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Abstract

The collectins family encompasses several collagenous Ca2*-dependent defense lectins that are
described as pathogen recognition molecules. They play an important role in both adaptive and
innate immunity. Surfactant protein A and D are two of these proteins which were initially
discovered in association with surfactant in the pulmonary system. The structure, immune and
inflammatory functions, and genetic variations have been well described in relation to their roles,
function and pathophysiology in the pulmonary system. Subsequently, these proteins have been
discovered in a wide range of other organs and organ systems. The role of these proteins outside
the pulmonary system is currently an active area of research. This review intends to provide a
current overview of the genetics, structure and extra-pulmonary functions of the surfactant
collectin proteins.
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2. Introduction

The immunomodulatory system is comprised of many complex cytokines, scavengers,
signaling molecules and intermediary complex families of molecules. One such family of
innate immunity proteins is the carbohydrate binding lectins also known as c-type lectins
(Hoppe and Reid, 1994). These proteins recognize a host of sugar moieties, which constitute
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the cell walls of various pathogens, thus also giving them the name of Pathogen Recognition
Receptor Proteins (Mayer et al., 2017) or PRRP's. Collectins are a sub-type of c-type lectins
which are characterized by a collagen-like domain with a short Cysteine-rich N-terminus
(Drickamer et al., 1986). The structures of the majority of these proteins are similar, with a
varying number of monomers binding to form multimeric structures. Each monomer is made
up of four regions; a cysteine-rich domain at the N-terminus, a collagen-like domain, a
coiled neck domain and a C-type lectin domain that is also called a carbohydrate recognition
domain (CRD). Recognition of pathogens is mediated by the CRD in the presence of
calcium (Petersen et al., 2001; Weis et al., 1992). To date, a host of collectins have been
described including MBL, SP-A, SP-D, collectin liver 1 (CL-L1), collectin kidney 1 (CL-
K1) and conglutinins (Mayer et al., 2017). These collectins recognize and neutralize
pathogens by several different mechanisms including aggregation (Tenner et al., 1989),
apoptosis (Liu et al., 2015), opsonization (Ferguson et al., 1999; Ghildyal et al., 1999;
Hartshorn et al., 1996; Hickling et al., 1999; MclIntosh et al., 1996; McNeely and Coonrod,
1994), activation of phagocytosis (Beharka et al., 2002; Ferguson et al., 1999; Nepomuceno
et al., 1997; Tenner et al., 1989), inhibition of microbial growth, or modulation of the
inflammatory response (Herbein and Wright, 2001; Liu et al., 2015; Saka et al., 2016;
Salminen et al., 2008; Sato et al., 2003). Collectins may compete with factors such as LPS
for binding to cell surface receptors (Chuang et al., 2011; Ohya et al., 2006; Saka et al.,
2016; Vayrynen et al., 2002; Yamada et al., 2004). Some collectin-receptor interactions
result in increased transcription of cytokines (Gardai et al., 2003) while others modulate the
adaptive immune system by activation of T-lymphocytes (Gowdy et al., 2012; Pawaria and
Binder, 2011), the modulation of antigen presentation by dendritic cells (Awasthi et al.;
Steinberger et al., 2002; Yamada et al., 2004), or by mediation of IgE (Madan et al.), or
histamine (Herias et al., 2007; Nayak et al., 2012) dependent allergic responses.

Prior to the recognition of surfactant proteins as an independent entity, pulmonary
mechanisms were defined in the context of the integrity of the alveolar surface and the
substances which contributed to its function. It was in 1929 that \Von Neergard, while
describing the mechanics of the pulmonary system, suggested that a liquid film present on
the alveolar surface might be important for the lowering of surface tension thereby
modulating pulmonary mechanics (Von Neergaard, 1929). It was not until 1954, that
Macklin elegantly described this “mucoid substance” (Macklin, 1954). He explained that
“the mucoid film has been credited with performing vital functions such as assisting in the
removal of fine living and dead particulate matter, the maintenance of a constant favorable
surface tension, the facilitation of gaseous exchange, the protection of the underlying tissue
from desiccation and the suppression of invading microorganisms”. This film, now known as
surfactant, is produced by alveolar type 1l cells in the walls of the terminal respiratory
alveolar structure in mature lungs. It is responsible for decreasing surface tension of the
alveolar lining allowing the alveolus to remain distended to allow gas exchange at the
alveolar epithelial surface. Surfactant is comprised of 80% lipids and 20% proteins, of which
there are four surfactant proteins, namely, SP-A, SP-B, SP-C and SP-D (Hawgood and
Clements, 1990). Alveolar type Il cells, in the alveoli, produce and secrete all four of these
surfactant proteins within lamellar bodies (Clements, 1957).
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Subsequently, SP-A and SP-D were also found in larger airways, secreted by sub-mucosal
and Clara cells (Horowitz et al., 1991). Here, adsorption of the proteins is not necessary for
airway function (Wong et al., 1996). SP-B and SP-C are involved in helping the spreading of
surfactant across the alveolar lining and are also involved in surfactant metabolism and
recycling. SP-A and SP-D, on the other hand are collectins with important roles in the
maintenance of the pulmonary immune system and help in the first line of defense against
various pathogens in the respiratory tract. This was first suggested by earlier data from Van
Iwardeen and colleagues who showed that SP-A was important for rat macrophage
phagocytic activity (van lwaarden et al., 1990). Since then, alterations in SP-A and SP-D
structure and function have been implicated in a wide variety of pulmonary diseases. These
include pneumonia (Awasthi et al., 2001; Baughman et al., 1993), acute respiratory distress
syndrome (ARDS) (Lin et al., 2000), cystic fibrosis (Korfhagen, 2001), and pulmonary
interstitial fibrosis (Kuroki et al., 1993; McCormack et al., 1991). In the premature neonate,
these proteins are important after birth where there may be protein variants raising the
susceptibility of pulmonary dysfunction resulting in acute respiratory distress syndrome
(RDS) (Gerdes et al., 1990; Marttila et al., 2003a; Smith et al., 2000). In addition, they are
important in the modulation of chronic lung disease (CLD) and/or bronchopulmonary
dysplasia (BPD) (Hallman and Haataja, 2006; Pavlovic et al., 2006). Interestingly, over the
last three decades, these proteins have become increasingly apparent in other organ systems
besides the respiratory system. The focus of this review is to provide a comprehensive
description of the structure, receptors, immunomodulatory roles and genetics of surfactant
proteins A and D followed by a review of the known extra-pulmonary localization and
functions of these proteins.

3. Structure Of SP-A and SP-D

The collectin family of proteins shares homology in their basic monomeric structure, which
are comprised of collagen-like regions attached to non-collagenous domains (Hoppe and
Reid, 1994). While other immune modulators may also recognize and neutralize
pathogensthe term “collectin” refers exclusively to proteins of the extracellular matrix. For
example, serum complement protein C1 g, important in the function of binding to immune
complexes and activation of complement and the interaction with cell surface receptors, is an
example of a protein with a collagen-like region that is not present in the extracellular matrix
(Brodsky-Doyle et al., 1976).

Each polypeptide chain has a C-terminal C-type lectin (carbohydrate binding) domain, a
collagen body and an N-terminal domain, as depicted in Figure 1. These are reviewed in
more detail below:

3.1 N-terminal domain

This is a short (seven amino acid) non-collagenous, cysteine rich region containing a signal
peptide sequence. This domain is critical for oligomerization occurring by disulfide bridging
(Haagsman et al., 1989). The inter-chain linkages are formed by cysteine residues (Hoppe
and Reid, 1994).
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3.2 Collagen Body and neck domain

The C-type lectin domain associates with the collagen body through a strong hydrophobic
interaction via the a-helical bundle forming the neck region (Haagsman et al., 1989). The
collagen-like region of Gly-X-Y repeats bind in a triple-helix, similar to a zipper-like
structure.

3.3 Carbohydrate binding domain

The lectin domain or CRD, is what defines the function of all collectin proteins. Lectins are
structures with the ability to bind to carbohydrates and lipids. They are further characterized
as C-type and S-type. C-type lectins are extracellular and Ca2*-dependent, however S-type
are intra- or extracellular and do not require divalent cations. The CRD is important in
mediating immune response, since it recognizes carbohydrate epitope moieties of different
size and shape from multiple microorganisms when polymerized in their tridimensional
structure (Petersen et al., 2001). The oligomeric assembly facilitated by the N-terminal
cross-linking of trimeric arms favors the high affinity interactions of CRD. This can cause
agglutination of the pathogens enhancing killing and clearance of bacteria by phagocytic
cells, which carry receptors for SP-A or SP-D (Reid, 1998).

