epidermal growth factor signaling. In addition, a truncated
form of recombinant human SP-D has been reported to induce apoptosis in pancreatic
adenocarcinoma via Fas-mediated pathway in a p53-independent manner. To further
establish a correlation between SP-D presence/levels and normal and cancer tissues,
we performed a bioinformatics analysis, using Oncomine dataset and the survival analy-
sis platforms Kaplan—Meier plotter, to assess if SP-D can serve as a potential prognostic
marker for human lung cancer, in addition to human gastric, breast, and ovarian cancers.
We also analyzed immunohistochemically the presence of SP-D in normal and tumor
human tissues. We conclude that (1) in the lung, gastric, and breast cancers, there is
a lower expression of SP-D than normal tissues; (2) in ovarian cancer, there is a higher
expression of SP-D than normal tissue; and (3) in lung cancer, the presence of SP-D
could be associated with a favorable prognosis. On the contrary, at non-pulmonary sites
such as gastric, breast, and ovarian cancers, the presence of SP-D could be associated
with unfavorable prognosis. Correlation between the levels of SP-D and overall survival
requires further investigation. Our analysis involves a large number of dataset; therefore,
any trend observed is reliable. Despite apparent complexity within the results, it is evident
that cancer tissues that produce less levels of SP-D compared to their normal tissue
counterparts are probably less susceptible to SP-D-mediated immune surveillance
mechanisms via infiltrating immune cells.

Keywords: innate immunity, surfactant protein D, immune surveillance, bioinformatics analysis, immuno-
histochemistry, cancers, tumor microenvironment

Frontiers in Immunology | www.frontiersin.org 180

August 2018 | Volume 9 | Article 1748


https://www.frontiersin.org/Immunology/
https://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.01748&domain=pdf&date_stamp=2018-08-06
https://www.frontiersin.org/Immunology/archive
https://www.frontiersin.org/Immunology/editorialboard
https://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.01748
https://www.frontiersin.org/Immunology/
https://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:chiara.agostinis@burlo.trieste.it
https://doi.org/10.3389/fimmu.2018.01748
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01748/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01748/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.01748/full
https://loop.frontiersin.org/people/396620
https://loop.frontiersin.org/people/569373
https://loop.frontiersin.org/people/299894
https://loop.frontiersin.org/people/569522
https://loop.frontiersin.org/people/168802
https://loop.frontiersin.org/people/299857
https://loop.frontiersin.org/people/24906
https://loop.frontiersin.org/people/41663

Mangogna et al.

Prognostic Value of SP-D in Cancer

INTRODUCTION

Surfactant protein D (SP-D) is a collagenous glycoprotein
encoded by SFTPD gene belonging to the collectins family
(1). Like other members of the collectin family, SP-D has a
primary subunit structure that comprises of an N-terminal
cysteine-rich region, a triple-helical collagen-like domain,
an o-helical coiled neck domain, and a C-terminal C-type
lectin domain [also called carbohydrate recognition domain
(CRD)] (2). Each subunit of human SP-D comprises three
identical polypeptide chains of 43 kDa, which is assembled
into a tetrameric structure with four of the homotrimeric
subunits linked via their N-terminal regions, but trimers,
dimers, and monomers also exist. Tetrameric structures can
undergo further oligomerization to give SP-D multimers that
could contain up to 96 individual chains. SP-D was originally
described in association with pulmonary surfactant; in the
lung, it is synthesized and secreted by type II alveolar cells and
non-ciliated bronchiolar epithelial cells. It has a key role in the
maintenance of surfactant homeostasis by reducing surface
tension (3). Reduced SP-D expression or genetic variations
(single-nucleotide polymorphism) have been associated with
an increased risk of respiratory diseases (4, 5).

Extra-pulmonary existence of SP-D has also been reported.
SP-D is also expressed by epithelial cells lining various exocrine
ducts, the mucosa of the gastrointestinal and genitourinary tracts,
the nasal cavity, and in the brain (2). Furthermore, its presence
has been demonstrated in healthy lacrimal gland, conjunctiva,
cornea, and nasolacrimal duct samples (6). Other studies have
shown the presence of SP-D in synovial fluid derived from
patients with rheumatoid arthritis (7).

In addition to its role in surfactant homeostasis, SP-D has a
critical function as a regulator of inflammation (3). It is involved
in the recognition and neutralization of pathogens which promotes
aggregation/agglutination and inhibition of microbial growth (8),
SP-D has also been implicated in the clearance of necrotic and
apoptotic cells (9). Thus, its function in the recognition of non-self
and altered self makes it a potent and versatile humoral pattern
recognition receptor (10-12). SP-D has also been described as a
potent link between innate and adaptive immune mechanisms
(13-15). Studies involving in vivo and ex vivo models of allergic
inflammation revealed that SP-D can alleviate pulmonary hyper-
sensitivity via suppression of IgE levels, promotion of Th2 to Thl
polarization (16), apoptosis induction in sensitized eosinophils
via p53-mediated pathway (17), and inhibition of IgE synthesis
by B cells (18). These studies highlighted a potential role of SP-D
as an immune surveillance molecule. It has recently been shown
that SP-D also plays a role in the control of lung cancer progres-
sion via epidermal growth factor (EGF) signaling (19). Very
recently, Kaur et al. have shown that a recombinant fragment of
human SP-D, composed of homotrimeric neck and C-type lectin
domains, can induce apoptosis in pancreatic adenocarcinoma cell
lines, such as Panc-1 (p53™), MiaPaCa-2 (p53™), and Capan-2
(p53™), via Fas-mediated pathway (20).

In the current study, we performed a bioinformatics analysis
in order to investigate whether SP-D can serve as a potential
prognostic marker for human lung cancer. We extended our

investigation to several non-pulmonary sites such as human gas-
tric, breast, and ovarian cancer. We used the Oncomine dataset
and the survival analysis platforms Kaplan-Meier plotter. Our
results appear to suggest a likely pro-tumorigenic role of SP-D
in gastric, breast, and ovarian cancers and an anti-tumor effect in
lung cancer. Furthermore, we analyzed the presence of SP-D in
normal and tumor human tissues via immunohistochemistry
(IHC). Differential expression of SP-D was also investigated in
human cells isolated from normal and tumor ovary tissues by
real-time PCR. This in silico study, if validated via a retrospective
study at the protein level, could be a step forward in ascertaining
the importance of SP-D as a prognostic biomarker for different
cancers.

MATERIALS AND METHODS

Oncomine Database Analysis

The expression level of SFTPD gene in various types of cancer
was analyzed using Oncomine,’ a cancer microarray database and
web-based data mining platform from genome-wide expression
analyses (21, 22). We compared the differences in mRNA level
between normal tissue and cancer. The mRNA expression level
in neoplastic tissues compared to the healthy tissues was obtained
as the parameters of p-value < 0.001, fold change > all, and gene
ranking in the top 10%. Information about the datasets used in
this study is summarized in Table 1.

Kaplan-Meier Plotter Database Analysis

A Kaplan-Meier plotter database can assess the effect of 54,675
genes on survival using 10,461 cancer samples (5,143 breast,
1,816 ovarian, 2,437 lung, and 1,065 gastric cancer patients with
a mean follow-up of 69/40/49/33 months) using probe sets on
the HGU133 Plus 2.0 array. The prognostic significance of SP-D
expression and survival in breast, ovarian, lung, and gastric
cancer was analyzed by Kaplan-Meier plotter? (23). The hazard
ratio with 95% confidence intervals and logrank p-value was also
computed.

