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�Introduction

The management of infectious diseases in cattle (Bos taurus) is of key importance 
for the economic well-being and maintenance of the agricultural and food industries 
worldwide, affecting both cattle breeding, meat and milk production. Common 
infectious diseases include mastitis, bovine respiratory disease (RBD), bovine 
tuberculosis, gastrointestinal disease, which account for significant economic bur-
den and some other bovine zoonoses (Miles 2009; Abernethy et al. 2013; APHA 
2020; Mcdaniel et al. 2014). Furthermore, the prevalence of infectious diseases is 
also a major cause of increased agricultural antibiotic use, which increases the risk 
of anti-microbial resistance (Prescott et  al. 2012). Therefore, a greater emphasis 
should be placed on understanding the immunobiology of Bos taurus, particularly 
genetic deficiencies that contribute to infectious disease susceptibility but also 
immunological mechanisms that could potentially augment protection against these 
diseases without the requirement of anti-microbials.

As in all mammals, the bovine innate immune system is the first-line defence 
against pathogens and a major component of this are a group of proteins called col-
lectins. Collectins are a family of proteins that have calcium (Ca2+ ) dependent activ-
ity and similar structures characterised by a carbohydrate recognition domain 
(CRD) linked to collagen-like region through an alpha-helical coiled-coil neck 
region. They have diverse roles in innate immune defence and normal physiology. 
The bovine collectins comprise of two lung proteins: surfactant protein A (SP-A) 
and surfactant protein D (SP-D), a number of serum proteins, mannan-binding lec-
tin (MBL), conglutinin (CGN), collectin of 43 kDa (CL-43), collectin of 46 kDa 
(CL-46) as well as two recently discovered collectins: collectin liver 1 (CL-L1) and 
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collectin placenta 1 (CL-P1). The collectins are present in all mammals, except for 
CGN (CGN), which seems to be unique to Bovidae (Lu et al. 1993a).

The collectins can form several higher order structures. The N-terminal regions 
have 1–3 cysteine residues that can form disulphide links, cross-linking the collagen 
regions, which are comprised of three polypeptide chains and can be further organ-
ised  into large oligomeric structures composed of a maximum of six subunits 
(Hansen and Holmskov 2002). Collectins are soluble pattern recognition receptors 
(PPRs) specialised at recognising pathogen-associated molecular pattern (PAMPs) 
of carbohydrate moieties such as lipopolysaccharide (LPS) that are present on 
microbial surfaces (Janeway 1989; Hansen and Holmskov 1998; Murugaiah et al. 
2020). Recognition and binding occur via the CRD regions and can lead to pathogen 
agglutination, neutralization and/or clearance by opsonization of the microbe and 
recruitment of phagocytes for clearance (Kishore et  al. 2006; Murugaiah et  al. 
2020). Mice engineered to be genetically deficient in SP-A or SP-D showed 
increased susceptibility to microbial infections (Levine and Whitsett 2001). 
Collectins have been found in mammalian species, with CGN, CL-43 and CL-46 
predominantly found in Bovidae. It appears that the latter have evolved separately 
in Bovidae from other mammalian species, but share structural similarities to SP-D, 
indicating that they may have key roles in health and disease in cattle and related spe-
cies (Hansen and Holmskov 2002; Gjerstorff et al. 2004a).

The study of bovine collectins and their specific role in bovine infectious disease 
has been neglected. In comparison, collectin immunobiology is well understood in 
human and other model systems (e.g., mice) (Murugaiah et al. 2020). In this review, 
the current knowledge on bovine collectins will be summarised but also gaps in cur-
rent knowledge will be discussed with respect to findings in human and other mam-
malian species. It is hoped that this review will be a trigger for new studies on 
bovine collectins, leading to new approaches for bolstering the immune resilience 
and defence in cattle.

�Genomic Characteristics of Bovine Collectin Family Members

A total of ten collectin genes have been identified in Bovidae, from cattle and other 
herbivore species. MBL1 and MBL2 encode for MBL-A and MBL-C proteins 
respectively, SFTPA1 and SFTPD encode for SP-A and D respectively, CGN1 
encodes for CGN, CL-43 encodes for collectin 43 (CL-43), CL46 encodes for col-
lectin 46 (CL-46), COLEC10 encodes for liver collectin (CL-L1), COLEC11 
encodes for kidney collectin (CL-K1) and COLEC12 encodes for placental collec-
tin (CL-P1) (Hansen and Holmskov 2002; Gjerstorff et al. 2004a; Fraser et al. 2018).

The majority of the bovine collectin genes in Bos taurus (SFTPA1, SFTPD, 
CGN1, MBL1, CL43 and CL46) are located on a single locus on chromosome 28, 
suggesting evolutionary conservation (Fig. 1). In contrast, the remaining bovine col-
lectin genes are found on separate chromosomes: COLEC11 on chromosome 8, 
COLEC10 on chromosome 14, COLEC12 on chromosome 24 and MBL2 on 

A. G. Tsolaki and U. Kishore



209

chromosome 26 (Fig.  1). Analysis of the genomic organisation of the collectin 
genes in Bos taurus suggest that they evolved from gene duplication events of a 
progenitor bovine SP-D gene after Bovidae separated into a distinct evolutionary 
family. Furthermore, CGN has thus only been found in Bovidae species and in addi-
tion to cattle (Bos taurus), it has also been found in sheep, goat, antelope, bison and 
several other species (Lu et al. 1993a; Hughes 2007; Mohan et al. 2015; Souza et al. 
2018; Barik et al. 2020). Evolutionary analysis of the CRD regions of the additional 
collectins show that CL-43 and CGN are most similar and probably evolved from a 
prototype gene that in turn arose from an ancestral SP-D gene for CL-46 and a 
CGN/CL-43 prototype collectin. In Bos taurus, CGN, CL-43 and CL-46 genes are 
found on distal region of chromosome 28, which is analogous to collectin locus in 
humans that is located on chromosome 10 (Gallagher et  al. 1993; Hansen et  al. 
2002a, 2003), and comprises the genes encoding MBL (MBL-C), SP-D, SP-A1 and 
SP-A2 (variants for SP-A) and MBL-A (Sastry et  al. 1989; Kolble et  al. 1993; 
Hoover and Floros 1998). Several repetitive and transposon like elements have been 
observed in CL-43 and CGN genes which may have contributed to gene duplication 
events at this locus and seems further evolved in the Bovidae (Hansen and Holmskov 
2002). Other regulatory elements (e.g., promoter regions) of the CL-43 and CGN1 
display high sequence similarity to SP-D, suggesting a conservation of the tran-
scriptional control mechanisms governing the expression of these genes (He et al. 
2000; Hansen et al. 2002b, 2003).

Fig. 1  Bos taurus collectin gene loci. Schematic representation of the chromosomal locations of 
the bovine collectins. The Ensembl accession numbers for each gene are as follows: SFTPA1 
(ENSBTAT00000031298); SFTPD (ENSBTAG00000046421); MBL1 (ENSBTAT00000001165); 
MBL2 (ENSBTAG00000007049); CL43 (ENSBTAG00000047317); CL46 
(ENSBTAG00000048082); CGN1 (ENSBTAG00000006536); COLEC10 
(ENSBTAG00000017343); COLEC11 (ENSBTAG00000016225) and COLEC12 
(ENSBTAG00000007705). (Data taken from Gjerstorff et al. 2004a; Gjerstorff et al. 2004b; and 
Fraser et al. 2018). Arrows denote direction of transcription

Bovine Collectins: Role in Health and Disease



210

�Diversity, Evolution and Molecular Characteristics 
of Family Members

The six bovine collectins, whose genes reside on chromosome 28 (SP-A, SP-D, 
CGN, MBL-A, CL-43 and CL-46), all show interesting structural similarities. 
Comparing SP-D, CL-43 and CL-46 reveals that they all have an extended collagen-
like region of between 35 and 46 nm in length and are longer (by 15 and 25 nm) than 
the collagen-like region in SP-A and MBL-A. Furthermore, bovine SP-D, CGN and 
CL-46 has 171 amino acid residues in its collagen-like region, which is 6 fewer 
amino acids when compared to human SP-D. The bovine collectins also contain two 
conserved cysteine residues in the N-terminus of the protein, whilst SP-D and 
CL-43 also have an N-linked glycosylation motif at the start of their collagen-like 
regions (Lim et al. 1993; Lu et al. 1993b; Crouch et al. 1994; Hansen et al. 2002a; 
Hansen and Holmskov 2002). Structural studies reveal that the collectins are syn-
thesised as single monomer polypeptides comprising a common CRD, coiled-coil 
neck, collagenous domain and N-terminal cysteine region (Fig. 2). The collectins 
then form homotrimeric subunits composed of these three polypeptide chains, 
except CL-LK which is a heterotrimeric composed of two CL-K1 and 1 CL-L1 
polypeptides (Hansen et al. 2016). Most of the collectins can also form higher oligo-
meric structures with SP-D, CGN, and CL-46 forming cruciforms of four of the 
subunits, whilst SP-A, MBL-A, MBL-C and CL-LK form tetramer, pentamer or 
hexamer bouquet structures (Nayak et al. 2012). CL-43 and CL-P1 exit as a mono-
mers, whilst CL-K1 and CL-L1 form dimeric structures (Crouch et  al. 1994; 
Holmskov et  al. 1995; Lim and Holmskov 1996; Hansen and Holmskov 1998; 
Hansen et al. 2016; Paterson et al. 2019) (Fig. 2). CL-P1 also processes a transmem-
brane domain and an extended α-helical coiled-coil region (Hansen et al. 2016). A 
comparison of the coding regions of the genes reveals that four exons of similar size 
encode most of the collagen-like region (Hansen and Holmskov 2002). There are 
slight differences in size and number of the four exons among the collectins, 
accounting for some of the structural differences seen. For example, SP-D in human, 
rat and mouse have collagen regions of 177 amino acid residues in length, compared 
to bovine SP-D, CGN and CL-46 which have six less amino acid residues (Hansen 
and Holmskov 2002).

A comparison of the CRDs from the bovine collectins revealed conserved resi-
dues among all family members, with CL-43, Cl-46 and CGN clustering together 
with SP-D confirming their evolutionary ancestry (Fig.  3). CL-P1 was the most 
divergent of the family, as it has a number of domains (e.g., transmembrane/intra-
cellular domain), showing its unique property of being a membrane bound collectin 
and possibly a scavenger receptor (Fig. 3) (Ohtani et al. 2001). A comparison of the 
CRD from CGN from several species of Bovidae revealed a hide degree of conser-
vation in the domain, suggesting the importance of this collectin to ruminant immu-
nobiology (Fig. 4). The CRD of B. taurus CGN clustered together with that from 
B. bison and B. indicus × B. taurus and are closely related (Fig. 4). It would be 
interesting to further investigate the properties of these closely related CGNs 
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experimentally, since apart from cattle, the other Bovidae’s  CRDs that have 
been  studied come from wild animals that have a diverse life-cycle and are not 
under managed breeding. Therefore, their innate immune markers, e.g., CGN may 
have undergone a natural selection process, altering the molecule’s property, per-
haps making it more effective. From the data, it appears that any changes to the 
CGN CRD from wild Bovidae are small and subtle, but this may enhance and widen 
the carbohydrate binding properties of CGN (Fig. 4).

�Genetic Variation and Associations with Disease Susceptibility

Several insertion/deletion (InDels), single nucleotide polymorphisms (SNPs) and 
other genetic variations in the collectin genes are associated with susceptibility to 
infectious diseases in a number of species. However, in the bovine collectin genes, 
the nature and consequence of mutations has yet to be been explored fully, with only 

Fig. 2  Molecular structural characteristics of the bovine collectins. (A) Domain organization of 
collectin polypeptide monomer chain showing the carbohydrate recognition domain (CRD), coiled 
neck region, collagen domain and N-terminal domain. Each collectin has variations on this basic 
structure such as length and modifications. (B) Trimers of the bovine collectins are each built up 
by the association of three monomer polypeptide chains with the collagen regions intertwining to 
form a collagen triple helix. Individual collectins vary in length and modification (e.g., glycosyl-
ation). All the bovine collectins are soluble, except for CL-P1 which has a transmembrane/intracel-
lular domain at its N-terminus and an α-helical coiled-coil domain. CL-LK is the only collectin to 
form a heterotrimer comprising of 2 CL-K1 and 1 CL-L1 monomers. (C) Collectins can form 
higher oligomeric structures. SP-D, CL-46 and conglutinin can form dodecamer cruciforms, com-
prising of four trimers. CL-K1 and CL-L1 are can form dimeric forms. MBL-A, MBL-C, SP-A 
and CL-LK can all from pentameric of hexameric bouquet-type structures
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a few studies mainly describing genetic variability in bovine MBL genes. Mutations 
in the bovine MBL genes are associated with mastitis and milk production (Wang 
et al. 2011, 2012). Three SNPs were identified in the MBL1 from Chinese native 
cattle that were linked to mastitis resistance and increased milk production (Wang 
et  al. 2011). Another study identified four SNPs in exon 1 of MBL2  in Chinese 
Holstein cattle and Luxi yellow cattle linked to mastitis and altered complement 
activity (Wang et al. 2012). Mastitis is commonly measured from the somatic cell 
score (SCS), which analyses the inflammatory cell content of milk. Other studies 
have also found mutations in the MBL1 and MBL2 genes of cattle and their links to 
SCS and complement activity (Liu et al. 2011; Zhao et al. 2012; Yuan et al. 2013). 
In other animals, mutations in the porcine MBL2 gene are linked with lower levels 
of MBL-C and are associated with pulmonary, gastro-intestinal infections and sep-
ticaemia (Lillie et al. 2007), whilst a SNP in porcine MBL1 is linked with lower 
levels of MBL-A (Juul-Madsen et  al. 2011). Interestingly, polymorphisms at the 
MBL2 locus of water buffalo (Bubalus bubalis) have been reported to correlate with 

Fig. 3  Diversity and evolution of the CRD of the bovine collectins. (A) Protein sequences for the 
carbohydrate recognition domain (CRD) of each bovine collectin was selected (using the NCBI 
annotation positions) from amino acid motif EKIF to the CEF motif at the C-terminus. Sequences 
were aligned on the phylogeny.fr site (www.phylogeny.fr) using MUSCLE, with GBlocks cura-
tion. Conserved residues are shown in capitals and colours. (B) Phylogenetic tree of the CRD of 
the bovine collectins was done on the phylogeny.fr site and was based on the BioNJ algorthim with 
the Jones-Taylor-Thornton matrix with a gamma-distribution parameter of a = 2.09 (based on 118 
amino acid sites). Numbers on the branches are percentages of 1000 bootstrap samples supporting 
a given branch. (Jones et  al. 1992; Edgar 2004; Dereeper et  al. 2008; Fraser et  al. 2018). (C) 
Percentage similarity and identity matrices for bovine collectin CRDs were compiled using 
MatGAT (Campanella et  al. 2003). Protein accession numbers are as follows: SP-A 
(NP_001071306.2), SP-D (NP_851369.1); CGN (NP_783630.2); CL-43 (NP_001002237.1); 
CL-46 (NP_001001856.1); CL-K1 (NP_001069771.1); CL-L1 (NP_001192642.1); CL-P1 
(NP_001095313.1); MBL-A (NP_001010994.1) and MBL-C (NP_776532.1)
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resistance to Brucella abortus infection and susceptibility (Capparelli et al. 2008). 
In the porcine host, three SNPs within gene MBL1 were also found to correlate with 
disease susceptibility (Lillie et al. 2006b). Furthermore, in humans, MBL2 SNPs 
have been also been observed to increase susceptibility to several bacterial, viral, 
and parasitic infections, as well as ischemia–reperfusion injury, hepatitis, cystic 
fibrosis and autoimmune conditions such as systemic lupus erythematosus (SLE) 
and rheumatoid arthritis (RA) (Eisen and Minchinton 2003; Holmskov et al. 2003; 
Takahashi et al. 2005). In cattle, polymorphisms in the bovine MBL or other col-
lectin genes and susceptibility to bovine tuberculosis is unknown, but studies in 
human tuberculosis are intriguing. Normal or increased levels of MBL seem to be 
associated with common infection with Mycobacterium tuberculosis and 
Mycobacterium leprae (Garred et  al. 1994, 1997), whilst approximately 30% of 
healthy persons have mutations associated to MBL deficiency and are associated 

Fig. 4  Diversity and evolution of the CRD of conglutinin from different Bovidae species. (a) 
Protein sequences for the carbohydrate recognition domain (CRD) of each conglutinin collectin 
was selected (using the NCBI annotation positions) from amino acid motif EKIF to the CEF motif 
at the C-terminus. Sequences were aligned on the phylogeny.fr site (www.phylogeny.fr) using 
MUSCLE, with GBlocks curation. Conserved residues are shown in capitals and colours. (b) 
Phylogenetic tree of the CRD of the bovine collectins was done on the phylogeny.fr site and was 
based on the BioNJ algorthim with the Jones-Taylor-Thornton matrix with a gamma-distribution 
parameter of a = 2.09 (based on 118 amino acid sites). Numbers on the branches are percentages 
of 1000 bootstrap samples supporting a given branch (Jones et al. 1992; Edgar 2004; Dereeper 
et  al. 2008; Fraser et  al. 2018). (c) Percentage similarity and identity matrices for conglutinin 
CRDs were compiled using MatGAT (Campanella et al. 2003). Protein accession numbers are as 
follows: SP-D (S. scrofa) (NP_999275.1); SP-D (H. sapien) (NP_003010.4); SP-D (B. taurus) 
(NP_851369.1); CGN (B. taurus) (NP_783630.2); CGN (O. aries) (AFH75399.1); CGN (B. bison 
bison) (XP_010832460.1); CGN (B. mutus) (ELR45583.1); CGN (C. hircus) (XP_005699317.2); 
CGN (B. bubalis) (XP_006064838.1); CGN (B. indicus × B. taurus) (XP_027386536.1); CGN 
(A. cervicapra) (AGK36277.1); CGN (B. tragocamelus) (ADU25247.1)
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with susceptibility to tuberculosis and other inflammatory conditions in some eth-
nicities (Takahashi and Ezekowitz 2005; Thiel et al. 2006; Goyal et al. 2016).

