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Chapter 1

Preface 

The importance of avian innate immunity

“Birds are not mice with feathers”: a quote from Jim Kaufman.

The avian immune system is different from that of mammals. Broadly speaking, 
birds have a similar immune response to pathogens as mammals, both in innate 
and adaptive immune systems; however, looking into detail, birds show different 
and simpler ways to reach the immune response with their unique cells, organs 
and molecules. One may wonder why birds have evolved to have a less complex 
immune system compared to that of mammals. Does it have certain advantages 
compared to the mammalian more complex one? Therefore, studying chicken 
avian immunology can lead to a critical contribution to the immunological 
tenets 1.

Obviously, there are more reasons to understand avian and, in particular, 
chicken immunology. First, chickens are the world’s main source of meat and 
protein source to feed the growing human population. According to the FAO 
(Food and Agriculture Organization of the United Nations), poultry production 
increased from 11,788 to 24,075 million animals from 1990 to 2012, accounting 
for approximately 35 % of the world meat consumption 2. One of the greatest 
threats to the poultry industry is the impact of infectious diseases. Therefore, in 
order to sustain a safe and healthy supply of poultry, a thorough understanding 
of chicken immune responses to pathogens can strengthen the development of 
the poultry industry 3. Secondly, poultry is also a significant source of zoonotic 
infections, as illustrated by avian influenza, Salmonella and Campylobacter 
infections that crossed the species barrier to humans 4. H5N1, an important 
poultry-derived human pathogen, is a highly pathogenic avian influenza virus 
(AIV) subtype, which has caused 850 infected cases in humans and resulted in 
449 reported human fatalities between 2003 to 2016 5. Besides that, it caused 
the culling of millions of chicken to halt the spread of the virus. Recently, the 
outbreak of H7N9 AIV in China, which emerged from chickens, has infected 
147 persons and caused 47 deaths in 2013 6. This virus is especially dangerous, 
because infection or carriage of the virus causes no clinical signs in poultry 6-9. 
Taken together, a better understanding of the chicken’s immune response to 
pathogens, especially to viral infections, is important to control the spreading 
of diseases. 

The host defense mechanisms against pathogens are highly complex, 
involving many aspects of innate and adaptive immunity. Innate immunity 
is the first line of host defense which is mediated by various receptors and 
secreted proteins from immune and epithelial cells that recognize pathogen-
associated molecular patterns (PAMPs). Adaptive immunity, which is important 
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in conferring protection against subsequent infections, involves many subtypes 
of T and B lymphocytes that mediate antigen-specific immune responses.

Collectins, key molecules in the innate immune system have been 
discovered a hundred years ago. One of the important properties of collectins 
is their capability to recognize PAMPs on invading microorganisms, which 
involves distinguishing between self and non-self carbohydrate structures. 
The functions of collectins have been studied over the last decades, and more 
collectins have been discovered from different species 10-12. However, compared 
to human and other mammalian collectins, the study of avian collectins is still 
limited. Therefore, to fill this gap, we studied two important chicken collectins, 
Mannose Binding Lectin (MBL) and Surfactant Protein A (SP-A). The results 
of these studies are presented in this thesis. In chapter 2, an overview of 
our current knowledge of anti-viral properties of MBL and SP-A is presented. 
In chapter 3, the ontogeny of chicken collectins is reported, including tissue 
distribution and localization of SP-A. In chapter 4, the successful expression 
and characterization of recombinant chicken MBL is reported together with the 
inhibition of ‘Influenza A Virus’ hemagglutinin by MBL. Furthermore, the antiviral 
activity of MBL against Infectious Bronchitis Virus (IBV) was investigated and 
descripted in Chapter 5. The isolation and characterization of chicken SP-A with 
its recombinant expression is described in Chapter 6. Finally, the main findings 
and conclusions from this thesis are summarized and discussed in Chapter 7.
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1.1 Introduction

Collectins are a group of oligomeric proteins mainly found in lung and serum. 
The name collectin is derived from the words “collagen” and “lectin”. Collectins 
belong to the C-type (Ca2+-dependent) lectin family and play an important role in 
innate immunity by recognizing and binding to microorganisms through glycan-
patterns on the microbial surface. To date, nine different collectin members have 
been identified, namely: mannose binding lectin (MBL), surfactant protein A (SP-
A), surfactant protein D (SP-D), collectin liver 1 (CL-L1), collectin kidney 1 (CL-
K1), collectin placenta 1 (CL-P1), and the bovine specific collectins conglutinin, 
collectin 43 (CL-43), and collectin 46 (CL-46). All collectins are soluble proteins 
,except CL-P1 which is membrane bound. So far, the best-studied collectins are 
MBL, SP-A and SP-D (reviewed in 1).

1.2 Structure and function of collectins

Collectins are built of structural subunits each composed of three polypeptide 
chains. Each polypeptide contains four functional domains: 1) an N-terminal 
cysteine-rich domain with 7-28 amino acid residues; 2) a collagen-like region 
with 53-177 residues containing (-Gly-Xaa-Yaa-) repeats, where Xaa and Yaa can 
be any amino acids but most frequently proline or hydroxyproline; 3) a short 
α-helical neck region of 24-28 residues; and 4) a carbohydrate recognition 
domain (CRD, or lectin domain) with 115-130 residues (Fig. 1). 

Fig. 1. Primary and tertiary structures of collectins. A) Comparison of the overall domain organization 
of human MBL with chicken MBL, human SP-A with chicken SP-A and chicken lung lectin; human SP-D is 
also indicated. The different colors represent the different domains as indicated in B), except for the gray 
part of chicken SP-A for which the tertiary structure is unknown. The number of amino acid residues in 
the different domains in the collectins is indicated in the sequence. B) Graphical representation of the 
polypeptide structure of collectins with domain names as indicated;  the trimeric subunit organization 
of collectins is also depicted. C) Oligomerization of human SP-A, human MBL, and human SP-D. The scale 
indicates the size of the assembled collectins.
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All four domains contribute to the diverse functions of collectins. The neck 
region induces trimerization of the protein which is further stabilized by the 
collagen domain, resulting in three CRDs being in close contact with each other 2, 

3. The N-terminal domain enables the trimers to multimerize to higher oligomeric 
structures by forming intramolecular disulfide bridges 4, 5.

The collagen domain of collectins has various functions 1. It has been shown for 
SP-A and MBL that the collagen is involved in receptor-mediated effects. A specific 
GEKGEP motif within the collagen domain of MBL was shown to be involved in 
binding to the C1q receptor, thereby stimulating  phagocytic activity of monocytes 
6. A similar motif has been found in the collagen domain of SP-A and this displays 
the same function 7, whereas SP-D lacks this motif and therefore does not bind to 
the C1q receptor 8. Importantly, the collagen domain of MBL is involved in binding 
of MBL associated serum proteases (MASPs), which can initiate activation of the 
complement pathway 9. Similarly, CL-L1 and CL-K1 (combined as heteromeric 
trimers) are also able to complex with MASPs and activate the complement 
pathway 10. The relatively large collagen domain in SP-D, CL-46 and conglutinin 
functions as platforms to crosslink carbohydrates on the microbial surfaces to 
enhance aggregation and neutralization of the microbes 11. Finally, the positively 
charged collagen region of membrane bound CL-P1 was shown to be involved in 
the uptake of oxidized LDL particles as well as to bind to microbes 12.

The highly conserved CRD domain is located at the C-terminus of all collectins, 
which determines the carbohydrate selectivity of collectins 13. The availability 
of crystal structures of three members of the collectin family (SP-A, SP-D and 
MBL) provides insight into the (overlapping) structure-function relationship of 
collectins. For instance, the CRD of rat MBL contains five β-strands forming two 
β-sheets, two α-helices and four loops, which are all conserved in many other 
members of the C-type lectin family 14. The four conserved cysteines stabilize the 
structure of the CRD by forming two disulfide bridges. The C1-C4 pair links the 
N-to the C- terminus of the fold, whereas the C2 -C3 bond is a crucial part of the 
loop structure that enables calcium ions and saccharide binding. Depending on 
the specific CRD studied, up to four Ca2+ binding sites can be found in a CRD. One 
Ca2+ binding site is specifically involved in binding to carbohydrates in the main 
binding pocket of CRDs, while others are thought to be mainly involved in the 
folding of CRD, or binding to extended ligands or receptors (reviewed in 15).