Patients and Specimens

Eight fresh clinical specimens (four normal ovarian epithelial
tissues and four malignant ovarian epithelial tumor tissues)
were obtained from the Department of Gynaecology of IRCCS
“Burlo Garofolo”, in Trieste, Italy between 2016 and 2017.
Cancer patients underwent laparoscopy for diagnosis of pelvic
mass whereas control patients underwent laparoscopy for other
indications. Tissue samples from patients were collected after
informed consent following ethical approval by the Institutional
Board of IRCCS “Burlo Garofolo”, Trieste, Italy.

Immunohistochemical Analysis

For the immunohistochemical analysis, human normal and
neoplastic tissues, including lung, breast, ovary, and stomach
samples, were selected from the archives of the Department of

'www.oncomine.org.
www.kmplot.com.
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TABLE 1 | Data characteristics used in the bioinformatics analysis.

Datasets Study description Experiment type

Bhattacharjee lung 139 lung adenocarcinoma, 21 squamous cell lung carcinoma, 20 lung carcinoid tumor, 6 small cell lung carcinoma, and 17 mMRNA
normal lung samples were analyzed on Affymetrix U95A microarrays. Sample data includes type, age, M stage, max tumor
percentage, N stage, primary/metastatic, recurrence, sex, site of metastasis, smoking rate (packs per year), stage, survival,
and T stage

Hou lung 91 non-small cell lung carcinoma and 65 adjacent normal lung samples were analyzed. Sample data includes age, sex, cancer mMRNA
sample site, and survival

Garber lung 67 lung carcinoma samples of various types and 6 normal lung samples were analyzed on cDNA microarrays. Sample data mRNA
includes type, grade, TNM stage, and survival

Cho gastric 65 gastric adenocarcinoma, 19 paired surrounding normal tissue, and 6 gastrointestinal stromal tumor samples were analyzed. mMRNA
Sample data includes age, grade, stage, TNM stage, sex, and subgroup

DErrico gastric 31 paired gastric carcinoma and adjacent normal gastric mucosa and 7 unmatched gastric carcinoma samples were analyzed. mRNA
Sample data includes microsatellite status, age, sex, and TNM stage

Zhao breast Normal breast (n = 3) and breast carcinoma (n = 61) samples were analyzed on cDNA microarrays. Sample data includes mMRNA
tumor percentage, age, E-Cadherin status, estrogen receptor status, grade, HER2 status, lymph node metastasis status, and
progesterone receptor status

TCGA breast 532 invasive breast carcinoma, 61 paired normal breast tissue, and 3 paired metastatic samples were analyzed. Sample data ~ mRNA
includes age, histology, TNM stage, ER/PR/ERBB2 status, sex, stage, and others. This dataset consists of Level 2 (processed)
data from the TCGA data portal

Curtis breast 1,992 breast carcinoma samples and 144 paired normal breast samples were analyzed for the METABRIC project. Sample mRNA
data includes ER/PR/ERBB2 status, overall survival status and follow-up time, stage, grade, and others

Yoshihara ovarian 43 ovarian serous adenocarcinomas and 10 normal peritoneum samples were analyzed. Sample data includes cancer sample mRNA
site, stage, and sex

TCGA ovarian 586 ovarian serous cystadenocarcinoma samples and 8 normal ovary samples were analyzed. Sample data includes age, mMRNA

stage, grade, survival, and others. This dataset consists of Level 2 (processed) data from the TCGA data portal

Abbreviations: TNM, Tumor-Nodes-Metastasis; HER2, Human Epidermal Growth Factor Receptor 2; ER, Estrogen Receptor; PR, Progesterone Receptor; ERBB, Erb-b2 receptor

tyrosine kinase 2.

Pathology, University of Palermo. Immunohistochemistry (IHC)
was performed using a polymer detection method. Briefly, tissue
samples were fixed in 10% v/v buffered formalin and then paraf-
fin embedded. 4 pm-thick tissue sections were deparaffinized and
rehydrated. The antigen unmasking technique was carried out using
Novocastra Epitope Retrieval Solutions, pH 9 (Leica Biosystems)
in a PT Link pre-treatment module (Dako) at 98°C for 30 min.
Sections were then brought to room temperature and washed in
PBS. After neutralization of the endogenous peroxidase with 3%
v/v H,0, and Fc blocking by a specific protein block (Novocastra,
Leica Biosystems), samples were incubated overnight at 4°C with
rabbit anti-human SP-D (dilution 1:300) polyclonal antibod-
ies (MRC Immunochemistry Unit, Oxford, UK). Staining was
revealed via polymer detection kit (Novocastra, Leica Biosystems)
and AEC (3-amino-9-ethylcarbazole, Dako, Denmark) substrate-
chromogen. Slides were counterstained with Harris Hematoxylin
(Novocastra, Leica Biosystems). Sections were analyzed under the
Axio Scope A1 optical microscope (Zeiss) and microphotographs
were collected through the Axiocam 503 color digital camera
(Zeiss) using the Zen2 software.

Cell Isolation and Culture

Ovarian carcinoma cells (OvCa) and normal epithelial ovarian
cells (OvEp) were isolated from biopsies derived from ovarian
tissue. The tissue was finely minced with a cutter, incubated with
a digestion solution composed by 0.5% trypsin (Sigma-Aldrich,
Milan, Italy) and 50 pg/ml DNase I (Roche, Milan, Italy) in
Hanks™ Balanced Salt solution containing 0.5 mM Ca**Mg**

(Sigma-Aldrich) overnight at 4°C. Next, the enzymatic solution
was changed to collagenase type 1 (1.5 mg/ml) (Worthington
Biochemical Corporation, DBA) diluted in Medium 199 with
Hank’s salts (Euroclone Spa, Milan, Italy) for 30 min at 37°C.
The digestion was blocked with 10% v/v fetal bovine serum (FBS;
GIBCO, Life Technology) and the cell suspension was passed
through a 100 um pore filter (BD Biosciences, Italy). The cells were
seeded in a 25 cm? flask, coated with bovine gelatine, and cultured
using Human Endothelial cells serum-free medium (HESF; Life
Technologies), 10% heat-inactivated FBS supplemented with EGF
(10 ng/ml), basic FGF (20 ng/ml) and Penicillin-Streptomycin
(Sigma-Aldrich). Fresh medium was replaced every 2-3 days.
The cells were maintained at 37°C in humidified atmosphere with
5% v/v CO, and used at their fifth to eighth passage for in vitro
experiments.

RNA Isolation, cDNA Synthesis, and

Quantitative Real-Time PCR (qPCR)

Total RNA was extracted from cells using EuroGOLD trifast
(Euroclone), according to the manufacturer’s instructions,
and reverse-transcribed as previously described (24). qPCR
was carried out using a Rotor-Gene 6000 (Corbett, Qiangen,
Ancona, Italy) using iQ SYBR Green Supermix (Applied
Biosystems, Milan, Italy). The sequences of the primers used for
amplification of TataBox Binding Protein (TBP) housekeeping
gene are Forward 5-GAGCCAAGAGTGAAGAACAGTC-3%
Reverse  5'-GCTCCCCACCATATTCTGAATCT-3'. The
sequences of SP-D primers are Forward 5-AGGCTGCTTTC
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CTGAGCATGAC-3’; Reverse 5-CCATTGGTGAAGATCTCC
ACACAG-3'. The melting curve was recorded between 55 and
99°Cwith a hold every 2 s. The relative amount of gene production
in each sample was determined by the Comparative Quantification
method supplied as part of the Rotor Gene 1.7 software (Corbett
Research) (25). The relative amount of each gene was normalized
with TBP and expressed as arbitrary units (AU) considering 1 AU
obtained from fully differentiated macrophage used as calibrator.