Further insight into the consequences of genetic variability in the bovine collec-
tins was provided in a recent study utilising next-generation sequencing (NGS) to 
analyse genetic variations in bovine collectins and ficolins from 120 cattle, 80 of 
which had infection and 40 that were apparently healthy (Fraser et al. 2018). This 
study found short nucleotide variants (SNVs) in the bovine collectin genes, with 74 
variants that were associated with infectious disease (Fraser et al. 2018). Most of 
these genetic variants seem to be clustered in a 29-KB region upstream of the col-
lectin locus on bovine chromosome 28 (Fraser et al. 2018). Using computational 
analysis, this study also predicted SNVs in the exons, introns, putative transcription 
binding factor sites that were likely to alter expression, structure and function of 
some collectin proteins, revealing potential susceptibility markers for bovine infec-
tions (Fraser et al. 2018). Potential deleterious mutations resulting in the following 
amino acid changes were identified in collagen-like domains of MBL2 (Pro42Gln), 
SFTPD (Pro132Ser), CGN (Arg173His), CL46 (Pro185Leu) and in CL43 
(Thr117Ala and Gln185His), and in the CRDs of CGN (Glu302Asp) and SFTPD 
(Ala288Gly) (Fraser et al. 2018). The significance of these mutations has yet to be 
determined experimentally, but all these collectins have been associated with infec-
tious disease susceptibility. For example, low plasma level of CGN has been impli-
cated in increased risk of respiratory infection in cattle (Holmskov et  al. 1998), 
whilst elevated level of CL-46 in calves has been found to be associated with resis-
tance to parasitic infection (Li et al. 2011) as well as the associations of MBL muta-
tions with mastitis (mentioned above). The concentration of genetic variation 
upstream of the collectin locus on chromosome 28 could also be indicative of 
important regulatory elements that control the expression of these collectins (Fraser 
et al. 2018). The above findings show the potential of expanding these genome-wide 
association studies on the bovine collectin genes to gain further insights into the 
genetic susceptibility to the major infectious diseases (e.g., bovine tuberculosis, 
RBS and mastitis) among different cattle breads.

�Tissue Distribution, Physiological Role, and Protection 
Against Antimicrobial Infection

The ability of collectins to distinguish between self and non-self is dependent on the 
types of sugar moieties on glycoconjugates on the cell surface. These are essentially 
either monosaccharide or disaccharide in nature. Collectin CRDs generally favour 
binding of mannose-like ligands or L-fucose (Iobst and Drickamer 1994). SP-D 
prefers maltose, whilst CGN and CL-46 prefer N-acetylglucosamine and CL-43 
prefers D-mannose (Lu et  al. 1992; Holmskov et  al. 1993; Hansen et  al. 2002a; 
Paterson et al. 2019). These sugars are commonly found on microbial surfaces but 
are rare in self-glycoproteins (Drickamer and Taylor 1998). Moreover, microbial 
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targeting and clearance is facilitated by some collectins (e.g., SP-D, CGN, CL-46) 
higher order multimeric forms (e.g., cruciform) which mediate bridging interactions 
between different ligands, as opposed to trimeric subunit forms (e.g., SP-A, MBL 
and CL-43) (Hartshorn et al. 1993a). An overview of the literature to date is pre-
sented below on the bovine collectins and their roles in health and disease in the 
Bovidae or extrapolated from studies in other mammalian systems.

�Surfactant Protein A and D

The composition of pulmonary surfactant consists of 90% phospholipid and 10% 
protein. This protein proportion contains four types of surfactant proteins (SP-A, 
SP-B, SP-C and SP-D). SP-B and SP-C are hydrophobic in nature and crucial for 
the physiological maintenance of the alveolar membrane surfaces. Conversely, 
SP-A and SP-D are hydrophilic proteins and have an important role in immunity in 
the lung. In mammals, SP-A and SP-D have been studies most extensively in human 
and mouse, but there are limited studies on the specific role they play in the Bovidae. 
We will review the general properties of SP-A and SP-D and what is currently 
known about their specific role in the Bovidae.

SP-A is mainly found in the alveoli and is synthesised by type II alveolar cells 
and the non-ciliated bronchial epithelial Clara cells (Voorhout et al. 1992; Nayak 
et al. 2012). Unlike SP-D, extrapulmonary expression of SP-A is limited to only a 
few tissues including in the human and rat small intestine the murine uterus, fetal 
membranes, human prostate, amniotic fluid, thymus and salivary gland (Van 
Iwaarden et al. 1990; Miyamura et al. 1994; Lin et al. 2001; Madsen et al. 2003) 
(Table 1). In bronchoalveolar lavage fluid (BALF) obtained from Holstein steers 
calves, the approximate SP-A concentration was 35 ng/mL whereas the serum con-
centration was 7.8 ng/mL (Eberhart et al. 2017).

SP-D is also predominately found in the pulmonary alveoli surfaces and is also 
synthesised by type II alveolar cells, non-ciliated bronchial epithelial Clara cells 
and serous cells of the trachea-bronchial glands (Crouch et al. 1992; Voorhout et al. 
1992; Wong et al. 1996; Nayak et al. 2012). Unlike SP-A, SP-D is synthesised in a 
wide variety of tissues in mammals, including the trachea, placenta, prostate, small 
intestine brain, heart, kidneys, testis, salivary gland, and pancreas (Murugaiah et al. 
2020) (Table 1). Low level of SP-D has also been detected in spleen, uterus, adrenal 
and mammary tissues (Fisher and Mason 1995; Madsen et al. 2000; Hogenkamp 
et al. 2007). SP-D is also present in the epithelial cells of various tissues (parotid, 
lacrimal and sweat glands, intra-hepatic bile ducts, gall bladder, esophagus, pan-
creas, urinary tract and fetal membranes (Miyamura et al. 1994; Madsen et al. 2000; 
Brauer et  al. 2007). SP-D has been detected in alveolar macrophages, but is not 
synthesised in these cells, but rather internalize into the phagolysosomal compart-
ment, where it is broken down (Dong and Wright 1998). Similar to the above mam-
malian studies, the expression of bovine SP-D has been observed in the lungs, 
mammary glands and gastrointestinal tract (Gjerstorff et al. 2004b). In humans, the 
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Table 1  Origin of bovine collecting and their tissue distribution

Collectin Tissue of origin
Tissue of 
presentation Comments

SP-A Type II alveolar cells 
and the non-ciliated 
bronchial epithelial 
Clara cells

Alveolar space, 
mucosal surfaces, 
thymus? Uterus? 
prostate?

SP-A is limited to the lungs 
(alveoli), but there may be 
extrapulmonary expression of 
SP-A in other tissues in Bovidae 
which has been noted in other 
mammals. Role in antimicrobial 
innate immunity including 
opsonization, neutralization and 
clearance

Amniotic fluid? 
salivary gland?

SP-D Type II alveolar cells, 
non-ciliated bronchial 
epithelial Clara cells 
and serous cells of the 
trachea, intestinal 
mucosa? thymus? 
prostate? mammary 
gland

Alveolar space, 
mucosal surfaces, 
semen, udder, 
trachea? placenta? 
prostate? small 
intestine? Serum?

SP-D expression has been detected 
in many non-pulmonary tissues in 
mammals and has been observed in 
the bovine lung and udder 
suggestion an important role in 
protection from mastitis

MBL Liver and small 
intestine (rumen?) 
udder?

Serum Bovidae have two different MBL 
proteins (A and C). Key 
antimicrobial collectin and has a 
broad role in innate immunity 
including opsonization, 
neutralization and complement 
activation

Conglutinin, 
CL-43 and 
CL-46

Liver Serum Unique to Bovidae and may have a 
role in antimicrobial defence and 
controlling general inflammatory 
response, e.g., in pneumonia, 
gastroenteritis and mastitis

CL-P1 Unknown in Bovidae. 
Placenta? Endothelial 
cells

Endothelial cells? CL-P1 is the only membrane 
bound collectin, with some unique 
structural aspects. Role unknown 
in Bovidae but may be involved in 
complement activation

CL-K1 Unknown in Bovidae Serum Role unknown in Bovidae, but 
forms dimers and a heterotrimeric 
complex with CL-L1. 
Phylogenetically closely related to 
CL-L1

CL-L1 Unknown in Bovidae. 
Liver?

Unknown but 
ubiquitous in other 
mammals

Role unknown in Bovidae, but 
forms dimers and a heterotrimeric 
complex with CL-K1. 
Phylogenetically closely related to 
CL-K1. Possibly expressed in 
bovine liver and may be involved 
in embryonic development
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concentration of SP-D in BALF ranges between 0.1 and 0.9 mg/mL and makes up 
about 0.5% of the protein content in the alveoli (Hartshorn et al. 1994; Honda et al. 
1995). The serum concentration in healthy humans is approximately 66  ng/mL 
(Honda et al. 1995). In healthy calves, the mean BALF and serum concentration 
was determined to be 22 ng/mL and 9 ng/mL, respectively (Eberhart et al. 2017). 
The levels of SP-D in the bovine host seems to be significantly lower than in humans. 
It is not clear why this is the case but could be an indication of a greater role being 
played by other bovine collectins in the lungs (e.g., CGN).

Both SP-A and SP-D are well known to have anti-microbial properties and are 
significantly elevated in the mammalian infected lung and in response to allergens 
and hypoxia (Atochina et al. 2001; White et al. 2001; Kasper et al. 2002). The lung 
and serum concentrations of SP-A has not been shown to fluctuate significantly 
upon infection, particularly in bovine respiratory disease (BRD) (Eberhart et  al. 
2017). However, gross examination of cattle infected with tuberculosis showed 
increased immunostaining for SP-A in the type II pneumocytes surrounding the 
granulomas observed in the tissue (Beytut 2011). Similar findings were also reported 
for SP-A in the human lung infected with tuberculosis (Stanton et al. 2003). Both 
SP-A and SP-D bind to several microbes including viruses, bacteria, fungi and para-
sites and has been comprehensively reviewed recently (Murugaiah et  al. 2020). 
SP-A and SP-D facilitate clearance of microbes by direct lysis, agglutination or 
neutralization and/or subsequent opsonization by phagocytes (Holmskov et  al. 
2003; Wu et al. 2003). SP-D gene knockout mice (SP-D−/−) have elevated pulmo-
nary macrophages and enhancement pro-inflammatory cytokines (IL-1β, IL-6 and 
TNF-α), inhibition of lymphocyte proliferation and reactive oxygen species (ROS) 
in the alveoli, suggesting that SP-D has an anti-inflammatory effect in lung immu-
nity and infection (Botas et al. 1998; Korfhagen et al. 1998; Ikegami et al. 2000; 
Borron et al. 2002). SP-D is, therefore, likely to play a key role in regulating the 
local immune response in tissues that are particularly exposed to microbes by bal-
ancing the processes for microbial clearance with that of organisms, by a combina-
tion of enhancing the microbial elimination and reducing inflammation. This type of 
immune regulation is particularly key in the bovine udder, where control of mastitis 
is critical for the optimum stimulation of milk secretion pathways and high yielding 
milk production in dairy cattle. Bovine SP-D is expressed in the udder and has a 
higher expression than in the bovine lung, when compared to the of SP-D expres-
sion of human mammary tissue versus lung tissue (Madsen et al. 2000; Gjerstorff 
et al. 2004b). This suggests an important role for bovine SP-D in controlling infec-
tion in the udder. It is also intriguing that polymorphisms in the bovine SP-D gene 
have been found which may be linked with disease susceptibility (e.g., mastitis) 
(Gjerstorff et al. 2004b). Furthermore, in the bovine gastrointestinal system, regula-
tion of the immune response against pathogens is also of key importance as rumi-
nants need the symbiotic relationship with microbes for normal health. It is therefore 
likely that the bovine collectins (e.g., SP-D and CGN) play a key role in modulating 
the immune response against microbes in these tissues.

Numerous studies on the interaction of SP-A and SP-D with microbes have been 
reported in human and other mammals, but there are little specific studies in the 
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Bovidae (Murugaiah et al. 2020). However, studies on Gram-positive and Gram-
negative bacteria, mycobacteria, and common respiratory viruses can be extrapo-
lated to the Bovidae, where similar molecular mechanisms and outcomes may 
be seen.

SP-A and SP-D both bind to many Gram-negative and Gram-positive bacteria, 
particularly known respiratory pathogens, e.g., Klebsiella pneumoniae, 
Pseudomonas aeruginosa, mycobacteria, Mycoplasma pneumoniae, Haemophilus 
influenzae, Legionella pneumophila and Streptococcus pneumoniae, among others 
(Murugaiah et al. 2020). Several consequences from these interactions have been 
observed, including aggregation, enhanced uptake and clearance by phagocytes and 
even direct effects on bacterial growth (Pikaar et al. 1995; Murugaiah et al. 2020). 
SP-A and SP-D bind to different sites on the LPS ligand in Gram negative bacteria 
(SP-A: lipid A; SP-D: O-antigen and terminal oligosaccharides) (Kuan et al. 1992; 
Van Iwaarden et al. 1994). Furthermore, SP-A is also able to bind to capsular poly-
saccharides of Klebsiella, outer membrane protein (OMP) of H. influenzae, but does 
not bind to peptidoglycan (Mcneely and Coonrod 1994; Kabha et  al. 1997; 
Murakami et al. 2002). SP-A also aggregates and enhances phagocytosis of H. influ-
enzae and K. pneumoniae by macrophages (Mcneely and Coonrod 1994; Kabha 
et al. 1997). SP-D also binds to cell membrane lipids of M. pneumoniae (Chiba et al. 
2002). SP-A and SP-D can also inhibit the growth of M. pneumoniae, Escherichia 
coli, K. pneumoniae, Enterobacter aerogenes and P. aeruginosa by compromising 
bacterial membrane integrity, increasing permeability or inhibiting metabolic path-
ways (Van Iwaarden et al. 1994; Wu et al. 2003; Piboonpocanun et al. 2005).

Of particular interest is respiratory infections with mycobacteria, where bovine 
tuberculosis continues to be a severe cause of morbidity and mortality of cattle in 
the UK and worldwide (Miles 2009; Abernethy et al. 2013; APHA 2020). The inter-
action of mycobacteria with bovine SP-A and SP-D has not been characterised, but 
there are numerous studies investigating these surfactant proteins in human and 
rodents infected with M. tuberculosis and M. bovis BCG bacilli. SP-A can binds to 
M. tuberculosis Apa glycoprotein on its surface (Ragas et al. 2007), whilst SP-D 
binds to Gram-positive ligands lipoteichoic acid, peptidoglycan and mycobacterial 
lipoarabinomannan (LAM) (Ferguson et  al. 1999; Van De Wetering et  al. 2001; 
Kudo et al. 2004). Both SP-A and SP-D can bind and agglutinate M. tuberculosis, 
but interestingly, they have opposing downstream effects by macrophages. SP-A 
enhances phagocytosis by macrophages mediated by upregulation of expression of 
the mycobacterial receptor, mannose receptor on the macrophage (Beharka et al. 
2002). In fact, both SP-A and SP-D can facilitate phagocytosis without the need for 
direct microbial binding, by enhancing the expression of such cell surface phago-
cytic receptors on the macrophage (Beharka et al. 2002; Kudo et al. 2004). In con-
trast, SP-D inhibits phagocytosis by macrophages by blocking the interaction of 
LAM with mannose receptor (Ferguson et  al. 1999, 2002). Binding of CGN to 
M. bovis BCG also results in inhibition of phagocytosis by macrophages, and thus, 
a similar mechanism has been proposed (Mehmood et al. 2019). However, SP-A−/−, 
SP-D−/−, and SP-A/D−/− knockout mice infected with M. tuberculosis could still 
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clear infection, questioning the relevance of the rodent model to human and bovine 
tuberculosis (Lemos et al. 2011).

Both SP-A and SP-D can also modulate the downstream adaptive response 
against pathogens. SP-A inhibits TNF-α secretion, via a toll-like receptor 2/NF-κB 
mediated mechanism (Murakami et al. 2002). SP-A and SP-D can also modulate the 
phagolysosome by promoting reactive oxygen and nitrogen intermediates enhanc-
ing intracellular killing, particularly in the case mycobacterial infection. SP-A 
enhances the killing of intracellular M. bovis BCG by increasing nitric oxide (NO) 
production and enhancing the pro-inflammatory cytokines, e.g., TNF-α (Weikert 
et al. 2000). But curiously, in alveolar macrophages primed with IFN-γ and infected 
by mycobacteria, SP-A decreased intracellular NO by inhibiting TNF-α secretion 
and nuclear factor-kappa B (NF-κB) activation (Pasula et al. 1999; Hussain et al. 
2003). SP-A and SP-D can also directly bind to cell surface PRRs, such as Toll-like 
receptors (TLRs) and CD14, influencing the inflammatory response (Borron et al. 
2000; Sano et  al. 2000; Murakami et  al. 2002). In tuberculosis, SP-A has been 
shown to promote both inflammation in the presence of infection and suppresses 
inflammation in uninfected macrophages, and thus probably controlling the inflam-
matory response against host-mediated tissue damage in the lung (Gold et al. 2004).

