1' frontiers
in Immunology

REVIEW
published: 20 September 2019
doi: 10.3389/fimmu.2019.02264

OPEN ACCESS

Edited by:

Uday Kishore,

Brunel University London,
United Kingdom

Reviewed by:

Taruna Madan,

National Institute for Research in
Reproductive Health (ICMR), India
Barbara Bottazzi,

Milan University, Italy

Anthony George Tsolaki,

Brunel University London,

United Kingdom

*Correspondence:
Grith L. Sorensen
glsorensen@health.sdu.dk

Specialty section:

This article was submitted to
Molecular Innate Immunity,
a section of the journal
Frontiers in Immunology

Received: 24 June 2019
Accepted: 09 September 2019
Published: 20 September 2019

Citation:
Colmorten KB, Nexoe AB and

Sorensen GL (2019) The Dual Role of

Surfactant Protein-D in Vascular
Inflammation and Development of
Cardiovascular Disease.

Front. Immunol. 10:2264.

doi: 10.3389/fimmu.2019.02264

Check for
updates

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 (Figure 1). 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, (81)
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
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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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associated with an increased risk of CV disease in clinical studies
(91), and TNF-a/ApoE DKO mice had reduced lesion areas
(50%) with a decreased number of foam cells in the vessel
wall (92).

SP-D-Mediated Responses to Smoking
Tobacco smoking is a well-studied cause of CVD (93). A study
by Haanes et al. (49), examined the contractile changes in the
vasculature after 3-months sidestream smoking in wildtype and
SP-D KO mice. Haanes et al. (49) studied the vasocontractile
endothelin-1 receptor and the uridine diphosphate receptor
P2Y6 in the pulmonary artery left anterior descending coronary
artery and the basilar artery. Endothelin-1 sensitivity was not
affected by SP-D. When stimulating the P2Y6 receptor in the
coronary artery, there was a significantly decreased contraction
after cigarette smoking in the wildtype mice compared to control
wild-type mice. This significant decrease in contraction was not
observed after smoking in the SP-D KO mice compared to
control SP-D KO mice. Thus, the control SP-D KO mice had
similar UDP-induced contractility in the coronary artery to those
of cigarette smoking WT mice.

Although the SP-D mediated mechanisms were not
investigated, the observation suggests that the SP-D-deficient
artery is more vulnerable to inflammatory stimuli, such as
tobacco smoking.

Pilecki et al. (36) recently performed a study combining
observations of SP-D immunostaining in resected lung tissue
from smoking patients with both in vitro and in vivo
experiments. These authors found an increased expression of
SP-D in lungs exposed to cigarette smoke, that SP-D deficiency
aggravated airway inflammation and ceramide accumulation
in mice exposed to cigarette smoke, and that treatment
with rhSP-D ameliorated cigarette smoke-induced inflammation
and epithelial apoptosis in both mice and alveolar (A)459
cells. This indicates that SP-D takes part in the regulation
of ceramide synthesis, which has also been implicated in
atherosclerosis. Ceramides promote the secretion of IL-6 and
C-reactive protein (94), increases ROS formation (95), promotes
transcytosis of oxLDL across endothelial cells (96), and increases
monocyte adhesion (97), thereby promoting inflammation and
atherosclerosis (98, 99).

SP-D VARIATION IN CLINICAL STUDIES

It has long been known that chronic lung disease is associated
with increased risk of CVD and total mortality. Independent
studies have suggested that SP-D might function as a blood
biomarker of smoke-induced lung injury and chronic obstructive
pulmonary disease (COPD) (Table 1) (100-103). COPD is an
independent risk factor for coronary artery disease, and COPD
patients are at increased risk of death due to CVD (104, 105).

Association Between Circulatory SP-D,
Total Mortality, and CVD

A recent elderly twin population study by Wulf-Johansson et al.
(43) examined the correlation between circulating SP-D levels
with total mortality. The twin with highest-circulating SP-D level

had a significantly increased risk of dying before the co-twin
during the study follow-up period. Adjusting for smoking did
not change this result. This observation is supported by Hill et
al. (42), who examined the correlation between circulating SP-
D and the risk of cardiovascular morbidity and mortality. The
study found that increased serum SP-D was associated with total
mortality in patients with documented coronary artery disease
also when adjusting for well-established risk factors such as
smoking, age, sex, plasma cholesterol, and plasma IL-6 levels. The
relationship between SP-D and CVD was further supported by
Hu et al. (51), showing a positive association between circulatory
SP-D level and carotid intima-media thickness and coronary
artery calcification.

A new study by Brankovic et al. (52) examined the potential
of SP-D as a biomarker in patients with chronic heart failure.
Brankovic et al. (52) reported that SP-D was associated with
a worsened clinical outcome (worsened heart failure, heart
transplantation, death to CVD) independently of the patients
clinical profile and pharmacological treatment during the follow-
up period. However, SP-D did not remain as a significant
biomarker after adjustment for time-varying cardiac biomarkers,
including N-terminal pro-brain natriuretic peptide and high-
sensitivity cardiac troponin T (52). The study mainly based its
results on a population with a less severe heart failure (74% was
in NYHA class 1 or 2), which might have contributed to the
failure to show a robust association between SP-D and heart
failure, since lung damage is more pronounced in the more
advanced stages of chronic heart failure (41). Another recent
study by Otaki et al. (53) examined the association between SP-
D and the outcome of peripheral artery disease (PAD) patients.
PAD is an occlusive disease in the lower limb arteries and is a
well-known risk factor for the development of CVD and death.
Patients with a high circulatory SP-D level (> 100 ng/mL) had
more severe PAD determined using the Fontaine class according
to TASC II guidelines (53). Patients with high SP-D also had
a higher prevalence of diabetes mellitus and tibial or peroneal
artery stenosis/occlusion compared to patients with low SP-D.
Furthermore, the study found an association of SP-D levels with
endpoints, such as cardiovascular death, heart failure, and leg
amputation. The study concluded that circulating SP-D could be
a potential therapeutic target and also be useful as a biomarker
for tracking atherosclerotic health status in PAD patients.