Statistical Analysis

Survival curves were generated by the Kaplan-Meier plots.
All results are displayed with p values from a logrank test. p-
values < 0.05 were considered significant. Similarly, with Oncomine,
the statistical significance of data (p-values) was provided by the
program.

RESULTS

Clinical Significance of SP-D Expression in
Lung Cancer

We initially compared the differences in the mRNA level of SP-D
between neoplastic and healthy tissues using the Oncomine
platform. While analyzing Bhattacharjee’s, Hou’s, and Garber’s

datasets, we detected a significantly lower SP-D mRNA expres-
sion in lung adenocarcinoma, squamous cell carcinoma, large cell
carcinoma, small cell carcinoma, and tumor carcinoid, compared
to the normal lung tissue (Figure 1A, p < 0.05; Figure S1 in
Supplementary Material, p < 0.05). We subsequently performed
a bioinformatic analysis of SP-D mRNA expression using the
Kaplan-Meier plotter dataset. As shown in Figure 1B, SP-D
mRNA expression was positively related to an overall survival
rate of the patients with lung cancer, stratified into lung adeno-
carcinoma and squamous cell carcinoma (p < 0.05).

IHC staining for SP-D confirmed a differential expression in
healthy and neoplastic pulmonary parenchyma. Moreover, in
lung adenocarcinoma and squamous cell lung carcinoma tissues,
we observed a lower expression of SP-D within its microenviron-
ment compared to the healthy pulmonary parenchyma (Figure 2).

Pathological Significance of SP-D mRNA
Expression in Gastric, Breast, and Ovarian
Cancers

The bioinformatics analysis on SP-D mRNA expression in
gastric cancer via Cho’s and DErrico’s datasets showed its higher
expression in healthy gastric mucosa compared to its malignant
counterpart, stratified into intestinal, diffuse, and mixed-type
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FIGURE 1 | Pathological significance of SP-D expression in lung cancer. Bhattacharjee’s and Hou's datasets were used for bioinformatics analysis to explore SP-D
mRNA expression in the lung cancer. A lower SP-D mRNA expression was detectable in lung adenocarcinoma, squamous cell carcinoma, large cell carcinoma,
small cell carcinoma, and tumor carcinoid than in normal lung tissue [(A) p < 0.05]. According to the data from Kaplan-Meir plotter, SP-D mRNA expression was
positively related to an overall survival rate of the patients with lung cancer, even stratified into lung adenocarcinoma and squamous cell carcinoma [(B) p < 0.05].
Abbreviations: HR, hazard ratio; SP-D, surfactant protein D.
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FIGURE 2 | Inmunohistochemistry analysis for surfactant protein D (SP-D) in lung. Compared to healthy lung (A,B) a decreased expression of SP-D in
adenocarcinoma (C) and squamous cell carcinoma of the lung (D) was observed. Polymer detection system with AEC (red) chromogen was used; scale bars,
50 pm. Polymer detection system with AEC (red) chromogen was used; scale bars, 50 um.
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adenocarcinoma by Lauren’s classification (Figure 3A, p < 0.05;
Figure S2 in Supplementary Material, p < 0.05). According to the
data from Kaplan-Meier plotter, SP-D mRNA expression was
negatively related to an overall survival rate of the patients with
gastric cancer (Figure 3B, p < 0.05). If stratified by Lauren’s clas-
sification, SP-D mRNA expression had a statistically significant
association with intestinal-type adenocarcinoma, whereas no
association with diffuse- and mixed-type adenocarcinomas was
found (Figure 3C, p < 0.05). A higher expression of SP-D was
negatively correlated with an overall survival rate in the patients
without distant metastasis, HER2-negative and only intestinal-
type adenocarcinoma (Figure 3D, p < 0.05).

The information regarding the SP-D mRNA expression in
breast cancer was obtained from Zhao’s, TCGAS, and Curtis’s
datasets, which showed that SFTPD was expressed at a lower
level in invasive ductal breast carcinoma, male breast carcinoma,
and breast phyllodes tumor, compared to normal breast tissues
(Figure 4A, p < 0.05; Figure S3A in Supplementary Material,
P <0.05). According to the data from Kaplan-Meir plotter, SFTPD
expression was negatively linked to the high overall survival rate
in breast cancer patients with Luminal-A grade-1 and grade-2
cancers (Figure 4B, p < 0.05; Figure S3B in Supplementary
Material, p < 0.05). No correlation between SP-D mRNA expres-
sion and overall survival rate was observed in patients with the
other characteristics (Luminal-B, HER2*, Basal, grade-3, mutated
p53, wild-type p53).

Using IHC, we observed a variable presence and distribution of
SP-D in normal tissues with respect to their cancer counterpart.
In fact, IHC performed on either healthy or neoplastic gastric
mucosa highlighted a significantly reduced expression of SP-D in

the intestinal-type adenocarcinoma compared to gastric control
tissue (Figures 5A,C). Likewise, a higher expression of SP-D
in the normal mammary parenchyma was detected compared
to that observed within microenvironment within the invasive
ductal breast carcinoma, Luminal-A (Figures 5B,D).

We collected the results from Yoshihara’s and TCGA’s datasets
and analyzed SFTPD expression in ovarian cancer. We observed
a lower expression of SFTPD mRNA expression in normal ovary
than in serous cystadenocarcinoma (Figure 6A, p < 0.05). The
Kaplan-Meier plotter data, derived from stage-1 and -2 patients,
showed a negative ratio between SFTPD expression and either
overall or progression-free survival rates of patients with serous
cystadenocarcinoma (Figure 6B, p < 0.05). However, no cor-
relation was observed between SFTPD expression and these
parameters (overall or progression-free survival rates) of patients
with stage-3 and -4 ovarian cancer.

SP-D Expression in the Microenvironment
of Ovarian Cancer

The mRNA expression of SP-D was also evaluated by real-time
PCR in primary cells isolated from four samples each of human
ovarian serous cystadenocarcinoma and normal ovarian tissues.
As shown in Figure 7A, the cells isolated from ovarian serous
cystoadenocarcinoma tissues expressed more SP-D compared to
the normal tissue, confirming the data obtained with the bioinfor-
matics analysis. IHC analysis also revealed the presence and the
distribution of SP-D in the normal ovary where it appeared to be
localized in the ovarian epithelium lining and in the serous cystad-
enocarcinoma. In addition, we detected a differential expression
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FIGURE 3 | Pathological significance of SP-D expression in gastric cancer. Cho’s dataset has explored SP-D mRNA expression in gastric cancer. A lower SFTPD
expression was detectable in gastric cancer than that in normal mucosa, even stratified into diffuse-, intestinal-, and mixed-type adenocarcinomas by Lauren’s
classification [(A) p < 0.05]. According to the data from Kaplan-Meier plotter, SP-D mRNA expression was negatively related to an overall survival rate of the patients
with gastric cancer [(B) p < 0.05]. If stratified by Lauren’s classification, SP-D mRNA expression was negatively related to an overall survival rate in the patients with
intestinal-type adenocarcinoma [(C) p < 0.05], without distant metastasis and Her2-negative [(D) p < 0.05]. Abbreviations: HR, hazard ratio; SP-D, surfactant protein D.
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in the normal as well as its malignant histotypes. Moreover, in the
ovarian context, it showed an enrichment of SP-D expressing cells
within the tumor microenvironment compared to the control
tissue (Figures 7B,C).