SP-A and SP-D can also bind and influence the outcome of viral infection 
enhancing viral phagocytosis and neutralisation (Murugaiah et  al. 2020). Bovine 
SP-D is able to bind to bovine rotaviruses (Nebraska calf diarrhoea virus strain), 
targeting the VP7 glycoprotein (Reading et al. 1998). Bovine SP-D was also able to 
inhibit hemagglutination of rotavirus and neutralise infectivity; neutralization of 
rotavirus by bovine SP-D was dependent on the glycosylation of VP7 (Reading 
et al. 1998). Studies in animal models has also shown the importance of collectins 
in protection against viral infection. In studies with SP-A−/− and SP-D−/− knockout 
mice that were infected with Influenza A virus (IAV), both collectins are protective, 
but this is also dependent on the glycosylation of hemagglutinin (HA) and neur-
aminidase (NA) antigens (Levine and Whitsett 2001; Levine et al. 2002; Hawgood 
et al. 2004). Furthermore, in mice, it seems SP-D plays a greater role in IAV protec-
tion as it enhances the clearance of infection, whereas SP-A does not (Levine et al. 
2001; Hawgood et al. 2004). SP-A binds to IAV mannose residues on HA and NA 
resulting in viral neutralisation and inhibition of release of viral particles from 
infected cells (Malhotra et al. 1994; Benne et al. 1995). SP-D also strongly inhibits 
IAV hemagglutination and promotes viral aggregation and neutralisation (Hartshorn 
et al. 1994). SP-A and SP-D also inhibit NA enzymatic activity, but this is much 
stronger with SP-D, but these interactions also seem to be dependent on the viral 
strain (Reading et al. 1997; Tecle et al. 2007; Job et al. 2010). Recombinant trun-
cated forms of SP-A (rfhSP-A) and SP-D (rfhSP-D), composed of the α-helical 
neck and CRD domains have also been studied in IAV infection. rfhSP-A promotes 
IAV infection, replication and enhancement of the pro-inflammatory response, 
whereas full-length SP-A inhibits IAV infection and dampens the pro-inflammatory 
response, demonstrating that the full-length SP-A molecule is required for IAV pro-
tection (Al-Qahtani et al. 2019). In a similar study, rfhSP-D-was able to inhibit IAV 
entry, down-regulate key viral factors (M1) and dampen the pro-inflammatory 
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response (Al-Ahdal et  al. 2018). These studies using rfhSP-A and rfhSP-D have 
provided greater understanding of the IAV infection process and the possible appli-
cation of rfhSP-D in anti-viral therapy. SP-D also enhances IAV uptake by neutro-
phils and virus-induced respiratory burst, but SP-A (and mucins and gp-340) inhibit 
this effect, reducing the ability of SP-D to facilitate neutrophil viral clearance 
(White et al. 2001). SP-A is also able to bind to herpes viruses (Herpes Simplex 
virus type 1 (HSV-1), Cytomegalovirus), enhancing phagocytosis of the virus by 
macrophages (Van Iwaarden et al. 1991, 1992; Weyer et al. 2000). SP-D activity 
against herpesviruses has not been reported. SP-A and SP-D are also able to bind to 
Respiratory Syncytial virus (RSV) and are important for neutralising infectivity and 
enhancing viral clearance (Ghildyal et al. 1999; Hickling et al. 1999; Levine et al. 
1999; Sano et al. 1999, 2000). SP-D is able to bind to glycosyl moieties on viral 
spike protein (S-protein) of the severe acute respiratory syndrome (SARS) corona-
virus (SARS-CoV). Increased serum levels of SP-D have also been reported in 
SARS patients (Leth-Larsen et al. 2007; Wu et al. 2009). Furthermore, both SP-A 
and SP-D bind to other coronavirus strains (HCoV-229E) and inhibit viral infection 
of human bronchial epithelial (16HBE) (Funk et al. 2012). It is unknown whether 
these collectins have any effect on novel coronavirus SARS-CoV-2, which is 
responsible for the COVID-19 pandemic, but the above data seems to suggest that 
SP-A and SP-D may play a protective role. In another recent emerging viral disease, 
SP-D has been shown to bind Ebola virus glycoprotein and enhance viral infection, 
suggesting a role in pathogenesis (Favier et  al. 2018). In mice, SP-D has been 
observed to have a protective role against  Vaccinia virus infection (Perino et  al. 
2013). SP-A has also been reported to enhance clearance of adenovirus infection in 
the lungs while dampening the immune response (Harrod et al. 1999).

Several studies have reported interesting interactions of SP-A and SP-D with 
Human Immunodeficiency virus-1 (HIV-1). SP-A and SP-D bind to the HIV-1 
gp120 viral glycoprotein and inhibit direct viral infection of CD4+ T cells (Meschi 
et al. 2005; Gaiha et al. 2008), but in dendritic cells (DCs), SP-A has the opposite 
effect, increasing HIV infectivity, and thus facilitating transfer of the virus from DC 
to CD4+ T cells (Gaiha et al. 2008). The truncated rfhSP-D is also able to bind to 
HIV-1 gp120 and prevent infection of Jurkat T cells, U937 monocytic cells and 
PBMCs, but importantly also suppresses the viral-induced cytokine response from 
these cells (Pandit et al. 2014). In a follow-up study, rfhSP-D was also found to bind 
to dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin 
(DC-SIGN) receptor, modulating the binding of HIV-1 and its transfer to CD4+ T 
cells (Dodagatta-Marri et al. 2017). rfhSP-D has also been reported to block infec-
tion of HIV-1 across the vaginal epithelium (Pandit et al. 2014). As reported above 
with studies in IAV, rfhSP-D has a potential prophylactic and therapeutic potential 
against HIV-1 infection.

There have also been several studies showing the anti-fungal activity of SP-A 
and SP-D (Murugaiah et al. 2020). To date, the bovine SP-A and SP-D have not 
been shown to interact with fungal pathogens that infect the Bovidae. There is con-
siderable scope here for further investigation as several fungal species (e.g., Candida 
and Aspergillus) are responsible for mastitis, abortion, otitis externa, 
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gastrointestinal infections, and pneumonia (Seyedmousavi et al. 2018). In particu-
lar, a common fungal disease in cattle is Ringworm caused by Trichophyton verru-
cosum, but no studies have been conducted on its possible interaction with collectins. 
An overview of SP-A and SP-D antifungal activity in other mammals will be pre-
sented and extrapolated to Bovidae where appropriate.

Both SP-A and SP-D can bind to the conidia of Aspergillus fumigatus and inhibit 
conidia infectivity and promote enhancement of phagocytosis and intracellular kill-
ing by neutrophils and alveolar macrophages (Madan et al. 1997). SP-A and SP-D 
can also inhibit the growth of Histoplasma capsulatum, but no effect is seen on 
aggregation or phagocytosis (Mccormack et al. 2003). SP-A has also been reported 
to bind to Cryptococcus neoformans (both encapsulated and non- encapsulated 
yeast form), but no enhancement of phagocytosis of the acapsular form was observed 
either (Walenkamp et al. 1999). SP-A and SP-D can also bind to Coccidioides posa-
dasii and the fungus is also able to inhibit the expression of SP-A and SP-D in the 
lungs, possibly facilitating pathogenesis (Awasthi et  al. 2004). SP-D can bind to 
Candida albicans, agglutinating the fungus and directly inhibiting its growth (Van 
Rozendaal et  al. 2000; Awasthi et  al. 2004), whilst SP-A is also able to bind to 
C. albicans and interfere with its attachment to alveolar macrophages, inhibiting 
phagocytosis and the pro-inflammatory response (Rosseau et al. 1997). This may be 
relevant in Bovidae, as candidiasis is reported in several conditions in ruminants 
(Seyedmousavi et al. 2018). SP-D also binds to Saccharomyces cerevisiae (Allen 
et al. 2001a, b). The opportunistic fungus Pneumocystis can infect several mammals 
in a species-specific manner and has been reported in calves and sheep (Settnes and 
Henriksen 1989). The interaction of bovine SP-A and SP-D with Pneumocystis in 
the Bovidae has not been reported, but studies in other mammalian species suggests 
they may play an important role in this opportunistic infection. Both SP-A and 
SP-D are able to bind to Pneumocystis via its major surface glycoprotein, resulting 
in aggregation and attachment to the alveolar epithelium in Pneumocystis pneumo-
nia, but this does not increase its phagocytosis (Zimmerman et al. 1992; O’Riordan 
et al. 1995; Mccormack et al. 1997a, b; Vuk-Pavlovic et al. 2001). SP-D mediated 
aggregation of Pneumocystis may inhibit phagocytosis by macrophages and facili-
tate persistence of the fungus within the lung (Vuk-Pavlovic et al. 2001). In pneu-
mocystis pneumonia, there is also an increase in the expression of SP-A and SP-D 
in the lungs (Phelps et al. 1996; Aliouat et al. 1998; Atochina et al. 2001; Qu et al. 
2001). SP-A enhances attachment of Pneumocystis to rat alveolar macrophages in 
vitro (Williams et al. 1996) but reduces phagocytosis of the fungus in human alveo-
lar macrophages in vitro (Koziel et  al. 1998). Thus, enhanced levels of SP-A in 
Pneumocystis pneumonia may facilitate pathogenesis, whilst SP-D may contribute 
to fungal clearance.

Parasitic infections are also fairly common in cattle and other Bovidae species. 
This can have implications on general health, reproduction, growth, productivity of 
meat and milk and may result in death in severe infections. Parasitic diseases of 
cattle are commonly caused by protozoa, helminths (roundworms, tapeworms and 
flukes). To date, very little has been reported on the interaction of bovine collectins 
and parasitic infections of cattle. Some of these diseases are also important zoonotic 
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infections (Mcdaniel et al. 2014), so further studies are needed to determine whether 
collectins may play a role in bovine parasitic infection and transmission to humans. 
In general, there are also a limited number of functional studies on the role of SP-A 
and SP-D in protozoal and helminth infections in other mammalian species. In 
mice, it has been reported that there are increased serum levels of SP-D in renal and 
cerebral tissues, in animals experimentally infected with Plasmodium berghei, com-
pared to controls (Cahayani et al. 2016). SP-D has also been reported to bind to the 
surface of Schistosoma mansoni larval stages, but it remains unknown what effect 
this has on the parasite (Van De Wetering et al. 2004a, b). However, SP-D may be 
essential for protection against helminth infection, since a study using an experi-
mental model system showed that Nippostrongylus brasiliensis-infection of SP-D−/− 
knockout mice caused severe susceptibility to parasitic disease, whilst treatment 
with rfhSP-D enhanced parasite clearance and anti-parasitic immune responses 
(Thawer et al. 2016). SP-D was also able to directly bind to N. brasiliensis larvae 
and enhance its killing by alveolar macrophages (Thawer et al. 2016).

In ruminants, serum collectins such as SP-D and CGN may likely play a role in 
gastrointestinal and systemic infections from parasites. However, specific data on 
the involvement of collectins and parasitic infections is lacking, but gauging from 
studies in other mammals, much could be learned.

�Mannan-Binding Lectin

Bovidae, as in most mammals, have two MBL genes (MBL1 and MBL2), which 
encode the MBL-A and MBL-C proteins, respectively (Loveless et  al. 1989; 
Gjerstorff et al. 2004a). In mammals, MBL-A and MBL-C are serum proteins that 
are mainly synthesised by the liver and small intestine (Ezekowitz et al. 1988; Sastry 
et al. 1991; Hansen et al. 2000) (Table 1). In mice, mRNA expression of MBL genes 
was also detected in various other tissues (Shushimita et al. 2015), and this may also 
be these case for Bovidae, particularly the rumen and udder. The normal serum 
concentrations of bovine MBL-A and MBL-B have not been clearly defined but are 
estimated to be 0.8–7.4 μg/mL (Wang et al. 2012). MBL is a key anti-microbial col-
lectin and has a broad role in innate immunity including opsonization, neutraliza-
tion and complement activation (Van De Wetering et al. 2004a). The CRD of MBL 
selectively targets microbes by binding to cell-surface to mannose and 
N-acetylglucosamine residues and subsequent activation of MBL-associated serine 
proteases (MASPs) 1 and 2, leading to complement activation via the Lectin path-
way, inducing phagocytic and inflammatory responses (Thiel et al. 1997; Matsushita 
et al. 2001; Sorensen et al. 2005).

Mastitis is a major disease of dairy cattle and is characterised by inflammation of 
the mammary gland brought on by infection of the udder. This decreases the quality 
and quantity of milk production, reduction in lactation, and in severe cases, early 
culling, resulting in a significant economic burden (Miller et al. 1993; Seegers et al. 
2003). The main pathogens involved in mastitis are bacteria such as E. coli, 

A. G. Tsolaki and U. Kishore



223

Staphylococcus aureus, Streptococcus dysgalactiae, Streptococcus uberis and 
Streptococcus agalactiaeare, although some fungi may also rarely be involved. 
Host resistance to mastitis is a known trend and there has been a concerted effort to 
identify immune response genes that may play a role in this and will be favourable 
traits for selective breeding (Oviedo-Boyso et al. 2007; Swanson et al. 2009). The 
MBL genes have been implicated as playing a probable role in mastitis susceptibil-
ity in cattle. Furthermore, In pigs and mice, MBL-A is able to bind target bacteria 
(Lillie et al. 2006a, b; Phaneuf et al. 2007). Mutations in both MBL1 and MBL2 
genes are also suggestive of susceptibility of animals to infection (Shi et al. 2004; 
Lillie et al. 2005, 2007; Capparelli et al. 2008), leading to lower serum levels of 
MBL and likely compromising innate immune responses (Madsen et  al. 1995; 
Capparelli et al. 2008).

There is little data on the specific activity of bovine MBL-A and MBL-C pro-
teins, but much can be extrapolated from studies of these MBL proteins in other 
mammals. In addition to complement-dependent activity, MBL also processes 
complement-independent functions with the ability to inhibit bacterial adhesion 
(Jack et  al. 2005). MBL also acts as an opsonin to enhance bacterial uptake 
(Kuhlman et al. 1989; Polotsky et al. 1997; Jack et al. 2005). There also seems to be 
a spectrum of binding of MBL to various bacterial species, with potent binding 
observed with S. aureus, Streptococcus pyogenes, Listeria monocytogenes and non-
encapsulated Neisseria meningitidis (Levitz et al. 1993; Van Emmerik et al. 1994; 
Neth et al. 2000), moderate binding observed in E. coli, Haemophilus influenzae 
and Klebsiella species, and no binding with Pseudomonas aeruginosa, Enterococcus 
species and Streptococcus pneumoniae (Levitz et  al. 1993; Van Emmerik et  al. 
1994; Neth et al. 2000). Some bacteria have evolved mechanisms to overcome MBL 
binding, through capsule modifications and sialylation of LPS (Jack et  al. 2005; 
Krarup et  al. 2005). MBL is able to bind to several Gram-positive and Gram-
negative bacterial ligands, including LPS (E. coli, Salmonella), peptidoglycan, tei-
choic acid and lipoteichoic acid (S. aureus) (Kuhlman et al. 1989; Polotsky et al. 
1996; Nadesalingam et  al. 2005a, b; Kurokawa et  al. 2016), LAM (M. avium) 
(Polotsky et al. 1997), and mannosylated lipoarabinomannan (ManLAM) (M. tuber-
culosis, M. bovis, Mycobacterium kansasii, Mycobacterium gordonae and 
Mycobacterium smegmatis) (Bartlomiejczyk et al. 2014), and Ag85 (M. tuberculo-
sis) (Swierzko et al. 2016). MBL, through opsonization enhances uptake and intra-
cellular killing of Salmonella by phagocytes (Kuhlman et al. 1989) and can also 
inhibit flagellar function, impairing motility which is an important virulence factor 
(Xu et  al. 2016). MBL can also enhance the phagocytosis of mycobacteria and 
N. meningitidis by phagocytes (Polotsky et al. 1997; Jack et al. 2001). MBL can 
interact with TLR2 in detecting S. aureus, and thus, modulate inflammation (Nauta 
et al. 2003; Ip et al. 2008). All of the above studies suggest that the bovine MBL 
proteins are likely to have similar activity against these common environmental 
bacterial pathogens.

There are no reports of activity between bovine MBL and bovine viral patho-
gens. Undoubtedly, MBL proteins will be involved since that there is considerable 
data of MBL activity on viral pathogens in other mammalian systems. It would be 
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particularly prudent to study collectin activity with important viral pathogens of 
cattle, e.g., those involved in bovine respiratory disease (RBD), such as infectious 
bovine rhinotracheitis virus (type 1 bovine herpesvirus (BHV1)), parainfluenza 
virus type 3 (PI3), bovine respiratory syncytial virus (BRSV), as well as bovine 
viral diarrhoea virus (BVDV), or blue-tongue disease or foot and mouth disease. 
Nevertheless, MBL has been shown to interact with several human viral pathogens 
including IAV, where binding of MBL results in the inhibition of viral infectivity 
(Hartley et al. 1992; Hartshorn et al. 1993b; Reading et al. 1995, 1997). MBL binds 
to IAV HA and NA antigens (Kase et al. 1999). MBL is able to neutralise HIV-1 in 
vitro targeting gp120 and gp41, and target HIV-infected CD4+ T cells and mono-
cytes and inhibiting reverse transcriptase activity (Ezekowitz et al. 1989; Saifuddin 
et al. 2000; Teodorof et al. 2014). MBL can activate complement upon binding to 
gp120 (Haurum et al. 1993). MBL is also able to bind to hepatitis B virus, hepatitis 
C virus, Ebola virus, flaviviruses such as Dengue and West Nile virus and herpes 
simplex virus type 1 (Gadjeva et al. 2004; Ji et al. 2005; Brown et al. 2007, 2010; 
Avirutnan et al. 2011; Fuchs et al. 2011).