For SP-A, the peptide subunits are composed of three, 35-kDa-polypeptide, monomer chains
that are held together by disulfide bonds at the N-terminus. Together, the three monomer
subunits form a trimer. The trimer has a molecular weight of 105 kDa which, when finally
assembled (six trimers) into the mature SP-A protein, yields an octadecameric molecule of
630 kDa (Haagsman et al., 1989). As depicted in Figure 1, mature SP-A has 248 amino
acids, of which seven are in the N-terminus, 73 in the collagen region, 34 in the neck region
and 123 in the CRD (Floros et al., 2009). SP-D protein is oligomerized into a 520-kDa
molecular weight protein, with each trimer having a molecular weight of 130 kDa
(Holmskov et al., 1997). The gene transcription and translation to final protein is illustrated
in Figure 1. Crouch and colleagues performed electron microscopic and correlative
biochemical techniques in order to examine the quaternary structure of rat SP-D (Crouch et
al., 1993). They demonstrated that SP-D is assembled as homopolymers of four identical
trimeric subunits, and that interchain disulfide bonds stabilize interactions at the amino-
terminal domains of the trimers. They also showed that SP-D molecules can associate to
form complex multimolecular structures. These observations are imperative as they may
explain the difficulty in denaturing the strong inter-sulfide bonds in order to detect the
primary protein structure on native gel blots. Antibody bands at varying molecular weights
are reported in the literature, spanning molecular weights of 35-46 kDa. Similar variations
are found in SP-A immunoblotting in the literature.

By simple analysis of the basic structure of these proteins, the simplest polypeptide chain if
reduced to it most native form would yield a band of 35 kDa for monomeric SP-A (Floros et
al., 1986). A band of 66 kDa represents a partially reduced dimer (Awasthi et al., 2011), 105
kDa represents a trimer, while a 630-kDa band represents mature SP-A protein with six
oligomers bound together (octadecamer) (Kishore et al., 2005; Kishore et al., 2006).
Similarly, for SP-D one may anticipate 43 kDa (Kankavi et al., 2008), 130 kDa or 520 kDa
molecular weight bands depending on the degree of denaturation achieved.
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The process of oligomerization is what differentiates the final tridimensional appearance of
SP-A and SP-D. SP-A is assembled by six trimers in a “bouquet” formation, in which the N-
terminus bind to each other in parallel at the foot of the molecule. On the other hand, SP-D
is formed by four trimers in a radial alignment to impart a cruciform organization (Voss et
al., 1988). In animal models, it was demonstrated that the deletion of the collagen-like
domain from SP-A impacted the association of the oligomers, thereby impairing liposomal
aggregation, one of the primary functions of the SP-A (McCormack et al., 1997). However,
modification of the N-terminus by selective disruption of Cys6 in SP-A (McCormack et al.,
1999) and substitution of C15S and C20S in SP-D blocks the regular function of the protein
(Zhang et al., 2001). In conjunction, these data demonstrate the critical role of the
oligomeric and tridimensional structure of SPA and SP-D for proper function.

4. Genetics of SP-A and SP-D

The genes responsible for encoding the collectin proteins SP-A, SP-D, and MBL in humans
are located on chromosome 10 (Kolble and Reid, 1993). More specifically, these genes are
on the long arm of the chromosome, 10q as shown in Figure 1. In humans, two different but
significantly homologous genes, SP-Al and SP-A2, encode the SP-A protein. At the
nucleotide level, they have a similarity of 94% similarity and on the amino acid level, 96%.
Interestingly, in the same chromosome there is a pseudogene SP-A, it has significant
similarity in intron V1. However, the upstream sequence is not detectable in the western-blot,
likely due to a premature stop-codon (Korfhagen et al., 1991).

4.1 Significance of SP-Al and SP-A2 and Allelic Variants

It is believed that the final protein product of SP-A is a result of the expression of two
distinct but similar genes, SP-Al and SP-A2. The complex requires two SP-A1 gene
products and one SP-A2 product per trimer (Voss et al., 1991). Both genes have a 5
untranslated region (UTR) containing exons A-D. The splice variants arising from changes
in the 5"UTR are well described. The most common variant in the population is AD' which
occurs in 81% of the population (Karinch and Floros, 1995). Other variants are depicted in
Figure 2. The highly conserved TATAAA domain is similar in both genes. The first coding
exon | contains part of Exon D of the 5° UTR followed by exons II, 1l and IV. The 3" UTR
begins at the stop codon TGA within Exon IV. This is followed by a polyadenylation signal
sequence. The highest divergence of the two genes are in the upstream region, intron | and
exon 11, (Katyal et al., 1992).

The allelic variants arising from nucleotide variants are also well known for both genes
(Karinch and Floros, 1995). The known SP-A1 allelic variants are 6A, 6A%, 6AL, 6A2, 6A3,
6A%. For SP-A2, the allelic variants are 1A, 1A%, 1AL, 1A2. The clinical significance of
these observations is paramount as the frequency of allelic variation can be analyzed via
haplotype analysis. Certain variants or haplotypes may either result in an increased risk or
confer protection for a particular disease state. To date, all of these studies have been carried
out in the pulmonary system. The greatest example of this is observed in neonates born
prematurely who develop respiratory distress syndrome (RDS). The major combined
haplotypes of SP-A1 and SP-A2 or the 6A%/1A0 haplotype has been shown to increase the
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risk of RDS (Haataja et al., 2000; Marttila et al., 2003a). On the other hand, a Finnish study
of near term twin infants revealed that the same 6A2/1A0 haplotype protected from RDS
(Marttila et al., 2003b). As some 50% of twins are born preterm, the 6A%/1A0 haplotype can
be regarded as a neonatal survival factor for twins.

4.2 Genetics of SP-D

The SP-D gene is also located on the long arm of chromosome 10. The human SP-D DNA
structure was first characterized after structural analysis of SP-D obtained from the amniotic
fluid followed by identification of the complimentary DNA (cDNA) (Lu et al., 1992). Later,
localization of SP-D gene was identified at 10922.2-23.1, which has close proximity to SP-A
(10g21-24) and MBP (10g11.2-g21) (Crouch et al., 1993). The proximity of the SP-A and
SP-D genes has been demonstrated by gene sequencing in a variety of mammals.

4.3 SP-A/SP-D Haplotypes

Looking at bronchopulmonary dysplasia (BPD) in preterm infants, SP-A2 and SP-D genes
and disease groups were analyzed by transmission disequilibrium testing (TDT) in babies at
28 days of life (BPD28D) (Pavlovic et al., 2006). The DA160 (G)SP-A2 (1A2) and the
DA11 (C)DA160 (G)SP-A2 (1A2) haplotypes of SP-D/SP-A2 were not transmitted to the
affected child. Therefore, the authors concluded that these haplotypes may act as protective
factors in the BPD.

The risk of developing viral infections may also be modulated by variants in SP-A/D.
Lofgren and Lahti et a/ (Lahti et al., 2002; Lofgren et al., 2002) performed elegant studies in
which they studied the risk of RSV in infants in wintertime when disease rates are high.
Controlling for confounders such as gestational age at birth, crowding and smoking in the
family, they found that the Met11Thr genotype of SP-D was associated with protection from
severe RSV, whereas the 11Met allele was associated with RSV bronchiolitis. The SP-A2
223Lys allele was overrepresented in infants with severe RSV infection, whereas 91Pro was
underrepresented in severe RSV. Similar haplotype analyses for other extra-pulmonary
disease states are currently ongoing. The constraining factor will be that the sequences of
these collectin proteins may vary from organ system to another. Therefore, it is imperative
that sequence analysis be performed for all collectins identified outside the pulmonary
system.

5. Homology of Collectin Biology Across Species

From an evolutionary standpoint, several of the collectin genes have duplicated and
clustered, while others have involuted (Seyfarth et al., 2005). Figure 3 depicts the genetic
loci for the prominent collectin genes across the species in which they have been most
studied. In humans, the genes for SFTPAL, SFTPA2, SFTPD, MBL1 and MBL2 are all in
close proximity to one another on chromosome 10 (Kolble and Reid, 1993). In contrast, the
murine SFTPA, the SFTPD and Mbl1 genes are found on chromosome 14 while Mbl2 is on
chromosome 19 (White et al., 1994). Akiyama et al. characterized the murine genes showing
that all three are located within a 55-kb region on chromosome 14 (Motwani et al., 1995).
However, murine SP-A and Mbl1 are in closer proximity to each other as opposed to in
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humans, where SFTPA2, MBL3 and SFTPA1 are in order upstream of SFTPD, which is then
followed by MBL1.

SP-A protein is encoded by a single gene copy in rabbits (Boggaram and Mendelson, 1988),
rats (Fisher et al., 1988), mice (Korfhagen et al., 1992) and dogs (Benson et al., 1985). It has
been reported that baboons, similar to humans, carry two slightly different genes for SP-A
on chromosome 9 (Gao et al., 1996; Li et al., 1998). The genes of baboons and humans
share a high similarity on the amino acid level (92%) when compared to the rabbit (74%).
However, the NCBI database contains only one gene sequence for Papio anubis for SFTPA1
[GenelD: 101023773 as of March 7, 2017].