DISCUSSION

The importance of SP-D in the regulation of the inflammation and
homeostasis and in the protection against infection and allergens
in the lung and at a range of extra-pulmonary mucosal sites is

well documented (26, 27). However, there are recent evidences
to implicate SP-D as an immune surveillance molecule against
cancer (19, 20). In this study, we examined the potential prog-
nostic value of this protein in lung, gastric, breast, and ovarian
cancers. We focused our attention on these tumor types because
we performed a bioinformatics analysis using the Kaplan-Meier
plotter dataset, a manually curated database containing the infor-
mation of 54,675 genes on 5,143 breast, 1,816 ovarian, 2,437 lung,
and 1,065 gastric cancer samples. This is the most updated and
reliable dataset available that offers the possibility of stratifying
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the analysis based on different tumor settings. The bioinformatics
analysis highlighted a favorable prognostic effect of SP-D mRNA
expression in the lung cancer, both in adenocarcinoma and
squamous cell carcinoma; on the contrary, an unfavorable prog-
nostic effect in gastric, ovarian, and breast cancer was revealed. In
particular, SP-D mRNA expression showed a negative correlation
with the intestinal-type gastric adenocarcinomas, grade-1 and
grade-2 breast cancers and with stage-1 and -2 ovarian cancers.
No significant correlation was showed within stage-3 and -4 in
breast and ovarian cancers.

Sin et al. (28) have suggested that low SP-D levels may be
correlated with the development of lung cancer. They observed

a reduction of the concentration of SP-D in the bronchoalveolar
lavage fluid of heavy smokers that was linked to bronchial dyspla-
sia. More recently, Hasegawa et al. (19) noted the presence of SP-D
in lung cancer, and demonstrated that SP-D was able to interfere,
via its CRD region, with the interaction between EGF and EGF
receptor (EGFR), a tyrosine kinase receptor of the ErbB family,
causing downregulation of the EGF induced signaling (19). EGFR
is commonly altered in epithelial tumors and its dysregulation
leads to cell proliferation, angiogenesis, invasion, and metastasis
(29). Furthermore, it has been recently demonstrated that SP-D
is also able to interact with the mutant form of EGFR, inhibiting
its ligand-independent dimerization (29). In addition, Kaur et al.
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FIGURE 5 | Representative immunohistochemical microphotographs of surfactant protein D (SP-D) expression in the healthy gastric mucosa (A), and
ductal mammary epithelium (B) and their malignant histotypes intestinal-type gastric adenocarcinoma (C) and invasive ductal breast carcinoma, Luminal-A
(D). A decreased expression of SP-D in the intestinal-type gastric adenocarcinoma and invasive ductal breast carcinoma, Luminal-A respect to their normal
counterparts can be observed. Polymer detection system with AEC (red) chromogen; scale bars, 50 pm.

have reported the ability of a recombinant truncated form of
human SP-D to induce apoptosis via TNF-a/Fas-mediated path-
way in human pancreatic adenocarcinoma using Panc-1 (p53™),
MiaPaCa-2 (p53™), and Capan-2 (p53™) cell lines. Treatment
of these cell lines with a recombinant form of truncated human
SP-D (made up of homotrimeric neck and C-type lectin domains)
for 24 h caused growth arrest in G1 cell cycle phase and triggered
transcriptional upregulation of pro-apoptotic factors such as
TNF-a and NF-kB. Translocation of NF-xB from the cytoplasm
into the nucleus of pancreatic cancer cell lines was observed fol-
lowing treatment with SP-D. SP-D treatment caused upregulation
of pro-apoptotic marker Fas, which then triggered cleavage of
caspase 8 and 3. This study raises the possibility of using recom-
binant SP-D as a therapeutic molecule against pancreatic cancer
irrespective of their p53 phenotype (20).

The EGFR is commonly overexpressed in non-small cell lung
cancer (in 89% squamous cell carcinoma; 41% adenocarcinomas)
(30), and therefore, it is considered a potential target for cancer
therapy (30). The presence of SP-D in these cancers could exert
a protective effect via downregulation of the EGFR pathway. It
has also been shown that serum level of SP-D reflects its levels
in the lung and that higher amount of SP-D in the serum cor-
related with better overall survival in patients with EGFR mutant
adenocarcinoma undergoing treatment with gefitinib, a tyrosine
kinase inhibitor (29).

Our study appears to highlight a more favorable prognosis for
adenocarcinoma with respect to squamous cell carcinoma. A pos-
sible explanation of this observation may be that adenocarcinoma

originates from peripheral airways progenitor cells that are able
to produce SP-D. Moreover, more SP-D production may be
indicative of a more differentiated cancer.

SFTPD, together with a number of genes selectively expressed
in therespiratory epithelial cells, is under the control of the thyroid
transcription factor 1 (TTF-1) (31, 32). A recent meta-analysis
showing that TTF-1 overexpression is related to a favorable prog-
nosis for non-small cell lung carcinoma patients (33), appears to
strengthen the results being reported here.

Although the overexpression of the EGFR gene has also been
reported in a variety of other cancers including those of head and
neck, ovary, cervix, bladder, esophagus, stomach, brain, breast,
endometrium, and colon (24), the above-mentioned mechanisms
cannot explain the opposite results obtained via the bioinformat-
ics analysis of Kaplan-Mayer dataset for gastric, ovarian, and
breast carcinomas, where SP-D showed an unfavorable prognostic
effect. We think that the unfavorable prognostic effect of SP-D in
other tumor settings can be due to its direct or indirect action on
the immune population present in the tumor microenvironment
(15). The following mechanisms can explain the role of SP-D
in determining a tumor microenvironment favorable to tumor
progression. For example, the protective effect of SP-D against
breast cancer cells can be negated by the presence of hyaluronic
acid, which is abundantly present in the microenvironment of
a number of solid tumors (34) (Murugaiah, Bulla, and Kishore,
unpublished data).

SP-D is able to reduce the expression of CD11c (15). CD11c s
predominantly expressed on dendritic cells, but also on effector
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cells in the local tumor microenvironment, such as some mac-
rophages, natural killer (NK), and activated T cells (25). It has
been shown that low CD11c expression indicates unfavorable
prognosis in patients with gastric cancer (35).

SP-D can promote production of TNF-a and IFN-y (16,
18, 36). The anti-tumor effects of Thl cells may reflect their
known role in enhancing CD8* T cell responses and activating
macrophages, through the secretion of TNF-a and IFN-y. IFN-y
can increase tumor cell class | MHC expression and sensitivity to
lysis by NK cells and cytotoxic T lymphocytes (CTLs). Besides,
antigen-presenting cells such as macrophages and dendritic cells
can directly activate antigen-specific Thl or CTLs, which can
activate the anti-tumor immune response and are thus associated
with favorable prognosis in a diverse range of cancers (37, 38).