Single Nucleotide Polymorphisms in the

SP-D Gene Related to CVDs

Leth-Larsen et al. (55) and Pueyo et al. (56) examined single
nucleotide polymorphisms (SNPs) in the SP-D gene SFTPD and
their relationships to SP-D oligomerization and development of
diseases (55, 56). Leth-Larsen et al. (55) showed that a common
SNP, rs721917, resulting in either threonine or methionine
at position 11 in the mature protein (Metl1Thr), affects the
oligomeric structure of the SP-D molecule. Interestingly, this
SNP was also found to be associated with type 2 diabetes
mellitus and insulin resistance independently of circulatory SP-
D levels (56). A recent study by Sorensen et al. (54) examined
the relationship between plasma SP-D and subclinical carotid
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artery atherosclerosis. The study found no association between
plasma SP-D and carotid artery intima-media thickness or
subclinical atherosclerotic plaque development. Sorensen et al.
(54) further examined two SNPs in the SP-D gene SFTPD:
rs721917 and rs3088308. Both SNPs were significantly associated
with a decreased plasma SP-D level independently of patient
smoking status. Moreover, rs721917 was significantly associated
with carotid intima-media thickness, whereas rs3088308 was
significantly associated with the presence of plaques—both as a
smoking-dependent effect of the SNPs (54). Thus, the effects of
SP-D are likely caused by an interplay between structural SP-D
variations and tobacco smoking.

DISCUSSION

SP-D can undergo several post-translational modifications
leading to changes in both structure and function (106, 107).
The most common isoform is the dodecameric structure, which
is thought to have anti-inflammatory properties (29, 106).
However, in an inflammatory environment, the dodecameric
form can change to a trimeric or monomeric isoform that is
believed to have pro-inflammatory properties (106) (Figure 1).
This could explain the ambiguous role of SP-D as both an anti-
and pro-inflammatory stimulator in the development of CVD
and in the absence of microbial binding. Most studies do not
examine which SP-D isoform exerts the observed effect, and
therefore the relationship between SP-D isoforms and risk of
CVD and all-cause mortality is unknown. It is also relevant to
examine the correlation between not only total circulatory SP-
D and CVD but also between SP-D polymorphisms and CVD;
Met11Thr is especially known to affect the function of SP-D.
Also, many studies do not report the content of SP-D in BALF
or other measurements of lung disease and thus do not consider
where the circulatory SP-D originates from. In a recent study by
Sarashina-Kida et al. (108), it was shown that SP-D could also
originate from the gallbladder, where it had an anti-inflammatory
role in a dextran sulfate sodium (DSS)-induced murine colitis.
However, Nexoe et al. (109) performed a similar study and could
not replicate the anti-inflammatory role of SP-D in the DSS-
model. Regardless, the conclusion is that SP-D not only originates
from the lung but can be secreted by various sources, such as
the arteries and gallbladder. Where the SP-D originates from is
important since previous studies have suggested that SP-D might
be upregulated in non-pulmonary organs during inflammation.
Future studies are needed to explore which tissues and cell types
secrete SP-D.

When interpreting results from in vivo studies examining
SP-D KO mice, it is important to keep in mind that
these data can sometimes be misleading. Deficiency of an
immunoregulatory protein, such as SP-D, might lead to a

REFERENCES

1. WHO. World Health Organization, Cardiovascular diseases (CVDs) (2017).
Available online at: https://www.who.int/en/news-room/fact- sheets/detail/
cardiovascular-diseases- (cvds) (accessed March 06, 2019).

compensatory increase in other immunoregulatory proteins.
This compensatory mechanism might lead to a different outcome
than expected. Rokade et al. (50), examined the function
of SP-D in testicular immune privilege and sperm function
in LPS-challenged SP-D KO mice. These authors found that
endogenous absence of SP-D resulted in significantly increased
testicular levels of immunosuppressive molecules and reduced
levels of immune cell activation markers. The change in
immunoregulative moieties led to a reduced response to LPS in
testis and could be a compensatory mechanism to restore the
immune dysregulation caused by SP-D KO to preserve fertility. In
a similar way, SP-D KO in murine CVD models might promote
compensatory mechanisms, resulting in reduced plaque areas
and immune cell counts.

Studies examining the function of SP-D have previously
been focused on its association with pulmonary diseases,
especially COPD. It is important to elucidate the role of SP-
D in other pathologies, and its recent association with CVD
supports the possibility of SP-D as a potential therapeutic
target. The effect of exogenously added SP-D in atherosclerotic
mouse models needs further validation but results from basic
cardiovascular studies suggest systemic side effects, such as
disturbance of lipoprotein levels and body fat distribution.
These studies imply that treatment with exogenously added
SP-D, when possible, should be locally administered instead
of systemically. The conformation-dependent pro- or anti-
inflammatory role of SP-D should be further elucidated,
as blockage or stimulation of certain isoforms can change
the SP-D-mediated treatment effect. Besides being a target
for CVD treatment, SP-D has shown promise as a new
potential biomarker for the severity and clinical outcome
of CVD. Studies have shown significant association between
circulatory SP-D levels and development of atherosclerosis
and heart failure. Circulatory SP-D might reflect the level
of atherosclerosis or the risk of cardiovascular-related death
and thus the clinical outcome. It is important to continue
examining the association between SP-D and CVD to fully
elucidate the potential of SP-D as a treatment target and/or
CVD biomarker.

AUTHOR CONTRIBUTIONS

KC was the main author of the manuscript under the guidance of
professor GS. AN supported the writing of the manuscript.

FUNDING

The work was supported by the Independent Research Fund
Denmark and Novo Nordisk Project Grants in Bioscience and
Basic Biomedicine.

2. Lusis AJ. Atherosclerosis. Nature. (2000) 407:233-41. doi: 10.1038/350

25203

3. Biros E, Karan M, Golledge ]. Genetic variation and atherosclerosis.
Curr  Genomics. (2008)  9:29-42.  doi: 10.2174/1389202087838
84856

Frontiers in Immunology | www.frontiersin.org

September 2019 | Volume 10 | Article 2264


https://www.who.int/en/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://www.who.int/en/news-room/fact-sheets/detail/cardiovascular-diseases-(cvds)
https://doi.org/10.1038/35025203
https://doi.org/10.2174/138920208783884856
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Colmorten et al.