The genomic sequence of murine SP-A also has significant homology to its human
counterpart. The exon sequences have approximately 75% concordance between the two
species. The intron regions tend to be shorter in the murine sequence, with similarity as high
as 70% in some of the same introns. Interestingly, other intron sequencesshow no homology.
Regarding the murine SP-A protein, the homology with human SP-A is noticeable in the
organization of structural domains and sites of post-translational modification including the
crucial 23 Gly-X-Y repeats and 4 cysteine residues of the carboxyl-terminal lectin domain.
Exon 3, 4 and 5 encode the collagen-like domain and the lectin domains are encoded
entirely in exon 6 in both species (Korfhagen et al., 1992).

Murine and human SFTPD genes also share significant homology, both having the
translation initiation codon in exon 2 (Akiyama et al., 1999). The mature SP-D protein of the
mouse has 76% concordance to that of humans (Lu et al., 1992). The alignment of the amino
acid sequence of mouse, rat, human and bovine SP-D demonstrates that the seven repeats of
Gly-X-Y from the collagen domain is the most conserved region across the species
(Motwani et al., 1995).

6. Two Newly Identified Surfactant Proteins SP-G and SP-H

Recently, two novel surfactant proteins have been identified in lung tissue. This discovery
highlights that our previous understanding of the anatomical constituents of the pulmonary
system is incomplete and that the mechanisms of its constituents have not yet been fully
elucidated. Surfactant protein G (SP-G) or surfactant associated protein 2 (SFTA2) is
encoded in chromosome 6, with a final product of 78 amino acids and a molecular weight of
~8 kDa (Rausch et al., 2012). Surfactant protein H (SP-H) or surfactant associated protein 3
(SFTA3) is encoded on chromosome 14. The primary translation product of SP-H consists of
94 amino acids with a molecular weight of ~10 kDa (Schicht et al., 2014).

Neither of the new proteins has significant structural similarity to the previously described
four surfactant proteins, however, they both exhibit physicochemical similarities to SP-B and
SP-C, including the surface-regulatory properties necessary for adsorption of the lung
interface. SP-H may also have immunomodulatory effects, since it is downregulated by
cytokines such as IL-1p and IL-23 and is upregulated by LPS via TLR-2 and 4. Similar to
SP-A and SP-D, both SP-G and SP-H have been identified in other tissues besides the lung.
Rausch et al. found mRNA for SP-G to be present in kidneys, heart, testis, umbilical cord
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and trophoblast, whereas Schicht et al. amplified SP-H mRNA in eyelid, heart, kidney, testis,
multiple areas of the gastrointestinal tract and umbilical cord (Rausch et al., 2012; Schicht et
al., 2014).

The discovery of these new surfactant proteins will also have implications for cross
reactivity with receptors and downstream effects. The potential for up-regulation of any
lectin in order to compensate for inadequate or abnormal functioning of another surfactant
protein is an intriguing concept which merits further rigorous study. This is crucial
especially as novel therapeutic pathways may be identified for one or more of these targets.

7. Immunological Roles of SP-A and SP-D

SP-A and SP-D have both been shown to play an important role in innate and adaptive
immunity. Classically, they have been known to contribute to the primary defense
mechanisms of both human and animal pulmonary systems, which are constantly exposed to
foreign organisms and noxious stimuli. Over the last three decades, more information has
come to light regarding the non-pulmonary organ systems in which these proteins are also
found. The mechanisms by which they function outside the lung is an area of active study,
both from a pathological and translational clinical standpoint. From the newborn period to
adulthood, they are essential in the protection against pathogenic infecting organisms, the
regulation of allergic responses, as well as modulation and resolution of inflammation
throughout the human body. The ability to modulate these proteins has the potential to
provide a new range of therapeutic options in this era of high antimicrobial resistance.

It was mentioned above that the CRD's of both SP-A and D bind to carbohydrate moieties.
While the CRD's of all collectins have a high affinity for mannose, SP-A has preference for
N-acetylmannosamine and L-fucose, while SP-D binds to inositol, maltose and glucose
(Haagsman et al., 1987; Persson et al., 1990). In most vertebrate animals, clusters of
oligosaccharides are usually made up of galactose and sialic acid, which are poorly
recognized by collectins. This may be significant in distinguishing self from non-self
(Wright, 2004).

As we strive to understand the multitude of physiological and pathological roles these
collectins may play, it is helpful to breakdown each of the pathways in which they are
involved and discuss each one individually. This is by no means intended to be a
comprehensive discussion of each functional pathway, but rather an overview of the
multitude of complex signaling pathways, which may be affected by the collectin proteins.

7.1 Activation of Complement Pathway

Besides SP-A and SP-D, another member of the collectin family is MBL, which has a high
degree of similarity to the complement protein, C1qg. Even though, they can be classified
structurally as collectins, SP-A and SP-D are distinct from C1q due to differences in their
non-collagenous regions (Voss et al., 1988). However, there is still a great similarity in the
collagen-like domain and immunological functions of these proteins. For example, SP-A and
SP-D mimic ligands for the “Complement Cascade Pathway” which ultimately leads to
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recruitment of inflammatory cells, activation of phagocytes and opsonization or the direct
killing of pathogens (Tenner et al., 1989).

7.2 Opsonization

Opsonization is the process by which foreign invading organisms are targeted for
recognition by immune cells such as phagocytes or macrophages. One example of
opsonization of pathogens mediated by SP's is via LPS. This is a Gram-negative outer
membrane toxin known to elicit a major inflammatory reaction once bound to either SP-A or
SP-D (Mclntosh et al., 1996). Similarly, the P2 outer membrane protein (OMP P2) of
Haemophilus influenzae is known to bind to SP-A (McNeely and Coonrod, 1994), while
lipoarabino-mannan (LAM) of Mycobacterium tuberculosis binds to SP-D (Ferguson et al.,
1999).

Regarding opsonization of viruses, SP-A binds with respiratory syncytial virus (RSV)
through the glycoprotein (GP) in a calcium-dependent manner (Ghildyal et al., 1999). SP-D
on the other hand, interacts via the respiratory G-protein (Hickling et al., 1999). This pattern
of binding to different structures in the same organisms also applies to other viruses. SP-D
binds to influenza virus most likely via the neuraminidase envelope glycoprotein (Hartshorn
et al., 1996), whereas the SP-A binds through the N-linked oligosaccharide (Hartshorn et al.,
1997).

7.3 Aggregation

SP-A and D can target pathogens by simple aggregation, without a direct interaction with
the cell. Similar to complement C1q, SPA can function as an “activation-ligand” which
facilitates particle uptake once it is coated by Immunoglobulin G (Tenner et al., 1989).

7.4 Ligand Receptor Association

SP-A and SP-D have both been shown to up regulate the expression of cell-surface
receptors, which are responsible for pathogen recognition and phagocytosis. Mannose
receptors in the alveolar macrophage are important for phagocytosis of extracellular
pathogens in the airway. Beharka et a/showed an increased expression of mannose receptors
in wild type mice when compared to SP-A knockout mice (Beharka et al., 2002). Similarly,
Kudo and colleagues also demonstrated the up-regulation of the same receptor in alveolar
macrophages treated with SP-A and SP-D (Kudo et al., 2004). However, the same mannose
receptors were shown to facilitate contamination by facultative intracellular pathogens as
Mycobacterium tuberculosis and Mycobacterium avium in both studies. In addition, both
SP-A and D are known to bind to the family of Toll Like Receptors (TLR's) that are trans-
membrane receptors on immune cells such as macrophages and dendritic cells. They are
known to recognize microbial molecules but SP-A and D have been shown to have affinity
for TLR-2 and 4. This is discussed in more detail below.

7.5 Direct Killing

One very interesting function of surfactant proteins is the direct killing of pathogens.
Complement protein C1q, a collectin protein, is a key component of the classical pathway of
C1 complex. Ultimately, this cascade can lead to formation of the membrane-attack
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complex, which forms pores in the lipid bilayer membrane, responsible for disruption of the
proton gradient, thereby killing the pathogen (Endo et al., 1998). Wu et a/ showed that SP-A
and SP-D could increase cell membrane permeability of the Escherichia coli K12 strain
independently of macrophage activity or pathogen aggregation (Wu et al., 2003). However,
Kuzmenko and colleagues demonstrated that oxidative stress inhibits the antibacterial
activity of SP-A by a mechanism that includes oxidative modification and functional
inactivation of the protein (Kuzmenko et al., 2005). This is a primary concern in lung
pathologies that require the delivery of high fractions of supplemental oxygen than the room
air oxygen tension of the regular environment.