It has been demonstrated that SP-D binds to lymphocytes
and suppress T cell proliferation (14) via apoptosis induction in

activated PBMCs. SP-D has been shown to enhance expression
of CTLA-4, a negative regulator of T cell activation and prolifera-
tion (39). In addition, monocytes expressed CTLA-4, but only the
lymphocytes treated with SP-D show a significant overexpression of
CTLA-4 (15). There are strong experimental and clinical evidence
to suggest that T cell responses to some tumors are inhibited by
the involvement of CTLA-4, one of the best-defined inhibitory
pathways in T cells (40, 41). In fact, tumor-infiltrating T cells
often have a dysfunctional (exhausted) phenotype that is charac-
terized by impaired effector functions and increased expression
of CTLA-4 and other inhibitory molecules (40, 41). Blockade of
the CTLA-4 pathways is now being widely used in the clinic to
reverse the dysfunctional phenotype of tumor-specific T cells
and enhance their ability to kill tumor cells (41). Thus, SP-D,
by increasing the expression of CTLA-4, may contribute to the
inhibition of the anti-tumor immune responses.
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OvCa cells

SP-Disabletoinhibit the IL-12p40 production by macrophages
via the SIRPa/ROCK/ERK signaling pathway (12). IL-12p40 is a
component of IL-12p70 and IL-23, and its regulation is important
for both innate and adaptive immunity. IL-12p40 is a marker of
M1-like macrophages and data indicate that IL-12p40 may be
contributing to inducing Th 1 polarization (42, 43). Macrophages
derived from IL-12p40-deficient mice have a bias toward M2-like
polarization (42). The production of IL-12p40 by macrophages
and dendritic cells is associated with the ability to migrate to the
lymph node and initiate T cell responses (44). We think that SP-D
repressing the expression of IL-12p40 in macrophages may main-
tain the steady M2-like polarization and inhibit Th1 polarization.

SP-D has also been shown to interact with the leukocyte-
associated Ig-like receptor-1 (LAIR-1) (45), known as CD305.
This molecule is a transmembrane glycoprotein and is
expressed on almost all immune cells as well as CD34* hemat-
opoietic progenitor cells. SP-D acts as a ligand for the inhibi-
tory receptor LAIR-1, which inhibits the function of multiple
types of immune cells (45), indicating that SP-D present in the
tumor microenvironment may exert its immunomodulatory
effect and inhibit the anti-tumor immune responses through
LAIR-1 activation. Thus, the context of immune infiltration
and composition of tumor microenvironment are likely to
dictate the consequent effects of SP-D, and hence, tumor
progression or resistance.

In summary, our in silico analysis, if confirmed with a ret-
rospective study at the protein level, could highlight a possible
role of SP-D as a novel marker for tumor prognosis in a range of
cancers. The presence of SP-D could be associated with a favora-
ble prognosis in lung cancer where it has been demonstrated to

downregulate the EGF signaling, and unfavorable prognosis in
non-pulmonary sites such as gastric, breast, and ovarian cancers.
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The Dual Role of Surfactant
Protein-D in Vascular Inflammation
and Development of Cardiovascular
Disease

Kimmie B. Colmorten, Anders Bathum Nexoe and Grith L. Sorensen*

Department of Molecular Medicine, Faculty of Health Sciences, University of Southern Denmark, Odense, Denmark

Cardiovascular disease (CVD) is responsible for 31% of all global deaths. Atherosclerosis
is the major cause of cardiovascular disease and is a chronic inflammatory disorder in the
arteries. Atherosclerosis is characterized by the accumulation of cholesterol, extracellular
matrix, and immune cells in the vascular wall. Recently, the collectin surfactant protein-D
(SP-D), an important regulator of the pulmonary immune response, was found to
be expressed in the vasculature. Several in vitro studies have examined the role of
SP-D in the vascular inflammation leading to atherosclerosis. These studies show that
SP-D plays a dual role in the development of atherosclerosis. In general, SP-D shows
anti-inflammatory properties, and dampens local inflammation in the vessel, as well as
systemic inflammation. However, SP-D can also exert a pro-inflammatory role, as it
stimulates C-C chemokine receptor 2 inflammatory blood monocytes to secrete tumor
necrosis-factor a and increases secretion of interferon-y from natural killer cells. In vivo
studies examining the role of SP-D in the development of atherosclerosis agree that SP-D
plays a proatherogenic role, with SP-D knockout mice having smaller atherosclerotic
plaque areas, which might be caused by a decreased systemic inflammation. Clinical
studies examining the association between SP-D and cardiovascular disease have
reported a positive association between circulatory SP-D level, carotid intima-media
thickness, and coronary artery calcification. Other studies have found that circulatory
SP-D is correlated with increased risk of both total and cardiovascular disease mortality.
Both in vitro, in vivo, and clinical studies examining the relationship between SP-D and
CVDs will be discussed in this review.

Keywords: collectins, SP-D, cardiovascular disease, atherosclerosis, inflammation

INTRODUCTION

Cardiovascular disease (CVD) is the most frequent cause of death worldwide, with an estimated
17.9 million deaths every year, accounting for about 31% of all global deaths (1). Atherosclerosis
is the major cause of CVD and is caused by both genetic and environmental factors (2, 3). We
know that atherosclerosis is a chronic inflammatory disorder of the arteries characterized by the
accumulation of cholesterol, extracellular matrix, and immune cells in the subendothelial space.
Both the innate and adaptive immune systems are implicated in the development of atherosclerotic
plaques (4).
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Briefly, circulating lipoprotein particles, such as low-density
lipoprotein (LDL), can penetrate the arterial wall and accumulate
in the subendothelial space. Atherogenic modification of LDL,
such as oxidation (oxLDL), induces an immune response
triggering immune cells, including neutrophils, natural killer
(NK) cells, and monocytes/macrophages, which are the first
responders. Macrophages especially participate in the engulfment
and accumulation of intracellular oxLDL, leading to the
transition of well-functioning macrophages to lipid-filled foam
cells (5, 6). Activation of the innate immune cells leads to
the secretion of various pro-inflammatory cytokines, where
interleukin (IL)-1 (7-9), interferon (IFN)-y (10-12), and
tumor necrosis factor (ITNF-)a (13, 14) have an especially
proatherogenic effect (6). IL-6 is also a major contributor to the
development of atherosclerosis by playing a dual pathological
and protective role (15-17).

Following activation of an innate immune response, an
adaptive immune response is triggered and mediated by T- and
B-cells. Activation of type 1T helper (Th1) cells by exogenous
or endogenous antigens, including oxLDL, leads to the secretion
of IFN-y and enhancement of monocyte infiltration, foam-cell
formation, lipid accumulation, and macrophage activation (4).

Recently, the collectin surfactant protein (SP)-D, an important
regulator of the innate immune response in the lung, was shown
to be expressed in the vasculature, where it regulates local
inflammation (18, 19).

This review gives a comprehensive overview of recent in vitro,
in vivo, and clinical studies that have attempted to examine SP-D-
mediated inflammation in the vasculature and its function in the
pathogenesis of CVD.

THE COLLECTIN FAMILY AND ROLES IN
INFLAMMATION

The collectins are members of a superfamily of collagenous,
calcium-dependent (C-type) lectins. All members of the collectin
family are characterized by the presence of a cysteine-rich
N-terminal non-collagenous domain, a collagen-like domain,
an a-helical coiled-coil neck domain, and a globular C-type
lectin domain (20). These are soluble effector proteins that
also possess the property of pattern recognition by recognizing
terminal conserved carbohydrate domains on microbes, leading
to complement activation (20). The family includes mannose-
binding proteins (MBLs), SP-A, SP-D, and three novel human
defense collagens; collectin-10, collectin-11, and collectin-12
(21-23). The collectins are known to be an important part
of the innate immune defense due to their interaction with a
range of microbes. Binding of MBL leads to opsonization of the
microorganisms through complement activation via the lectin
pathway, whereas SP-A and SP-D have more direct antimicrobial
effects (24). SP-D/-A cooperate with alveolar macrophages to
facilitate phagocytosis via binding of bacteria, viruses, fungi, and
helminthic parasites for clearance through opsonization (24).
The collectins do not only exert anti-microbial effects but possess
dual biological activity either by suppressing or enhancing the
production of pro-inflammatory cytokines (25, 26). Gardai et

al. (25) suggested that collectins are capable of differential
cellular receptor binding through either their collagen-like
domain or their C-type lectin domain, and thereby initiate
pro-inflammatory or anti-inflammatory signaling, respectively.
Under normal conditions, collectins bind the cellular receptor,
signal regulatory protein (SIRP)-a, on innate immune cells
via their C-type lectin domain and prevent pro-inflammatory
signaling. When pathogens are present, the C-type lectin domain
is occupied by its corresponding ligand, and the collectins will
then interact with the innate immune cells through a receptor
complex of cluster of differentiation (CD)91 and calreticulin.
This binding is mediated through the collagen-like domain
on the collectin and induces pro-inflammatory signaling (25).
Gardai et al. (25) only validated the hypothesis for SP-A, but a
study by Fournier et al. validated the binding between SP-D and
SIRP-« (27). Moreover, a series of additional cellular receptors
have been suggested as mediators of SP-D signaling. Central
receptors are mentioned beneath.