Role of SP-D in CVD

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

. Bobryshev

. Miteva K, Madonna R, De Caterina R, Van Linthout S. Innate and

adaptive immunity in atherosclerosis. Vascul Pharmacol. 107:67-77.
(2018). doi: 10.1016/j.vph.2018.04.006

YV, EA, Chistiakov DA, Nikiforov NG,
Orekhov AN. Macrophages and their role in atherosclerosis:
pathophysiology and transcriptome analysis. Biomed Res Int. (2016)
2016:9582430. doi: 10.1155/2016/9582430

Ivanova

. Fatkhullina AR, Peshkova IO, Koltsova EK. The role of cytokines

in the development of atherosclerosis. Biochemistry. (2016) 81:1358—
70. doi: 10.1134/80006297916110134

. Freigang S, Ampenberger F, Weiss A, Kanneganti TD, Iwakura Y, Hersberger

M, etal. Fatty acid-induced mitochondrial uncoupling elicits inflammasome-
independent IL-1alpha and sterile vascular inflammation in atherosclerosis.
Nat Immunol. (2013) 14:1045-53. doi: 10.1038/ni.2704

. Clarke MC, Talib S, Figg NL, Bennett MR. Vascular smooth muscle

cell apoptosis induces interleukin-1-directed inflammation: effects of
hyperlipidemia-mediated inhibition of phagocytosis. Circ Res. (2010)
106:363-72. doi: 10.1161/CIRCRESAHA.109.208389

. Kamari Y, Shaish A, Shemesh S, Vax E, Grosskopf I, Dotan S, et al. Reduced

atherosclerosis and inflammatory cytokines in apolipoprotein-E-deficient
mice lacking bone marrow-derived interleukin-1alpha. Biochem Biophys Res
Commun. (2011) 405:197-203. doi: 10.1016/j.bbrc.2011.01.008

Koltsova EK, Garcia Z, Chodaczek G, Landau M, McArdle S, Scott SR,
et al. Dynamic T cell-APC interactions sustain chronic inflammation in
atherosclerosis. J Clin Invest. (2012) 122:3114-26. doi: 10.1172/JCI161758
Ranjbaran H, Sokol SI, Gallo A, Eid RE, Iakimov AO,
D’Alessio A, et al. An inflammatory pathway of IFN-gamma
production in  coronary  atherosclerosis. ]  Immunol.  (2007)
178:592-604. doi: 10.4049/jimmunol.178.1.592

Koga M, Kai H, Yasukawa H, Yamamoto T, Kawai Y, Kato S, et al. Inhibition
of progression and stabilization of plaques by postnatal interferon-gamma
function blocking in ApoE-knockout mice. Circ Res. (2007) 101:348-
56. doi: 10.1161/CIRCRESAHA.106.147256

Ohta H, Wada H, Niwa T, Kirii H, Iwamoto N, Fujii H, et al. Disruption
of tumor necrosis factor-alpha gene diminishes the development of
atherosclerosis in ApoE-deficient mice. Atherosclerosis. (2005) 180:11-
7. doi: 10.1016/j.atherosclerosis.2004.11.016

Canault M, Peiretti F Poggi M, Mueller C, Kopp F, Bonardo B, et
al. Progression of atherosclerosis in ApoE-deficient mice that express
distinct molecular forms of TNF-alpha. ] Pathol. (2008) 214:574-
83. doi: 10.1002/path.2305

Huber SA, Sakkinen P, Conze D, Hardin N, Tracy R. Interleukin-6
exacerbates early atherosclerosis in mice. Arterioscler Thromb Vasc Biol.
(1999) 19:2364-7. doi: 10.1161/01.ATV.19.10.2364

Schieffer B, Selle T, Hilfiker A, Hilfiker-Kleiner D, Grote K, Tietge
UJ, et al. Impact of interleukin-6 on plaque development and
morphology in experimental atherosclerosis. ~ Circulation. (2004)
110:3493-500. doi: 10.1161/01.CIR.0000148135.08582.97

Schuett H, Oestreich R, Waetzig GH, Annema W, Luchtefeld M,
Hillmer A, et al. Transsignaling of interleukin-6 crucially contributes to
atherosclerosis in mice. Arterioscler Thromb Vasc Biol. (2012) 32:281-
90. doi: 10.1161/ATVBAHA.111.229435

Sorensen GL, Madsen J, Kejling K, Tornoe I, Nielsen O, Townsend P, et
al. Surfactant protein D is proatherogenic in mice. Am J Physiol Heart Circ
Physiol. (2006) 290:H2286-94. doi: 10.1152/ajpheart.01105.2005

Snyder GD, Oberley-Deegan RE, Goss KL, Romig-Martin SA,
Stoll LL, Snyder JM, et al. Surfactant protein D is expressed and
modulates  inflammatory responses in human coronary artery
smooth muscle cells. Am ] Physiol Heart Circ Physiol. (2008)
294:H2053-9. doi: 10.1152/ajpheart.91529.2007

Holmskov U, Thiel S, Jensenius JC. Collections and ficolins: humoral
lectins of the innate immune defense. Annu Rev Immunol. (2003) 21:547~
78. doi: 10.1146/annurev.immunol.21.120601.140954

Ohtani K, Suzuki Y, Eda S, Kawai T, Kase T, Yamazaki H, et al. Molecular
cloning of a novel human collectin from liver (CL-L1). J Biol Chem. (1999)
274:13681-9. doi: 10.1074/jbc.274.19.13681

Nakamura K, Funakoshi H, Miyamoto K, Tokunaga E Nakamura
T. Molecular cloning and functional characterization of a human

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

scavenger receptor with C-type lectin (SRCL), a novel member of a
scavenger receptor family. Biochem Biophys Res Commun. (2001) 280:1028-
35. doi: 10.1006/bbrc.2000.4210

Keshi H, Sakamoto T, Kawai T, Ohtani K, Katoh T, Jang SJ, et al. Identification
and characterization of a novel human collectin CL-K1. Microbiol Immunol.
(2006) 50:1001-13. doi: 10.1111/j.1348-0421.2006.tb03868.x

Bourbon JR, Chailley-Heu B. Surfactant proteins in the digestive
tract, mesentery, and other organs: evolutionary significance.
Comp Biochem Physiol A Mol Integr Physiol. (2001) 129:151-
61. doi: 10.1016/51095-6433(01)00312-9

Gardai §J, Xiao YQ, Dickinson M, Nick JA, Voelker DR, Greene KE, et al. By
binding SIRPalpha or calreticulin/CD91, lung collectins act as dual function
surveillance molecules to suppress or enhance inflammation. Cell. (2003)
115:13-23. doi: 10.1016/50092-8674(03)00758-X

Ohya M, Nishitani C, Sano H, Yamada C, Mitsuzawa H, Shimizu T, et al.
Human pulmonary surfactant protein D binds the extracellular domains of
Toll-like receptors 2 and 4 through the carbohydrate recognition domain
by a mechanism different from its binding to phosphatidylinositol and
lipopolysaccharide. Biochemistry. (2006) 45:8657-64. doi: 10.1021/bi060176z
Fournier B, Andargachew R, Robin AZ, Laur O, Voelker DR, Lee WY,
et al. Surfactant protein D (Sp-D) binds to membrane-proximal domain
(D3) of signal regulatory protein alpha (SIRPalpha), a site distant from
binding domain of CD47, while also binding to analogous region on
signal regulatory protein beta (SIRPbeta). J Biol Chem. (2012) 287:19386-
98. doi: 10.1074/jbc.M111.324533