Bovine MBL proteins have not been reported to have activity against bovine 
fungal pathogens. However, there are numerous studies of MBL proteins in other 
mammals having a significant role in infection and pathogenesis in several relevant 
fungal pathogens to the bovine host. These include most prominently Aspergillus 
and Candida species. MBL is able to bind to A. fumigatus (Neth et al. 2000), B. der-
matitidis (Koneti et al. 2008), C. albicans (Kitz et al. 1992; Neth et al. 2000; Ip and 
Lau 2004; Van Asbeck et  al. 2008), C. parapsilosis (Van Asbeck et  al. 2008), 
Pneumocystis and C. neoformans (Chaka et al. 1997; Van Asbeck et al. 2008). MBL 
binding has been shown to result in fungal aggregation, enhancement of phagocyto-
sis, and complement deposition (Ip and Lau 2004; Kaur et al. 2007; Van Asbeck 
et al. 2008).

Bovine collectins have not been explored with respect to protozoal and helminth 
pathogens. Apart from some bovine diseases, Bovidae species can also be reservoirs 
for zoonotic infections to humans. However, studies are summarised below on MBL 
from other mammalian species. MBL can bind to the malarial parasite Plasmodium 
falciparum and can activate complement lectin pathway (Klabunde et  al. 2002; 
Garred et al. 2003; Korir et al. 2014). MBL also binds to Trypanosoma cruzi and 
Leishmania parasites (Green et al. 1994; Ambrosio and De Messias-Reason 2005; 
Cestari Idos et al. 2009). In helminth infections, MBL binds to Schistosoma man-
soni cercariae as well as adult worms and is able to activate the lectin pathway and 
subsequent complement cascade (Klabunde et al. 2000).

�Conglutinin

Conglutinin (CGN) was the first collectin to be discovered in mammals and is 
uniquely present in Bovidae (Ehrlich and Sachs 1902; Davis 3rd and Lachmann 
1984; Hansen and Holmskov 2002). Although initially found in cattle (Bos taurus), 
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CGN has also recently been identified in goat, sheep and other grazing members of 
the Bovidae genus (Dec et al. 2011). CGN has closely evolved from bovine SP-D, 
as indicated by its similarity in structure, which facilitates its ability to bind to 
microbial surface glycoconjugates (N-acetylglucosamine, mannose and fucose) in a 
Ca2+ dependent manner (Loveless et al. 1989; Reid and Turner 1994; Hansen and 
Holmskov 2002). CGN is predominantly found in the bovine serum and is primarily 
secreted by the liver at an approximate concentration of 12 μg/mL (Lu et al. 1993a; 
Holmskov et al. 1998). It is unknown whether CGN is produced locally, e.g., bovine 
mucosa, but CGN has been detected in splenic, tonsillar, lymphatic and thymic 
macrophages and dendritic cells (Holmskov et  al. 1992) (Table  1). CGN serum 
levels are heritable, with low calf mortality correlating with high maternal CGN 
serum levels (Holmskov et al. 1998). CGN has been observed to have anti-microbial 
properties, but its exact role in the bovine host remains to be properly elucidated. 
Acute infections, such as pneumonia and metritis are linked with low serum levels 
of CGN, suggesting predisposition to infection (Ingram and Mitchell 1971; 
Holmskov et al. 1998). CGN enhances the respiratory burst and reactive oxygen 
species in bovine granulocytes facilitating enhanced phagocytosis (Dec et al. 2012). 
Direct binding of CGN to bacterial and viral pathogens has been observed. CGN 
binds to Escherichia coli and Salmonella typhimurium (Friis-Christiansen et  al. 
1990; Friis et al. 1991) and to Gram-negative ligands LPS and peptidoglycan (Wang 
et al. 1995). CGN has also recently been shown to bind to Mycobacterium bovis 
BCG and other Gram-positive bacteria (Mehmood et al. 2019). CGN can also inter-
act with components of the complement system. CGN binds to C1q receptor and 
can inhibit the dissociation of Bb from the C3-convertase C3bBb (Malhotra et al. 
1990; Tabel 1996). CGN has the unique property of being able to bind iC3b, target-
ing mannose residues on the iC3b α-chain, but not C3, C3b or C3c (Laursen et al. 
1994). Thus, CGN is able to target iC3b bound on cells, resulting in agglutination, 
such as iC3b-bound erythrocytes (Lachmann and Muller-Eberhard 1968). 
Furthermore, CGN is able to target and bind to iC3b-bound E. coli and facilitate 
enhancement of the respiratory burst of phagocytes (Friis et al. 1991). CGN is a key 
component of bactericidal activity in bovine serum (Ingram 1982), and in vivo, 
CGN is able to protect mice experimentally infected with S. typhimurium (Friis-
Christiansen et al. 1990). In the bovine host, CGN serum levels are lowered during 
infection, as demonstrated by CGN consumption during Babesia bovis infection 
(Goodger et al. 1981; Ingram 1982). A recombinant truncated fragment of CGN 
(composed of α-helical neck and the CRD regions only) is able to bind to M. bovis 
BCG and inhibit its uptake by macrophages, with and without prior complement 
deposition, altering the macrophage inflammatory response (Mehmood et al. 2019). 
This CGN recombinant fragment also showed bacteriostatic and bactericidal activ-
ity against of M. bovis BCG (Mehmood et al. 2019). Thus, CGN seems to target the 
mycobacterium in two distinct ways: (1) via bacterial lipoarabinomannan (LAM), 
and (2) in the presence of complement deposition, iC3b (Mehmood et al. 2019). 
Furthermore, CGN inhibition of mycobacterial uptake by macrophages is probably 
the result of (1) blocking interaction of mycobacterial LAM with macrophage man-
nose receptor, and (2) blocking iC3b interaction with macrophage complement 
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receptors CR3 and CR4 (Mehmood et  al. 2019). This study shows important 
complement-dependent and complement-independent mechanisms of CGN and its 
involvement in the key interface of host-pathogen interactions in mycobacterial 
infection and could provide novel avenues for study in bovine tuberculosis, a major 
infection of cattle in the UK.

CGN has been shown to bind to viral pathogens. CGN binds to the HIV-1 glyco-
protein gp160 and inhibits its interaction with the host cell CD4 receptor (Andersen 
et al. 1991). CGN also acts as an opsonin for IAV, binding to viral hemagglutinin 
causing viral aggregation and enhanced viral uptake by phagocytes (Hartshorn et al. 
1993a). CGN has been shown to inhibit IAV hemagglutination and infectivity and 
inhibit IAV-mediated neutrophil suppression whilst conversely enhancing neutro-
phil respiratory burst responses to the virus (Hartshorn et al. 1993a). Interestingly, 
the CRD of CGN, CL-46 and CL-43 have a greater innate antiviral activity against 
IAV than human SP-D CRD (Hartshorn et al. 2010a). Moreover, CGN was shown 
to have a higher inhibitory effect against IAV, than bovine SP-D or CL-43 (Reading 
et al. 1998). CGN can bind to herpes simplex virus type 2 (HSV-2) and mediate 
enhancement of infection in mice (Fischer et al. 1994). CGN has been shown to 
inhibit hemagglutination and infectivity of Newcastle disease virus (Reading et al. 
1998), whilst a recombinant truncated fragment of sheep (Ovis aries) conglutinin 
(containing neck and CRD region) was able to reduce bovine herpes virus type I in 
vitro (Mohan et al. 2015). Similar recombinant truncated forms of conglutinin from 
other Bovidae have also been studied, including goat (Capra hircus), buffalo 
(Bubalus bubalis) and nilgai (Boselaphus tragocamelus) and were found to have 
similar reactivities to the full length CGN (Ramesh et al. 2019; Barik et al. 2020).

There are a few studies demonstrating CGN interaction with fungal ligands, 
which include binding to zymosan and other glycoproteins and polysaccharides 
from Saccharomyces cerevisiae (N-acetylglucosamine, mannose, mannan (Strang 
et al. 1986; Loveless et al. 1989; Lim and Holmskov 1996). Similarly, the direct 
binding of CGN to parasites/protozoa is unknown but an early study did report the 
serum levels of CGN in vivo correlating with the severity of Trypanosoma infection 
(Ingram and Soltys 1960).

�CL-43 and CL-46

Like CGN, collectins CL-43 and CL-46 are predominantly serum proteins. CL-43 
is synthesised in the liver; the average serum concentration is 21 μg/mL and is struc-
turally similar to CGN and bovine SP-D, and has a preferential ligands similar to 
that of MBL (Holmskov et al. 1993). CL-43 is in a trimeric structure in the serum 
and does not form higher order multimeric forms (Holmskov et al. 1995). CL-46 is 
mainly expressed in the thymus and liver but was also detected in mammary gland 
and digestive system tissues, although its average serum concentration is not known 
(Hansen et al. 2002a) (Table 1). It is suggested that CL-46 may be involved in the 
clearance of apoptotic thymocytes, and there are thymus-related cis-elements 
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present in its promoter region which may be indicative of T cell mediated CL-46 
expression (Hansen et al. 2002a). The carbohydrate preference of the CRD of CL-46 
is similar to CGN, suggesting potential iC3b targeting in the thymus, such as the 
clearance of apoptotic T cells (Uwai et al. 2000) and the development of central 
tolerance.

The physiological role of CL-43 and CL-46 has not been fully elucidated in the 
bovine host, but there are a few studies showing their anti-microbial activities in 
vitro. CL-43 has been reported to bind to E. coli strain K12, enhancing uptake by 
phagocytes (Hansen and Holmskov 2002). CL-43 also exhibited significantly higher 
hemagglutination and inhibition activity against IAV than SP-D, but unlike multi-
meric forms, CL-43 cannot induce viral or bacterial aggregation (Hartshorn et al. 
2002). Although CL-43 did not enhance IAV-induced neutrophil H2O2 production, 
it did strongly enhance neutrophil uptake of IAV, without the need for aggregation 
(as seen with SP-D) (Hartshorn et al. 2002). CL-43 (like CGN and bovine SP-D) 
can also bind to bovine rotavirus (Nebraska calf diarrhoea virus), via the VP7 gly-
coprotein resulting in hemagglutination and neuralisation (Reading et  al. 1998). 
Furthermore, CL-43 showed the highest activity against the virus (Reading et al. 
1998). For fungi, CL-43 is can bind to non-capsular forms of Cryptococcus neofor-
mans in vitro, inducing agglutination but not with the encapsulated form of the yeast 
(Schelenz et al. 1995). CL-43 has also been shown to bind to immobilized yeast 
mannan (Holmskov et al. 1996). For CL-46, the only report of anti-microbial activ-
ity is on IAV, where a recombinant fragment (a trimeric neck and CRD) induced 
aggregation of the virus and strongly enhanced its uptake by neutrophils (Hartshorn 
et al. 2010b).

�CL-L1, CL-K1 and CL-P1

The specific role of these lesser known collectins in the Bovidae is unknown. Nearly 
all of understanding of the biological role of CL-L1, CL-K1 and CL-P1 has come 
from human and murine studies. CL-L1 and CL-K1 are present in the blood, form-
ing complexes with mannose-associated serine protease (MASPs) of the lectin com-
plement pathway (Hansen et al. 2010; Axelgaard et al. 2013; Henriksen et al. 2013a; 
Ma et al. 2013). CL-K1 gene transcripts have been observed mainly in the liver, 
small intestine, placenta, pancreas, kidney and adrenal, thymus, spinal cord tissues 
(Keshi et al. 2006) (Table 1). Serum levels of human CL-L1 are approximately 3 μg/
mL and for CL-K1 approximately 0.3 μg/mL (Hansen et al. 2010; Yoshizaki et al. 
2012; Axelgaard et al. 2013). Another recent study showed the median serum con-
centration of CL-L1 to be 1.87 μg/mL and CL-K1 to be 0.32 μg/mL (Bayarri-Olmos 
et al. 2015). For CL-P1, it is in the human umbilical cord plasma at approximately 
55–121.4 ng/mL but has not been detectable in adult plasma (Ma et al. 2015). The 
tissue distribution and serum concentrations of CL-L1, CL-K1 and CL-P1 have yet 
to be published in the Bovidae. However, there is unpublished data on the Gene 
Expression Omnibus (GEO) repository showing putative expression of COLEC10, 
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COLEC11 and COLEC12 in various tissues (NCBI 2020). Circulating CL-L1 and 
CL-K1 can both form heterotrimers called CL-LK, analogous to C1q globular heads 
(with a ratio of 2 CL-K1: 1 CL-L1), that can lead to enhanced complement activa-
tion via interaction with MASP-2, compared to homotrimers alone (Wong et  al. 
2008; Axelgaard et al. 2013; Henriksen et al. 2013a; Hansen et al. 2016). Mutations 
in the COLEC11 gene have been linked with the developmental defect syndrome 
3MC (Mingarelli, Malpuech, Michels and Carnevale syndromes) (Carnevale et al. 
1989; Rooryck et al. 2011). Serum concentration variability of CL-L1, CL-P1 and 
CL-K1 and its link with disease is not well understood but increased CL-K1 levels 
have been linked with the disseminated intravascular coagulation (DIC) condition 
in humans (Takahashi et al. 2014).

CL-L1, CL-K1 and CL-P1 can bind to various microbes. CL-K1 binds to bacte-
rial and fungal ligands, as well as apoptotic cells (Keshi et al. 2006; Hansen et al. 
2010). Murine CL-K1 is able to bind to IAV and reduce its infectivity (Hansen et al. 
2010; Henriksen et al. 2013a). CL-K1 also binds DNA and via complement, may be 
involved in clearance of extracellular DNA, seen from apoptotic cells, neutrophil 
extracellular traps and biofilms (Henriksen et al. 2013b). CL-K1 can bind to E. coli, 
K. pneumoniae, P. aeruginosa and M. tuberculosis (Keshi et al. 2006; Hansen et al. 
2010; Troegeler et al. 2015). CL-P1 can also bind to E. coli and S. aureus (Ohtani 
et al. 1999; Jang et al. 2009). Both CL-L1 and CL-K1 can activate the lectin path-
way of complement (Henriksen et al. 2013a), whilst CL-P1 can activate the alterna-
tive and classical pathways of complement (Roy et al. 2016). The role of CL-L1, 
CL-K1 and CL-P1 in vivo in the bovine host is unknown, but their average serum 
concentrations seem to be well below that observed for MBL, SP-A, SP-D and 
CGN, suggesting that these collectins may be more important in local clearance of 
pathogens and homeostasis. Furthermore, it is still unknown whether CL-L1, CL-K1 
and CL-P1 can act as opsonins directly independent of complement deposition. 
CL-L1 prefers D-mannose, N-acetylglucosamine, D-galactose, L-fucose and 
D-fructose and binding requires Ca2+ (Ohtani et al. 1999; Axelgaard et al. 2013), 
whilst, CL-K1 prefers L-fucose, D-mannose and N-acetyl mannosamine (Ohtani 
et  al. 1999; Hansen et  al. 2010). Interestingly, CL-LK (complex of CL-L1 and 
CL-K1) has been shown to be a PRR for M. tuberculosis, targeting mannose-capped 
lipoarabinomannan (ManLAM) on the bacterium in Ca2+ dependent manner, but not 
to the related M. smegmatis because of a the lack of mannose caps on its LAM 
(Troegeler et al. 2015). Furthermore, the levels of CL-LK in serum of human tuber-
culosis patients are lower, compared to controls suggesting that it may be useful as 
a biomarker for the disease (Troegeler et al. 2015). It would therefore be prudent to 
examine the correlation of CL-L1, CL-K1, and CL-P1 in Bos taurus during myco-
bacterial infection to ascertain whether these may be useful biomarkers for bovine 
tuberculosis as well.
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�Concluding Remarks and Future Directions

The bovine collectins constitute a key component of the innate immune system of 
cattle, but much of our understanding of their specific biological role in the Bovidae 
remains unknown. Collectins have been shown to be involved extensively in protec-
tion from pathogens and maintenance of homeostasis in several mammalian sys-
tems (e.g., human and mice) and similar studies should be conducted in the bovine 
host with relevant bovine pathogens and other pathological conditions that affect 
cattle. This is a significant component of bovine immunity that remains unexplored 
and could be relevant to combatting a number of infectious diseases of cattle, e.g., 
mastitis, bovine tuberculosis and other bovine respiratory disease and gastrointesti-
nal infections (Fig. 5). Of particular importance is the use of genomic technologies 
that can be used to further elucidate genetic diversity of bovine collectin genes and 
other immune markers, to identify traits linked with major diseases of cattle. Such 
data will allow selective breeding of pathogen-resistant animals and give other 
insights in how collectins and innate immunity can be bolstered to protect 
against cattle infection and the reliance of anti-microbial therapy.