THE STRUCTURE OF SP-D

SP-D is a large oligomeric structure, composed of oligomers
of 130 kDa subunits (28). The subunits are comprised of
three identical polypeptide chains containing an N-linked
oligosaccharide structure (Figure1). Following assembly of
the triple-helical collagen-like domain, the N-terminal cysteine
residues form disulfide bridges between monomers, dictating
the degree of multimerization and thus the SP-D isoform
(28). Human SP-D has different isoforms; the 520 kDa
dodecameric isoform structure is the most commonly found in
bronchoalveolar lavage fluid (BALF), but also fuzzy ball, trimeric,
dimeric, and monomeric isoforms are present in BALF from
healthy subjects (29). To understand the function of SP-D, it is
important to keep in mind that a shift in SP-D isoforms can lead
to changes in its pro- or anti-inflammatory role. The importance
of SP-D isoforms will be discussed in this review.

SP-D SITES OF EXPRESSION AND
FUNCTION

For many years, SP-D/-A were referred to as lung-specific; they
were discovered in the phospholipid-rich pulmonary surfactant
(28, 30). The fact that surfactant-like lubrication is produced and
secreted by a number of other organs led to the hypothesis that
SP-D/-A are also synthesized in extra-pulmonary tissues.
SP-D/-A are primarily synthesized in the lung, where they are
produced and secreted onto the epithelial surface by alveolar type
II epithelial cells and unciliated bronchial epithelial cells (31). In
the lung, SP-D/-A function as regulators of lipid levels in the
pulmonary surfactant, where they also exert their antimicrobial
effects (24, 32). Since SP-D/-A were first discovered in the lung,
this is also the organ where their function is most extensively
examined. Studies on SP-D/-A knockout (KO) mice generally
reported increased susceptibility to acute and chronic infections
and a general enhanced acute inflammatory response upon
pathogen or smoke exposure of the lung (33-36). Taken together,
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FIGURE 1 | SP-D can undergo several post-translational modifications leading
to changes in both structure and function. SP-D is capable of multimerization
depending on the local environment. The most common isoform is the
dodecameric structure, which is thought to have anti-inflammatory properties
through binding via its C-type lectin domain. However, in an inflammatory or
more acidic environment, the dodecameric form can change to a trimeric or
monomeric isoform. The monomers and trimers are believed to have
pro-inflammatory properties through binding via its collagen-like domain. When
pathogens are present, the C-type lectin domain is occupied by its
corresponding ligand and thus incapable of eliciting its

anti-inflammatory signaling.

these studies underline the important roles of SP-D/-A in the
pulmonary innate host defense and regulation of surfactant
homeostasis (31).

Even though the primary site of SP-D expression is in the
lung, it has been localized to a range of non-pulmonary tissues,
including the external or luminal surfaces of the gastrointestinal
tract (37, 38), glandular system (37, 38), reproductive tract
(37-39), urinary tract (37, 38), and in the cardiovascular
(CV) system (18, 19). In the CV system, SP-D expression has
been localized to endothelial and smooth muscle cells (SMCs),
where its suggested function is the modulation of inflammatory
signaling (18, 19). The sources of circulating SP-D are not fully
clarified. In addition to lung spillover as primary contributor,
it is possible that SP-D can be secreted from the arterial wall
and affect the total serum concentration. Recent studies by

Kati et al. and Gargiulo et al. have shown that circulatory SP-
D levels correlate with the presence of pulmonary embolism
(40) and with alveolar leakage in heart failure (41), thereby
supporting the hypothesis that circulatory SP-D variation is
partly a consequence of CVD-mediated lung damage. Based on
recent clinical studies pinpointing SP-D as a systemic biomarker
of CVD morbidity and mortality (42, 43), it is suggested that
SP-D has an important function in the cardiovascular system as
a regulator of inflammation, which might have implications for
atherosclerosis and CVD.

IN VITRO STUDIES OF SP-D-MEDIATED
CELLULAR EFFECTS

Several in vitro studies have examined how SP-D modulates the
function of a range of cell types (Table 1). This section focuses on
recently published in vitro studies investigating SP-D-mediated
cellular effects that might be relevant for the development
of CVD.

Vascular Inflammation as an
SP-D-Mediated Contributor to the
Development of CVD

It is well established that chronic inflammation within the vessel
wall is a strong contributor to the development of atherosclerosis.
Chronic low levels of inflammation caused by pro-inflammatory
molecules, such as lipopolysaccharide (LPS), has previously
been implicated in the development of atherosclerosis (both
in mice and humans) (57, 58). Although SP-D has been
implicated in atherosclerosis, the exact mechanisms are very
poorly understood.

It is recognized that SP-D/-A can modify the inflammatory
response upon binding to LPS on the bacterial surface (59-61).
Snyder et al. (19) examined the expression of SP-D in the human
coronary artery SMCs and its ability to modify LPS-induced
inflammation within these cells. After treatment of the human
coronary artery SMCs with LPS, exogenously added SP-D had
the ability to suppress the secretion of the pro-inflammatory
cytokine IL-8 (Figure 2). Thus, SP-D is shown to have an anti-
inflammatory role in SMCs when exposed to LPS and could
possibly exert local protection against atherosclerosis in this way.
A study by Liu et al. (62) examined the serum levels of the pro-
inflammatory and proatherogenic cytokines IL-6 and TNF-a in
septic wildtype and SP-D KO mice. This study showed that SP-
D KO mice had significantly increased levels of both cytokines
in serum. These results show that SP-D regulates not only local
tissue inflammation but also systemic inflammation and, thus,
possibly the propensity of atherosclerotic plaque formation.

SP-D-Mediated Effects on Immune Cells
Peripheral Blood Mononuclear Cells

The cellular effects of SP-D on inflammatory cytokine levels are
multifaceted. Borron et al. (44) investigated the effect of SP-D/-A
on peripheral blood mononuclear cell (PBMC) proliferation and
found that SP-D/-A directly inhibits T lymphocyte proliferation;
both IL-2-dependent and -independent (Figure2). A recent
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TABLE 1 | SP-D-mediated effects related to CVD.