Collectins usually exist as a mixture of trimers and higher oligomers in vivo 
depending on the specific collectin. The oligomerization of the trimers gives rise 
to either a “cruciform” structure in which the trimers are spatially separated, 
as seen in SP-D and conglutinin 4, 16, or results in a conformation resembling a 
“bouquet of flowers”, where the six CRDs are located close together (like SP-A 
and MBL) 17, 18. For SP-D, higher oligomeric forms are also observed, forming so-
called “fuzzy balls” 4. The high degree of oligomerization gives the collectin an 
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opportunity to form a big platform and to bind complex carbohydrate ligands on 
multiple microbial surfaces, enabling aggregation of microbes. Compared with 
monomeric and trimeric collectin structures, higher oligomeric shapes enable a 
stronger affinity for ligands 19, 20.

Depending on the affinity for monosaccharides, collectins can be divided 
into two groups: mannose binding type and galactose binding type. The binding 
specificity is determined by three amino acids located in the CRD; the EPN 
motif (corresponding to AA185-187 in MBL) provides a preference for binding 
to sugars with equatorial 3- and 4- hydroxyl (OH) groups, found in D-mannose, 
L-fucose and GlcNAc. The binding selectivity changes from preferentially binding 
an equatorial 4-OH group to an axial 4-OH group if a QPD motif is present. This 
was elegantly shown by site-directed mutagenesis replacing the EPN motif with 
a QPD which resulted in the changed preference to bind D-galactose 21. Although 
this prediction of saccharide specificity based solely on those three residues is 
a strong simplification and neglects other structural factors involved, it is still 
widely used and usually correct, although exceptions do exist 15, 22. 

2.1 Pulmonary collectins SP-A and SP-D 

Pulmonary surfactant is a mixture of lipids and proteins which covers the large 
surface area of the alveolar epithelium. Surfactant is synthesized by alveolar type 
II cells and stored as intracellular inclusion organelles called “lamellar bodies”. It 
is then secreted into the alveolar space and forms a lattice-like structure called 
“tubular myelin”, which is considered to be a precursor form from which the 
surface film at the alveolar air-liquid interface is formed 23, 24. This surface film 
reduces the surface tension at this interface, preventing alveolar collapse at end-
expiration. 

Surfactant is composed of 90% phospholipids and 10% proteins. 
Dipalmitoylphosphatidylcholine (DPPC) is the major lipid component and four 
surfactant proteins (SPs) have been identified: SP-A, SP-B, SP-C and SP-D. These 
proteins (not including SP-D) intimately associate with surfactant lipids, in which 
SP-B and SP-C are small, extremely hydrophobic proteins that are important for 
the absorption and spreading of the surfactant film at the air-liquid interface 25. 
SP-A specifically and avidly binds to DPPC and is considered to have a major role 
in surfactant turnover and homeostasis 26-28. SP-D is not considered to play a major 
role in the classical surface tension lowering function of pulmonary surfactant 
in the lung. SP-D levels in the surfactant lining of the alveolar epithelia are 
significantly less (around 10-fold) than SP-A, and approximately 75% of the SP-D 
is present in the aqueous BALF (reviewed in 29). Besides their more classical role in 
pulmonary surfactant, SP-A and SP-D have been shown to play an important role 
in protection against pathogens and allergens; these functions are discussed in 
more detail in the next paragraphs.
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Fig. 2. Anti-viral activities of SP-A and MBL. The schematic diagram gives an overview of the various 
defense mechanisms that can be initiated   by SP-A or MBL, either via direct neutralization or indirectly via 
modulation of immune cells that contribute to enhanced neutralization of viral pathogens.
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2.2 SP-A and SP-D interact with viruses

SP-A and SP-D bind many viruses through the carbohydrate complexes on the 
surface of the virus, resulting in viral neutralization or clearance. The binding 
can lead to viral aggregation and/or inactivation, increased phagocytosis by 
macrophages, or neutralization by immune cells, such as neutrophils (reviewed 
in 29, 30)(Fig. 2). 

Interaction with influenza A virus (IAVs) is the best studied antiviral 
function of SP-A and SP-D. Both the hemagglutinin and the neuraminidase 
proteins of the virus are glycosylated, but only SP-D binds strongly to these 
glycans, making it a more potent inhibitor of IAV than SP-A 31, 32. SP-D binding to 
virus particles results in the inhibition of viral replication by forming massive 
aggregates. These aggregates can subsequently be removed by mucociliary 
clearance or by enhanced uptake by phagocytic cells 33. However, besides CRD 
binding to viral glycans, a second interaction between virus and SP-D occurs via 
the terminal sialic acids of the N-linked glycans on SP-D. These can interact with 
the sialic acid receptor present on the hemagglutinin (HA) of IAV 34. This sialic 
acid mediated binding to HA protein also causes viral agglutination and loss of 
its infectivity 35, 36. For SP-A it was shown that it solely depended on this type 
of interaction since deglycosylation of SP-A  completely inhibited its antiviral 
activity, whereas deglycosylated  SP-D retained part of its activity 37, 38.

SP-A has also been shown to act as an opsonin for respiratory syncytial 
virus (RSV) by binding to the F (fusion) and G (adherence) glycoproteins on 
the surface of the virion, neutralizing its infectivity and enhancing its uptake 
by peripheral blood mononuclear cells (PBMCs) and alveolar macrophages 39. 
SP-A mediated uptake of RSV significantly increases tumor necrosis factor-α
(TNF-α) production by PBMCs and has been shown to reverse the RSV-induced 
suppression of TNF-α production. SP-A deficient mice have been shown to clear 
RSV at a slower rate than wild–type mice, and infiltration of neutrophils after 
RSV administration is more severe, consistent with an observed increase in 
inflammatory macrophages. Administration of human SP-A promoted viral 
clearance, and pulmonary infiltration by inflammatory cells was reduced to 
levels comparable to those of wild–type mice 40.

SP-D has also been shown to inhibit infectivity of RSV in vitro by binding to the 
G glycoprotein. Intranasal administration of recombinant SP-D to RSV infected 
mice inhibited replication of the virus in the lung, reducing levels of lung virus 41. 
SP-D deficient mice clear RSV from the lungs at a slower rate than wild-type mice. 
SP-D deficiency was associated with increased lung inflammation, higher levels 
of pro-inflammatory cytokines, and increased inflammatory cell recruitment 
after infection. Phagocytosis of RSV by alveolar macrophages isolated from SP-D 
deficient mice was also decreased compared to that of alveolar macrophages 
isolated from wild–type mice 42.
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2.3 Chicken SP-A

The knowledge of chicken surfactant and chicken pulmonary collectins is 
scarce. It is known that birds have tubular lungs which do not contain alveoli but 
instead have air capillaries. The air capillaries are aerated during inspiration 
and expiration through parabronchi and air sacs, resulting in a highly effective 
single-way gas exchange system 43, 44 (Fig. 3). The rigid avian lung structure does 
not require an extreme reduction in surface tension of air capillaries, indicating 
that birds might have a differently functioning pulmonary surfactant system. 
This seems to be reflected in the presence of a structurally different SP-A. 
Chicken SP-A (cSP-A) actually lacks most of the collagen domain (containing 
only three Gly-Xaa-Yaa repeats), which indicates that cSP-A might not be able 
to establish an oligomeric cluster as mammalian SP-A does. Interestingly, a 
cSP-A homologue exists which was named chicken lung lectin (cLL) because it 
completely lacks the collagen domain and therefore cannot be considered a true 
collectin 45. Two SP-A homologues actually also exist in human but these are only 
differing in a few amino acids, while the cSP-A/cLL homologues are much more 
different. Recently, the developmental regulation of cSP-A and its localization 
in the chicken was described 46. The gene expression of cSP-A and cLL markedly 
increased during embryonic development until the day of hatch, indicating that 
cSP-A and cLL might be involved in early host defense and participate in (start 
of) breathing. 

Fig. 3. The one-way air flow pattern during (A) inspiration and (B) expiration of the avian respiratory 
system. L) Lung; 1) clavicular air sac; 2) cranial thoracic air sac; 3) caudal thoracic air sac; 4) abdominal air 
sac. (pictures adapted from Avian Immunology Second Edition).
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However, there is very limited knowledge on the actual role of cSP-A in host defense. 
One study has shown that cSP-A gene expression in lung and trachea was upregulated 
upon an avian influenza A virus (H9N2) infection 47. In addition, (recombinant) cLL 
was shown to be able to inhibit the hemagglutinin activity of IAV  in vitro 48. 