Bovine MBL, SP-A and SP-D have been shown to play important roles in bovine 
innate immunity, but much remains unknown. What remains intriguing is CGN, 
CL-43 and CL-46, which have evolved from an SP-D ancestral gene, are unique in 
the Bovidae compared to other mammals. This evolutionary separation is perhaps 

Fig. 5  Putative functions and antimicrobial interactions of the bovine collectins. Summary of the 
diverse roles of collectins, in antimicrobial defence, reproduction and development, homeostasis 
and hypersensitivity and inflammation. Note: most of these functions have not been reported in 
Bos taurus, but based on studies in other mammals, the bovine-relevant pathogens and other bio-
logical factors that  are likely to interact with the bovine collectins in a similar manner. Please 
consult main body of the review for more details
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due to the specific biology of ruminants, which have a high level of microbial sym-
biosis and thus need a balance of the inflammatory response to prevent tissue dam-
age. These additional collectins may have evolved in this regard to target pathogens 
in an efficient manner, whilst having anti-inflammatory properties to facilitate 
microbial symbiosis and prevent tissue damage. Much has still to be learned about 
the interactions of bovine collectins, (especially CGN, CL-43 and CL-46) with 
bovine pathogens and in order to understand pathogenesis and susceptibility to 
infection. Of promise is the use of truncated recombinant forms (CRD and neck 
region) of some collectins (SP-A, SP-D and CGN) that has shown their potential in 
antimicrobial prophylaxis or therapy against IAV and tuberculosis (Al-Ahdal et al. 
2018; Al-Qahtani et al. 2019; Mehmood et al. 2019). It is hoped that this review will 
encourage renewed focus and resources in studying bovine collectins more fully, a 
probable critical arm of bovine innate immunity.

References

Abernethy DA, Upton P, Higgins IM, Mcgrath G, Goodchild AV, Rolfe SJ, Broughan JM, Downs 
SH, Clifton-Hadley R, Menzies FD, De La Rua-Domenech R, Blissitt MJ, Duignan A, More 
SJ. Bovine tuberculosis trends in the UK and the Republic of Ireland, 1995-2010. Vet Rec. 
2013;172:312.

Al-Ahdal MN, Murugaiah V, Varghese PM, Abozaid SM, Saba I, Al-Qahtani AA, Pathan AA, 
Kouser L, Nal B, Kishore U. Entry inhibition and modulation of pro-inflammatory immune 
response against influenza A virus by a recombinant truncated surfactant protein D.  Front 
Immunol. 2018;9:1586.

Aliouat EM, Escamilla R, Cariven C, Vieu C, Mullet C, Dei-Cas E, Prevost MC.  Surfactant 
changes during experimental pneumocystosis are related to Pneumocystis development. Eur 
Respir J. 1998;11:542–7.

Allen MJ, Laederach A, Reilly PJ, Mason RJ. Polysaccharide recognition by surfactant protein 
D: novel interactions of a C-type lectin with nonterminal glucosyl residues. Biochemistry. 
2001a;40:7789–98.

Allen MJ, Voelker DR, Mason RJ. Interactions of surfactant proteins A and D with Saccharomyces 
cerevisiae and Aspergillus fumigatus. Infect Immun. 2001b;69:2037–44.

Al-Qahtani AA, Murugaiah V, Bashir HA, Pathan AA, Abozaid SM, Makarov E, Nal B, Kishore 
U, Al-Ahdal MN. Full-length human surfactant protein A inhibits influenza A virus infection 
of A549 lung epithelial cells: a recombinant form containing neck and lectin domains promotes 
infectivity. Immunobiology. 2019;224(3):408–18.

Ambrosio AR, De Messias-Reason IJ. Leishmania (Viannia) braziliensis: interaction of mannose-
binding lectin with surface glycoconjugates and complement activation. An antibody-
independent defence mechanism. Parasite Immunol. 2005;27:333–40.

Andersen O, Sorensen AM, Svehag SE, Fenouillet E.  Conglutinin binds the HIV-1 envelope 
glycoprotein gp 160 and inhibits its interaction with cell membrane CD4. Scand J Immunol. 
1991;33:81–8.

APHA. GB cattle quarterly report Disease surveillance and emerging threats. 2020.
Atochina EN, Beck JM, Scanlon ST, Preston AM, Beers MF. Pneumocystis carinii pneumo-

nia alters expression and distribution of lung collectins SP-A and SP-D.  J Lab Clin Med. 
2001;137:429–39.

A. G. Tsolaki and U. Kishore



231

Avirutnan P, Hauhart RE, Marovich MA, Garred P, Atkinson JP, Diamond MS.  Complement-
mediated neutralization of dengue virus requires mannose-binding lectin. MBio. 
2011;2(6):e00276-11.

Awasthi S, Magee DM, Coalson JJ. Coccidioides posadasii infection alters the expression of pul-
monary surfactant proteins (SP)-A and SP-D. Respir Res. 2004;5:28.

Axelgaard E, Jensen L, Dyrlund TF, Nielsen HJ, Enghild JJ, Thiel S, Jensenius JC. Investigations 
on collectin liver 1. J Biol Chem. 2013;288:23407–20.

Barik S, Saini M, Chandra Mohan S, Ramesh D, Gupta PK. Functional characterization of partial 
recombinant goat conglutinin: its role as innate immunity marker and use as antigen in sand-
wich ELISA. Vet Immunol Immunopathol. 2020;220:109987.

Bartlomiejczyk MA, Swierzko AS, Brzostek A, Dziadek J, Cedzynski M.  Interaction of lectin 
pathway of complement-activating pattern recognition molecules with mycobacteria. Clin Exp 
Immunol. 2014;178:310–9.

Bayarri-Olmos R, Hansen S, Henriksen ML, Storm L, Thiel S, Garred P, Munthe-Fog L. Genetic 
variation of COLEC10 and COLEC11 and association with serum levels of collectin liver 1 
(CL-L1) and collectin kidney 1 (CL-K1). PLoS One. 2015;10:e0114883.

Beharka AA, Gaynor CD, Kang BK, Voelker DR, Mccormack FX, Schlesinger LS. Pulmonary 
surfactant protein A up-regulates activity of the mannose receptor, a pattern recognition recep-
tor expressed on human macrophages. J Immunol. 2002;169:3565–73.

Benne CA, Kraaijeveld CA, Van Strijp JA, Brouwer E, Harmsen M, Verhoef J, Van Golde LM, 
Van Iwaarden JF.  Interactions of surfactant protein A with influenza A viruses: binding and 
neutralization. J Infect Dis. 1995;171:335–41.

Beytut E. Immunohistochemical evaluation of surfactant proteins and lymphocyte phenotypes in 
the lungs of cattle with natural tuberculosis. Res Vet Sci. 2011;91:119–24.

Borron P, Mcintosh JC, Korfhagen TR, Whitsett JA, Taylor J, Wright JR. Surfactant-associated 
protein A inhibits LPS-induced cytokine and nitric oxide production in vivo. Am J Phys Lung 
Cell Mol Phys. 2000;278:L840–7.

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. J Immunol. 2002;169:5844–50.

Botas C, Poulain F, Akiyama J, Brown C, Allen L, Goerke J, Clements J, Carlson E, Gillespie AM, 
Epstein C, Hawgood S. Altered surfactant homeostasis and alveolar type II cell morphology in 
mice lacking surfactant protein D. Proc Natl Acad Sci U S A. 1998;95:11869–74.

Brauer L, Kindler C, Jager K, Sel S, Nolle B, Pleyer U, Ochs M, Paulsen FP. Detection of surfac-
tant proteins A and D in human tear fluid and the human lacrimal system. Invest Ophthalmol 
Vis Sci. 2007;48:3945–53.

Brown KS, Ryder SD, Irving WL, Sim RB, Hickling TP. Mannan binding lectin and viral hepatitis. 
Immunol Lett. 2007;108:34–44.

Brown KS, Keogh MJ, Owsianka AM, Adair R, Patel AH, Arnold JN, Ball JK, Sim RB, Tarr AW, 
Hickling TP. Specific interaction of hepatitis C virus glycoproteins with mannan binding lectin 
inhibits virus entry. Protein Cell. 2010;1:664–74.

Cahayani WA, Norahmawati E, Budiarti N, Fitri LE.  Increased CD11b and hypoxia-inducible 
factors-1alpha expressions in the lung tissue and surfactant protein-D levels in serum are related 
with acute lung injury in severe malaria of C57BL/6 mice. Iran J Parasitol. 2016;11:303–15.

Campanella JJ, Bitincka L, Smalley J. MatGAT: an application that generates similarity/identity 
matrices using protein or DNA sequences. BMC Bioinformatics. 2003;4:29.

Capparelli R, Parlato M, Amoroso MG, Roperto S, Marabelli R, Roperto F, Iannelli D. Mannose-
binding lectin haplotypes influence Brucella abortus infection in the water buffalo (Bubalus 
bubalis). Immunogenetics. 2008;60:157–65.

Carnevale F, Krajewska G, Fischetto R, Greco MG, Bonvino A.  Ptosis of eyelids, strabismus, 
diastasis recti, hip defect, cryptorchidism, and developmental delay in two sibs. Am J Med 
Genet. 1989;33:186–9.

Bovine Collectins: Role in Health and Disease



232

Cestari Idos S, Krarup A, Sim RB, Inal JM, Ramirez MI. Role of early lectin pathway activation 
in the complement-mediated killing of Trypanosoma cruzi. Mol Immunol. 2009;47:426–37.

Chaka W, Verheul AF, Vaishnav VV, Cherniak R, Scharringa J, Verhoef J, Snippe H, Hoepelman 
AI.  Induction of TNF-alpha in human peripheral blood mononuclear cells by the manno-
protein of Cryptococcus neoformans involves human mannose binding protein. J Immunol. 
1997;159:2979–85.

Chiba H, Pattanajitvilai S, Evans AJ, Harbeck RJ, Voelker DR. Human surfactant protein D (SP-
D) binds Mycoplasma pneumoniae by high affinity interactions with lipids. J Biol Chem. 
2002;277:20379–85.

Crouch E, Parghi D, Kuan SF, Persson A. Surfactant protein D: subcellular localization in noncili-
ated bronchiolar epithelial cells. Am J Phys. 1992;263:L60–6.

Crouch E, Persson A, Chang D, Heuser J. Molecular structure of pulmonary surfactant protein D 
(SP-D). J Biol Chem. 1994;269:17311–9.

Davis AE 3rd, Lachmann PJ.  Bovine conglutinin is a collagen-like protein. Biochemistry. 
1984;23:2139–44.

Dec M, Wernicki A, Puchalski A, Urban-Chmiel R. Conglutinin is not specific to cattle. Vet Med. 
2011;56:510–9.

Dec M, Wernicki A, Puchalski A, Urban-Chmiel R, Radej S. Effect of conglutinin on phagocytic 
activity of bovine granulocytes. Pol J Vet Sci. 2012;15:455–62.

Dereeper A, Guignon V, Blanc G, Audic S, Buffet S, Chevenet F, Dufayard JF, Guindon S, Lefort 
V, Lescot M, Claverie JM, Gascuel O. Phylogeny.fr: robust phylogenetic analysis for the non-
specialist. Nucleic Acids Res. 2008;36:W465–9.

Dodagatta-Marri E, Mitchell DA, Pandit H, Sonawani A, Murugaiah V, Idicula-Thomas S, Nal B, 
Al-Mozaini MM, Kaur A, Madan T, Kishore U. Protein-protein interaction between surfactant 
protein D and DC-SIGN via C-type lectin domain can suppress HIV-1 transfer. Front Immunol. 
2017;8:834.

Dong Q, Wright JR. Degradation of surfactant protein D by alveolar macrophages. Am J Phys. 
1998;274:L97–105.

Drickamer K, Taylor ME.  Evolving views of protein glycosylation. Trends Biochem Sci. 
1998;23:321–4.

Eberhart NL, Storer JM, Caldwell M, Saxton AM, Krawczel PD.  Behavioral and physiologic 
changes in Holstein steers experimentally infected with Mannheimia haemolytica. Am J Vet 
Res. 2017;78:1056–64.

Edgar RC.  MUSCLE: multiple sequence alignment with high accuracy and high throughput. 
Nucleic Acids Res. 2004;32:1792–7.

Ehrlich P, Sachs H.  Ueber den Mechanismus der Amboceptorenwirkung. Berliner Klinische 
Wochenschrift. 1902;39:492–6.

Eisen DP, Minchinton RM. Impact of mannose-binding lectin on susceptibility to infectious dis-
eases. Clin Infect Dis. 2003;37:1496–505.

Ezekowitz RA, Day LE, Herman GA. A human mannose-binding protein is an acute-phase reactant 
that shares sequence homology with other vertebrate lectins. J Exp Med. 1988;167:1034–46.

Ezekowitz RA, Kuhlman M, Groopman JE, Byrn RA. A human serum mannose-binding protein 
inhibits in vitro infection by the human immunodeficiency virus. J Exp Med. 1989;169:185–96.

Favier AL, Reynard O, Gout E, Van Eijk M, Haagsman HP, Crouch E, Volchkov V, Peyrefitte C, 
Thielens NM. Involvement of surfactant protein D in ebola virus infection enhancement via 
glycoprotein interaction. Viruses. 2018;11(1):15.

Ferguson JS, Voelker DR, Mccormack FX, Schlesinger LS.  Surfactant protein D binds to 
Mycobacterium tuberculosis bacilli and lipoarabinomannan via carbohydrate-lectin inter-
actions resulting in reduced phagocytosis of the bacteria by macrophages. J Immunol. 
1999;163:312–21.

Ferguson JS, Voelker DR, Ufnar JA, Dawson AJ, Schlesinger LS. Surfactant protein D inhibi-
tion of human macrophage uptake of Mycobacterium tuberculosis is independent of bacterial 
agglutination. J Immunol. 2002;168(3):1309–14.

A. G. Tsolaki and U. Kishore



233

Fischer PB, Ellermann-Eriksen S, Thiel S, Jensenius JC, Mogensen SC. Mannan-binding protein 
and bovine conglutinin mediate enhancement of herpes simplex virus type 2 infection in mice. 
Scand J Immunol. 1994;39:439–45.

Fisher JH, Mason R. Expression of pulmonary surfactant protein D in rat gastric mucosa. Am J 
Respir Cell Mol Biol. 1995;12:13–8.

Fraser RS, Lumsden JS, Lillie BN. Identification of polymorphisms in the bovine collagenous lec-
tins and their association with infectious diseases in cattle. Immunogenetics. 2018;70:533–46.

Friis P, Svehag SE, Andersen O, Gahrn-Hansen B, Leslie RG. Conglutinin exhibits a complement-
dependent enhancement of the respiratory burst of phagocytes stimulated by E. coli. 
Immunology. 1991;74:680–4.

Friis-Christiansen P, Thiel S, Svehag SE, Dessau R, Svendsen P, Andersen O, Laursen SB, 
Jensenius JC. In vivo and in vitro antibacterial activity of conglutinin, a mammalian plasma 
lectin. Scand J Immunol. 1990;31:453–60.

Fuchs A, Pinto AK, Schwaeble WJ, Diamond MS. The lectin pathway of complement activation 
contributes to protection from West Nile virus infection. Virology. 2011;412:101–9.

Funk CJ, Wang J, Ito Y, Travanty EA, Voelker DR, Holmes KV, Mason RJ. Infection of human 
alveolar macrophages by human coronavirus strain 229E. J Gen Virol. 2012;93:494–503.

Gadjeva M, Paludan SR, Thiel S, Slavov V, Ruseva M, Eriksson K, Lowhagen GB, Shi L, Takahashi 
K, Ezekowitz A, Jensenius JC. Mannan-binding lectin modulates the response to HSV-2 infec-
tion. Clin Exp Immunol. 2004;138:304–11.

Gaiha GD, Dong T, Palaniyar N, Mitchell DA, Reid KB, Clark HW. Surfactant protein A binds 
to HIV and inhibits direct infection of CD4+ cells, but enhances dendritic cell-mediated viral 
transfer. J Immunol. 2008;181:601–9.

Gallagher DS Jr, Ryan AM, Liou LS, Sastry KN, Womack JE. Somatic cell mapping of conglutinin 
(CGN1) to cattle syntenic group U29 and fluorescence in situ localization to Chromosome 28. 
Mamm Genome. 1993;4:716–9.

Garred P, Harboe M, Oettinger T, Koch C, Svejgaard A. Dual role of mannan-binding protein in 
infections: another case of heterosis? Eur J Immunogenet. 1994;21:125–31.

Garred P, Richter C, Andersen AB, Madsen HO, Mtoni I, Svejgaard A, Shao J. Mannan-binding 
lectin in the sub-Saharan HIV and tuberculosis epidemics. Scand J Immunol. 1997;46:204–8.

Garred P, Nielsen MA, Kurtzhals JA, Malhotra R, Madsen HO, Goka BQ, Akanmori BD, Sim RB, 
Hviid L. Mannose-binding lectin is a disease modifier in clinical malaria and may function as 
opsonin for Plasmodium falciparum-infected erythrocytes. Infect Immun. 2003;71:5245–53.

Ghildyal R, Hartley C, Varrasso A, Meanger J, Voelker DR, Anders EM, Mills J. Surfactant protein 
A binds to the fusion glycoprotein of respiratory syncytial virus and neutralizes virion infectiv-
ity. J Infect Dis. 1999;180:2009–13.

Gjerstorff M, Hansen S, Jensen B, Dueholm B, Horn P, Bendixen C, Holmskov U. The genes encod-
ing bovine SP-A, SP-D, MBL-A, conglutinin, CL-43 and CL-46 form a distinct collectin locus 
on Bos taurus chromosome 28 (BTA28) at position q.1.8-1.9. Anim Genet. 2004a;35:333–7.

Gjerstorff M, Madsen J, Bendixen C, Holmskov U, Hansen S. Genomic and molecular character-
ization of bovine surfactant protein D (SP-D). Mol Immunol. 2004b;41:369–76.

Gold JA, Hoshino Y, Tanaka N, Rom WN, Raju B, Condos R, Weiden MD. Surfactant protein 
A modulates the inflammatory response in macrophages during tuberculosis. Infect Immun. 
2004;72:645–50.