Cell type Experiment Outcome References
IN VITRO ANALYSIS
Human coronary SMCs LPS-induced inflammation in SP-D suppresses the secretion of IL-8 in human (19)
coronary SMCs coronary SMCs
PBMCs PHA- or Con A-stimulated PBMCs SP-D inhibits T lymphocyte proliferation; both (44)
treated with recombinant rat SP-D IL-2-dependent and -independent
PBMCs PHA-stimulated PBMCs treated with SP-D suppresses circulatory IL-6 and TNF-a levels (45)
rhSP-D
Plague macrophages Lipid-laden macrophages from SP-D binding to OSCAR induced secretion of TNF-a (46)
atherosclerotic plaques from CCR2+ inflammatory monocytes
Monocytes and macrophages Monocytes and macrophages SP-D binds LAIR-1 on monocytes and macrophages, 47)
expressing LAIR-1 thereby inhibiting ROS production
Pulmonary NK cells Pulmonary NK cells expressing or not SP-D binds directly to pulmonary NK cells through the (48)
expressing NKp46 receptor NKp46, thereby inducing IFN-y secretion
Mouse model Experiment Outcome References
ANALYSIS OF GENE-DEFICIENT MICE
SP-D/ApoE DKO mice SP-D/ApoE DKO mice receiving SP-D/ApoE DKO mice had reduced plaque lesion area, (381)
proatherogenic diet increased plasma cholesterol and weight, decreased
plasma IL-6
SP-D/ApoE DKO mice SP-D/ApoE DKO mice receiving SP-D/ApoE DKO mice had reduced plaque lesion area, (18)
proatherogenic diet with cholate increased plasma triglycerides and HDL
SP-D KO mice SP-D KO mice exposed to cigarette Control SP-D KO mice showed similar contractility in the (49)
smoke coronary artery to that of cigarette smoking WT mice
SP-D KO mice SP-D KO mice exposed to cigarette SP-D KO mice had aggravated airway inflammation and (36)
smoke ceramide accumulation
SP-D KO mice LPS-challenged SP-D KO mice SP-D KO mice had increased testicular levels of (50)
immunosuppressive molecules, reduced levels of
immune cell activation markers and reduced response to
LPS in testis
Patient cat. Experiment Outcome References
CLINICAL PHENOTYPIC-ASSOCIATION STUDIES
Elderly twin population 689 elderly subjects, 13-year Increased circulatory SP-D is associated with total (43)
follow-up period. mortality
Patients undergoing coronary 806 patients, angiography happened Increased circulatory SP-D is associated with CVD (42)
angiography between 1992 and 1995, follow-up in morbidity and mortality
2007.
Patients undergoing maintenance 116 patients, cross-sectional study. A positive association between circulatory SP-D level (51)
hemodialysis and carotid intima-media thickness and coronary artery
calcification
Patients with heart failure 263 patients, 2.2-year follow-up Circulatory SP-D is associated with a higher risk of heart (52)
period. transplantation, death, and worsened heart failure
PAD patients 364 patients, prospective study. Circulatory SP-D is associated with more severe PAD (53)
and a higher prevalence of diabetes mellitus
Patients with subclinical carotid artery 687 patients No association between plasma SP-D and carotid artery (54)
atherosclerosis intima-media thickness or subclinical atherosclerotic
plaque development
Patients with chronic heart failure 89 patients and 17 healthy subjects Circulatory SP-D levels are increased in patients with (41)
heart failure
Patients with non-massive and 20 patients with non-massive, 20 Circulatory SP-D correlated with the presence of (40)
sub-massive pulmonary embolism patients with sub-massive and 20 sub-massive pulmonary embolism
healthy subjects
(Continued)
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TABLE 1 | Continued

Patient cat. Experiment Outcome References

CLINICAL GENETIC-ASSOCIATION STUDIES

206 healthy subjects SNPs in the SP-D gene SFTPD The SNP rs721917 (Met11Thr) affects the oligomeric (55)
structure of SP-D

2,711 type 2 diabetic patients or SNPs in the SP-D gene SFTPD The SNP rs721917 is associated with diabetes mellitus (56)

healthy subjects and insulin resistance

396 patients with subclinical SNPs in the SP-D gene SFTPD The SNPs rs721917 and rs3088308 are both associated (54)

atherosclerosis with decreased plasma SP-D; rs721917 is associated

with carotid intima-media thickness
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FIGURE 2 | Proposed anti-inflammatory mechanisms for SP-D in the development of atherosclerosis. SP-D plays a dual role in the development of atherosclerosis.
This figure aims to depict what we know about the anti-inflammatory properties of SP-D in the development of atherosclerosis. Circulatory SP-D originates from
lung-spillover or directly from the atherosclerotic artery. SP-D binds its receptor LAIR-1 on PBMCs, leading to inhibition of ROS and thereby inhibition of the oxidation
process of serum LDL. Circulatory SP-D also inhibits circulatory IL-6 and TNF-a and thus the transport of oxidized LDL from the artery lumen to the subendothelial
space. SP-D has been shown to inhibit the proliferation of Th1 cells and their secretion of IFN-y and TNF-q; this ultimately leads to inhibition of activated macrophages
and foam cell formation. TNF-a secretion from NK cells and foam cells stimulates vascular smooth muscle cells (VSMC) to produce and secrete SP-D into the
subendothelial space, where it again exerts its negative-feedback loop on NK cells. SP-D is able to inhibit IL-8 from LPS-stimulated VSMC, thus decreasing vascular
inflammation.

study by Pandit et al. (45) further examined how recombinant
human (rh)SP-D affects phytohaemagglutinin (PHA)-stimulated
PBMCs (45). The levels of two potent pro-inflammatory
and pro-atherosclerotic cytokines, circulatory IL-6 and TNEF-
o, were significantly downregulated in rhSP-D treated PBMCs
(Figure 2). Interestingly, this study observed no effect on IL-2

expression by rhSP-D (45). The identification of SP-D as a down-
regulator of serum IL-6 and TNF-a is in agreement with the
observations in Liu et al. (62).

Pro-atherosclerotic effects of IL-6 include vascular SMC
proliferation (63, 64) and activation of endothelial cells (65,
66). However, the atheroprotective effects of IL-6 have also
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been reported, as IL-6 lowers plasma LDL by upregulating LDL
receptor gene expression (67, 68). Clinical studies have shown
that serum IL-6 is elevated in coronary artery calcification in
patients with chronic kidney disease and might be a predictive
biomarker of mortality risk, coronary artery disease, and
inflammation related to CVD (69-71). Similar to the function of
IL-6, TNF-a is also a pro-atherosclerotic cytokine and increases
the development of atherosclerosis in several ways. Circulating
TNF-a is associated with endothelial dysfunction and barrier
disruption (72, 73), increased expression of adhesion molecules
on endothelial cells (74), and vascular SMC proliferation (75).

Monocytes and Macrophages

Recently, a new receptor for SP-D was found on the cell
surface of C-C chemokine receptor 2 (CCR2)+ inflammatory
blood monocytes (46). The SP-D receptor osteoclast-associated
receptor (OSCAR) was strongly expressed in lipid-laden
macrophages localized in the tunica intima and in some of the
macrophages in tunica media of clinical atherosclerosis plaques.
Binding of SP-D to OSCAR induced secretion of TNF-a from the
CCR2+ inflammatory monocytes infiltrating the atherosclerotic
plaques (46) (Figure 3).

Olde Nordkamp et al. (47) found that SP-D binds the
leukocyte-associated immunoglobulin-like receptor 1 (LAIR-1),
areceptor expressed on most immune cells, including monocytes,
and macrophages (76, 77) (Figure2). SP-D inhibits reactive
oxygen species (ROS) production through binding between SP-D
collagen domains and LAIR-1 (47). ROS production is strongly
associated with the development of atherosclerosis (78-80). A
newer study by Yi et al. (81) demonstrated that silencing of LAIR-
1 in human Tohoku Hospital Pediatrics (THP)-1 macrophages
increases foam cell formation. This could be a possible link
between SP-D and development of atherosclerosis, suggesting
that binding between SP-D and LAIR-1 leads to a decreased foam
cell formation, but this needs further examination.