8. Interaction of Molecules with Collectins- Ligands and Receptors

The age-old question still remains: are SP-A and SP-D pro- or anti-inflammatory molecules?
The simple answer is that they are both. However, the true nature of their activity is far more
complex. These collectins may be activated by upstream ligands, while they themselves are
known to bind to a multitude of receptors leading to an activation of cell immunity signaling
pathways. Rather, it is important to understand that inflammation is a dynamic and important
process in the defense against invading microbes, but, that these very same reactions may
overwhelm the host, leading to catastrophic cytokine release or induction of systemic
inflammation that overwhelms the host. Therefore, it is important to categorize the various
ligands that may bind to or activate SP-A and SP-D and then characterize the downstream
receptors to which these collectins can also bind. The various ligands and receptors of SP-A
and SP-D are comprehensively illustrated in Figure 4.

8.1 Ligands or Protein Acceptors

As immune response is the primary function of collectins, specific ligands are needed to for
SP-A and SP-D to fulfill their downstream effects. Specific ligand classes are reviewed in
the following sections.

a) Pathogenic Organisms—LPS is a Gram-negative outer membrane toxin that is
known to elicit major inflammatory reactions once bound to either SP-A or SP-D (Mclintosh
et al., 1996). Kuan et al demonstrated that bacterial LPS is a major ligand for SP-D on
Escherichia coli. They showed that LPS from rough strain mutants, but not by smooth which
suggested that core terminal glucose and/or heptose residues in SP-D bind to LPS. The
ability of SP-D to interact with species of LPSs that are deficient in terminal O-
polysaccharide is important because the majority of clinical Gram-negative isolates and
isolates of Gram-negative bacteria from the gut of healthy humans express O-
polysaccharides and demonstrate a “smooth” phenotype. Enteric bacteria that lack O-
specific polysaccharides are usually nonpathogenic and rapidly cleared. However, many
non-enteric organisms do not express terminal O-polysaccharide, such as the organisms that
colonize the upper aerodigestive tract. Of note, isolates of Pseudomonas aeruginosa from
patients with chronic lung infections in the setting of cystic fibrosis are typically deficient in
O-polysaccharides (Hancock et al., 1983). Curiously, there is a report in the literature that
Pseudomonas aeruginosa can develop resistance to the binding capacity of surfactant
proteins by glycosylation of the type IV pilus in the lung. This could explain why this is a
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common pathogen in patients with chronic lung diseases such as cystic fibrosis (Tan et al.,
2015).

The P2 outer membrane protein (OMP P2) of Haemophilus influenzae was initially found to
bind to SP-A (McNeely and Coonrod, 1994). Similarly, lipoarabino-mannan (LAM) of the
Mycobacterium tuberculosis binds to SP-D (Ferguson et al., 1999).

b) Immunoglobulins—Most classes of immunoglobulins have been shown to bind or
aggregate with SP-A and/or SP-D. Immunoglobulins have two functional regions, the
fragment of antigen recognition (Fab) and fragment crystallizable region (Fc). The first
region, as the name implies, recognizes antigens such as bacteria and viruses. The second is
recognized by immune cells such as collectins and complement (Tenner et al., 1989). This
concept implies that the surfactant proteins not only participate in the innate immune
system, but also in the adaptive immune system. It has been demonstrated that SP-D
interacts with 19G, IgE, IgM and secretory IgA, but not serum IgA. This interaction occurs
via either the Fab or Fc regions (Nadesalingam et al., 2005). SP-A, on the other hand, has
been demonstrated only to bind with IgG and that, too, only via the Fc region (Lin and
Wright, 2006; Wofford and Wright, 2007).

¢) Scavenger Receptor Cysteine Rich—Another class of ligands known to interact
with both SP-A and SP-D is the innate immunity, scavenger receptor cysteine rich (SRCR)
domain. Glycoprotein-340 (GP-340), Salivary Agglutinin (SAG) and Deleted in Malignant
Brain Tumor 1 (DMBT1) are the same protein with different names, as they were all initially
identified in various organ systems, but later found to have sequence homology. In

particular, there appears to be an abundance of this protein in salivary glands and in the oral
mucosa (Ligtenberg et al., 2001). It has been shown to interact with a broad range of
pathogens, such as streptococci and Helicobacter pylori, influenza viruses and HIV, but also
with mucosal defense proteins, such as IgA and surfactant proteins. Stimulation of alveolar
macrophage migration, suppression of neutrophil oxidative burst and activation of the
complement cascade are also implicated as important immune functions of this protein
(Ligtenberg et al., 2007). GP-340 has been shown to be present in the soluble form as well
as in alveolar macrophages; however it was only demonstrated to bind to the surfactant
proteins in the soluble form. Soluble SCRC has been found to be a regulator of the lectin
pathway of complement. The authors, however, believed that there is a dual physiological
role; i.e. it acts as an activator of complement when it is bound to a surface, but, when free in
the fluid phase, it acts as an inhibitor of the lectin pathway of complement. The lectin
pathway inhibition is likely due to formation of similar soluble complexes with MBL
(Reichhardt et al., 2012).

d) Defensins—Several ligands described in the literature appear to have only affinity to
SP-D. Defensins from neutrophils were demonstrated to have high affinity for SP-D, which
decreases the infectivity of enveloped viruses (Hartshorn et al., 1997; Hartshorn et al., 2006).
Decorin, a proteoglycan present in the amniotic fluid and in the extracellular matrix, can also
interact with SP-D (Nadesalingam et al., 2003). This protein is a component of connective
tissue, binds to type I collagen fibrils, and plays a role in matrix assembly. Since SP-D has a
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collagen domain, it was found to interact with decorin in the same manner as collagens
fibrils (Nadesalingam et al., 2003; Salinas and Anseth, 2009).

8.2 Protein Receptors

Cell-surface receptors or trans-membrane proteins are necessary to enable the broad
downstream immune function of SP-A and SP-D. These are described below.

a) Calreticulin—The structural similarity between the collagenous-like region of C1q and
collectins makes the possibility, that they share a common receptor, an attractive one. The
first common receptor described for C1q, MBL, conglutinin and SP-A was calreticulin
(CRT), which binds to these extracellular proteins via the collagen domain (Eggleton et al.,
1994). Curiously, CRT is an intracellular protein present in the endoplasmic reticulum. It is
bound to trans membrane protein CD91, an important receptor for heat shock proteins
(HSP's) (Pawaria and Binder, 2011). HSP's stabilize newly transcribed proteins by ensuring
correct folding or by helping to refold proteins that have been damaged by cell stress
(Balchin et al., 2016). This is when collectin proteins are likely to have highest expression in
tissues. Specifically, to SP-A and SP-D, Vandivier ef a/ demonstrated that the CRT-CD91
complex are one of the mechanisms used by surfactant proteins to drive phagocytosis of
apoptotic cells (Vandivier et al., 2006).

b) C1q receptor which modulates phagocytosis (C1qRp)

This receptor is expressed on cells of myeloid lineage and is also known as CD93. It was
initially described as an important receptor for C1q, MBL and SP-A since monoclonal
antibodies against collectin proteins decrease the phagocytosis (Nepomuceno et al., 1997).
However, later it was shown that collectins have no enhanced binding to CD93 and CD93
knockout mice show conflicting results of phagocytosis in vitro versus in vivo (McGreal et
al., 2002; Norsworthy et al., 2004).

C1gRp was shown to mediate enhancement of phagocytosis in monocytes and was
suggested to be a receptor of C1q. Steinberger and colleagues showed that cells expressing
CD93 had enhanced capacity to bind C1q (Steinberger et al., 2002).

c) CD14—Another important receptor of SP-A and SP-D is CD14, present on macrophages
and tissue monocytes. The Cluster Differentiation 14 receptor acts as a co-receptor with
TLR-4 for LPS from Gram-negative bacteria leading to a significant inflammatory response.
This interaction is dependent in the presence of lipopolysaccharide binding protein (LBP)
(Remer et al., 2003). Both SP-A and SP-D modulate LPS/CD14 interaction. The SP-A neck
domain recognizes a peptide component of CD14 whereas the SP-D lectin domain
recognizes a carbohydrate moiety of CD14. This disparity is evidence of a divergence in
modulation of LPS/CD14 interaction. SP-D has been shown to decrease CD14 binding to
both smooth and rough LPS. SP-A, on the other hand, enhances CD14 binding to rough LPS
and inhibits binding to smooth (Sano et al., 2000). When SP-A and D interact as ligands
with CD14, the result is decreased expression of TNF-a, IL-1a, and IL-1p as well as NF-xB
DNA binding activity, proving that surfactant collectins have important modulatory effects
during Gram-negative infection (Alcorn and Wright, 2004; Senft et al., 2005).
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d) SIRPa—Another demonstration of the anti-inflammatory effect of surfactant collectins
is the ability to interact with Signal-Inhibitory Regulatory Protein alpha (SIRPa).
Interestingly, surfactant collectins can alter their engagement depending on the presence of
pathogens or debris in the extracellular content. SP-A and D can bind to SIRPa via the
lectin domain, thereby decreasing bind to CRT/CD91. On the other hand, in the presence of
a pathogen, both proteins can bind to those through the lectin domain and the collagen
domain activates immune cells through CRT/CD91 (Gardai et al., 2003).