Goodger BV, Wright IG, Mahoney DF. Changes in conglutinin, immunoconglutinin, complement 
C3 and fibronectin concentrations in cattle acutely infected with Babesia bovis. Aust J Exp Biol 
Med Sci. 1981;59:531–8.

Goyal S, Klassert TE, Slevogt H. C-type lectin receptors in tuberculosis: what we know. Med 
Microbiol Immunol. 2016;205:513–35.

Green PJ, Feizi T, Stoll MS, Thiel S, Prescott A, Mcconville MJ. Recognition of the major cell 
surface glycoconjugates of Leishmania parasites by the human serum mannan-binding protein. 
Mol Biochem Parasitol. 1994;66:319–28.

Bovine Collectins: Role in Health and Disease



234

Hansen S, Holmskov U. Structural aspects of collectins and receptors for collectins. Immunobiology. 
1998;199:165–89.

Hansen S, Holmskov U. Lung surfactant protein D (SP-D) and the molecular diverted descendants: 
conglutinin, CL-43 and CL-46. Immunobiology. 2002;205:498–517.

Hansen S, Thiel S, Willis A, Holmskov U, Jensenius JC. Purification and characterization of two 
mannan-binding lectins from mouse serum. J Immunol. 2000;164:2610–8.

Hansen S, Holm D, Moeller V, Vitved L, Bendixen C, Reid KB, Skjoedt K, Holmskov U. CL-46, 
a novel collectin highly expressed in bovine thymus and liver. J Immunol. 2002a;169:5726–34.

Hansen S, Moeller V, Holm D, Vitved L, Bendixen C, Skjodt K, Holmskov U. Novel characterisa-
tion of the gene encoding conglutinin reveals that previously characterised promoter corre-
sponds to the CL-43 promoter. Mol Immunol. 2002b;39:39–43.

Hansen S, Holm D, Moeller V, Vitved L, Bendixen C, Skjoedt K, Holmskov U. Genomic and 
molecular characterization of CL-43 and its proximal promoter. Biochim Biophys Acta. 
2003;1625:1–10.

Hansen S, Selman L, Palaniyar N, Ziegler K, Brandt J, Kliem A, Jonasson M, Skjoedt MO, 
Nielsen O, Hartshorn K, Jorgensen TJ, Skjodt K, Holmskov U. Collectin 11 (CL-11, CL-K1) 
is a MASP-1/3-associated plasma collectin with microbial-binding activity. J Immunol. 
2010;185:6096–104.

Hansen SW, Ohtani K, Roy N, Wakamiya N. The collectins CL-L1, CL-K1 and CL-P1, and their 
roles in complement and innate immunity. Immunobiology. 2016;221:1058–67.

Harrod KS, Trapnell BC, Otake K, Korfhagen TR, Whitsett JA. SP-A enhances viral clearance 
and inhibits inflammation after pulmonary adenoviral infection. Am J Phys. 1999;277:L580–8.

Hartley CA, Jackson DC, Anders EM. Two distinct serum mannose-binding lectins function as 
beta inhibitors of influenza virus: identification of bovine serum beta inhibitor as conglutinin. 
J Virol. 1992;66:4358–63.

Hartshorn KL, Sastry K, Brown D, White MR, Okarma TB, Lee YM, Tauber AI. Conglutinin acts 
as an opsonin for influenza A viruses. J Immunol. 1993a;151:6265–73.

Hartshorn KL, Sastry K, White MR, Anders EM, Super M, Ezekowitz RA, Tauber AI. Human 
mannose-binding protein functions as an opsonin for influenza A viruses. J Clin Invest. 
1993b;91:1414–20.

Hartshorn KL, Crouch EC, White MR, Eggleton P, Tauber AI, Chang D, Sastry K. Evidence for 
a protective role of pulmonary surfactant protein D (SP-D) against influenza A viruses. J Clin 
Invest. 1994;94:311–9.

Hartshorn KL, Holmskov U, Hansen S, Zhang P, Meschi J, Mogues T, White MR, Crouch 
EC.  Distinctive anti-influenza properties of recombinant collectin 43. Biochem 
J. 2002;366:87–96.

Hartshorn KL, White MR, Smith K, Sorensen G, Kuroki Y, Holmskov U, Head J, Crouch 
EC. Increasing antiviral activity of surfactant protein d trimers by introducing residues from 
bovine serum collectins: dissociation of mannan-binding and antiviral activity. Scand J 
Immunol. 2010a;72:22–30.

Hartshorn KL, White MR, Tecle T, Sorensen G, Holmskov U, Crouch EC. Viral aggregating and 
opsonizing activity in collectin trimers. Am J Phys Lung Cell Mol Phys. 2010b;298:L79–88.

Haurum JS, Thiel S, Jones IM, Fischer PB, Laursen SB, Jensenius JC. Complement activation upon 
binding of mannan-binding protein to HIV envelope glycoproteins. AIDS. 1993;7:1307–13.

Hawgood S, Brown C, Edmondson J, Stumbaugh A, Allen L, Goerke J, Clark H, Poulain 
F. Pulmonary collectins modulate strain-specific influenza a virus infection and host responses. 
J Virol. 2004;78:8565–72.

He Y, Crouch EC, Rust K, Spaite E, Brody SL. Proximal promoter of the surfactant protein D 
gene: regulatory roles of AP-1, forkhead box, and GT box binding proteins. J Biol Chem. 
2000;275:31051–60.

Henriksen ML, Brandt J, Andrieu JP, Nielsen C, Jensen PH, Holmskov U, Jorgensen TJ, Palarasah 
Y, Thielens NM, Hansen S. Heteromeric complexes of native collectin kidney 1 and collec-

A. G. Tsolaki and U. Kishore



235

tin liver 1 are found in the circulation with MASPs and activate the complement system. J 
Immunol. 2013a;191:6117–27.

Henriksen ML, Brandt J, Iyer SS, Thielens NM, Hansen S. Characterization of the interaction 
between collectin 11 (CL-11, CL-K1) and nucleic acids. Mol Immunol. 2013b;56:757–67.

Hickling TP, Bright H, Wing K, Gower D, Martin SL, Sim RB, Malhotra R. A recombinant tri-
meric surfactant protein D carbohydrate recognition domain inhibits respiratory syncytial virus 
infection in vitro and in vivo. Eur J Immunol. 1999;29:3478–84.

Hogenkamp A, Herias MV, Tooten PC, Veldhuizen EJ, Haagsman HP. Effects of surfactant pro-
tein D on growth, adhesion and epithelial invasion of intestinal Gram-negative bacteria. Mol 
Immunol. 2007;44:3517–27.

Holmskov U, Teisner B, Pedersen NT, Laursen SB, Rasmussen HB, Jensenius JC. Tissue localiza-
tion of conglutinin, a bovine C-type lectin. Immunology. 1992;76:169–73.

Holmskov U, Teisner B, Willis AC, Reid KB, Jensenius JC. Purification and characterization of a 
bovine serum lectin (CL-43) with structural homology to conglutinin and SP-D and carbohy-
drate specificity similar to mannan-binding protein. J Biol Chem. 1993;268:10120–5.

Holmskov U, Laursen SB, Malhotra R, Wiedemann H, Timpl R, Stuart GR, Tornoe I, Madsen 
PS, Reid KB, Jensenius JC. Comparative study of the structural and functional properties of 
a bovine plasma C-type lectin, collectin-43, with other collectins. Biochem J. 1995;305(Pt 
3):889–96.

Holmskov U, Fischer PB, Rothmann A, Hojrup P. Affinity and kinetic analysis of the bovine plasma 
C-type lectin collectin-43 (CL-43) interacting with mannan. FEBS Lett. 1996;393:314–6.

Holmskov U, Jensenius JC, Tornoe I, Lovendahl P. The plasma levels of conglutinin are heritable 
in cattle and low levels predispose to infection. Immunology. 1998;93:431–6.

Holmskov U, Thiel S, Jensenius JC. Collections and ficolins: humoral lectins of the innate immune 
defense. Annu Rev Immunol. 2003;21:547–78.

Honda Y, Kuroki Y, Matsuura E, Nagae H, Takahashi H, Akino T, Abe S.  Pulmonary surfac-
tant protein D in sera and bronchoalveolar lavage fluids. Am J Respir Crit Care Med. 
1995;152:1860–6.

Hoover RR, Floros J.  Organization of the human SP-A and SP-D loci at 10q22-q23. Physical 
and radiation hybrid mapping reveal gene order and orientation. Am J Respir Cell Mol Biol. 
1998;18:353–62.

Hughes AL. Evolution of the lung surfactant proteins in birds and mammals. Immunogenetics. 
2007;59:565–72.

Hussain S, Wright JR, Martin WJ 2nd. Surfactant protein A decreases nitric oxide production by 
macrophages in a tumor necrosis factor-alpha-dependent mechanism. Am J Respir Cell Mol 
Biol. 2003;28:520–7.

Ikegami M, Whitsett JA, Jobe A, Ross G, Fisher J, Korfhagen T. Surfactant metabolism in SP-D 
gene-targeted mice. Am J Phys Lung Cell Mol Phys. 2000;279:L468–76.

Ingram DG.  Comparative aspects of conglutinin and immunoconglutinins. In: Hay JB, edi-
tor. Animal models of immunological processes. Toronto, Canada: Academic Press; 1982. 
p. 221–49.

Ingram DG, Mitchell WR. Conglutinin level in dairy cattle: changes associated with disease. Am 
J Vet Res. 1971;32:875–8.

Ingram DG, Soltys MA. Immunity in trypanosomiasis. IV. Immuno-conglutinin in animals infected 
with Trypanosoma brucei. Parasitology. 1960;50:231–9.

Iobst ST, Drickamer K.  Binding of sugar ligands to Ca(2+)-dependent animal lectins. 
II. Generation of high-affinity galactose binding by site-directed mutagenesis. J Biol Chem. 
1994;269:15512–9.

Ip WK, Lau YL. Role of mannose-binding lectin in the innate defense against Candida albicans: 
enhancement of complement activation, but lack of opsonic function, in phagocytosis by 
human dendritic cells. J Infect Dis. 2004;190:632–40.

Ip WK, Takahashi K, Moore KJ, Stuart LM, Ezekowitz RA. Mannose-binding lectin enhances 
Toll-like receptors 2 and 6 signaling from the phagosome. J Exp Med. 2008;205:169–81.

Bovine Collectins: Role in Health and Disease



236

Jack DL, Jarvis GA, Booth CL, Turner MW, Klein NJ. Mannose-binding lectin accelerates com-
plement activation and increases serum killing of Neisseria meningitidis serogroup C. J Infect 
Dis. 2001;184:836–45.

Jack DL, Lee ME, Turner MW, Klein NJ, Read RC. Mannose-binding lectin enhances phagocytosis 
and killing of Neisseria meningitidis by human macrophages. J Leukoc Biol. 2005;77:328–36.

Janeway CA Jr. Approaching the asymptote? Evolution and revolution in immunology. Cold 
Spring Harb Symp Quant Biol. 1989;54(Pt 1):1–13.

Jang S, Ohtani K, Fukuoh A, Yoshizaki T, Fukuda M, Motomura W, Mori K, Fukuzawa J, Kitamoto 
N, Yoshida I, Suzuki Y, Wakamiya N. Scavenger receptor collectin placenta 1 (CL-P1) pre-
dominantly mediates zymosan phagocytosis by human vascular endothelial cells. J Biol Chem. 
2009;284:3956–65.

Ji X, Olinger GG, Aris S, Chen Y, Gewurz H, Spear GT. Mannose-binding lectin binds to ebola and 
marburg envelope glycoproteins, resulting in blocking of virus interaction with DC-SIGN and 
complement-mediated virus neutralization. J Gen Virol. 2005;86:2535–42.

Job ER, Deng YM, Tate MD, Bottazzi B, Crouch EC, Dean MM, Mantovani A, Brooks AG, 
Reading PC. Pandemic H1N1 influenza A viruses are resistant to the antiviral activities of innate 
immune proteins of the collectin and pentraxin superfamilies. J Immunol. 2010;185:4284–91.

Jones DT, Taylor WR, Thornton JM. The rapid generation of mutation data matrices from protein 
sequences. Comput Appl Biosci. 1992;8:275–82.

Juul-Madsen HR, Kjaerup RM, Toft C, Henryon M, Heegaard PM, Berg P, Dalgaard TS. Structural 
gene variants in the porcine mannose-binding lectin 1 (MBL1) gene are associated with low 
serum MBL-A concentrations. Immunogenetics. 2011;63:309–17.

Kabha K, Schmegner J, Keisari Y, Parolis H, Schlepper-Schaeffer J, Ofek I. SP-A enhances phago-
cytosis of Klebsiella by interaction with capsular polysaccharides and alveolar macrophages. 
Am J Phys. 1997;272:L344–52.

Kase T, Suzuki Y, Kawai T, Sakamoto T, Ohtani K, Eda S, Maeda A, Okuno Y, Kurimura T, 
Wakamiya N. Human mannan-binding lectin inhibits the infection of influenza A virus without 
complement. Immunology. 1999;97:385–92.

Kasper M, Sims G, Koslowski R, Kuss H, Thuemmler M, Fehrenbach H, Auten RL. Increased 
surfactant protein D in rat airway goblet and Clara cells during ovalbumin-induced allergic 
airway inflammation. Clin Exp Allergy. 2002;32:1251–8.

Kaur S, Gupta VK, Thiel S, Sarma PU, Madan T. Protective role of mannan-binding lectin in a 
murine model of invasive pulmonary aspergillosis. Clin Exp Immunol. 2007;148:382–9.

Keshi H, Sakamoto T, Kawai T, Ohtani K, Katoh T, Jang SJ, Motomura W, Yoshizaki T, Fukuda 
M, Koyama S, Fukuzawa J, Fukuoh A, Yoshida I, Suzuki Y, Wakamiya N. Identification and 
characterization of a novel human collectin CL-K1. Microbiol Immunol. 2006;50:1001–13.

Kishore U, Greenhough TJ, Waters P, Shrive AK, Ghai R, Kamran MF, Bernal AL, Reid KB, 
Madan T, Chakraborty T. Surfactant proteins SP-A and SP-D: structure, function and receptors. 
Mol Immunol. 2006;43:1293–315.

Kitz DJ, Stahl PD, Little JR. The effect of a mannose binding protein on macrophage interactions 
with Candida albicans. Cell Mol Biol. 1992;38:407–12.

Klabunde J, Berger J, Jensenius JC, Klinkert MQ, Zelck UE, Kremsner PG, Kun JF. Schistosoma 
mansoni: adhesion of mannan-binding lectin to surface glycoproteins of cercariae and adult 
worms. Exp Parasitol. 2000;95:231–9.

Klabunde J, Uhlemann AC, Tebo AE, Kimmel J, Schwarz RT, Kremsner PG, Kun JF. Recognition 
of Plasmodium falciparum proteins by mannan-binding lectin, a component of the human 
innate immune system. Parasitol Res. 2002;88:113–7.

Kolble K, Lu J, Mole SE, Kaluz S, Reid KB. Assignment of the human pulmonary surfactant 
protein D gene (SFTP4) to 10q22-q23 close to the surfactant protein A gene cluster. Genomics. 
1993;17:294–8.

Koneti A, Linke MJ, Brummer E, Stevens DA. Evasion of innate immune responses: evidence for 
mannose binding lectin inhibition of tumor necrosis factor alpha production by macrophages 
in response to Blastomyces dermatitidis. Infect Immun. 2008;76:994–1002.

A. G. Tsolaki and U. Kishore



237

Korfhagen TR, Sheftelyevich V, Burhans MS, Bruno MD, Ross GF, Wert SE, Stahlman MT, Jobe 
AH, Ikegami M, Whitsett JA, Fisher JH. Surfactant protein-D regulates surfactant phospholipid 
homeostasis in vivo. J Biol Chem. 1998;273:28438–43.

Korir JC, Nyakoe NK, Awinda G, Waitumbi JN. Complement activation by merozoite antigens of 
Plasmodium falciparum. PLoS One. 2014;9:e105093.

Koziel H, Phelps DS, Fishman JA, Armstrong MY, Richards FF, Rose RM. Surfactant protein-A 
reduces binding and phagocytosis of Pneumocystis carinii by human alveolar macrophages 
in vitro. Am J Respir Cell Mol Biol. 1998;18:834–43.

Krarup A, Sorensen UB, Matsushita M, Jensenius JC, Thiel S. Effect of capsulation of opportunis-
tic pathogenic bacteria on binding of the pattern recognition molecules mannan-binding lectin, 
L-ficolin, and H-ficolin. Infect Immun. 2005;73:1052–60.

Kuan SF, Rust K, Crouch E. Interactions of surfactant protein D with bacterial lipopolysaccha-
rides. Surfactant protein D is an Escherichia coli-binding protein in bronchoalveolar lavage. J 
Clin Invest. 1992;90:97–106.

Kudo K, Sano H, Takahashi H, Kuronuma K, Yokota S, Fujii N, Shimada K, Yano I, Kumazawa Y, 
Voelker DR, Abe S, Kuroki Y. Pulmonary collectins enhance phagocytosis of Mycobacterium 
avium through increased activity of mannose receptor. J Immunol. 2004;172:7592–602.

Kuhlman M, Joiner K, Ezekowitz RA. The human mannose-binding protein functions as an opso-
nin. J Exp Med. 1989;169:1733–45.

Kurokawa K, Takahashi K, Lee BL. The staphylococcal surface-glycopolymer wall teichoic acid 
(WTA) is crucial for complement activation and immunological defense against Staphylococcus 
aureus infection. Immunobiology. 2016;221:1091–101.