3.1 Serum collectin MBL

MBL (also called mannan-binding protein, MBP), is another well studied 
important collectin in innate immunity. Unlike SP-A and SP-D, MBL is mainly 
synthesized in the liver and is secreted in blood plasma 49. MBL assembles into a 
“bouquet of flowers” structure similar to C1q and SP-A; although in vivo MBL is 
usually present in various oligomeric structures ranging from 2 to 6 trimers 50.

The functions of MBL in human innate immunity have been studied widely 
and can be divided into 3 main activities: 1) MBL functions as a soluble pattern 
recognition molecule which can recognize and bind different carbohydrate 
patterns on the microbial surface. This binding can induce aggregation and 
thereby often neutralization of these microorganisms. 2) MBL acts as an opsonin, 
by binding to the microbial surface or to apoptotic host cells, it enhances 
phagocytosis by macrophages. 3) The best known function of MBL is that it can 
activate the complement system via the lectin pathway. In blood, MBL associates 
with the MASPs, upon activation these initiate the complement cascade by 
cleaving blood proteins C4 and C2. Proteolytic products C4b and C2a combine 
to form C3 convertase which is the key molecule in the complement cascade. C3 
convertase then cleaves C3 resulting in three effects of the complement system: 
a) direct lysis of targeted microorganisms through formation of the membrane 
attack complex; b) generation of anaphylatoxins that stimulate pro-inflammatory 
activities such as increasing vascular permeability, leukocyte recruitment and 
migration and phagocytic activity of white blood cells; c) increased opsonization 
and clearance of microorganisms 51-54.

3.2 Serum levels of MBL and MBL deficiency 

In humans, the serum MBL concentration varies between individuals and is 
largely genetically determined. The normal serum levels of MBL range from 800 
to 1000 ng/ml in healthy Caucasians 55. The expression of functional MBL protein 
is strongly associated with the presence of variant MBL alleles that encode three 
different structural variants, B, C, and D of the MBL polypeptide,(the wild type is 
known as type A). Each variant is the result of a single nucleotide polymorphism 
(SNPs, codons 54, 57 and 52, respectively) that disturbs the collagen-like 
structure of the MBL polypeptide, leading to a reduction of functionality 56. In 
addition, variation in the promoter region of MBL2 gene also causes low MBL 
levels 57. The variant alleles are present quite frequently (20-50%) in normal 
healthy populations of African, Asian, Caucasian, and Eskimo origin 56. 
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The levels of MBL in serum are associated with susceptibility to infections and 
illness. Many studies have shown that low MBL levels contribute to the number 
of bacterial and viral infections, such as Neisseria meningitides, Staphylococcus 
aureus, Streptococcus pneumoniae and Human Immunodeficiency Virus (HIV), 
Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) and IAV 51, 58-62. Low 
concentrations of MBL in individuals also cause susceptibility to lung diseases, such 
as cystic fibrosis 63. In contrast, it has been shown that a high serum concentration 
of MBL might be associated to the severity of clinical signs of leptospirosis 64 or 
rheumatic heart disease 55. In line with the correlation studies showing low MBL 
being related to higher susceptibility to infections, studies with genetic MBL-null 
mice also show a similar increased susceptibility. For example, upon an S. aureus 
infection experiment, MBL–null mice showed 100% mortality compared to 45% 
in wild-type. There was also a 10-100-fold increase in bacterial titers in the blood, 
liver, spleen, kidneys and lungs of MBL-null mice 65. 

3.3 MBL interacts with viruses

MBL interacts with many viruses via glycan-mediated binding. This binding 
results either in direct viral neutralization, or  viral lysis and enhanced 
phagocytosis  via activation of the complement pathway 66, 67 (Fig. 2).

The antiviral activity of MBL against IAVs has been studied extensively in 
vitro, including neutralization of virus infectivity, inhibition of virus-induced 
hemagglutination, blocking of neuraminidase activity, and opsonization for 
enhanced neutrophil reactivity to IAV 30. In addition, MBL-mediated activation of 
complement can induce irreversible inactivation of IAV and promote lysis of IAV-
infected cells 68, 69.

The sensitivity of MBL to different IAV strains critically depends on the degree 
of the glycosylation of the HA protein. Seasonal H1N1 IAVs expressing 3-4 potential 
glycosylation sites on the globular head of HA were more sensitive to neutralization 
by recombinant human MBL compared to poorly glycosylated strains such as PR-8 
(H1N1) 32. Similarly, H3N2 IAVs with 4-5 potential glycosylation sites on HA were 
highly sensitive to mouse serum MBL 70. The role of MBL in vivo during IAV infection 
remains controversial. It has been reported that MBL deficient mice are more suscep-
tible to Phil/82 (H3N2), a highly glycosylated IAV strain that is relatively sensitive to 
MBL neutralization 71. Other studies reported that MBL showed some binding to the 
H1N1 2009 pandemic IAV strain, but these viruses were resistant to MBL neutraliza-
tion compared to H1N1 2009 seasonal strains in wild-type mice. This also correlated 
with the lack of glycosylation sites on the HA protein 32, 72. In addition, MBL deficient 
mice infected with pandemic H1N1 2009 showed reduced severity and airway inflam-
mation, indicating that MBL can even be a risk factor in IAV infection  73. 

Besides the large amount of data available for the role of MBL in reduction 
of influenza, there is also substantial data on interactions of MBL with other 
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viruses. For example, MBL can bind and neutralize multiple strains of HIV-1 via 
the gp120 envelope glycoprotein 74. However, MBL does not neutralize HIV-1 
through complement activation, but via opsonization to enhance phagocytosis 
by dendritic cells and macrophages 75, 76. Similar mechanisms are also found in 
the neutralization of hepatitis C virus  by MBL 77, and SARS-CoV infection in vitro 78. 

3.4 Chicken MBL

Chicken MBL (cMBL) was first identified in 1995. It was isolated from serum 
and shown to be present as higher oligomers with 5 to 6 trimeric subunits. 
cMBL has a high (Ca2+-dependent) affinity for mannan, and this binding can be 
inhibited by monosaccharides in the following order of potency (and thus binding 
affinity): N-acetyl-mannosamine> L-fucose > mannose > N-acetyl-glucosamine. 
This binding capacity is similar to that of mammalian MBLs with an exception 
that N-acetyl-glucosamine has significantly lower affinity than mannose 79. 
Unlike their mammalian homologues which have several genotypes, cMBL only 
has one encoding gene 80. In chicken, the average cMBL concentration in serum 
is approximately 6 µg/ml (range for 0.4- 37.8 µg/ml) based on studies with 308 
chickens, representing 14 different chicken lines, and no cMBL deficiency has been 
found in any of these different breeds 81. 

The concentration of serum cMBL correlates with susceptibility to different 
infections, such as E.coli, Pasteurella multocida, infectious bronchitis virus (IBV) 
and laryngotracheitis virus  82, 83. Most of the cMBL studies have been performed 
on two inbred chicken lines with either high (L10H) or low (L10L) concentrations 
of serum cMBL. In an experimental E. coli infection, the L10L animals showed a 
significantly higher body weight loss than L10H chickens 84. Upon IBV infection, 
cMBL was upregulated and was able to activate the complement system, and to 
lower viral propagation in the trachea 85. Serum cMBL levels also influenced IBV 
vaccine-induced changes in circulating T-cell populations, showing that cMBL is 
likely also involved in the regulation of the adaptive immune responses to IBV 86. 