e) Toll-like receptors—TLR's are important receptors in the innate immune system. They
are expressed on immune cells such as macrophages and dendritic cells which recognize
microbial substrates (Kaisho and Akira, 2000). SP-A and SP-D are ligands for both TLR-2
and TLR-4. Both receptors are present on the cell surface and modulate intracellular
signaling either via MyD88 or TRAF adaptors, ultimately increasing protein transcription of
cytokines (Akira et al., 2000; Chuang et al., 2011; Wu et al., 2015). The TLR signaling
pathway, in association with ligands and expression of cytokines, is depicted in Figure 5.
Other common TLR-2 ligands are bacterial peptidoglycan from gram-positive organisms
and LPS for TLR-4 (Chuang et al., 2011; Ohya et al., 2006). Sato and his colleagues showed
that SP-A attenuates cytokine production by TLR-2 due to directly binding to the receptor
when exposed to pro-inflammatory substances (Sato et al., 2003). A direct interaction of SP-
A with TLR-2 has also been shown to alter peptidoglycan-induced cell signaling, thereby
modulating inflammatory responses to bacterial components. Yamada et a/ also
demonstrated a similar effect of SP-A on the TLR4 and MD-2 receptors decreasing NF-xB
activation (Yamada et al., 2006). SP-D has also been shown to have a similar function as a
ligand for TLR-2 and TLR-4 as was previously demonstrated for SP-A. Ohya and colleagues
demonstrated that natural and recombinant SP-D's exhibit specific binding to the
extracellular domains of the soluble forms of recombinant TLR-2 and TLR-4. Binding was
both concentration and Ca2+-dependent via CRD (Ohya et al., 2006).

Interestingly, SP's themselves, can be regulated by other TLR ligands. LPS from Gram-
negative bacteria has been show to induce expression of both SP-A and SP-D (Herbein and
Wright, 2001; Saka et al., 2016; Vayrynen et al., 2002) Similarly, our research group has
shown that human retinal Mdller cells, when exposed to the TLR-2 ligand (PamCy3) and
TLR-4 ligand (LPS), showed an up regulation of SP-A protein expression (Bhatti et al.,
2015).

f) CR3 or CD11 b—Also known as Macrophage-1 antigen (or integrin aMp2 or
macrophage integrin or Mac-1) CR3 is a complement receptor, consisting of CD11b and
CD18. These receptors are important for macrophage phagocytosis. Gil and colleagues
demonstrated that SP-A modulates cell expression of CR3. SP-A knockout mice had
reduced levels of CR3, however, after endotracheal administration of SP-A, translocation of
CR3 to the cell surface was observed (Gil et al., 2009). This is important, because SP-A
augmented CR3-mediated phagocytosis in a manner that was attenuated by N-glycanase or
collagenase treatment of SP-A, implicating the N-linked sugar and collagen-like domains in
phagocytosis. The binding of CR3 to SP-A was calcium dependent. N-linked sugars were
more critical than the collagen-like domain on the extent of oligomeric assembly. Therefore,
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the authors concluded that SP-A modulates the cell surface expression of CR3 on alveolar
macrophages, binds to CR3, and enhances CR3-mediated phagocytosis. This has
implications for various bacterial infections. Inhalational pneumonic tularemia, caused by
Francisella tularensis, is lethal in humans. It has been demonstrated that human
macrophages phagocytose more £, tularensis than monocytes and that this phagocytosis was
dependent on CR3, Fc gamma receptors, the mannose receptor, and SP-A present in lung
alveoli (Balagopal et al., 2006).

g) SP-R210—Macrophages have two receptors that have been shown to interact only with
SP-A. SPR-210 which is found on type Il alveolar cells, seems to play an active role in
Mycobacterium bovis uptake (Weikert et al., 1997). SP-R210 is another SP-A receptor, with
two different isoforms, SP-R210L and SP-R210S that result from alternative splicing of the
gene. SP-R210 has been shown to increase phagocytosis (Sever-Chroneos et al., 2011).
Using WT alveolar macrophages, it was demonstrated that active functioning macrophages
are represented by expression of SP-R210 (L). Furthermore, this receptor was important in
decreasing susceptibility to the bacteria, Staphylococcus aureus. The lungs of susceptible
mice generated abnormal inflammatory responses that were associated with impaired killing
and persistence of S. aureus infection in the lung. This SP-A receptor also regulates
internalization of CD14 via distinct macro pinocytosis-like mechanisms, thereby enhancing
the response to LPS (Yang et al., 2015).

h) OSCAR—One of the more recently described receptors, is an osteoclast-associated
receptor (OSCAR) which binds to the collagenous domain of SP-D (Barrow et al., 2015).
OSCAR receptors are present in the alveolar macrophage, interstitial lung and blood CCR2+
inflammatory monocyte. These cells secrete TNF-a when exposed to SP-D in an OSCAR-
dependent fashion.

9 Environmental Exposure and Epigenetics

Over the last several decades, the role of epigenetics in mediating genetic and physiological
responses to a variety of environmental insults has come to the forefront of medicine.
Epigenetics refers to the alteration of gene expression without a change to the DNA
sequence itself (Holliday, 1989, 1994; Laird and Jaenisch, 1996). The primary mechanisms
include structural changes in chromatin, resulting in DNA methylation of promoter regions
of CG dinucleotide repeats (inhibition of translation), called CpG sites. Another mechanism
is the acetylation of histone proteins that participate in the enveloping of DNA. Lastly, post-
transcriptional gene regulation represented by microRNA-mediated repression of gene
expression and chromatin-mediated regulation of alternative splicing of proteins (Weinhold,
2006).

Surfactant proteins appear to be susceptible to environmental factors, which can modify their
function. Mikerov et a/ demonstrated that oxidation, by in vivo and in vitro exposure to
ozone, can reduce the ability of SP-A to enhance macrophage phagocytosis (Mikerov et al.,
2008). Similarly, SP-D exposed to metabolites from alcohol and smoking, known as
malondialdehyde-acetaldehyde-adducted proteins (MAA adducts), may result in a pro-
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inflammatory response via up regulation of TNF-a and IL-6 in pulmonary macrophages
(Sapkota et al., 2016).

Lin et al. were able to identify DNA methylation of CpG sites for SP-A and D in patients
with lung cancer by using universal bead arrays (Lin et al., 2007). Similarly, histone
acetylation at regulatory regions of the SP-A gene promoters have been shown to affect SP-
A expression in lung cells during development and also in conditions such as hypoxia and
glucocorticoid exposure (Islam and Mendelson, 2006) (Islam and Mendelson, 2008),
(Benlhabib and Mendelson, 2011). These seemingly different responses to environmental
factors and epigenetic mechanisms, demonstrate that the surfactant collectins can have
heterogeneous expression depending on the exposure suffered by a particular individual.

10 Expression of Surfactant Proteins in Bacteria

In 2013, Brduer and colleagues made the first known determination of expression of all four
SP's by bacteria (Brauer et al., 2013) in the bacterial strains Staphylococcus aureus and
Pseudomonas aeruginosa. For all four SP's, genomic DNA was identified by PCR, mRNA
transcripts identified by RT-PCR, protein expression was detected by western blotting and
quantified by ELISA. For S. aureus, the concentration of each SP was significantly increased
in case of anaerobic cultivation. SP levels in P, aeruginosa also rose after anaerobic
cultivation, but not to a statistically significant degree. In order to study sub-cellular
localization, they used immunofluorescent and immunogold labeling in electron microscopy.
In both bacterial strains, antibody reactivity was present mainly on the surface of the
microorganisms, but also in the cytosol to a lesser degree. The authors speculated that the
ability of bacteria to produce SP's may have evolved in an adaptive capacity. This exciting
discovery further adds to the complexity of the known immune modulating mechanisms and
the resistance factors utilized by microbial agents to escape destruction.

11 Anti-Inflammatory Effects of Surfactant Collectins

In recent years, new data suggest the importance of SP's in regulating inflammation to
reduce injury of tissues. Acute pancreatic injury is a common finding in sepsis and one of
the organs to suffer during an exaggerated inflammatory response. Liu et. a/using a mouse
model of acute pancreatic injury demonstrated that wild type mice had decreased apoptosis
and neutrophil infiltration when compared to SP-D knockout mice, demonstrating the
protective effect of SP-D (Liu et al., 2015). Saka et a/ established the protective effect of SP-
D in the devastating neonatal intestinal disease, necrotizing enterocolitis (NEC), by
establishing that SP-D could attenuate TLR-4 over-expression in immature embryonal
intestine cells (Saka et al., 2016). Furthermore, human purified SP-A, given orally to mice in
an experimental model of neonatal NEC, reduced intestinal levels of pro-inflammatory
cytokines and TLR-4 proteins ameliorating adverse outcomes associated with this often fatal
clinical condition (Quintanilla et al., 2015). These results give further credence to the idea
that modulation of these surfactant proteins has the potential to be used as targeted therapies
in a variety of pathological conditions.