Lachmann PJ, Muller-Eberhard HJ.  The demonstration in human serum of “conglutinogen-
activating factor” and its effect on the third component of complement. J Immunol. 
1968;100:691–8.

Laursen SB, Thiel S, Teisner B, Holmskov U, Wang Y, Sim RB, Jensenius JC. Bovine congluti-
nin binds to an oligosaccharide determinant presented by iC3b, but not by C3, C3b or C3c. 
Immunology. 1994;81:648–54.

Lemos MP, Mckinney J, Rhee KY.  Dispensability of surfactant proteins A and D in immune 
control of Mycobacterium tuberculosis infection following aerosol challenge of mice. Infect 
Immun. 2011;79:1077–85.

Leth-Larsen R, Zhong F, Chow VT, Holmskov U, Lu J.  The SARS coronavirus spike glyco-
protein is selectively recognized by lung surfactant protein D and activates macrophages. 
Immunobiology. 2007;212:201–11.

Levine AM, Whitsett JA.  Pulmonary collectins and innate host defense of the lung. Microbes 
Infect. 2001;3:161–6.

Levine AM, Gwozdz J, Stark J, Bruno M, Whitsett J, Korfhagen T. Surfactant protein-A enhances 
respiratory syncytial virus clearance in vivo. J Clin Invest. 1999;103:1015–21.

Levine AM, Whitsett JA, Hartshorn KL, Crouch EC, Korfhagen TR. Surfactant protein D enhances 
clearance of influenza A virus from the lung in vivo. J Immunol. 2001;167:5868–73.

Levine AM, Hartshorn K, Elliott J, Whitsett J, Korfhagen T. Absence of SP-A modulates innate 
and adaptive defense responses to pulmonary influenza infection. Am J Phys Lung Cell Mol 
Phys. 2002;282:L563–72.

Levitz SM, Tabuni A, Treseler C. Effect of mannose-binding protein on binding of Cryptococcus 
neoformans to human phagocytes. Infect Immun. 1993;61:4891–3.

Li RW, Rinaldi M, Capuco AV. Characterization of the abomasal transcriptome for mechanisms of 
resistance to gastrointestinal nematodes in cattle. Vet Res. 2011;42:114.

Lillie BN, Brooks AS, Keirstead ND, Hayes MA. Comparative genetics and innate immune func-
tions of collagenous lectins in animals. Vet Immunol Immunopathol. 2005;108:97–110.

Lillie BN, Hammermueller JD, Macinnes JI, Jacques M, Hayes MA.  Porcine mannan-binding 
lectin A binds to Actinobacillus suis and Haemophilus parasuis. Dev Comp Immunol. 
2006a;30:954–65.

Bovine Collectins: Role in Health and Disease



238

Lillie BN, Keirstead ND, Squires EJ, Hayes MA. Single-nucleotide polymorphisms in porcine 
mannan-binding lectin A. Immunogenetics. 2006b;58:983–93.

Lillie BN, Keirstead ND, Squires EJ, Hayes MA. Gene polymorphisms associated with reduced 
hepatic expression of porcine mannan-binding lectin C. Dev Comp Immunol. 2007;31:830–46.

Lim BL, Holmskov U. Expression of the carbohydrate recognition domain of bovine conglutinin 
and demonstration of its binding to iC3b and yeast mannan. Biochem Biophys Res Commun. 
1996;218:260–6.

Lim BL, Lu J, Reid KB. Structural similarity between bovine conglutinin and bovine lung surfac-
tant protein D and demonstration of liver as a site of synthesis of conglutinin. Immunology. 
1993;78:159–65.

Lin Z, Demello D, Phelps DS, Koltun WA, Page M, Floros J. Both human SP-A1 and Sp-A2 genes 
are expressed in small and large intestine. Pediatr Pathol Mol Med. 2001;20:367–86.

Liu J, Ju Z, Li Q, Huang J, Li R, Li J, Ma L, Zhong J, Wang C. Mannose-binding lectin 1 haplo-
types influence serum MBL-A concentration, complement activity, and milk production traits 
in Chinese Holstein cattle. Immunogenetics. 2011;63:727–42.

Loveless RW, Feizi T, Childs RA, Mizuochi T, Stoll MS, Oldroyd RG, Lachmann PJ.  Bovine 
serum conglutinin is a lectin which binds non-reducing terminal N-acetylglucosamine, man-
nose and fucose residues. Biochem J. 1989;258:109–13.

Lu J, Willis AC, Reid KB. Purification, characterization and cDNA cloning of human lung surfac-
tant protein D. Biochem J. 1992;284(Pt 3):795–802.

Lu J, Laursen SB, Thiel S, Jensenius JC, Reid KB. The cDNA cloning of conglutinin and iden-
tification of liver as a primary site of synthesis of conglutinin in members of the Bovidae. 
Biochem J. 1993a;292(Pt 1):157–62.

Lu J, Wiedemann H, Holmskov U, Thiel S, Timpl R, Reid KB. Structural similarity between lung 
surfactant protein D and conglutinin. Two distinct, C-type lectins containing collagen-like 
sequences. Eur J Biochem. 1993b;215:793–9.

Ma YJ, Skjoedt MO, Garred P. Collectin-11/MASP complex formation triggers activation of the 
lectin complement pathway—the fifth lectin pathway initiation complex. J Innate Immun. 
2013;5:242–50.

Ma YJ, Hein E, Munthe-Fog L, Skjoedt MO, Bayarri-Olmos R, Romani L, Garred P.  Soluble 
collectin-12 (CL-12) Is a pattern recognition molecule initiating complement activation via the 
alternative pathway. J Immunol. 2015;195:3365–73.

Madan T, Eggleton P, Kishore U, Strong P, Aggrawal SS, Sarma PU, Reid KB. Binding of pul-
monary surfactant proteins A and D to Aspergillus fumigatus conidia enhances phagocytosis 
and killing by human neutrophils and alveolar macrophages. Infect Immun. 1997;65:3171–9.

Madsen HO, Garred P, Thiel S, Kurtzhals JA, Lamm LU, Ryder LP, Svejgaard A.  Interplay 
between promoter and structural gene variants control basal serum level of mannan-binding 
protein. J Immunol. 1995;155:3013–20.

Madsen J, Kliem A, Tornoe I, Skjodt K, Koch C, Holmskov U. Localization of lung surfactant 
protein D on mucosal surfaces in human tissues. J Immunol. 2000;164:5866–70.

Madsen J, Tornoe I, Nielsen O, Koch C, Steinhilber W, Holmskov U. Expression and localization 
of lung surfactant protein A in human tissues. Am J Respir Cell Mol Biol. 2003;29:591–7.

Malhotra R, Thiel S, Reid KB, Sim RB. Human leukocyte C1q receptor binds other soluble pro-
teins with collagen domains. J Exp Med. 1990;172:955–9.

Malhotra R, Haurum JS, Thiel S, Sim RB. Binding of human collectins (SP-A and MBP) to influ-
enza virus. Biochem J. 1994;304(Pt 2):455–61.

Matsushita M, Endo Y, Hamasaki N, Fujita T. Activation of the lectin complement pathway by 
ficolins. Int Immunopharmacol. 2001;1:359–63.

Mccormack FX, Festa AL, Andrews RP, Linke M, Walzer PD.  The carbohydrate recogni-
tion domain of surfactant protein A mediates binding to the major surface glycoprotein of 
Pneumocystis carinii. Biochemistry. 1997a;36:8092–9.

A. G. Tsolaki and U. Kishore



239

Mccormack FX, Pattanajitvilai S, Stewart J, Possmayer F, Inchley K, Voelker DR. The Cys6 inter-
molecular disulfide bond and the collagen-like region of rat SP-A play critical roles in interac-
tions with alveolar type II cells and surfactant lipids. J Biol Chem. 1997b;272:27971–9.

Mccormack FX, Gibbons R, Ward SR, Kuzmenko A, Wu H, Deepe GS Jr. Macrophage-independent 
fungicidal action of the pulmonary collectins. J Biol Chem. 2003;278:36250–6.

Mcdaniel CJ, Cardwell DM, Moeller RB Jr, Gray GC. Humans and cattle: a review of bovine 
zoonoses. Vector Borne Zoonotic Dis. 2014;14:1–19.

Mcneely TB, Coonrod JD. Aggregation and opsonization of type A but not type B Hemophilus 
influenzae by surfactant protein A. Am J Respir Cell Mol Biol. 1994;11:114–22.

Mehmood A, Kouser L, Kaur A, Holmskov U, Al-Ahdal MN, Sim RB, Kishore U, Tsolaki 
AG.  Complement dependent and independent interaction between bovine conglutinin and 
Mycobacterium bovis BCG: implications in bovine tuberculosis. Front Immunol. 2019;9:3159.

Meschi J, Crouch EC, Skolnik P, Yahya K, Holmskov U, Leth-Larsen R, Tornoe I, Tecle T, White 
MR, Hartshorn KL. Surfactant protein D binds to human immunodeficiency virus (HIV) enve-
lope protein gp120 and inhibits HIV replication. J Gen Virol. 2005;86:3097–107.

Miles DG. Overview of the North American beef cattle industry and the incidence of bovine respi-
ratory disease (BRD). Anim Health Res Rev. 2009;10:101–3.

Miller GY, Bartlett PC, Lance SE, Anderson J, Heider LE. Costs of clinical mastitis and mastitis 
prevention in dairy herds. J Am Vet Med Assoc. 1993;202:1230–6.

Miyamura K, Malhotra R, Hoppe HJ, Reid KB, Phizackerley PJ, Macpherson P, Lopez Bernal 
A. Surfactant proteins A (SP-A) and D (SP-D): levels in human amniotic fluid and localization 
in the fetal membranes. Biochim Biophys Acta. 1994;1210:303–7.

Mohan SC, Saini M, Ramesh D, Shynu M, Barik S, Das A, Sharma AK, Chaturvedi VK, Gupta 
PK. Prokaryotic expression of ovis aries conglutinin encoding neck and carbohydrate recogni-
tion domain and its functional characterization. Anim Biotechnol. 2015;26:29–36.

Murakami S, Iwaki D, Mitsuzawa H, Sano H, Takahashi H, Voelker DR, Akino T, Kuroki 
Y. Surfactant protein A inhibits peptidoglycan-induced tumor necrosis factor-alpha secretion 
in U937 cells and alveolar macrophages by direct interaction with toll-like receptor 2. J Biol 
Chem. 2002;277:6830–7.

Murugaiah V, Tsolaki AG, Kishore U. Collectins: innate immune pattern recognition molecules. 
Adv Exp Med Biol. 2020;1204:75–127.

Nadesalingam J, Dodds AW, Reid KB, Palaniyar N.  Mannose-binding lectin recognizes pepti-
doglycan via the N-acetyl glucosamine moiety, and inhibits ligand-induced proinflammatory 
effect and promotes chemokine production by macrophages. J Immunol. 2005a;175:1785–94.

Nadesalingam J, Reid KB, Palaniyar N. Collectin surfactant protein D binds antibodies and inter-
links innate and adaptive immune systems. FEBS Lett. 2005b;579:4449–53.

Nauta AJ, Raaschou-Jensen N, Roos A, Daha MR, Madsen HO, Borrias-Essers MC, Ryder LP, 
Koch C, Garred P. Mannose-binding lectin engagement with late apoptotic and necrotic cells. 
Eur J Immunol. 2003;33:2853–63.

Nayak A, Dodagatta-Marri E, Tsolaki AG, Kishore U.  An Insight into the Diverse Roles of 
Surfactant Proteins, SP-A and SP-D in Innate and Adaptive Immunity. Front Immunol. 
2012;3:131.

Ncbi. Gene expression omnibus (GEO) repository [Online]. Bethesda, MD: National Center for 
Biotechnology Information, U.S. National Library of Medicine; 2020.

Neth O, Jack DL, Dodds AW, Holzel H, Klein NJ, Turner MW. Mannose-binding lectin binds to 
a range of clinically relevant microorganisms and promotes complement deposition. Infect 
Immun. 2000;68:688–93.

Ohtani K, Suzuki Y, Eda S, Kawai T, Kase T, Yamazaki H, Shimada T, Keshi H, Sakai Y, Fukuoh A, 
Sakamoto T, Wakamiya N. Molecular cloning of a novel human collectin from liver (CL-L1). 
J Biol Chem. 1999;274:13681–9.

Ohtani K, Suzuki Y, Eda S, Kawai T, Kase T, Keshi H, Sakai Y, Fukuoh A, Sakamoto T, Itabe H, 
Suzutani T, Ogasawara M, Yoshida I, Wakamiya N. The membrane-type collectin CL-P1 is a 
scavenger receptor on vascular endothelial cells. J Biol Chem. 2001;276:44222–8.

Bovine Collectins: Role in Health and Disease



240

O’Riordan DM, Standing JE, Kwon KY, Chang D, Crouch EC, Limper AH. Surfactant protein D 
interacts with Pneumocystis carinii and mediates organism adherence to alveolar macrophages. 
J Clin Invest. 1995;95:2699–710.

Oviedo-Boyso J, Valdez-Alarcon JJ, Cajero-Juarez M, Ochoa-Zarzosa A, Lopez-Meza JE, Bravo-
Patino A, Baizabal-Aguirre VM. Innate immune response of bovine mammary gland to patho-
genic bacteria responsible for mastitis. J Inf Secur. 2007;54:399–409.

Pandit H, Gopal S, Sonawani A, Yadav AK, Qaseem AS, Warke H, Patil A, Gajbhiye R, Kulkarni 
V, Al-Mozaini MA, Idicula-Thomas S, Kishore U, Madan T.  Surfactant protein D inhibits 
HIV-1 infection of target cells via interference with gp120-CD4 interaction and modulates pro-
inflammatory cytokine production. PLoS One. 2014;9:e102395.

Pasula R, Wright JR, Kachel DL, Martin WJ 2nd. Surfactant protein A suppresses reactive nitro-
gen intermediates by alveolar macrophages in response to Mycobacterium tuberculosis. J Clin 
Invest. 1999;103:483–90.

Paterson JM, Shaw AJ, Burns I, Dodds AW, Prasad A, Reid KB, Greenhough TJ, Shrive AK. Atomic-
resolution crystal structures of the immune protein conglutinin from cow reveal specific inter-
actions of its binding site with N-acetylglucosamine. J Biol Chem. 2019;294:17155–65.

Perino J, Thielens NM, Crouch E, Spehner D, Crance JM, Favier AL. Protective effect of surfac-
tant protein d in pulmonary vaccinia virus infection: implication of A27 viral protein. Viruses. 
2013;5:928–53.

Phaneuf LR, Lillie BN, Hayes MA, Turner PV. Binding of mouse mannan-binding lectins to differ-
ent bacterial pathogens of mice. Vet Immunol Immunopathol. 2007;118:129–33.

Phelps DS, Umstead TM, Rose RM, Fishman JA.  Surfactant protein-A levels increase during 
Pneumocystis carinii pneumonia in the rat. Eur Respir J. 1996;9:565–70.

Piboonpocanun S, Chiba H, Mitsuzawa H, Martin W, Murphy RC, Harbeck RJ, Voelker 
DR.  Surfactant protein A binds Mycoplasma pneumoniae with high affinity and attenuates 
its growth by recognition of disaturated phosphatidylglycerols. J Biol Chem. 2005;280:9–17.

Pikaar JC, Voorhout WF, Van Golde LM, Verhoef J, Van Strijp JA, Van Iwaarden JF.  Opsonic 
activities of surfactant proteins A and D in phagocytosis of gram-negative bacteria by alveolar 
macrophages. J Infect Dis. 1995;172:481–9.

Polotsky VY, Fischer W, Ezekowitz RA, Joiner KA. Interactions of human mannose-binding pro-
tein with lipoteichoic acids. Infect Immun. 1996;64:380–3.

Polotsky VY, Belisle JT, Mikusova K, Ezekowitz RA, Joiner KA. Interaction of human mannose-
binding protein with Mycobacterium avium. J Infect Dis. 1997;175:1159–68.

Prescott JF, Szkotnicki J, Mcclure JT, Reid-Smith RJ, Leger DF. Conference report: antimicrobial 
stewardship in Canadian agriculture and veterinary medicine. How is Canada doing and what 
still needs to be done? Can Vet J. 2012;53:402–7.

Qu J, He L, Rong Z, Pan J, Chen X, Morrison DC, Li X.  Alteration of surfactant proteins A 
and D in bronchoalveolar lavage fluid of Pneumocystis carinii pneumonia. Chin Med 
J. 2001;114:1143–6.

Ragas A, Roussel L, Puzo G, Riviere M. The Mycobacterium tuberculosis cell-surface glycopro-
tein apa as a potential adhesin to colonize target cells via the innate immune system pulmonary 
C-type lectin surfactant protein A. J Biol Chem. 2007;282:5133–42.

Ramesh D, Chandra Mohan S, Saini M, Barik S, Shynu M, Das A, Sharma AK, Chaturvedi VK, 
Gupta PK. Recombinant partial conglutinin of Buffalo and Nilgai in vitro can mimic the func-
tions of native conglutinin in vivo. Proc Acad Sci India Sect B. 2019;89:639–48.

Reading PC, Hartley CA, Ezekowitz RA, Anders EM. A serum mannose-binding lectin mediates 
complement-dependent lysis of influenza virus-infected cells. Biochem Biophys Res Commun. 
1995;217:1128–36.

Reading PC, Morey LS, Crouch EC, Anders EM. Collectin-mediated antiviral host defense of the 
lung: evidence from influenza virus infection of mice. J Virol. 1997;71:8204–12.