4.1 Conclusions

The lung collectin SP-A and the serum collectin MBL play an important role in the 
host defense system during viral infection in mammals. Although their homologues 
in chicken, cSP-A and cMBL, have been studied less, available data suggests that those 
two collectins also perform similar roles in the innate immune defense towards 
bacterial and viral pathogens. However, especially for cSP-A which is understudied 
and has some clear different structural features compared to mammalian SP-A, 
further studies are required in order to be able to establish the full potential of their 
activities and functions as potent protectors in chicken.
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Abstract

Surfactant Protein A (SP-A) is a collagenous C-type lectin (collectin) that 
plays an important role in pulmonary surfactant homeostasis, and in the 
early stage of the host immune response. In mammals, SP-A has been exten-
sively studied, yet very little is known about chicken (or in general: avian) 
SP-A. Chicken SP-A (cSP-A) is structurally different from mammalian SP-A, 
lacking most of the collagen region. In addition, the avian respiratory sys-
tem does not require extreme reductions in surface tension at the air-liq-
uid interface, therefore it is expected that chicken and mammalian SP-A 
are also functionally different. The aim of this study was to examine the ex-
pression of cSP-A during embryonic and post-hatch age development. Lung 
and liver samples were collected from embryonic day (ED) 12 to post-hatch 
day 28. Real-time quantitative PCR was used for determination of the SP-A 
gene expression in lung and liver and compared to chicken lung lectin (cLL, 
a cSP-A homologue) and other chicken collectins: mannan binding lectin 
and collectins CL-L1 and CL-K1. cSP-A and cLL showed markedly increased 
expression in lungs from ED 14 onwards until the time of hatch, while the 
other three collectins only showed mild differences in expression. cSP-A 
protein could be detected as early as ED 18 in lung tissue using Western 
blotting, and expression increased steadily until day 28 post-hatch. Fur-
thermore, it was shown that cSP-A is expressed as a 26 kDa glycosylated 
protein in the lung. Using immunohistochemistry, cSP-A protein was de-
tected mainly in the lung lining fluid covering the parabronchial epithelia. 
Specific cSP-A producing epithelial cells, resembling mammalian type II 
cells, were identified in the parabronchi. Our observations show for the 
first time the gene and protein expression of chicken SP-A during develop-
ment, which is a first step towards understanding the role of this protein 
in vivo. 
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1. Introduction 

Surfactant Protein A (SP-A) is a lung specific collagenous C-type lectin; a group 
of proteins referred to as collectins 1. Collectins are structurally characterized by 
the presence of 4 basic units: An N-terminal segment with one to three cysteine 
residues; a collagen-like region containing multiple Gly-Xaa-Yaa repeats; an α-helical 
neck region and a carbohydrate recognition (lectin) domain (CRD). The neck region 
of collectin monomers is thought to initiate trimerization, which is stabilized by 
further non-covalent inter-chain interactions in the collagen-like region. Higher 
oligomeric forms (depending on the specific collectin) are formed from these trimers, 
stabilized by disulfide bridges located in the N-termini. These oligomeric forms 
give rise to an ordered orientation of multiple lectin domains, which is the active 
functional domain in many aspects of collectin function. For SP-A this oligomeric 
form resembles a so-called bouquet of flowers, an octadecamer of 6 trimers in which 
all lectin domains are clustered. 

In mammals, SP-A has been well studied. One of its main functions is to facilitate 
the formation of tubular myelin, a highly ordered lipid/protein precursor structure 
from which a pulmonary surfactant surface film is formed at the air-liquid interface 
in the lung. This surface film prevents alveoli from collapsing at the end of exhalation. 
In addition to this biophysical function, SP-A has a growing number of innate 
immunity functions. For example, it can bind and aggregate bacterial, viral and fungal 
pathogens, thereby preventing dissemination; it can stimulate phagocytic activity of 
macrophages, and it can modulate immune responses of innate immune cells. For a 
more extensive description of SP-A functions the reader is referred to some reviews 2-4.

The information on chicken SP-A (cSP-A) is scarce, though there are some 
interesting differences between mammals and birds which necessitate a deeper 
understanding of the avian SP-A orthologue. Firstly, cSP-A almost completely 
lacks the characteristic collagen region (only 3 Gly-Xaa-Yaa repeats are present) 
found in all other collectins, while a second orthologue of SP-A , named chicken 
lung lectin (cLL) even completely lacks a collagen region. Although no structural 
studies have been performed on cSP-A or cLL, it seems plausible that these SP-A 
orthologues, without a significant collagen region, cannot form the characteristic 
octadecamer structure. On the contrary, other chicken collectin orthologues such 
as Mannan Binding Lectin (cMBL), Collectin Liver 1 (cCL-L1) and Collectin Kidney 1 
(cCL-K1) do not have altered collagen regions. Secondly, and this is possibly linked 
to the first aspect, birds have tubular lungs that do not contain alveoli. The tubular 
lung structures are aerated during inspiration and expiration via a highly distinct 
system of parabronchi and air sacs through which air flow is directed in a single 
direction, resulting in a highly efficient gas exchange 5, 6. This rigid structure does not 
require an extreme reduction in surface tension, which could be reflected through 
a functionally altered pulmonary surfactant system. 
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In this study, lung and liver tissues were collected at 11 different time points 
starting at embryonic day (ED) 12 to day 28 post-hatch. The developmental 
gene expression of cSP-A, cLL and 3 other collectins in the lung and liver were 
analyzed by real time quantitative PCR. In addition, cSP-A localization in the 
lung was studied using immunohistochemistry (IHC) and the developmental 
regulation of cSP-A protein expression in the lung was further shown by Western 
blotting. We demonstrated that gene and protein expression of cSP-A is clearly 
developmentally regulated, that cSP-A is present in the lung as an extracellular 
component of the lung lining fluid of the tertiary bronchia of the lung, and is 
produced by specific lung epithelial cells. 

2. Materials and Methods 

2.1  Animals and sample collection

Fertilized eggs of a chicken broiler line (Ross 308) were obtained from a local 
commercial hatchery (Lagerwey BV, Barneveld, the Netherlands). The eggs were 
incubated at 37.8 °C and a relative humidity of approximately 55%. After hatch, 
chickens were housed in one group in a ground stable under controlled hygienic 
conditions. Water and commercial feed were provided ad libitum during the entire 
experiment. Chickens (n≥4) were sacrificed by cervical dislocation at embryonic 
day (ED) 12, 14, 16, 18, 20 and 1, 4, 7 days after hatching. Chickens at day 14, 
21, 28 were sacrificed by electrocution and bleeding. Lung and liver samples for 
gene expression and protein analysis were collected and frozen immediately in 
liquid nitrogen, and stored at -80 °C, while samples for immunohistochemistry 
were stored in 4% formalin. All experiments were conducted in accordance with 
protocols approved by the Dutch experimental animal committee (DEC).

2.2  RNA isolation and cDNA synthesis

Lung and liver samples were removed from the -80 °C freezer and kept into 
liquid nitrogen until cut by sterilized blades. Approximately 50 mg of tissue was 
homogenized using a MagNA Lyser with MagNA Lyser Green Beads (Roche) at a 
speed of 6500 rpm, 50 s. Total RNA was isolated using the High Pure RNA Tissue 
Kit (Roche) and treated with DNase I (Roche) according to the manufacturer’s 
protocol. Presence of contaminating genomic DNA was checked by PCR. The RNA 
concentration and integrity was measured using a NanoDrop ND 100UV and 
cDNA was generated using the iScript cDNA Synthesis Kit (Bio-Rad Laboratories) 
according to the manufacturer’s instructions. 
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2.3 Real-time quantitative RT-PCR

Quantitative detection of the gene products of five chicken (col)lectins, cSP-A, 
cLL, cMBL, cCL-L1 and cCL-K1, plus two reference genes, GAPDH and 28S 
was performed using quantitative real time PCR using iQ Supermix (Bio-
Rad Laboratories). The following cycling protocol was used: 7 min at 90 °C 
(denaturation) followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. Primers 
and probes for each gene are shown in Table 1. Quantitative expression of 
collectin genes relative to the two reference genes was calculated using the 
qBase + analysis software (Biogazelle, Zwijnbeke, Belgium)7. 