Kishore U, Greenhough TJ, Waters P, Shrive AK, Ghai R, Kamran ME, et al.
Surfactant proteins SP-A and SP-D: structure, function and receptors. Mol
Immunol. (2006) 43:1293-315. doi: 10.1016/j.molimm.2005.08.004

Arroyo R, Martin-Gonzalez A, Echaide M, Jain A, Brondyk WH, Rosenbaum
J, et al. Supramolecular assembly of human pulmonary surfactant protein
SP-D. ] Mol Biol. (2018) 430:1495-509. doi: 10.1016/j.jmb.2018.03.027
Haczku A. Protective role of the lung collectins surfactant protein A and
surfactant protein D in airway inflammation. J Allergy Clin Immunol. (2008)
122:861-79; quiz : 80-1 doi: 10.1016/j.jaci.2008.10.014

. Hirano Y, Choi A, Tsuruta M, Jaw JE, Oh Y, Ngan D, et al. Surfactant

protein-D deficiency suppresses systemic inflammation and reduces
atherosclerosis in ApoE knockout mice. Cardiovasc Res. (2017) 113:1208-
18. doi: 10.1093/cvr/cvx067

Sorensen GL. Surfactant protein D in respiratory and non-respiratory
diseases. Front Med. (2018) 5:18. doi: 10.3389/fmed.2018.00018

Hawgood S, Akiyama J, Brown C, Allen L, Li G, Poulain FR. GM-CSF
mediates alveolar macrophage proliferation and type II cell hypertrophy
in SP-D gene-targeted mice. Am ] Physiol Lung Cell Mol Physiol. (2001)
280:11148-56. doi: 10.1152/ajplung.2001.280.6.L1148

LeVine AM, Whitsett JA, Hartshorn KL, Crouch EC, Korfhagen TR.
Surfactant protein D enhances clearance of influenza A virus from the lung
in vivo. ] Immunol. (2001) 167:5868-73. doi: 10.4049/jimmunol.167.10.5868
Li G, Siddiqui J, Hendry M, Akiyama ], Edmondson ], Brown C,
et al. Surfactant protein-A-deficient mice display an exaggerated early
inflammatory response to a beta-resistant strain of influenza A virus. Am J
Respir Cell Mol Biol. (2002) 26:277-82. doi: 10.1165/ajrcmb.26.3.4584
Pilecki B, Wulf-Johansson H, Stottrup C, Jorgensen PT, Djiadeu P, Nexoe
AB, et al. Surfactant protein D deficiency aggravates cigarette smoke-induced
lung inflammation by upregulation of ceramide synthesis. Front Immunol.
(2018) 9:3013. doi: 10.3389/fimmu.2018.03013

Madsen J, Kliem A, Tornoe I, Skjodt K, Koch C, Holmskov U. Localization of
lung surfactant protein D on mucosal surfaces in human tissues. ] Immunol.
(2000) 164:5866-70. doi: 10.4049/jimmunol.164.11.5866

Stahlman MT, Gray ME, Hull WM, Whitsett JA. Immunolocalization of
surfactant protein-D (SP-D) in human fetal, newborn, and adult tissues. ]
Histochem Cytochem. (2002) 50:651-60. doi: 10.1177/002215540205000506
Leth-Larsen R, Floridon C, Nielsen O, Holmskov U. Surfactant protein
D in the female genital tract. Mol Hum Reprod. (2004) 10:149-
54. doi: 10.1093/molehr/gah022

Kati C, Alacam H, Duran L, Guzel A, Akdemir HU, Sisman B, et al.
The effectiveness of the serum surfactant protein D (Sp-D) level to
indicate lung injury in pulmonary embolism. Clin Lab. (2014) 60:1457-
64. doi: 10.7754/Clin.Lab.2013.131009

Frontiers in Immunology | www.frontiersin.org

10

September 2019 | Volume 10 | Article 2264


https://doi.org/10.1016/j.vph.2018.04.006
https://doi.org/10.1155/2016/9582430
https://doi.org/10.1134/S0006297916110134
https://doi.org/10.1038/ni.2704
https://doi.org/10.1161/CIRCRESAHA.109.208389
https://doi.org/10.1016/j.bbrc.2011.01.008
https://doi.org/10.1172/JCI61758
https://doi.org/10.4049/jimmunol.178.1.592
https://doi.org/10.1161/CIRCRESAHA.106.147256
https://doi.org/10.1016/j.atherosclerosis.2004.11.016
https://doi.org/10.1002/path.2305
https://doi.org/10.1161/01.ATV.19.10.2364
https://doi.org/10.1161/01.CIR.0000148135.08582.97
https://doi.org/10.1161/ATVBAHA.111.229435
https://doi.org/10.1152/ajpheart.01105.2005
https://doi.org/10.1152/ajpheart.91529.2007
https://doi.org/10.1146/annurev.immunol.21.120601.140954
https://doi.org/10.1074/jbc.274.19.13681
https://doi.org/10.1006/bbrc.2000.4210
https://doi.org/10.1111/j.1348-0421.2006.tb03868.x
https://doi.org/10.1016/S1095-6433(01)00312-9
https://doi.org/10.1016/S0092-8674(03)00758-X
https://doi.org/10.1021/bi060176z
https://doi.org/10.1074/jbc.M111.324533
https://doi.org/10.1016/j.molimm.2005.08.004
https://doi.org/10.1016/j.jmb.2018.03.027
https://doi.org/10.1016/j.jaci.2008.10.014
https://doi.org/10.1093/cvr/cvx067
https://doi.org/10.3389/fmed.2018.00018
https://doi.org/10.1152/ajplung.2001.280.6.L1148
https://doi.org/10.4049/jimmunol.167.10.5868
https://doi.org/10.1165/ajrcmb.26.3.4584
https://doi.org/10.3389/fimmu.2018.03013
https://doi.org/10.4049/jimmunol.164.11.5866
https://doi.org/10.1177/002215540205000506
https://doi.org/10.1093/molehr/gah022
https://doi.org/10.7754/Clin.Lab.2013.131009
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Colmorten et al.