Ann Anat. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vieira et al. Page 16

12 Review of The Localization and Known Functions of Extra-Pulmonary
SP-A AND SP-D

Now that we have discussed the underlying mechanisms and signaling pathways that
collectin SP's are involved in, it will allow us to understand the wide array of organ and
tissue distribution that these SP's have been reported in. The range of collectins is
systematically depicted in Figure 6. Many of the roles of SP's in particular organ systems are
still a subject of intense study. Nonetheless, the information known to date bears review.

12.1 Central Nervous System

A study in 2004 systemically mapped SP-A protein in various organs of the rat, by
immunohistochemistry. SP-A was detected in the myelin sheath of the rat brain using a
polyclonal antibody (Luo et al., 2004). In 2013, Schob and colleagues conducted an
extensive study on post mortem human brain tissue in which they gave a very
comprehensive analysis of the presence of SP-A, B, C and D using immunohistochemistry
(IHC) and RT-PCR (Schob et al., 2013). Utilizing IHC, both SP-A and D proteins were
detected in the tissue surrounding the microvasculature of the brain parenchyma, the
capillaries of choroid plexus stroma and the small vessels at the base of the pineal gland.
These proteins were present in vascular tissue as well as in the adjacent brain tissue. They
speculated that the localization of these proteins at the blood brain barrier aided in the
protection of brain matter from invading microorganisms. Furthermore, subjects who had
autoimmune disease had higher expression of SP-A than controls, whereas subjects with
cerebral infarctions and cerebral infections had lower levels compared to controls.
Expression of SP-D, however, was decreased in all subjects with any inflammatory, ischemic
or infectious pathology as compared to controls. When comparing the concentration of brain
SP's to that in the lung, the concentration in brain tissue was measured to be approximately
twenty five percent of the surfactant protein concentration in the lungs. The only exception
was the choroid plexus. SP's in the cerebellum, the sub ventricular cortex and the brainstem
were in an equivalent range, whereas the tissue concentration of all SPs in the choroid
plexus was approximately twofold higher compared to the concentration in brainstem,
cerebellum and sub ventricular cortex. Again, this speaks to the importance of protective
role these proteins may play in highly vascular choroid and periventricular area that
separates cerebrospinal fluid (CSF) from brain tissue.

In a subsequent paper, the same group of researchers presented further evidence of the role
of SP's in CNS physiology when they reported that SP's were co-localized in neonatal and
adult rat brains with use of astrocyte, a neuronal and endothelial cell markers (Schob et al.,
2016). They found that SP-A was expressed in the CNS of rats during early embryonic age
whereas SP-D was found in the adult only. The SP's were expressed in cells adjacent to CSF
spaces, which the authors concluded, was likely important in influencing and maintaining
physiological CSF flow.

12.2 Ocular System

SP-D mRNA was first detected in human lacrimal gland tissue in 2000 by Madsen et a/
(Madsen et al., 2000) followed by its detection in mice by Akiyama and colleagues in 2002
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(Akiyama et al., 2002). In 2007, Brauer et a/ performed an in-depth analysis of the
distribution of SP-A and SP-D on the ocular surface and in the lacrimal system. SP-A and D
MRNA and protein levels were demonstrated in healthy lacrimal gland, conjunctiva, cornea,
and nasolacrimal duct samples. Moreover, both proteins were present in tears, but were
absent in aqueous humor. IHC revealed the production of both peptides by acinar epithelial
cells of the lacrimal gland and epithelial cells of the conjunctiva and nasolacrimal ducts,
whereas goblet cells revealed no reactivity. Healthy cornea revealed weak reactivity on
epithelial surface cells only. In contrast, SP-A and SP-D revealed strong reactivity in patients
with herpetic keratitis and corneal ulceration surrounding lesions and in several immigrated
defense cells. Reactivity in corneal epithelium and endothelium was also seen in patients
with keratoconus. Cell culture experiments revealed that SP-A and SP-D are produced by
both epithelial cell lines without and after stimulation with cytokines and bacterial
components.

Our lab group studies the association of the collectins, SP-A and D with retinopathy of
prematurity and pathological neovascularization (NV). NV is also a hallmark of diabetic
retinopathy and sometimes with wet age related macular degeneration. We recently showed
that SP-A is present in the mouse retina and appears to be associated with the vasculature of
both choroidal and retinal artery distribution (Bhatti et al., 2015). Up-regulation of SP-A
protein was seen in both retinal tissues as well in human retinal Miiller cells grown in
culture. Utilizing SP-A knockout mice, we furthermore showed that neovascularization was
significantly decreased in the absence of SP-A in the oxygen-induced retinopathy model.
This leads us to believe that collectins in general and SP-A in particular may be up-regulated
during systemic inflammation in the retina and that this leads to an increase in pro-
inflammatory cytokines leading to a disruption of the normal growth of blood vessels in the
developing retina. Unpublished data from our lab also shows that when neonatal mice are
subjected to systemic inflammation induced by LPS, there is an up-regulation of SP-A
protein in the retina, which is also associated with activation of retinal microglial cells.

We conclude that SP-A and possibly SP-D may be important in regulating normal
angiogenesis in the developing retina. We furthermore believe that retinal SP-A is up
regulated during both local and systemic inflammation leading to activation of retinal
microglia. These activated cells further potentiate aberrant vascular signaling and expression
of local cytokines.

12.3 Gastrointestinal System

Chailley-Heu et a/first reported the expression of surfactant proteins in the Gl tract in 1997
(Chailley-Heu et al., 1997). They showed that SP-A and SP-D are expressed by mesenteric
cells and are of embryonic origin (mesodermal), which differentiates them from SP's in the
lung and digestive tract (endodermal origin). In 2001, Bourbon et a/reported that an
antibody raised against mammalian lung SP-A binds to proteins present in intestine and
swim bladder of fish (Bourbon and Chailley-Heu, 2001). They concluded that these proteins,
immunologically identical to SP-A found in humans, are present in modern fish that evolved
from ancestors that never possessed lungs. Moreover, the finding of an SP-A-like protein in
intestine and swim bladder of actinopterygian fish implies that the ancestral form of the
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protein was already present before the emergence of lung structures. From a developmental
standpoint, this is an important observation as it points to an independent embryological
process to equip the gastrointestinal tract with a first line of defense against ingested
microbial and inflammatory insults.

In 2008, Luo and colleagues reported the expression and distribution of SP-A in intestinal
tissue using immunohistochemistry in pathological specimens derived from patients with
Crohn's disease and ulcerative colitis (Luo et al., 2008). SP-A was identified in intestinal
epithelium, the surface of intestinal villi, and in association with the connective tissue of
blood vessels, and in association with inflammatory cells and macrophages. Macrophages
expressing SP-A and being CD68 positive were dramatically increased in tissue that was
inflamed when compared to adjacent non-inflammatory tissue.

Definitive evidence supporting the role of SP-A in mediating intestinal host defense was
reported by Gowdy et a/in 2012 (Gowdy et al., 2012). SP-A”- as well as control mice were
engrafted with allogenic bone marrow transplants. After four weeks, SP-A”~ mice had
significant weight loss and graft vs. host disease. Intestinal inflammation scores were
increased, as was the expression of TNF-a, IL-1 8, IL-6, and IFN-y mRNA when compared
to control tissues.

More recently, the therapeutic value of SP-A protein was studied in an experimental rat
model of neonatal necrotizing enterocolitis (NEC), a potentially fatal infectious/
inflammatory pathology of the intestine seen in premature infants (Quintanilla et al., 2015).
They found that oral administration of purified human SP-A protein reduced intestinal levels
of pro-inflammatory cytokines and TLR-4, as measured by ELISA and western blotting.
Furthermore, it reduced intestinal pathology scores and mortality in rats with NEC treated
with SP-A as compared to placebo.

These seemingly conflicting data may perhaps be a function of the immaturity of the
intestinal tract in premature infants as compared to adults. In the context of low gestational
age and NEC, SP-A may perhaps be functionally or quantifiably limited. Therefore,
replacement therapy may balance the inflammatory milieu of the intestine reducing
inflammation and improving mortality. This needs further study to define the precise
mechanisms by which this occurs.

12.4 Renal System

Utilizing human kidney samples from patients with rejected renal transplants, Kankavi in
2003, showed that SP-A and SP-D were both present in kidney specimens using western
blotting (Kankavi, 2003). Discrete bands were observed using mouse monoclonal antibody
against SP-A and a rabbit polyclonal antibody against SP-D.

Liu and colleagues were the first to report a clinical association between SP-A
polymorphisms and urinary tract infections (UTI's) in a Chinese cohort with recurrent UTI's
(rUTI) (Liu et al., 2010). Looking for 11 single nucleotide polymorphisms (SNP's) for SP-
Al, SP-A2 and SP-D, they found that the 19Ala allele of SP-A1 gene and the 223GlIn allele
of SP-A2 gene are risk factors for r-UTI.