Table.1. Real – time qRT-PCR primers and probes for chicken collectins

Name Sequence (5’- 3’)

cSP-A Forward GGAATGACAGAAGGTGCAATCAG

Reverse GCAATGTTGAGTTTATTAGCTACAAATG

Probe (FAM)-CCGCCTTGTTGTCTGCCAGTTTTAGTGC-(BHQ)

cMBL Forward TCCAGCCATCTTCTGTTTCAATTC

Reverse CCACAGATCAGCACCTTTACCT

Probe (FAM)-TGGCTGTCAGGAAAGCCAATG-(BHQ1)

cCL-L1 Forward ATTGTCAAAGAAGAGAAGAATTACAGAG

Reverse GAGGAGATGTAATCAGCAAGCAG

Probe (FAM)-CGTTGGTCACCTCATCTTTAGGCATGGC-(BHQ)

cCL-K1 Forward GGGAGCCCAACAATGCCTATG

Reverse GTAATATGACATGCAACATCATTCCAC

Probe (FAM)-TGCCACCATCTCCACACAGTCCTCCTC-(BHQ)

cLL Forward CTTACAAGGGAAGATAACAAAGTCTGG

Reverse CATTCCTTGGAGATGCAATACACC

Probe (FAM)-CTCCTGGCACATTTTCACCGTAGCATGG-(BHQ)
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2.4  Protein isolation

In brief, 50 mg frozen tissue was homogenized using MagNA Lyser technology with 
ice-cold RIPA buffer (150 mM NaCl, 50 mM Tris-HCL, 1% Triton X-100, 0.5% sodium 
deoxycholic acid, 0.1% SDS, pH =8). Protease Inhibitor Cocktail Tablet (cOmpleteTM, 
Mini, EDTA-free, Roche) was added in RIPA buffer to prevent proteolytic degradation. 
The homogenate was lysed by incubation for 2 h at 4 °C with gentle shaking. The 
lysate was transferred into new Eppendorf tubes and centrifuged for 20 min at 
12000 rpm in a pre-cooled micro-centrifuge to remove cell debris. Supernatants 
were collected and stored at -80 °C until assayed. The protein concentration of 
the samples was measured using the BCA protein assay kit (Thermo Scientific), 
according to the manufacturer’s instructions. The absorbance was read at 562 nm 
using the Fluostar Omega microplate reader (BMG labtech, Inc). 

2.5  Production of monoclonal anti cSP-A antibodies

Monoclonal antibodies (MAbs) were essentially produced by the principles 
described by Kohler and Milstein 8 in outbred NMRI mice. Briefly, a fusion 
protein representing the CRD of cSP-A conjugated to an N-terminal 6x HisTaq 
was produced in Escherichia coli using pBad as a vector (LifeTechnologies). The 
fusion protein was isolated as inclusion bodies, denatured with urea, refolded and 
purified on a Nickel chelate column according to the manufacturer’s instructions 
(LifeTechnologies). Positive clones were identified by ELISA using microtiter 
plates coated with the fusion protein and on ELISA plates coated with lung lavage 
of chicken. Cells from the positive wells were cloned at least four times by limiting 
dilution. MAbs were purified by means of affinity chromatography using a HiTrap 
Protein G HP column (GE Healthcare) under previously described conditions 9. 

2.6 Western blotting

Proteins (100 µg per lane) denatured with sample buffer (1:1) were separated by 
SDS-PAGE using 4-15% precast gels (Mini-Protean TGX, Bio-Rad Laboratories), 
and transferred onto 0.2 μm Nitrocellulose membranes (Trans-Blot Turbo Mini 
Nitrocellulose Transfer Packs, Bio-Rad Laboratories) using the Trans-Blot Turbo 
system (Bio-Rad Laboratories). Membranes were incubated with TTBS buffer 
(20 mM Tris-HCL, 0.5 M NaCl, 0.05% Tween−20, pH=7.4) containing 3% non-fat 
milk overnight at 4 °C to block non-specific binding. After a 5 min wash with 
TTBS buffer, the membranes were incubated with mouse monoclonal anti-
chicken SP-A antibody (clone 99-61-1) at a dilution of 1: 1000 in blocking buffer 
for 1 h at room temperature. The membranes were washed three times for 10 min 
with TTBS at room temperature. Membranes were then incubated with horse 
radish peroxidase conjugated goat anti mouse IgG (Sigma-Aldrich) as secondary 
antibody at a dilution of 1:5000 in TTBS buffer containing 3% nonfat milk for 1 h 
at room temperature. The membranes were washed twice with TTBS buffer and 
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once with TBS buffer (20 mM Tris-HCL, 0.5 M NaCl, pH=7.4) for 10 min with shaking 
at room temperature. Blots were developed using the ECL Blotting Reagents (GE 
Healthcare) according to the manufacturer’s instructions. Finally, protein bands 
were visualized by Image Lab software (Bio-Rad).

2.7 Deglycosylation of cSP-A

Proteins isolated from 28-day old chicken lung, muscle and trachea (100 µg) were 
incubated with PNGase F (New England BioLabs) at 37 °C for 3 h according to the 
manufacturer’s instruction. Deglycosylated protein was analyzed under reducing 
condition by SDS-PAGE and Western blotting as described above.

2.8 Immunohistochemistry (IHC)

Chicken tissues were fixed in 4% formalin and then embedded in paraffin. Paraffin 
sections were cut at 4 μm, transferred onto Superfrost Ultra Plus slides (Thermo 
Scientific) and incubated at 60 °C overnight. Paraffin-embedded sections were 
deparaffinized by placing them in two separate xylene baths for 2 min each and then 
rehydrated in a graded series of alcohol (100%, 100%, 96%, 70%) for 2 min each. 
Antigens were retrieved by heating these sections in citrate buffer (10 mM Tris-
sodium citrate, 0.05% Tween-20, pH=6) in the microwave for 10 min. The sections 
were allowed to cool for 15 min at room temperature and were washed three times 
with PBS/Tween buffer (137 mM NaCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, 0.05% 
Tween 20, pH=7.4) for 5 min each. Endogenous peroxidase activity was blocked 
by incubating with 1% H2O2 in methanol for 30 min. The sections were blocked 
with 10% normal goat serum and 2.5% BSA in PBS for 1 h. Next, sections were 
incubated with monoclonal anti chicken SP-A antibody diluted in 1% BSA (1:50) 
for 1 h. The sections were washed three times with PBS/Tween buffer for 5 min 
each, then incubated with secondary antibody, biotinylated Goat-anti-Mouse IgG 
(1:250 dilution; Vector Laboratories) for 30 min. The sections were then incubated 
with avidin/biotin complex reagent (Vectastain Elite ABC Kit (standard), Vector 
Laboratories) for 30 min followed by incubation with DAB solution (Sigma-Aldrich) 
for 10 min in the dark. The sections were washed with aqua dest for 5 min and 
colored with hematoxylin (Merck) for 1 min, dehydrated in a graded series of 
alcohol (70%, 96%, 100%, 100%) for 2 min each, cleared in xylene (Merck) twice 
for 2 min each, and mounted for imaging. Representative images were taken on a 
Zeiss Axioskop Microscope with an Olympus DP25 camera. 

2.9 Statistical analysis

Statistical analysis of collectin gene expression was performed using SPSS Version 
20 for Windows. All data were analyzed by one-way ANOVA with a Bonferroni multi 
comparison post-hoc test. Significant differences between means were defined as 
p < 0.05. 
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3. Results

3.1  Collectin gene expression in lung and liver

In this study mRNA was isolated from lung and liver of chickens ranging in age 
from embryonic day 12 to 28 days post-hatch. Gene expression analysis of cSP-A, 
and 4 other (col)lectins showed that cSP-A and cLL were highly expressed in the 
lung, cCL-L1 and cCL-K1 had intermediate expression, while for cMBL no or only 
minimal gene expression was detected. For cSP-A and cLL, a comparable gene 
expression pattern was observed during development. Both genes were strongly 
expressed from ED14 onwards, increased 300-500 fold between ED14 and hatch 
and remained relatively stable thereafter. The gene expression pattern of cCL-L1 
and cCL-K1 was clearly different from cSP-A and cLL. A modest increase in cCL-L1 
expression (5- to 10-fold) was observed between ED 14 and hatch, whereas 
cCL-K1 expression levels increased by a mere 2-fold in this period (Fig. 1).

In the liver, expression of all five collectin genes was detected but at very 
different levels. cMBL was highly expressed, intermediate levels were found for 
cCL-L1 and K1 and very low levels for cSP-A and cLL. Gene expression of cSP-A 

Fig. 1. Gene expression of cSP-A, cLL, cCL-L1 and cCL-K1 in the chicken lung during development. Data 
are expressed as relative expression compared to ED 12. Average ± SEM are shown for four (ED 12, ED 14 
and ED 16) or five samples. Data points being significantly different from each other are denoted by different 
letters (p<0.05). White and black bars are shown for embryonic and post-hatching days, respectively.
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and cLL in liver increased after hatch (5- to 15-fold) but remained low in 
absolute terms compared to the lung or to the gene expression level of the other 
collectins. Expression levels of cMBL in the liver were highest during embryonic 
development and declined from ED 14 onward to hatch, after which cMBL 
expression levels stabilized. However, differences in gene expression were never 
higher than 3-fold, indicating relatively subtle differences in gene expression 
throughout development. 

Finally, no large differences were observed for the gene expression of cCL-L1 
and cCL-K1 in liver during development. Both genes showed a slight decrease 
in gene expression just after hatch but this only reached significant differences 
between some pairs of individual days, similar to the results in lung (Fig. 2). 