Role of SP-D in CVD

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Gargiulo P, Banfi C, Ghilardi S, Magri D, Giovannardi M,
Bonomi A, et al. Surfactant-derived proteins as markers of
alveolar membrane damage in heart failure. PLoS ONE. (2014)

9:¢115030. doi: 10.1371/journal.pone.0115030

Hill ], Heslop C, Man SE Frohlich J, Connett JE, Anthonisen NR, et al.
Circulating surfactant protein-D and the risk of cardiovascular morbidity
and mortality. Eur Heart J. (2011) 32:1918-25. doi: 10.1093/eurheartj/ehr124
Wulf-Johansson H, Thinggaard M, Tan Q, Johansson SL, Schlosser A,
Christensen K, et al. Circulating surfactant protein D is associated to
mortality in elderly women: a twin study. Immunobiology. (2013) 218:712-
7. doi: 10.1016/j.imbio.2012.08.272

Borron PJ, Mostaghel EA, Doyle C, Walsh ES, McHeyzer-Williams MG,
Wright JR. Pulmonary surfactant proteins A and D directly suppress
CD3+/CD4+ cell function: evidence for two shared mechanisms. |
Immunol. (2002) 169:5844-50. doi: 10.4049/jimmunol.169.10.5844

Pandit H, Thakur G, Koippallil Gopalakrishnan AR, Dodagatta-Marri E,
Patil A, Kishore U, et al. Surfactant protein D induces immune quiescence
and apoptosis of mitogen-activated peripheral blood mononuclear cells.
Immunobiology. (2016) 221:310-22. doi: 10.1016/j.imbi0.2015.10.004
Barrow AD, Palarasah Y, Bugatti M, Holehouse AS, Byers DE, Holtzman MJ,
et al. OSCAR is a receptor for surfactant protein D that activates TNF-alpha
release from human CCR2+ inflammatory monocytes. J Immunol. (2015)
194:3317-26. doi: 10.4049/jimmunol.1402289

Olde Nordkamp M]J, van Eijk M, Urbanus RT, Bont L, Haagsman
HP, Meyaard L. Leukocyte-associated Ig-like receptor-1 is a novel
inhibitory receptor for surfactant protein D. J Leukoc Biol. (2014) 96:105-
11. doi: 10.1189/j1b.3AB0213-092RR

Ge MQ, Kokalari B, Flayer CH, Killingbeck SS, Redai IG, MacFarlane AWt,
et al. Correction: cutting edge: role of NK cells and surfactant protein D in
dendritic cell lymph node homing: effects of ozone exposure. J Immunol.
(2016) 196:3212. doi: 10.4049/jimmunol.1600095

Haanes KA, Kruse LS, Wulf-Johansson H, Stottrup CC, Sorensen GL,
Edvinsson L. Contractile changes in the vasculature after subchronic
smoking: a comparison between wild type and surfactant protein D knock-
out mice. Nicotine Tob Res. (2016) 18:642-6. doi: 10.1093/ntr/ntv243
Rokade S, Kishore U, Madan T. Surfactant protein D regulates murine
testicular immune milieu and sperm functions. Am J Reprod Immunol.
(2017) 77:12620-9. doi: 10.1111/2ji.12629

Hu E Zhong Q, Gong J, Qin Y, Cui L, Yuan H. Serum surfactant
protein D is associated with atherosclerosis of the carotid artery
in patients on maintenance hemodialysis. Clin Lab. (2016) 62:97-
104. doi: 10.7754/Clin.Lab.2015.150536

Brankovic M, Martijn Akkerhuis K, Mouthaan H, Constantinescu A,
Caliskan K, van Ramshorst J, et al. Utility of temporal profiles of new cardio-
renal and pulmonary candidate biomarkers in chronic heart failure. Int |
Cardiol. (2019) 276:157-65. doi: 10.1016/j.ijcard.2018.08.001

Otaki Y, Watanabe T, Takahashi H, Sugai T, Yokoyama M, Nishiyama S,
et al. Circulating surfactant protein-D is associated with clinical outcomes
in peripheral artery disease patients following endovascular therapy. Circ J.
(2018) 82:1926-34. doi: 10.1253/circj.CJ-17-1446

Sorensen GL, Bladbjerg EM, Steffensen R, Tan Q, Madsen J, Drivsholm
T, et al. Association between the surfactant protein D (SFTPD) gene
and subclinical carotid artery atherosclerosis. Atherosclerosis. (2016) 246:7-
12. doi: 10.1016/j.atherosclerosis.2015.12.037

Leth-Larsen R, Garred P, Jensenius H, Meschi J, Hartshorn K, Madsen J,
et al. A common polymorphism in the SFTPD gene influences assembly,
function, and concentration of surfactant protein D. J Immunol. (2005)
174:1532-8. doi: 10.4049/jimmunol.174.3.1532

Pueyo N, Ortega FJ, Mercader JM, Moreno-Navarrete JM, Sabater
M, Bonas S, et al. Common genetic variants of surfactant protein-
D (SP-D) are associated with type 2 diabetes. PLoS ONE. (2013)
8:¢60468. doi: 10.1371/journal.pone.0060468

Hansson GK. Inflammation, atherosclerosis, and coronary artery disease. N
Engl ] Med. (2005) 352:1685-95. doi: 10.1056/NEJMra043430

Wiedermann CJ, Kiechl S, Dunzendorfer S, Schratzberger P,
Egger G, Oberhollenzer E et al. Association of endotoxemia with
carotid  atherosclerosis and cardiovascular  disease:  prospective

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

results from the Bruneck Study. J Am Coll Cardiol.
34:1975-81. doi: 10.1016/S0735-1097(99)00448-9

Zhang L, Meng Q, Yepuri N, Wang G, Xi X, Cooney RN. Surfactant Proteins-
A and -D attenuate LPS-Induced Apoptosis in Primary Intestinal Epithelial
Cells (IECs). Shock. (2018) 49:90-8. doi: 10.1097/SHK.0000000000000919
Saka R, Wakimoto T, Nishiumi F Sasaki T, Nose S, Fukuzawa M,
et al. Surfactant protein-D attenuates the lipopolysaccharide-induced
inflammation in human intestinal cells overexpressing toll-like receptor 4.
Pediatr Surg Int. (2016) 32:59-63. doi: 10.1007/s00383-015-3812-y

Du X, Meng Q, Sharif A, Abdel-Razek OA, Zhang L, Wang G, et al. Surfactant
proteins SP-A and SP-D ameliorate pneumonia severity and intestinal injury
in a murine model of staphylococcus aureus pneumonia. Shock. (2016)
46:164-72. doi: 10.1097/SHK.0000000000000587

Liu Z, Shi Q, Liu J, Abdel-Razek O, Xu Y, Cooney RN, et al. Innate
immune molecule surfactant protein D attenuates sepsis-induced acute
pancreatic injury through modulating apoptosis and NF-kappaB-mediated
inflammation. Sci Rep. (2015) 5:17798. doi: 10.1038/srep17798