Ann Anat. Author manuscript; available in PMC 2018 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Vieira et al.

Page 19

The specific localization of SP-A in the nephron of human renal tissue and in human renal
epithelial cells (HK-2) was performed by the same group in 2013 (Liu et al., 2013). SP-A
was seen in the renal tubular epithelial cells of the proximal and distal convoluted tubules by
IHC. SP-A-specific cDNA products (a primer pair common to SP-Al and SP-A2, 439 bp)
were amplified from the renal tissues and HK-2 cells. LPS was also found to induce SP-Al
and SP-A2 mRNA and protein syntheses in cultured HK-2 cells. The same group in 2014
studied the expression of SP-A in HK-2 cells treated with LPS (Liu et al., 2014). They found
that SP-ALl, SP-A2 and TNF-a expression were significantly increased in HK-2 cells after
treatment with LPS. They concluded that SP-A plays an important role in protecting renal
tubular cells against sepsis-induced acute kidney injury by inhibiting NF-xB activity to
modulate LPS-induced increase in TNF-a expression.

12.5 Male Genital and Reproductive Systems

The earliest report of SP-A in the male genital tract was published in 2000 when Madsen et
al, performed RT-PCR analysis of SP-D in various organs of the human body (Madsen et al.,
2000). They found high expression of SP-D mRNA in the testis, prostate, and placenta. Low
expression was found in the uterus and mammary gland. In 2008, Kankavi et a/ analyzed the
spermatozoa from healthy male volunteers by performing IHC and western blot analysis
using an SP-A polyclonal antibody (Kankavi et al., 2008). They reported that SP-A was
found in the tail, the mid piece and sometimes at the equatorial region of human
spermatozoa by IHC. SP-A protein was detected in spermatozoa by western blotting as well.
The polyclonal antibody detected a single band corresponding to the molecular weight of 34
kDa in spermatozoa. A monoclonal SP-D antibody showed the band at 43 kDa in sperm.
The same group then followed with an in depth study to determine how surfactant proteins
are altered in prostate adenocarcinomas (Kankavi et al., 2014). Protein expressions were
tested by IHC and Western blots. Immunoreactivity was detected in the cytoplasm from both
basal cells and secretory epithelial cells in malignant and non-malignant areas. SP-A and
SP-D reacted with 34 kDa (SP-A) and 43 kDa (SP-D) immunoreactive single bands, but
these were decreased in tumor tissues. They concluded that the development of prostate
cancer might be related to decreased levels of surfactant protein A and D. In 2015, Beileke
et al described all four SP-A, B, C and D in testicular tissue from male cadavers and male
subjects biopsied for detection of testicular cancer (Beileke et al., 2015). They reported PCR
products of the expected sizes for human SP-A and SP-D in human healthy testis with no
significant alterations in peritumoral samples. Healthy testicular tissue, neoplastic testicular
tissue, prostate tissue, spermatozoa and supernatant of spermatozoal secretions expressed
SP-A bands on Western blotting along with lung. However, while the healthy and diseased
testes, prostate, spermatozoa and lung had three bands at 26, 38 and 60 kDa, spermatozoal
secretions expressed only two bands at 26 and 60 kDa. All tested tissue had a band
expressed for SP-D at 43 kDa except for the spermatozoa which showed no band. The
authors concluded that both proteins could be components of the immune system of the male
reproductive system, and may play a role in defense against pathogens within the urogenital
tract.
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12.6 Female Genital and Reproductive Systems

In 1988, Snyder and colleagues reported that the concentration of surfactant apoprotein in
amniotic fluid increased as a function of gestational age and that an increase in the
concentration of the surfactant apoprotein in amniotic fluid was first observed at about 32
weeks of gestation (Snyder et al., 1988). They also found that the amniotic fluid SP-A
concentration was decreased in diabetic, normotensive women when compared to that in a
matched control group of non-diabetic women. Miyumura and his colleagues performed a
more in depth analysis of SP-A and SP-D localization in fetal membranes in 1994
(Miyamura et al, 1994). They found that both SP-A and SP-D were detected by IHC in
amniotic fluid as early as 26 weeks gestation. SP-A levels rose sharply from 32 weeks
towards term, but that SP-D levels in the same samples rose only moderately. IHC of fetal
membranes, revealed both SP-A and SP-D in the amniotic epithelium and chorio-decidual
layers. They concluded that SP-A and SP-D might play a role in the antibody-independent
recognition and clearance of pathogens in the amniotic fluid.

Further confirmation was found in 2011, when Snegovskikh ef a/ demonstrated that SP-A
localized to endometrium and decidua. (Snegovskikh et al, 2011). Term decidual stromal
cells were treated with high-dose SP-A, inhibiting PGF2a, but the production of other
inflammatory mediators was not affected. Furthermore, they demonstrated that decidual SP-
A expression decreased significantly with initiation of labor.

Macneill and Floros also looked at vaginal tissue and fluid of premenopausal women and
found that SP-A was present in the vaginal epithelium, in particular in the cytoplasm of cells
in the deep portion of the intermediate layer adjacent to the parabasal layer; and in the
superficial layer (MacNeill et al., 2004). They also noted that there were no differences in
localization or intensity of the protein as a function of the ovarian cycle. Further supporting
evidence for the importance of SP-A in the female reproductive tract was seen when Han
and colleagues reported that SP-A is also increased in the chorionic membranes of women
suffering from chorioamniotis (Han et al., 2007). Quantitative real-time RT-PCR
demonstrated expression of SP-A1 mRNA, which was 17.4-fold higher in patients delivering
preterm with chorioamniotis. Several studies have also established that SP-A is an important
marker that increases during the intricate signaling that mediates parturition (Breuiller-
Fouche et al., 2010; Chaiworapongsa et al., 2008; Garcia-Verdugo et al., 2010; Leong et al.,
2008; Salminen et al., 2008; Snegovskikh et al., 2011; Yadav et al., 2011). Most recently,
statistically significant delay in the time to parturition was evident in SP-A and D doubly
deficient mice (Montalbano et al., 2013). It was also found that delayed parturition was
associated with reduced inflammatory and contraction-associated protein gene expression
(IL-1B and IL-6) in myometrial tissues.

Most recently in 2016, Kay and colleagues examined the role of SP-D on the female uterine
structure, function and reproductive cycle (Kay et al., 2016). Using SP-D knockout mice,
they demonstrated that mice deficient in SP-D had extended estrous cycles, and altered
ovarian profiles. They observed higher levels of serum progesterone in proestrous and
estrous phases of SP-D knockout mice. These mice had significantly lower levels of serum
estradiol in diestrous and proestrous phases of the cycle. Using Real-time PCR, they also
showed 7-fold and 6-fold higher transcript levels of estrogen and progesterone receptors
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respectively, in SP-D knockout mice uteri (estrous phase). SP-D knockout mice also had
smaller uterine sizes and smaller litter sizes when compared to controls. Most interestingly,
they observed that the uteri of knockout mice had an increase in pro-inflammatory cytokines
TNF-a, IL-1, IL-17A, CXCL1 and CCL5 with a modest increase in the anti-inflammatory
cytokine IL-10 as compared to wild type mice. This indicated an altered inflammatory
cytokine favoring inflammation. There was also a significant infiltration of M1 monocytes/
macrophages in the uteri of knockout mice

Taken together, these data suggest that collectins modulate not only development of the
female reproductive system, but are also important in the initiation of parturition.
Furthermore, they maintain homeostasis and an anti-inflammatory environment in the
uterus, cervix and vaginal cavities/fluids.

12.7 Skin and integumentary System

Because of their roles as the first line of defense on an array of mucosal surfaces, it was
intuitive to examine the skin as the primary physical barrier of the body to the environment
and foreign antigens. Mo and colleagues performed an in-depth analysis of the distribution
and possible role of surfactant proteins in various dermatological cell types (Mo et al.,
2007). Utilizing commercially available adult and fetal skin cDNA, they showed that the SP-
A PCR signal was observed for both adult and fetal skin cDNA. Next, they examined human
skin lines and used RT-PCR to detect the mMRNA signal. The genetic message for SP-D was
detected in all skin cell types examined as well as the skin cell lines (HaCaT and Colo16).
SP-A expression following nested PCR was observed only in melanocyte and in two
keratinocyte cell lines. They next examined human skin samples and found that RT-PCR
analysis of individual skin samples and control lung showed SP-D expression in all donors,
but that SP-A expression was observed only in two abdominal, but not breast skin donors.
Although of similar sizes to those from human lung, SP-A expression in skin was markedly
lower than compared to lung. IHC analysis of human skin showed strong staining of SP-A in
the epidermis of human skin and throughout the layers of the stratum granulosum and
stratum corneum to the skin surface. SP-D was observed in epidermal layers including the
stratum spinosum, stratum lucidium, and stratum granulosum, and was visible on the outer
surface of the stratum corneum. In addition, SP-D reactivity was also noticed in the dermis,
although the structures responsible for this staining have not been identified. Staining for
SPs was also observed around the hair follicle shaft, although a definitive pattern of
distribution could not be obtained. SP-A stained quite intensely throughout the outer and
inner root sheath, whereas SP-D seemed to have a much lower and diffuse staining through
these structures. In surface tension studies, skin SP-A and SP-D did not affect the
organization of monolayers of artificial sebum. They concluded that the distribution of these
surfactants may be associated with defense against local infections and other skin diseases.