Fig. 2. Gene expression of cSP-A, cLL, cCL-L1, cCL-K1 and cMBL in the liver during development. Data 
are expressed as relative expression compared to ED 12. Average ± SEM are shown for four (ED 12, ED 14 
and ED 16) or five samples. Data points being significantly different from each other are denoted by different 
letters (p<0.05). White and black bars are shown for embryonic and post-hatching days, respectively.
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3.2  Localization of cSP-A in lung

Localization of cSP-A was determined by IHC on paraffin embedded lung sections. To 
optimize the procedure and to obtain a general picture of cSP-A protein production in 
the chicken lung, day 28 tissues were stained first. Chicken SP-A was mainly found in its 
secreted form in the epithelial lining fluids of the tertiary bronchi, mainly in the atria, and in 
some small segments in the infidibulum (Fig. 3A). Intracellular staining of cSP-A was found 
as well in some individual epithelial cells, which likely reflect avian epithelial type II cell 
homologues (Fig. 3B). In some cases, small amounts of cSP-A were observed in the lumen of 
the air capillaries (Fig. 3C). Comparison of cSP-A expression throughout development showed 
that specific staining was detected from ED 20 at the epithelial surface of the parabronchi. 
Interestingly, increased staining in the parabronchi was observed during development with 
maximum levels at the last day sampled, day 28 (Fig. 3D). 

3.3 Developmental expression of cSP-A in lung 

In order to determine protein expression levels of cSP-A in the lung during development, 
the same amount of total protein (100 µg) from homogenized lung samples of each age 
was used for Western blotting. cSP-A was undetectable from ED 12 to ED 18 on blot. Faint 
reactive bands of cSP-A (approx. 26-32 kDa) were detected at ED 20 and day 1. After hatch, 
the intensity of the cSP-A bands increased and reached a maximum at day 28 (Fig. 4), 
similar to the IHC results. This indicates that, although gene expression does not change 
much after hatch, the actual protein level of extracellular cSP-A in the lung increases over 
time.

A B C
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Fig. 3. Immunohistochemistry of 28-day old chicken lung. Representative pictures (Magnification 
400× for 3ABC; 100× for 3D)of multiple samples are shown using mAb 99-61-1 (1:50 dilution). A) cSP-A 
staining is observed in the extracellular epithelial lining fluid. B) clear intracellular staining in specific 
parabronchial epithelial cells can be observed (arrow) C) cSP-A staining is observed in air capillaries D) 
overview of cSP-A staining in lung tissue from day ED 12 – day 28 post-hatch. 

D
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Fig. 5. Western blot showing tissue distribution of cSP-A in a set of tissues from 28 days old chickens. 
Each lane represents 100 µg protein of the specified tissue. mAb 99-61-1 was used as primary antibody at 
a 1:1000 dilution, a goat anti-mouse IgG antibody was used as a secondary antibody at a 1: 2000 dilution. 

Fig. 4. Western blot showing developmental expression profile of cSP-A in lung tissue from ED 12 to day 
28 post-hatch. 100 µg of homogenized lung tissue of each developmental stage was applied per lane. mAb 99-
61-1 was used as primary antibody at a 1:1000 dilution, a goat anti-mouse IgG antibody was used as a secondary 
antibody at a 1: 2000 dilution. 



Processed on: 24-8-2016Processed on: 24-8-2016Processed on: 24-8-2016Processed on: 24-8-2016

504795-L-bw-Zhang504795-L-bw-Zhang504795-L-bw-Zhang504795-L-bw-Zhang

Developmental regulation of chicken surfactant protein A and its localization in lung

43

3

3.4 Tissue distribution of cSP-A at the protein level

Total protein isolation was performed on a set of tissues all obtained from 28-
day old chicken and analyzed for cSP-A expression using Western blotting. In 
lung, the specific cSP-A double band of 26-32 kDa was again intensively stained. 
In other tissues also some other, less intensive, bands at higher molecular weight 
were observed, which, based on molecular weight do not represent cSP-A. 
Interestingly, a single band at approximately 26 kDa, close to the calculated 
mass of cSP-A was detected in trachea and, surprisingly, in muscle (Fig. 5). When 
isolated lung proteins were subjected to PNGase treatment, a clear reduction 
in size to a single band of approximately 26 kDa was observed, indicating that 
lung cSP-A is heterogeneously glycosylated (Fig. 6). The same PNGase treatment 
on the tracheal or muscle immunoreactive band (Fig. S1) did not result in a size 
shift on gel. IHC on trachea and muscle tissues could not detect cSP-A, while 
western blotting using a second cSP-A antibody (clone 99-61-9) also failed to 
detect this 26 kDa band in these tissues (while lung cSP-A was still stained; Fig. 
S2). Based on these results it currently seems most likely that out of the tissues 
tested, cSP-A is exclusively present in lung tissue. 

Fig. 6. Western blot analysis of cSP-A in  lung and tracheal tissue samples after treatment with PNGase 
F. Lung homogenate or tracheal homogenate from 28 day old chicken were subjected to N-deglycosylation 
by PNGase F (+) and stained for SP-A; sham-treated controls are included (-). Only the cross-reactive cSP-A 
band in lung is glycosylated. mAb 99-61-1 was used as primary antibody at a 1:1000, a goat anti-mouse IgG 
antibody was used as a secondary antibody at a 1: 2000 dilution. 
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4. Discussion 

The fundamentally different respiratory system of chickens and the lack of a 
collagen region in chicken SP-A indicate that this protein has likely different 
structural and functional characteristics compared to its mammalian 
counterparts. As a first step towards understanding the function of avian SP-A 

Fig. S1. Western blot showing homogenized muscle tissue treated with PNGase F. The cross-reactive 
protein band in chicken muscle is not glycosylated. mAb 99-61-1 was used as primary antibody at a 1:1000 
dilution, a goat anti-mouse IgG antibody was used as a secondary antibody at a 1: 2000 dilution. 

Fig. S2. Western blots of chicken tissue samples with two different cSP-A antibodies Mab 1 (99-61-
1, 1:1000 dilution) and Mab 9 (99-61-9, 1:100 dilution), respectively. A goat anti-mouse IgG antibody 
was used as a secondary antibody at a 1: 2000 dilution. Only Lung cSP-A is recognized by Mab 9 while the 
tracheal and muscle 26 kDa protein band is not immunoreactive.
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Fig. S3 Comparison between monoclonal antibodies mAb 99-61-1 and 99-61-9. Representative 
pictures from 7 developmental stages are shown, IHC was performed on two parallel tissues slice of 
chicken lung with 99-61-1 (1:50 dilution) and 99-61-9 (1:10 dilution) primary antibodies, respectively. 
Images were taken on a Zeiss Axioskop Microscope at 100x magnification with an Olympus Dp25 camera.  
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homologues, we determined the gene and protein expression of cSP-A and gene 
expression of cLL and 3 other collectins during (embryonic) development.

In the lung, gene expression of cSP-A and cLL was detectable from ED 14 
onward and significantly increased until hatching. For cSP-A, expression at such an 
early age has been detected before using Northern blots 10. The similar expression 
profile of both genes, and the assumption that cLL arose through gene duplication 
of cSP-A 11, suggests that both genes might be similarly regulated. On a protein 
level, cSP-A was detectable in the lung homogenate of ED 20 chicken embryos. 
The intensity of the cSP-A band increased after hatch up to day 28, showing 
that a net increase in cSP-A protein level occurred after hatch, probably due to 
accumulation of secreted protein within the lung. Studies in mammals described 
a very similar gene expression profile of SP-A; usually at 50-75% of gestation SP-A 
mRNA is first detectable and expression increases towards birth after which 
it remains relatively stable. However, the large increase in SP-A protein levels 
after birth is not observed in these studies. In one study, a 4-fold increase after 
birth in rat lungs was described, but other studies in baboons, rats and rabbits 
showed relatively stable SP-A levels up to adulthood 12-16. It would be interesting to 
determine whether the SP-A expression profile in chicken is reflecting a general 
avian developmental regulation of SP-A and what the consequences are for innate 
immune protection especially in the early stages of life.