Watanabe S, Mu W, Kahn A, Jing N, Li JH, Lan HY, et al
Role of JAK/STAT pathway in IL-6-induced activation of vascular
smooth muscle cells. Am ] Nephrol. (2004) 24:387-92. doi: 10.1159/0000
79706

Morimoto S, Nabata T, Koh E, Shiraishi T, Fukuo K, Imanaka S, et al.
Interleukin-6 stimulates proliferation of cultured vascular smooth muscle
cells independently of interleukin-1 beta. ] Cardiovasc Pharmacol. (1991) 17
(Suppl. 2):S117-8. doi: 10.1097/00005344-199117002-00026

Wung BS, Hsu MC, Wu CC, Hsiech CW. Resveratrol suppresses IL-
6-induced ICAM-1 gene expression in endothelial cells: effects on
the inhibition of STAT3 phosphorylation. Life Sci. (2005) 78:389-
97. doi: 10.1016/j.1fs.2005.04.052

Chen Q, Fisher DT, Clancy KA, Gauguet JM, Wang WC, Unger E, et
al. Fever-range thermal stress promotes lymphocyte trafficking across high
endothelial venules via an interleukin 6 trans-signaling mechanism. Nat
Immunol. (2006) 7:1299-308. doi: 10.1038/ni1406

Gierens H, Nauck M, Roth M, Schinker R, Schurmann C, Scharnagl H, et
al. Interleukin-6 stimulates LDL receptor gene expression via activation of
sterol-responsive and Spl binding elements. Arterioscler Thromb Vasc Biol.
(2000) 20:1777-83. doi: 10.1161/01.ATV.20.7.1777

Lubrano V, Gabriele M, Puntoni MR, Longo V, Pucci L. Relationship among
IL-6, LDL cholesterol and lipid peroxidation. Cell Mol Biol Lett. (2015)
20:310-22. doi: 10.1515/cmble-2015-0020

Kaminska ], Stopinski M, Mucha K, Jedrzejczak A, Golebiowski M,
Niewczas MA, et al. IL 6 but not TNF is linked to coronary artery
calcification in patients with chronic kidney disease. Cytokine. (2019) 120:9-
14. doi: 10.1016/j.cyt0.2019.04.002

Zakai NA, Katz R, Jenny NS, Psaty BM, Reiner AP, Schwartz SM, et al.
Inflammation and hemostasis biomarkers and cardiovascular risk in the
elderly: the cardiovascular health study. ] Thromb Haemost. (2007) 5:1128-
35. doi: 10.1111/.1538-7836.2007.02528.x

Wainstein MV, Mossmann M, Araujo GN, Goncalves SC, Gravina
GL, Sangalli M, et al. Elevated serum interleukin-6 is predictive
of coronary artery disease in intermediate risk overweight patients
referred for coronary angiography. Diabetol Metab Syndr. (2017)
9:67. doi: 10.1186/s13098-017-0266-5

Lee ], Lee S, Zhang H, Hill MA, Zhang C, Park Y. Interaction of IL-6 and
TNF-alpha contributes to endothelial dysfunction in type 2 diabetic mouse
hearts. PLoS ONE. (2017) 12:e0187189. doi: 10.1371/journal.pone.0187189
Marcos-Ramiro B, Garcia-Weber D, Millan J. TNF-induced endothelial
barrier disruption: beyond actin and Rho. Thromb Haemost. (2014)
112:1088-102. doi: 10.1160/th14-04-0299

Chandrasekharan UM, Siemionow M, Unsal M, Yang L, Poptic E, Bohn J,
et al. Tumor necrosis factor alpha (TNF-alpha) receptor-II is required for
TNF-alpha-induced leukocyte-endothelial interaction in vivo. Blood. (2007)
109:1938-44. doi: 10.1182/blood-2006-05-020875

Rastogi S, Rizwani W, Joshi B, Kunigal S, Chellappan SP. TNF-alpha
response of vascular endothelial and vascular smooth muscle cells involve
differential utilization of ASK1 kinase and p73. Cell Death Differ. (2012)
19:274-83. doi: 10.1038/cdd.2011.93

(1999)

Frontiers in Immunology | www.frontiersin.org

11

September 2019 | Volume 10 | Article 2264


https://doi.org/10.1371/journal.pone.0115030
https://doi.org/10.1093/eurheartj/ehr124
https://doi.org/10.1016/j.imbio.2012.08.272
https://doi.org/10.4049/jimmunol.169.10.5844
https://doi.org/10.1016/j.imbio.2015.10.004
https://doi.org/10.4049/jimmunol.1402289
https://doi.org/10.1189/jlb.3AB0213-092RR
https://doi.org/10.4049/jimmunol.1600095
https://doi.org/10.1093/ntr/ntv243
https://doi.org/10.1111/aji.12629
https://doi.org/10.7754/Clin.Lab.2015.150536
https://doi.org/10.1016/j.ijcard.2018.08.001
https://doi.org/10.1253/circj.CJ-17-1446
https://doi.org/10.1016/j.atherosclerosis.2015.12.037
https://doi.org/10.4049/jimmunol.174.3.1532
https://doi.org/10.1371/journal.pone.0060468
https://doi.org/10.1056/NEJMra043430
https://doi.org/10.1016/S0735-1097(99)00448-9
https://doi.org/10.1097/SHK.0000000000000919
https://doi.org/10.1007/s00383-015-3812-y
https://doi.org/10.1097/SHK.0000000000000587
https://doi.org/10.1038/srep17798
https://doi.org/10.1159/000079706
https://doi.org/10.1097/00005344-199117002-00026
https://doi.org/10.1016/j.lfs.2005.04.052
https://doi.org/10.1038/ni1406
https://doi.org/10.1161/01.ATV.20.7.1777
https://doi.org/10.1515/cmble-2015-0020
https://doi.org/10.1016/j.cyto.2019.04.002
https://doi.org/10.1111/j.1538-7836.2007.02528.x
https://doi.org/10.1186/s13098-017-0266-5
https://doi.org/10.1371/journal.pone.0187189
https://doi.org/10.1160/th14-04-0299
https://doi.org/10.1182/blood-2006-05-020875
https://doi.org/10.1038/cdd.2011.93
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Colmorten et al.