Reading PC, Holmskov U, Anders EM. Antiviral activity of bovine collectins against rotaviruses. 
J Gen Virol. 1998;79(Pt 9):2255–63.

A. G. Tsolaki and U. Kishore



241

Reid KB, Turner MW. Mammalian lectins in activation and clearance mechanisms involving the 
complement system. Springer Semin Immunopathol. 1994;15:307–26.

Rooryck C, Diaz-Font A, Osborn DP, Chabchoub E, Hernandez-Hernandez V, Shamseldin H, Kenny 
J, Waters A, Jenkins D, Kaissi AA, Leal GF, Dallapiccola B, Carnevale F, Bitner-Glindzicz M, 
Lees M, Hennekam R, Stanier P, Burns AJ, Peeters H, Alkuraya FS, Beales PL. Mutations in 
lectin complement pathway genes COLEC11 and MASP1 cause 3MC syndrome. Nat Genet. 
2011;43:197–203.

Rosseau S, Guenther A, Seeger W, Lohmeyer J. Phagocytosis of viable Candida albicans by alveo-
lar macrophages: lack of opsonin function of surfactant protein A. J Infect Dis. 1997;175:421–8.

Roy N, Ohtani K, Matsuda Y, Mori K, Hwang I, Suzuki Y, Inoue N, Wakamiya N.  Collectin 
CL-P1 utilizes C-reactive protein for complement activation. Biochim Biophys Acta. 
2016;1860:1118–28.

Saifuddin M, Hart ML, Gewurz H, Zhang Y, Spear GT. Interaction of mannose-binding lectin with 
primary isolates of human immunodeficiency virus type 1. J Gen Virol. 2000;81:949–55.

Sano H, Sohma H, Muta T, Nomura S, Voelker DR, Kuroki Y. Pulmonary surfactant protein A 
modulates the cellular response to smooth and rough lipopolysaccharides by interaction with 
CD14. J Immunol. 1999;163:387–95.

Sano H, Chiba H, Iwaki D, Sohma H, Voelker DR, Kuroki Y. Surfactant proteins A and D bind 
CD14 by different mechanisms. J Biol Chem. 2000;275:22442–51.

Sastry K, Herman GA, Day L, Deignan E, Bruns G, Morton CC, Ezekowitz RA.  The human 
mannose-binding protein gene. Exon structure reveals its evolutionary relationship to a human 
pulmonary surfactant gene and localization to chromosome 10. J Exp Med. 1989;170:1175–89.

Sastry K, Zahedi K, Lelias JM, Whitehead AS, Ezekowitz RA. Molecular characterization of the 
mouse mannose-binding proteins. The mannose-binding protein A but not C is an acute phase 
reactant. J Immunol. 1991;147:692–7.

Schelenz S, Malhotra R, Sim RB, Holmskov U, Bancroft GJ. Binding of host collectins to the 
pathogenic yeast Cryptococcus neoformans: human surfactant protein D acts as an agglutinin 
for acapsular yeast cells. Infect Immun. 1995;63:3360–6.

Seegers H, Fourichon C, Beaudeau F. Production effects related to mastitis and mastitis economics 
in dairy cattle herds. Vet Res. 2003;34:475–91.

Settnes OP, Henriksen SA. Pneumocystis carinii in large domestic animals in Denmark. A prelimi-
nary report. Acta Vet Scand. 1989;30:437–40.

Seyedmousavi S, Bosco SMG, De Hoog S, Ebel F, Elad D, Gomes RR, Jacobsen ID, Jensen HE, 
Martel A, Mignon B, Pasmans F, Pieckova E, Rodrigues AM, Singh K, Vicente VA, Wibbelt 
G, Wiederhold NP, Guillot J. Fungal infections in animals: a patchwork of different situations. 
Med Mycol. 2018;56:165–87.

Shi L, Takahashi K, Dundee J, Shahroor-Karni S, Thiel S, Jensenius JC, Gad F, Hamblin MR, 
Sastry KN, Ezekowitz RA. Mannose-binding lectin-deficient mice are susceptible to infection 
with Staphylococcus aureus. J Exp Med. 2004;199:1379–90.

Shushimita S, Van Der Pol PWF, de Bruin RNM, Ijzermans J, van Kooten C, Dor FJMF. Mannan-
binding lectin is involved in the protection against renal ischemia/reperfusion injury by dietary 
restriction. PLoS One. 2015;10:e0137795.

Sorensen R, Thiel S, Jensenius JC. Mannan-binding-lectin-associated serine proteases, character-
istics and disease associations. Springer Semin Immunopathol. 2005;27:299–319.

Souza B, Lambert SM, Nishi SM, Saldana GF, Oliveira GGS, Vieira LS, Madruga CR, Almeida 
MaO. Collectins and galectins in the abomasum of goats susceptible and resistant to gastroin-
testinal nematode infection. Vet Parasitol Reg Stud Rep. 2018;12:99–105.

Stanton LA, Fenhalls G, Lucas A, Gough P, Greaves DR, Mahoney JA, Helden P, Gordon 
S. Immunophenotyping of macrophages in human pulmonary tuberculosis and sarcoidosis. Int 
J Exp Pathol. 2003;84:289–304.

Strang CJ, Slayter HS, Lachmann PJ, Davis AE 3rd. Ultrastructure and composition of bovine 
conglutinin. Biochem J. 1986;234:381–9.

Bovine Collectins: Role in Health and Disease



242

Swanson KM, Stelwagen K, Dobson J, Henderson HV, Davis SR, Farr VC, Singh K. Transcriptome 
profiling of Streptococcus uberis-induced mastitis reveals fundamental differences between 
immune gene expression in the mammary gland and in a primary cell culture model. J Dairy 
Sci. 2009;92:117–29.

Swierzko AS, Bartlomiejczyk MA, Brzostek A, Lukasiewicz J, Michalski M, Dziadek J, Cedzynski 
M. Mycobacterial antigen 85 complex (Ag85) as a target for ficolins and mannose-binding lec-
tin. Int J Med Microbiol. 2016;306:212–21.

Tabel H.  Alternative pathway of complement in ruminants: role in infection. Vet Immunol 
Immunopathol. 1996;54:117–21.

Takahashi K, Ezekowitz RA. The role of the mannose-binding lectin in innate immunity. Clin 
Infect Dis. 2005;41(Suppl 7):S440–4.

Takahashi R, Tsutsumi A, Ohtani K, Muraki Y, Goto D, Matsumoto I, Wakamiya N, Sumida 
T. Association of mannose binding lectin (MBL) gene polymorphism and serum MBL con-
centration with characteristics and progression of systemic lupus erythematosus. Ann Rheum 
Dis. 2005;64:311–4.

Takahashi K, Ohtani K, Larvie M, Moyo P, Chigweshe L, Van Cott EM, Wakamiya N. Elevated 
plasma CL-K1 level is associated with a risk of developing disseminated intravascular coagula-
tion (DIC). J Thromb Thrombolysis. 2014;38:331–8.

Tecle T, White MR, Crouch EC, Hartshorn KL. Inhibition of influenza viral neuraminidase activity 
by collectins. Arch Virol. 2007;152:1731–42.

Teodorof C, Divakar S, Soontornniyomkij B, Achim CL, Kaul M, Singh KK. Intracellular man-
nose binding lectin mediates subcellular trafficking of HIV-1 gp120 in neurons. Neurobiol Dis. 
2014;69:54–64.

Thawer S, Auret J, Schnoeller C, Chetty A, Smith K, Darby M, Roberts L, Mackay RM, Whitwell 
HJ, Timms JF, Madsen J, Selkirk ME, Brombacher F, Clark HW, Horsnell WG. Surfactant 
protein-D is essential for immunity to helminth infection. PLoS Pathog. 2016;12:e1005461.

Thiel S, Vorup-Jensen T, Stover CM, Schwaeble W, Laursen SB, Poulsen K, Willis AC, Eggleton 
P, Hansen S, Holmskov U, Reid KB, Jensenius JC. A second serine protease associated with 
mannan-binding lectin that activates complement. Nature. 1997;386:506–10.

Thiel S, Frederiksen PD, Jensenius JC.  Clinical manifestations of mannan-binding lectin defi-
ciency. Mol Immunol. 2006;43:86–96.

Troegeler A, Lugo-Villarino G, Hansen S, Rasolofo V, Henriksen ML, Mori K, Ohtani K, Duval 
C, Mercier I, Benard A, Nigou J, Hudrisier D, Wakamiya N, Neyrolles O. Collectin CL-LK 
is a novel soluble pattern recognition receptor for Mycobacterium tuberculosis. PLoS One. 
2015;10:e0132692.

Uwai M, Terui Y, Mishima Y, Tomizuka H, Ikeda M, Itoh T, Mori M, Ueda M, Inoue R, Yamada 
M, Hayasawa H, Horiuchi T, Niho Y, Matsumoto M, Ishizaka Y, Ikeda K, Ozawa K, Hatake 
K. A new apoptotic pathway for the complement factor B-derived fragment Bb. J Cell Physiol. 
2000;185:280–92.

Van Asbeck EC, Hoepelman AI, Scharringa J, Herpers BL, Verhoef J. Mannose binding lectin 
plays a crucial role in innate immunity against yeast by enhanced complement activation and 
enhanced uptake of polymorphonuclear cells. BMC Microbiol. 2008;8:229.

Van De Wetering JK, Van Eijk M, Van Golde LM, Hartung T, Van Strijp JA, Batenburg 
JJ. Characteristics of surfactant protein A and D binding to lipoteichoic acid and peptidogly-
can, 2 major cell wall components of gram-positive bacteria. J Infect Dis. 2001;184:1143–51.

Van De Wetering JK, Van Golde LM, Batenburg JJ. Collectins: players of the innate immune sys-
tem. Eur J Biochem. 2004a;271:1229–49.

Van De Wetering JK, Van Remoortere A, Vaandrager AB, Batenburg JJ, Van Golde LM, Hokke 
CH, Van Hellemond JJ. Surfactant protein D binding to terminal alpha1-3-linked fucose resi-
dues and to Schistosoma mansoni. Am J Respir Cell Mol Biol. 2004b;31:565–72.

Van Emmerik LC, Kuijper EJ, Fijen CA, Dankert J, Thiel S. Binding of mannan-binding protein to 
various bacterial pathogens of meningitis. Clin Exp Immunol. 1994;97:411–6.

A. G. Tsolaki and U. Kishore



243

Van Iwaarden F, Welmers B, Verhoef J, Haagsman HP, Van Golde LM. Pulmonary surfactant pro-
tein A enhances the host-defense mechanism of rat alveolar macrophages. Am J Respir Cell 
Mol Biol. 1990;2:91–8.

Van Iwaarden JF, Van Strijp JA, Ebskamp MJ, Welmers AC, Verhoef J, Van Golde LM. Surfactant 
protein A is opsonin in phagocytosis of herpes simplex virus type 1 by rat alveolar macro-
phages. Am J Phys. 1991;261:L204–9.

Van Iwaarden JF, Van Strijp JA, Visser H, Haagsman HP, Verhoef J, Van Golde LM. Binding of 
surfactant protein A (SP-A) to herpes simplex virus type 1-infected cells is mediated by the 
carbohydrate moiety of SP-A. J Biol Chem. 1992;267:25039–43.

Van Iwaarden JF, Pikaar JC, Storm J, Brouwer E, Verhoef J, Oosting RS, Van Golde LM, Van 
Strijp JA. Binding of surfactant protein A to the lipid A moiety of bacterial lipopolysaccharides. 
Biochem J. 1994;303(Pt 2):407–11.

Van Rozendaal BA, Van Spriel AB, Van De Winkel JG, Haagsman HP. Role of pulmonary sur-
factant protein D in innate defense against Candida albicans. J Infect Dis. 2000;182:917–22.

Voorhout WF, Veenendaal T, Kuroki Y, Ogasawara Y, Van Golde LM, Geuze 
HJ.  Immunocytochemical localization of surfactant protein D (SP-D) in type II cells, Clara 
cells, and alveolar macrophages of rat lung. J Histochem Cytochem. 1992;40:1589–97.

Vuk-Pavlovic Z, Standing JE, Crouch EC, Limper AH. Carbohydrate recognition domain of sur-
factant protein D mediates interactions with Pneumocystis carinii glycoprotein A. Am J Respir 
Cell Mol Biol. 2001;24:475–84.

Walenkamp AM, Verheul AF, Scharringa J, Hoepelman IM.  Pulmonary surfactant protein A 
binds to Cryptococcus neoformans without promoting phagocytosis. Eur J Clin Investig. 
1999;29:83–92.

Wang C, Liu M, Li Q, Ju Z, Huang J, Li J, Wang H, Zhong J.  Three novel single-nucleotide 
polymorphisms of MBL1 gene in Chinese native cattle and their associations with milk perfor-
mance traits. Vet Immunol Immunopathol. 2011;139:229–36.

Wang C, Liu M, Li Q, Ju Z, Huang J, Li J, Wang H, Zhong J.  Three novel single-nucleotide 
polymorphisms of MBL1 gene in Chinese native cattle and their associations with milk perfor-
mance traits. Vet Immunol Immunopathol. 2011;139:229–36.

Wang JY, Kishore U, Reid KB. A recombinant polypeptide, composed of the alpha-helical neck 
region and the carbohydrate recognition domain of conglutinin, self-associates to give a func-
tionally intact homotrimer. FEBS Letters. 1995;376(1-2):6–10.

Weikert LF, Lopez JP, Abdolrasulnia R, Chroneos ZC, Shepherd VL. Surfactant protein A enhances 
mycobacterial killing by rat macrophages through a nitric oxide-dependent pathway. Am J 
Phys Lung Cell Mol Phys. 2000;279:L216–23.

Weyer C, Sabat R, Wissel H, Kruger DH, Stevens PA, Prosch S. Surfactant protein A binding to 
cytomegalovirus proteins enhances virus entry into rat lung cells. Am J Respir Cell Mol Biol. 
2000;23:71–8.

White CW, Greene KE, Allen CB, Shannon JM. Elevated expression of surfactant proteins in new-
born rats during adaptation to hyperoxia. Am J Respir Cell Mol Biol. 2001;25:51–9.

Williams MD, Wright JR, March KL, Martin WJ 2nd. Human surfactant protein A enhances 
attachment of Pneumocystis carinii to rat alveolar macrophages. Am J Respir Cell Mol Biol. 
1996;14:232–8.

Wong CJ, Akiyama J, Allen L, Hawgood S. Localization and developmental expression of surfac-
tant proteins D and A in the respiratory tract of the mouse. Pediatr Res. 1996;39:930–7.

Wong GW, Krawczyk SA, Kitidis-Mitrokostas C, Revett T, Gimeno R, Lodish HF. Molecular, 
biochemical and functional characterizations of C1q/TNF family members: adipose-tissue-
selective expression patterns, regulation by PPAR-gamma agonist, cysteine-mediated oligo-
merizations, combinatorial associations and metabolic functions. Biochem J. 2008;416:161–77.

Wu H, Kuzmenko A, Wan S, Schaffer L, Weiss A, Fisher JH, Kim KS, Mccormack FX. Surfactant 
proteins A and D inhibit the growth of Gram-negative bacteria by increasing membrane perme-
ability. J Clin Invest. 2003;111:1589–602.

Bovine Collectins: Role in Health and Disease



244

Wu YP, Liu ZH, Wei R, Pan SD, Mao NY, Chen B, Han JJ, Zhang FS, Holmskov U, Xia ZL, De 
Groot PG, Reid KB, Xu WB, Sorensen GL. Elevated plasma surfactant protein D (SP-D) levels 
and a direct correlation with anti-severe acute respiratory syndrome coronavirus-specific IgG 
antibody in SARS patients. Scand J Immunol. 2009;69:508–15.

Xu J, Nakamura S, Islam S, Guo Y, Ihara K, Tomioka R, Masuda M, Yoneyama H, Isogai 
E. Mannose-binding lectin inhibits the motility of pathogenic salmonella by affecting the driv-
ing forces of motility and the chemotactic response. PLoS One. 2016;11(4):e0154165.

Yoshizaki T, Ohtani K, Motomura W, Jang SJ, Mori K, Kitamoto N, Yoshida I, Suzuki Y, Wakamiya 
N. Comparison of human blood concentrations of collectin kidney 1 and mannan-binding lec-
tin. J Biochem. 2012;151:57–64.

Yuan Z, Li J, Gao X, Xu S. SNPs identification and its correlation analysis with milk somatic cell 
score in bovine MBL1 gene. Mol Biol Rep. 2013;40:7–12.

Zhao ZL, Wang CF, Li QL, Ju ZH, Huang JM, Li JB, Zhong JF, Zhang JB. Novel SNPs of the 
mannan-binding lectin 2 gene and their association with production traits in Chinese Holsteins. 
Genet Mol Res. 2012;11:3744–54.

Zimmerman PE, Voelker DR, Mccormack FX, Paulsrud JR, Martin WJ 2nd. 120-kD surface 
glycoprotein of Pneumocystis carinii is a ligand for surfactant protein A.  J Clin Invest. 
1992;89:143–9.

A. G. Tsolaki and U. Kishore


	Bovine Collectins: Role in Health and Disease
	Introduction
	Genomic Characteristics of Bovine Collectin Family Members
	Diversity, Evolution and Molecular Characteristics of Family Members
	Genetic Variation and Associations with Disease Susceptibility

	Tissue Distribution, Physiological Role, and Protection Against Antimicrobial Infection
	Surfactant Protein A and D
	Mannan-Binding Lectin
	Conglutinin
	CL-43 and CL-46
	CL-L1, CL-K1 and CL-P1

	Concluding Remarks and Future Directions
	References