The availability of monoclonal antibodies against cSP-A enabled us to study 
cSP-A localization and expression in more detail. Antibody clone 99-61-1 was 
used throughout the study as this antibody had highest sensitivity in Western 
blot and IHC, while clone 99-61-9 was used to verify specificity of the antibody in 
the experiments. Despite a relatively high sequence homology of cSP-A with cLL, 
(recombinantly expressed) cLL protein was not recognized by the monoclonal 
antibody on Western blot (data not shown). Immunohistochemistry of lung 
tissues showed that cSP-A protein could not be detected at ED 12, 14, 16, or 18, 
but specific staining of the lung epithelial surface was seen at ED 20. After hatch, 
the intensity of cSP-A staining increased with age, reaching a maximum by day 
28 in accordance with the Western blotting data. Most of the positive staining 
was observed on top of the epithelial surface of parabronchi and atria, indicative 
of secreted protein in the surface lining fluid, and comparable to mammalian 
localization of SP-A. In 28-day old chicks, a small amount of immuno-reactivity 
was also detected in the air capillaries of the lung. Some intracellular staining 
was observed for cells in the parabronchus and this reactivity likely represents 
surfactant producing cells in the chicken comparable to mammalian epithelial 
type II cells. A similar staining pattern was observed when antibody clone 99-
61-9 was used (data not shown).  Since a number of different lung epithelial cell 
types seem to be present in the Aves branch, there is some controversy in the 
literature on the existence of true type II cells in the avian lung. An epithelial 
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granular cell present in the parabronchus produces and secretes lamellar 
bodies into the lumen, and this is often considered the avian type II cell 17, 18. 
However, another cell type, a squamous non-granular atrial cell, also produces 
and secretes a trilamellar substance that covers the lung epithelium 19, 20, while a 
more recent study only distinguishes one type I and one type II pneumocyte in 
the chicken lung 21. 

A few studies have reported to be able to detect cSP-A using IHC and Western 
blot techniques. Zeng and coworkers showed cSP-A in the mesobronchi but not 
in atria and air capillaries of chicken lung using anti-rat-SP-A antibody 22. By use 
of Western blotting, another study failed to detect cSP-A in chicken lung lavage 
17, while Sullivan et al detected cSP-A in lung lavage with a 2-fold larger mass 
than expected under reducing conditions 23. However, all these studies used 
polyclonal anti-mammalian SP-A antibodies of which the identity of the reacting 
protein was not investigated. It is possible that a non-SP-A related protein was 
detected and denoted as SP-A 24.

Although localization of cSP-A is similar to mammalian SP-A, functional 
consequences of the structural differences have not been properly addressed. 
Studies on total chicken pulmonary surfactant have shown that it lacks the 
ability to form tubular myelin in vivo, linking some of the structural features 
of cSP-A to adapted biophysical properties 17. In addition, chicken pulmonary 
surfactant also failed to reduce surface tension to the same extent as mammalian 
surfactant did in vitro 24. However, other factors such as lipid composition or 
absence of other pulmonary surfactant proteins, SP-B or SP-C, possibly also 
contributed to this lack of surface tension reducing activity. Since no information 
is available on the innate immune function of cSP-A, one can only speculate to 
what extent it resembles mammalian SP-A. Many functions of SP-A are initiated 
through calcium-dependent binding of glyco-conjugates on pathogens, but also 
on receptors of immune cells. Since the CRD of mammalian SP-A contains a high 
homology with cSP-A, including the glycan-binding site and other specific C-type 
lectin characteristics 25, it seems likely that cSP-A would be functionally active in 
these processes. Its localization in the extracellular lining liquid enables cSP-A 
to interact immediately with incoming pathogens. However, some interactions 
of mammalian SP-A with innate immune receptors such as SPR-120, signal 
inhibitory regulatory protein α and the calreticulin-CD91 complex (receptors 
initiating phagocytosis and modulating cellular immune cell functions) are 
mediated through the collagen region of mammalian SP-A 26. It will be intriguing 
to discover to what extent and through what adaptations homologous immune 
functions of cSP-A are present and to what extent cSP-A contains species-specific 
activity.

Finally, the role of cLL, as a second SP-A homologue needs similar attention. 
Localization and regulated expression indicate a link between the two proteins. 
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One possibility that needs to be addressed is whether cLL and SP-A are actually 
two different proteins or whether they are both part of a heterologous trimeric 
complex. In humans (and primates, but not in rodents), two SP-A genes are 
present which code for 2 closely related, but different SP-A monomers (4 amino 
acids difference, all in the collagen-like domain) 27, 28. It was shown that the 
trimeric form of hSP-A can be built up from one SP-A1 and two SP-A2 chains. 
It was also described that both SP-A1 and SP-A2 are needed for tubular myelin 
formation in vivo 29. Similarly, the serum collectins CL-L1 and CL-K1 were shown 
to form heterologous trimers indicating that this could be a general concept for 
collectins to add functional flexibility to the oligomeric protein 30. 

 In conclusion, our results provide the first description of transcriptional 
and translational levels of cSP-A during development in both embryonic and 
post-hatch animals, which will provide fundamental data for future studies. 
Moreover, this study reports the tissue distribution and localization of cSP-A, 
which could provide a first step towards understanding the function of this 
collectin (and possibly cLL) in relation to its altered structure compared to 
mammalian SP-A.
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Abstract

Mannose binding lectin (MBL) is a serum collagenous C-type lectin that 
plays an important role in the innate immune protection against pathogens. 
Previously, human and mouse studies have demonstrated that MBL binds 
a broad range of pathogens that results in their neutralization through ag-
glutination, enhanced phagocytosis, and/or complement activation via the 
lectin pathway. The role of MBL in chicken is not well understood although 
the MBL concentration in serum seems to correlate with protection against 
infections. To investigate the role of MBL in chicken further, recombinant 
chicken MBL (RcMBL) was produced in HeLa R19 cells and purified using 
mannan affinity chromatography followed by gel filtration. RcMBL was 
shown to be structurally and functionally similar to native chicken MBL 
(NcMBL) isolated from serum. Like NcMBL, RcMBL is expressed as an oligo-
meric protein (mixture of trimers and multitrimers) and binds to mannan 
in a Ca2+-dependent manner. Mass spectrometry indicated a monomeric 
mass of 26 kDa corresponding to the predicted mass. The biological activ-
ity of RcMBL was demonstrated via its capacity to agglutinate Salmonella 
Typhimurium and to inhibit the hemagglutination activity of influenza A 
virus. The production of a structurally well-characterized and functionally 
active RcMBL will facilitate detailed studies into the protective role of MBL 
in innate defense against pathogens in chicken and other avian species. 
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Introduction

Mannose binding lectin (MBL) is a serum collectin (collagenous C-type lectin), 
which plays an important role in the innate immune response. Like all members 
of the collectin family, MBL binds and recognizes a wide range of pathogens, 
including fungi, bacteria, viruses and parasites, leading to agglutination and 
neutralization of these microorganisms. In addition, the attachment of MBL to 
the microbial surface induces the innate immune responses, such as enhanced 
phagocytosis by macrophages. A third, probably best known function of MBL 
is that it can activate the complement system via the lectin pathway. MBL 
binding to pathogens activates MBL-associated serine protease (MASP)-1 and 
MASP-2, of which the latter cleaves complement factors C4 and C2 to generate 
a C3 convertase, C4bC2a, ultimately leading to clearance of infection 1-4. Many 
studies have underlined the importance of MBL in human and other mammalian 
species. In humans, low levels of serum (human MBL) or hMBL-deficiency are 
associated with susceptibility to infections, such as HIV infection and infections 
in cystic fibrosis 5, 6. Also, animal studies have demonstrated the importance of 
this host defense lectin. For example, a study using MBL-deficiency mice showed 
decreased inflammatory and antiviral responses upon challenge by pandemic 
H1N1 and avian H9N2 influenza A virus infection as compared to wildtype mice 
7. Similarly, MBL-deficient mice were more susceptible to bacterial infection 
with Staphylococcus aureus, resulting in 100% mortality of MBL-deficient mice 
compared with 45% mortality of wild type mice. The bacterial titers increased 
10-100 fold in the blood, liver, spleen, kidneys and lungs of MBL-deficient mice 8.