Role of SP-D in CVD

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

Martinez-Esparza M,  Ruiz-Alcaraz  AJ, Carmona-Martinez 'V,
Fernandez-Fernandez MD, Anton G, Munoz-Tornero M, et al
Expression of LAIR-1 (CD305) on human blood monocytes as a
marker of hepatic cirrhosis progression. ] Immunol Res. (2019)
2019:2974753. doi: 10.1155/2019/2974753

Jin J, Wang Y, Ma Q, Wang N, Guo W, Jin B, et al. LAIR-1 activation
inhibits inflammatory macrophage phenotype in vitro. Cell Immunol. (2018)
331:78-84. doi: 10.1016/j.cellimm.2018.05.011

Di Marco E, Gray SP, Kennedy K, Szyndralewiez C, Lyle AN, Lassegue B, et al.
NOX4-derived reactive oxygen species limit fibrosis and inhibit proliferation
of vascular smooth muscle cells in diabetic atherosclerosis. Free Radic Biol
Med. (2016) 97:556-67. doi: 10.1016/j.freeradbiomed.2016.07.013
Schurmann C, Rezende E, Kruse C, Yasar Y, Lowe O, Fork C, et al. The
NADPH oxidase Nox4 has anti-atherosclerotic functions. Eur Heart J. (2015)
36:3447-56. doi: 10.1093/eurheartj/ehv460

Sussan TE, Jun ], Thimmulappa R, Bedja D, Antero M, Gabrielson
KL, et al. Disruption of Nrf2, a key inducer of antioxidant defenses,
attenuates ApoE-mediated atherosclerosis in mice. PLoS ONE. (2008)
3:e3791. doi: 10.1371/journal.pone.0003791

Yi X, Zhang ], Zhuang R, Wang S, Cheng S, Zhang D, et al. Silencing
LAIR-1 in human THP-1 macrophage increases foam cell formation by
modulating PPARgamma and M2 polarization. Cytokine. (2018) 111:194-
205. doi: 10.1016/j.cyt0.2018.08.028

Narni-Mancinelli E, Chaix ], Fenis A, Kerdiles YM, Yessaad N, Reynders
A, et al. Fate mapping analysis of lymphoid cells expressing the NKp46
cell surface receptor. Proc Natl Acad Sci USA. (2011) 108:18324-
9. doi: 10.1073/pnas.1112064108

Walzer T, Blery M, Chaix J, Fuseri N, Chasson L, Robbins SH, et
al. Identification, activation, and selective in vivo ablation of mouse
NK cells via NKp46. Proc Natl Acad Sci USA. (2007) 104:3384-
9. doi: 10.1073/pnas.0609692104

Lin HL, Xu XS, Lu HX, Zhang L, Li C], Tang MX, et al
Pathological mechanisms and dose dependency of erythrocyte-induced
vulnerability of atherosclerotic plaques. | Mol Cell Cardiol. (2007)
43:272-80. doi: 10.1016/j.yjmcc.2007.05.023

Kolodgie FD, Gold HK, Burke AP, Fowler DR, Kruth HS, Weber DK, et al.
Intraplaque hemorrhage and progression of coronary atheroma. N Engl |
Med. (2003) 349:2316-25. doi: 10.1056/NEJMo0a035655

Gast KB, Tjeerdema N, Stijnen T, Smit JW, Dekkers OM. Insulin resistance
and risk of incident cardiovascular events in adults without diabetes: meta-
analysis. PLoS ONE. (2012) 7:e52036. doi: 10.1371/journal.pone.0052036
Prenner SB, Mulvey CK, Ferguson JE Rickels MR, Bhatt
Reilly MP. Very low density lipoprotein cholesterol associates
with artery calcification in type 2 diabetes beyond
circulating levels of triglycerides. Atherosclerosis. (2014) 236:244-
50. doi: 10.1016/j.atherosclerosis.2014.07.008

Park C, Guallar E, Linton JA, Lee DC, Jang Y, Son DK, et al. Fasting glucose
level and the risk of incident atherosclerotic cardiovascular diseases. Diabetes
Care. (2013) 36:1988-93. doi: 10.2337/dc12-1577

Ritchie SA, Connell JM. The link between abdominal obesity, metabolic
syndrome and cardiovascular disease. Nutr Metab Cardiovasc Dis. (2007)
17:319-26. doi: 10.1016/j.numecd.2006.07.005

Van Gaal LE Mertens IL, De Block CE. Mechanisms linking obesity with
cardiovascular disease. Nature. (2006) 444:875-80. doi: 10.1038/nature05487
Jovinge S, Hamsten A, Tornvall P, Proudler A, Bavenholm P, Ericsson CG,
et al. Evidence for a role of tumor necrosis factor alpha in disturbances of
triglyceride and glucose metabolism predisposing to coronary heart disease.
Metabolism. (1998) 47:113-8. doi: 10.1016/S0026-0495(98)90203-7

Branen L, Hovgaard L, Nitulescu M, Bengtsson E, Nilsson J, Jovinge
S. Inhibition of tumor necrosis factor-alpha reduces atherosclerosis in
apolipoprotein E knockout mice. Arterioscler Thromb Vasc Biol. (2004)
24:2137-42. doi: 10.1161/01.ATV.0000143933.20616.1b

Prasad DS, Kabir Z, Dash AK, Das BC. Smoking and cardiovascular health: a
review of the epidemiology, pathogenesis, prevention and control of tobacco.
Indian ] Med Sci. (2009) 63:520-33. doi: 10.4103/0019-5359.58884

de Mello VD, Lankinen M, Schwab U, Kolehmainen M, Lehto S,
Seppanen-Laakso T, et al. Link between plasma ceramides, inflammation
and insulin resistance: association with serum IL-6 concentration in
patients with coronary heart disease. Diabetologia. (2009) 52:2612—
5. doi: 10.1007/s00125-009-1482-9

AB,

coronary

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Li H, Junk P, Huwiler A, Burkhardt C, Wallerath T, Pfeilschifter J, et al.
Dual effect of ceramide on human endothelial cells: induction of oxidative
stress and transcriptional upregulation of endothelial nitric oxide synthase.
Circulation. (2002) 106:2250-6. doi: 10.1161/01.CIR.0000035650.05921.50
Li W, Yang X, Xing S, Bian E, Yao W, Bai X, et al. Endogenous ceramide
contributes to the transcytosis of oxLDL across endothelial cells and
promotes its subendothelial retention in vascular wall. Oxid Med Cell Longev.
(2014) 2014:823071. doi: 10.1155/2014/823071

Gao D, Pararasa C, Dunston CR, Bailey CJ, Griffiths HR. Palmitate
promotes monocyte atherogenicity via de novo ceramide synthesis. Free
Radic Biol Med. (2012) 53:796-806. doi: 10.1016/j.freeradbiomed.2012.
05.026