This premise was further supported by the findings of Aiad et a/in 2012 (Aiad et al., 2012),
when they studied the skin of patients with psoriasis and demonstrated that in unaffected
skin, SP-A was restricted to the basal layer; however, in psoriatic skin, it predominantly
appeared in suprabasal layers. Dermal inflammatory cells showed SP-A in about half the
cases studied. Absence of SP-A staining in suprabasal layers after NB-UVB therapy was
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correlated to better response to therapy and shorter duration of treatment. This again
supports the pro-inflammatory role of SP-A in a primarily inflammation driven disease
process.

12.8 Synovial Fluid

Several studies have looked at the presence of surfactant proteins A and D in synovial fluid.
The earliest report is from 1994 when Dobbie and colleagues demonstrated the presence of
lamellar bodies in synovial fluid from patients with rheumatoid arthritis. SP-A
immunoblotting showed strong reactivity in area, intensity and density of cells, which
paralleled the frequency and degree of pathological involvement characteristic of rheumatoid
disease. More recently, Kankavi et a/performed a more in depth analysis to determine the
concentrations of SP-A and SP-D in synovial fluid samples from patients with rheumatoid
arthritis (RA) and healthy controls. They demonstrated that patients with RA had increased
concentrations of proteins and lipids in the synovial fluid, which correlated with a moderate
increase in SP-A and a significant increase in SP-D concentrations. Total protein and
phospholipid content in synovial fluid samples from patients with rheumatoid arthritis was
increased in comparison with samples of healthy synovial fluid. They suggested that SP-A
and SP-D may play role in the initiation of immune system and joint inflammation, and may
be an integral component of synovial fluid.

13. Conclusions

This comprehensive review of the surfactant proteins A and D shows both pro-inflammatory
as well as anti-inflammatory roles for these proteins. More importantly, they contribute to
the host defense of a variety of tissues and organ systems throughout life. In the context of
the neonate, collectins appear to drive homeostasis needed for developmental and
embryological processes culminating in the initiation of parturition and uterine contractions,
expulsion and birth. Postnatally, these collectins are important motors of the inflammatory
and stress responses of the neonate (especially in prematurity) and may be impaired both in
form of a deficiency related to gestational age as well as post-natal up regulation during
infection or stress. In the adult, a multitude of inflammatory disease conditions, which are
related to abnormalities in first line defense mechanisms, may be attributed to abnormalities
in SP-A/D expression and function. In short, these systemic proteins are crucial mediators of
downstream pathways related to both the up regulation of cytokines as well as macrophage
monocyte activation. Therefore, it is imperative that the role and functions of these unique
collectin proteins be thoroughly examined to identify pathways that have the potential to be
targeted in infection and stress.
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Heat shock proteins

Neovascularization
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Figure 1.
Schematic of gene map, transcription and translational products and final protein structure of

SP-A and SP-D. The genes for both SP-A and D are on chromosome 10. The mRNA of both
are flanked by 5" untranslated regions (UTR) and 3" UTR containing a poly A tail. The
UTR's are depicted in light pink for Sfipa and blue for Sfipd. There are four exons in the
5'UTR of SP-A (A-D), whereas the 5"UTR of SP-D has only two (A, B). The four protein
coding domains are named | — IV. The neck (I11) and collagen (1) domains show high
sequence similarities and are shown in identical colors in the translated proteins. The
carbohydrate recognitions domain (CRD, V) and the cysteine-rich N-terminuses (I) are SP-
A and SP-D-specific and exhibit low overall similarities. The final arrangement of protein
chains for both are depicted with the classical bouquet pattern for SP-A and a cross of arms
for SP-D.

Ann Anat. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Vieira et al.

TATA

ATG

5 A & | ¢ |
| | | S
A SP-A1 44bp ——— B SP-A1 30bp C SP-A160bp =——p SP-A2 26bp
SP-A2 44 bp SP-A2 30 bp SP-A2 60 bp
a) —— A’ SP-A1 40bp B’ SP-A1 70bp — D’ SP-A1 23bp
SP-A2 69 bp SP-A2 23 bp
—— A”SP-A1 35bp
b) Transcripts Pattern Frequency Pattern Frequency
Major AD’ 35/43 (84%) ABD 38/87 (44%)
ABD’ 43/87 (49%)
Minor ACD’ 3/43 (7%)
AB’D’ 3/43 (7%)
Rare 2/43 (5%) 6/87 (7%)

Figure 2.

Page 35

Representation of the most common 5"UTR splice variants of SP-A (adapted from Karinch
and Floros, 1995). Alternative splicing results in various combinations of exons in SP-Al
and SP-AZ2 transcripts resulting in varying sizes of the untranslated exons A, B, C and D. For
SP-Al and SP-A2, different combinations of exon variants represent the most common

patterns found in human lung tissue.
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Figure 3.
Comparative gene environment of SP-A and SP-D in Homo sapiens (humans), Papio anubis

(baboons) and Mus musculus (mice). In all three cases, a gene encoding Mannose-binding
lectin (grey) is positioned between Sfipal (red) and Sfipd (blue). The genes are depicted as
arrows representing the 5"-3” direction of the coding strand. Lengths of arrows and gaps are
to scale. On the human chromosome 10, Sftpal and Sftod are separated by a 304 kbp gap
containing 15 genes or pseudogenes (double diagonal lines). Two SP-A encoding genes
were reported for 2 Anubis (Gao et al., 1996; Li et al., 1998). However, only the one
published in the NCBI database (Sffpal) is shown in this figure.
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Secretion of TNF-a in alveolar
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Figure 4.
Ligands and receptors of SP-A and SP-D. Common ligands and Receptors for SP-A are in

red, for SP-D in blue and the receptors which may bind to both are in purple. The function
of the ligand-receptor activation is also noted for each receptor.
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TLR-2 and TLR-4 activation by peptide ligands from microbial agents leads to activation of
the myeloid differentiation primary response gene 88 (MyD88). This must occur in the
presence of the Toll-Interleukin 1 Receptor (TIR) Domain Containing Adaptor Protein, or
TIRAP, which is necessary to recruit MyD88 to the TLR's. MyD88 then signals through the
Interleukin receptor-associated kinase (IRAK) family leading to phosphorylation of the
NFxB. After multiple steps, NFxB then enters the nucleus, resulting in transcription of a

variety of cytokines as well as SP-A and SP-D.
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Figure 6.
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SP-A and SP-D in extra pulmonary tissues and cells as reported in the literature. The

references regarding the role of these proteins are noted in the text.

Ann Anat. Author manuscript; available in PMC 2018 May 01.

Page 39



	Abstract
	2. Introduction
	3. Structure Of SP-A and SP-D
	3.1 N-terminal domain
	3.2 Collagen Body and neck domain
	3.3 Carbohydrate binding domain

	4. Genetics of SP-A and SP-D
	4.1 Significance of SP-A1 and SP-A2 and Allelic Variants
	4.2 Genetics of SP-D
	4.3 SP-A/SP-D Haplotypes

	5. Homology of Collectin Biology Across Species
	6. Two Newly Identified Surfactant Proteins SP-G and SP-H
	7. Immunological Roles of SP-A and SP-D
	7.1 Activation of Complement Pathway
	7.2 Opsonization
	7.3 Aggregation
	7.4 Ligand Receptor Association
	7.5 Direct Killing

	8. Interaction of Molecules with Collectins- Ligands and Receptors
	8.1 Ligands or Protein Acceptors
	a) Pathogenic Organisms
	b) Immunoglobulins
	c) Scavenger Receptor Cysteine Rich
	d) Defensins

	8.2 Protein Receptors
	a) Calreticulin

	b) C1q receptor which modulates phagocytosis (C1qRp)
	c) CD14
	d) SIRPα
	e) Toll-like receptors
	f) CR3 or CD11 b
	g) SP-R210
	h) OSCAR


	9 Environmental Exposure and Epigenetics
	10 Expression of Surfactant Proteins in Bacteria
	11 Anti-Inflammatory Effects of Surfactant Collectins
	12 Review of The Localization and Known Functions of Extra-Pulmonary SP-A AND SP-D
	12.1 Central Nervous System
	12.2 Ocular System
	12.3 Gastrointestinal System
	12.4 Renal System
	12.5 Male Genital and Reproductive Systems
	12.6 Female Genital and Reproductive Systems
	12.7 Skin and integumentary System
	12.8 Synovial Fluid

	13. Conclusions
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