These studies support a dual role for SP-D in the development
of atherosclerosis. Signaling through OSCAR results in TNEF-
a secretion from monocytes that leads to a pro-inflammatory
response, whereas signaling through LAIR-1 inhibits ROS
formation but possibly induces foam cell formation.

NK Cells

A study by Ge et al. (48) showed that SP-D binds directly to
pulmonary natural killer (NK) cells through the receptor NKp46
and thereby induces secretion of IFN-y (Figure 3). This is the
most specific receptor for NK cells and is expressed on the surface
of all NK cell subsets (82, 83). It is possible that SP-D can bind
and activate NK cells present in the artery, leading to secretion
of IFN-y, and thus stimulating an inflammatory response within
the artery.

IN VIVO STUDIES OF SP-D IN CVD

Two in vivo studies have been performed to investigate the
role of SP-D in atherosclerosis (Table1). A study by Hirano
et al. examined the function of SP-D in the development of
atherosclerosis in ApoE (KO) mice (31). A similar study was

previously performed by Sorensen et al. in SP-D KO mice
receiving a proatherogenic diet containing a low percentage of
cholate (18).

The function of SP-D has also been examined in relation to
tobacco smoking, as tobacco is a major contributor to CVD.
Haanes et al. (49), examined the contractile changes in the
vasculature after 3-months sidestream smoking in wildtype and
SP-D KO mice.

Plaques Size and Composition

Hirano et al. (31) assessed the development of atherosclerosis
in ApoE KO and SP-D/ApoE double KO (DKO) mice.
Atherosclerotic plaque size was measured in the brachiocephalic
arteries and aortic root where plaque formation often is seen.
The DKO mice exhibited significantly reduced plaque size in
both the brachiocephalic arteries (37% reduction) and aortic root
(25% reduction) compared to ApoE KO mice (31). This result is
supported by Sorensen et al. who examined the function of SP-D
in relation to atherosclerosis in mice fed an atherogenic diet (18).
These authors found that SP-D KO mice had significantly smaller
lesion areas only consisting of foam cells, whereas WT mice had
larger mature atherosclerotic plaques with an extracellular matrix
containing lipid and collagen (18).

Furthermore, Hirano et al. revealed that the plaques in SP-
D/ApoE DKO mice harbored significantly fewer macrophages
in each plaque (46% reduction) and had more SMC coverage
of the luminal surface of the plaque compared to ApoE KO
mice. SMC coverage of the luminal surface of the plaque is
associated with a more stable plaque phenotype in humans (84,
85). Based on these results it seems that SP-D has a function
in the attraction of macrophages and thereby initiation of early
inflammation, which ultimately leads to the development of more
severe atherosclerosis. Furthermore, it seems as if SP-D has a
function in changing the stability of the plaque, leading to a more
unstable plaque formation and a higher risk of plaque rupture.

Lipoprotein Profile

The smaller plaque areas observed in SP-D KO and SP-
D/ApoE DKO mice were hypothesized to be caused by an
SP-D-mediated change in the lipoprotein profile, leading to
a lower degree of lipids and cholesterol in the blood. Both
Hirano et al. and Sorensen et al. detected a significant change
in the lipoprotein profile of the SP-D KO and SP-D/ApoE
DKO mice (18, 31). Surprisingly, SP-D/ApoE DKO mice
had a 39% higher fasting plasma level of cholesterol and
significantly higher levels of chylomicron cholesterol, very-low-
density lipoprotein cholesterol (VLDL-C), as well as high-density
lipoprotein cholesterol (HDL-C) (31). In addition to disturbed
blood lipids, SP-D/ApoE DKO mice had elevated body weight
and adipose tissue mass, as well as increased fasting plasma
insulin, glucose, leptin, and adiponectin compared to ApoE
KO mice (31). Sorensen et al. found that SP-D KO mice
had significantly higher levels of plasma HDL-C (18%) and
triglycerides (27%) but similar levels of LDL and total cholesterol
compared to WT mice (18). Sorensen et al. (18) examined the
effect of intravenous administration of rhSP-D on plasma lipid
concentrations. Administration of rhSP-D to SP-D/ApoE DKO
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FIGURE 3 | Proposed pro-inflammatory mechanisms for SP-D in the development of atherosclerosis. SP-D plays a dual role in the development of atherosclerosis.
The figure aims to depict what we know about the pro-inflammatory properties of SP-D in the development of atherosclerosis. SP-D is actively contributing to the
inflammatory process in the artery. SP-D stimulates LPS-induced TNF-a-secretion from CCR2+ inflammatory monocytes through binding via its receptor OSCAR.
TNF-a stimulates translocation of oxidized LDL from the artery lumen to the subendothelial space and thus contributes to the atherosclerotic plaque formation. The
pro-inflammatory role of SP-D is also mediated through NK cells, where SP-D binds the receptor NKp46 leading to secretion of IFN-y, which activates macrophages.
Activated macrophages secrete the cytokines IL-8 and IL-1 and are able to engulf the oxidized LDL, leading to foam cell formation and production of IL-8, IL-1, IL-6,
and TNF-a. These cytokines stimulate and activate VSMC to proliferate and migrate to stabilize the growing atherosclerotic plaque.
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mice decreased the serum concentration of HDL-C, LDL-C, and
total cholesterol. This SP-D-mediated regulation of multiple lipid
fractions indicates that a general factor in lipid metabolism or
transport is affected by SP-D.

It is well-known that obesity, insulin resistance, increased
fasting glucose, and increased levels of plasma VLDL, LDL,
and cholesterol are associated with the development of
atherosclerosis and CVD (86-90). However, the SP-D mediated
mechanisms modulating these metabolic outcomes and how they
are interlinked with CVD remain unknown.

Inflammation in vivo

To investigate if the effect of SP-D on plaque size was caused by a
change in inflammatory markers, Hirano et al. (31) and Sorensen
et al. (18) evaluated the level of cytokines in plasma. Strikingly,
SP-D/ApoE DKO mice had significantly lower plasma level of
IL-6 compared to ApoE KO mice (31). It has previously been
shown that injection of IL-6 in ApoE KO mice increases the levels
of pro-inflammatory cytokines and lesion size and that the use of
IL-6 lentivirus led to the destabilization of plaques (15, 16). The

decreased plasma IL-6 level could, therefore, be partly responsible
for the attenuation of atherosclerosis in SP-D/ApoE DKO mice,
despite the elevated body weight and plasma lipoproteins, which
are known risk factors for the development of CVD (86-90).
However, this is not in accordance with an in vitro study by Liu
et al. (62), who found that serum levels of IL-6 and TNF-a were
increased in septic SP-D KO mice compared to wildtype. This
discrepancy can be explained by a change in the function of SP-D
during sepsis—where it possibly functions as a neutralizer of the
sepsis-inducing agent—compared to its function at basal state.
Furthermore, SP-D/ApoE DKO mice had significantly
reduced absolute blood monocyte (46% reduction) and
neutrophil counts (49% reduction), as well as a 46% reduction in
spleen weight (relative to body weight) compared to ApoE KO
mice (31). The spleen is a major reservoir of both monocytes and
neutrophils, and its reduced weight can explain the decreased
monocyte and neutrophil counts. Sorensen et al. found that SP-D
KO mice had a significantly lower level of plasma TNF-a (18),
which could contribute to the lower atherosclerosis propensity,
similar to the IL-6 regulation mentioned above. TNF-a is
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