Li Z, Fan Y, Liu J, Li Y, Huan C, Bui HH, et al. Impact of
sphingomyelin synthase 1 deficiency on sphingolipid metabolism and
atherosclerosis in mice. Arterioscler Thromb Vasc Biol. (2012) 32:1577-
84. doi: 10.1161/ATVBAHA.112.251538

Dong J, Liu J, Lou B, Li Z, Ye X, Wu M, et al. Adenovirus-
mediated overexpression of sphingomyelin synthases 1 and 2
increases the atherogenic potential in mice. ] Lipid Res. (2006)
47:1307-14. doi: 10.1194/jlr.M600040-JLR200

Lopez-Cano C, Lecube A, Garcia-Ramirez M, Munoz X, Sanchez E,
Seminario A, et al. Serum surfactant protein D as a biomarker for measuring
lung involvement in obese patients with type 2 diabetes. J Clin Endocrinol
Metab. (2017) 102:4109-16. doi: 10.1210/jc.2017-00913

Eisner MD, Parsons P, Matthay MA, 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-
8. doi: 10.1136/thorax.58.11.983

Determann RM, Royakkers AA, Haitsma JJ, Zhang H, Slutsky AS, Ranieri
VM, et al. 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. doi: 10.1186/1471-2466-10-6

Lomas DA, Silverman EK, Edwards LD, Locantore NW, Miller BE,
Horstman DH, et al. Serum surfactant protein D is steroid sensitive
and associated with exacerbations of COPD. Eur Respir J. (2009) 34:95-
102. doi: 10.1183/09031936.00156508

Fisher KA, Stefan MS, Darling C, Lessard D, Goldberg R]. Impact of
COPD on the mortality and treatment of patients hospitalized with acute
decompensated heart failure: the Worcester Heart Failure Study. Chest.
(2015) 147:637-45. doi: 10.1378/chest.14-0607

Finkelstein J, Cha E, Scharf SM. Chronic obstructive pulmonary disease as
an independent risk factor for cardiovascular morbidity. Int ] Chron Obstruct
Pulmon Dis. (2009) 4:337-49. doi: 10.2147/COPD.S6400

Guo CJ, Atochina-Vasserman EN, Abramova E, Foley JP, Zaman A, Crouch
E, et al. S-nitrosylation of surfactant protein-D controls inflammatory
function. PLoS Biol. (2008) 6:€266. doi: 10.1371/journal.pbio.0060266
Matalon S, Shrestha K, Kirk M, Waldheuser S, McDonald B, Smith K,
et al. Modification of surfactant protein D by reactive oxygen-nitrogen
intermediates is accompanied by loss of aggregating activity, in vitro and in
vivo. FASEB J. (2009) 23:1415-30. doi: 10.1096/1j.08-120568

Sarashina-Kida H, Negishi H, Nishio J, Suda W, Nakajima Y, Yasui-Kato
M, et al. Gallbladder-derived surfactant protein D regulates gut commensal
bacteria for maintaining intestinal homeostasis. Proc Natl Acad Sci USA.
(2017) 114:10178-83. doi: 10.1073/pnas.1712837114

Nexoe AB, Pilecki B, Von Huth S, Husby S, Pedersen AA, Detlefsen §,
et al. Colonic epithelial surfactant protein D expression correlates with
inflammation in clinical colonic inflammatory bowel disease. Inflamm Bowel
Dis. (2019) 25:1349-56. doi: 10.1093/ibd/izz009

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2019 Colmorten, Nexoe and Sorensen. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Immunology | www.frontiersin.org

12

September 2019 | Volume 10 | Article 2264


https://doi.org/10.1155/2019/2974753
https://doi.org/10.1016/j.cellimm.2018.05.011
https://doi.org/10.1016/j.freeradbiomed.2016.07.013
https://doi.org/10.1093/eurheartj/ehv460
https://doi.org/10.1371/journal.pone.0003791
https://doi.org/10.1016/j.cyto.2018.08.028
https://doi.org/10.1073/pnas.1112064108
https://doi.org/10.1073/pnas.0609692104
https://doi.org/10.1016/j.yjmcc.2007.05.023
https://doi.org/10.1056/NEJMoa035655
https://doi.org/10.1371/journal.pone.0052036
https://doi.org/10.1016/j.atherosclerosis.2014.07.008
https://doi.org/10.2337/dc12-1577
https://doi.org/10.1016/j.numecd.2006.07.005
https://doi.org/10.1038/nature05487
https://doi.org/10.1016/S0026-0495(98)90203-7
https://doi.org/10.1161/01.ATV.0000143933.20616.1b
https://doi.org/10.4103/0019-5359.58884
https://doi.org/10.1007/s00125-009-1482-9
https://doi.org/10.1161/01.CIR.0000035650.05921.50
https://doi.org/10.1155/2014/823071
https://doi.org/10.1016/j.freeradbiomed.2012.05.026
https://doi.org/10.1161/ATVBAHA.112.251538
https://doi.org/10.1194/jlr.M600040-JLR200
https://doi.org/10.1210/jc.2017-00913
https://doi.org/10.1136/thorax.58.11.983
https://doi.org/10.1186/1471-2466-10-6
https://doi.org/10.1183/09031936.00156508
https://doi.org/10.1378/chest.14-0607
https://doi.org/10.2147/COPD.S6400
https://doi.org/10.1371/journal.pbio.0060266
https://doi.org/10.1096/fj.08-120568
https://doi.org/10.1073/pnas.1712837114
https://doi.org/10.1093/ibd/izz009
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	The Dual Role of Surfactant Protein-D in Vascular Inflammation and Development of Cardiovascular Disease
	Introduction
	The Collectin Family and Roles in Inflammation
	The Structure of SP-D
	SP-D Sites of Expression and Function
	In vitro Studies of SP-D-Mediated Cellular Effects
	Vascular Inflammation as an SP-D-Mediated Contributor to the Development of CVD
	SP-D-Mediated Effects on Immune Cells
	Peripheral Blood Mononuclear Cells
	Monocytes and Macrophages
	NK Cells


	In vivo Studies of SP-D in CVD
	Plaques Size and Composition
	Lipoprotein Profile
	Inflammation in vivo
	SP-D-Mediated Responses to Smoking

	SP-D Variation in Clinical Studies
	Association Between Circulatory SP-D, Total Mortality, and CVD
	Single Nucleotide Polymorphisms in the SP-D Gene Related to CVDs

	Discussion
	Author Contributions
	Funding
	References