MBL is synthesized in the liver and is predominantly present in blood serum 
as multimeric proteins 9, 10. The polypeptide domain organization of MBL is shared 
by all members of the collectin family and is characterized by a short N-terminal 
cysteine-rich region, a collagen-like region containing Gly-Xaa-Yaa repeats, and 
an α-helical coiled-coil neck region followed by a carbohydrate recognition 
domain (CRD, or lectin domain). The neck region initiates trimerization of three 
polypeptides to form the functional subunit of MBL which is stabilized by the 
formation of the collagen triple helix and a disulfide bond between cysteine 
residues at the N-terminal domain of MBL (reviewed by 11). Trimerization 
of MBL not only facilitates the formation of the collagen triple helix but also 
generates a cluster of three adjacent CRDs that makes MBL, like all collectins, 
a “pattern recognition molecule”, having the ability to interact with specific 
pathogen-associated molecular patterns (PAMPs). Further oligomerization of 
trimers is established through N-terminal linkage of MBL trimers. Human MBL 
is assembled into various degrees of multimerization, ranging from dimers to 
hexamers of trimeric subunits that resemble a “bouquet of tulips”, as visualized 
by electron microscopy 12, 13. 
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Previously, MBL has been isolated from chicken serum and was characterized 
as a complex of oligomers consisting of 3 to 6 trimeric subunits 14. The average 
chicken MBL (cMBL) concentration in serum is approximately 6 µg/ml based on 
studies with 308 chickens, representing 14 different chicken lines, and no cMBL-
deficiency has been found in any of these different breeds 15. The deduced amino 
acid sequence of cMBL shares approximately 40% similarity with mammalian 
MBLs, in which especially the collagen-like domain and the neck region are 
highly conserved 16. Like for all MBLs, serum derived cMBL binds carbohydrates 
via its CRD in a Ca2+-dependent manner and the sugar binding selectivity of 
cMBL is similar to that of hMBL 14.

Only a few studies have shed light on the functional importance of MBL in 
chicken. Most in vivo studies have been performed with two chicken inbred 
lines with relatively high (L10H) or low (L10L) serum concentrations of cMBL 
as compared to outbred lines 17. The concentration of cMBL seems to correlate 
inversely with bacterial and viral infections in these two inbred lines. In an E. 
coli challenge experiment, L10L chicken showed significantly more body weight 
loss upon infection than L10H chicken 18. Furthermore it was shown that upon 
infectious bronchitis virus  infection, cMBL acted as an acute phase protein, 
activated the complement system and inhibited viral propagation in the trachea 17. 

Detailed studies, aimed to investigate the structure and function of native 
cMBL (NcMBL) in vitro, have been complicated by difficulties in obtaining 
high yields and consistent batches of purified NcMBL. For human studies, a 
recombinant version of hMBL was successfully produced using mammalian 
cells, such as Chinese Hamster Ovary (CHO) cells and Human Embryonic Kidney 
(HEK) 293 cells, resulting in high yields of recombinant human MBL (RhMBL) 
with structural and functional properties similar to plasma derived hMBL 19-

21. In our study, this approach was adapted and further modified to produce 
recombinant chicken MBL (RcMBL) using Human Cervical adenocarcinoma 
(HeLa) R19 cells. In this paper we describe the production and characterization 
of RcMBL that exhibits structural and functional characteristics similar to that 
of NcMBL. The availability of well-characterized and fully functional RcMBL will 
be an important tool to enable further studies into the role of this important 
innate immune component against infections in chicken and other avian species. 

2. Materials and methods

2.1 RNA isolation and cloning of MBL cDNA

Total RNA was obtained from chicken liver tissue (Ross 308) using the High 
Pure RNA Tissue Kit (Roche, Germany) and digested with DNase I (Roche) to 
eliminate genomic contamination. The first−strand cDNA was synthesized using 
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the iScript cDNA synthesis kit (BIO−RAD, USA). The coding sequence (CDS) of 
cMBL, without the signal peptide’s sequence (GenBank Accession No. AF231714) 
was obtained by polymerase chain reaction (PCR) using gene specific primers. 
Forward primer: 5’− GAG CTA GCG TTA CTT ACC ACA GAT AAA CCT G −3’, and 
reverse primer: 5’− GAT TAA TTA ATC ACA ATT CAC AAA TAA TGA AG −3’. PCR 
amplification was performed at 95 °C for 5 min, followed by 40 cycles at 95 °C 
for 30 s, 53 °C for 30 s, 72 °C for 150s, and a final extension at 72 °C for 7 min. 
The PCR product was purified using the QIAEX II Gel Extraction Kit (Qiagen, 
Germany) and ligated into the pJET cloning vector (Thermo Scientific, USA), 
afterwards transformed into DH5α competent cells (Invitrogen, USA). The 
positive clones were selected and sequenced. The amplified DNA fragment 
was digested with NheI and PacI and sub-cloned into the expression vector 
pFRT (Thermo Scientific) which was previously cut with the same restriction 
enzymes. The resulting construct, pFRT−cMBL was verified by sequencing 
analysis.

2.2 Recombinant expression of cMBL using Hela cells

HeLa R19 cells, a gift from Dr. Wentao Li (Utrecht University, The Netherlands), 
were used to produce RcMBL. The cells were maintained in a humidified 37 
°C incubator with 5% CO2, and cultured in Dulbecco’s Modified Eagle Medium 
(DMEM, Gibco, United Kingdom) supplemented with 10% Fetal Bovine Serum 
(FBS) (Bodinco BV, The Netherlands), penicillin (100 units/ml) and streptomycin 
(100 µg/ml). The pFRT expression vector containing the cMBL encoding sequence 
was transfected into 80% confluent Hela R19 cells using polyethyleneimine (PEI) 
(Polysciences, USA) in a 1:5 ratio (µg DNA : µg PEI). At 12 h post transfection, the 
transfection mixture was replaced by 293 SFM II expression medium (Gibco), 
supplemented with GlutaMax (10 ml/liter, Gibco), primatone (3 g/liter, Sigma−
Aldrich, USA), D-glucose (2 g/liter, Sigma−Aldrich), sodium bicarbonate (3.7 g/
liter, Merck, Germany), DMSO (15 ml/liter, Sigma−Aldrich), penicillin (100 units/
ml) and streptomycin (100 µg/ml). The expression medium was harvested at 5 
days post transfection 22, 23. 

2.3 Purification of RcMBL

RcMBL was purified from the HeLa R19 expression medium using mannan 
affinity chromatography. The medium was calcified to a final concentration of 
5 mM CaCl2 followed by addition of mannan agarose beads (4 ml bed volume of 
beads/liter of medium, Sigma−Aldrich) and incubated while shaking overnight 
at 4 °C. The beads were collected and washed extensively with TBS/Ca2+ buffer 
(10 mM Tris−HCl pH=7.4, 150 mM NaCl, 5 mM CaCl2) to remove all unspecific 
bound proteins.
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Mannan bound RcMBL was eluted with TBS/EDTA buffer (10 mM Tris−
HCl pH=7.4, 150 mM NaCl, 5 mM EDTA), passed through a 0.22 µm filter and 
concentrated to approximately 1.5 ml using Amicon Ultra−15 centrifugal filters 
(Merck Millipore, Germany) with a cut-off of 10 kDa. Next, the concentrated 
RcMBL was subjected to gel filtration chromatography to separate the various 
oligomeric forms of RcMBL using an ÄKTA purifier10 system (GE Healthcare Bio 
Sciences, Sweden), that was equipped with a Hiload 16/60 Superdex 200 PREP 
GRADE column and equilibrated in TBS buffer (10 mM Tris−HCl pH=7.4, 150 
mM NaCl). Fractions from each eluted peak were analyzed by non-reducing or 
reducing SDS−PAGE. Pooled fractions were concentrated by Amicon Ultra−15 
centrifugation tubes and stored in aliquots at −20 °C.
 
2.4 SDS-PAGE and Western blotting of RcMBL
The concentration of purified RcMBL was determined using a BCA Protein Assay 
Kit (Thermo Scientific). Protein samples were separated on Mini-Protean TGX 
4-15% precast gels (Bio-Rad, USA) under reducing or non-reducing conditions, 
and subsequently visualized by EZBlue gel staining reagent (Sigma−Aldrich) 
or transferred onto 0.2 µm Nitrocellulose membranes (Bio−Rad) for Western 
blotting analysis. Immunodetection of RcMBL was performed using a mouse 
monoclonal antibody against cMBL (6B11, HYB 182−01−02, Thermo Scientific) 
according to the manufacturer’s instructions. The secondary antibody used was 
a goat anti−mouse IgG−Peroxidase (Sigma−Aldrich).

2.5 Sequence alignment of the CRD of cMBL with mammalian MBLs and 
structural modelling of cMBL 

Chicken and mammalian MBLs and human SP-D (hSP-D) sequences were 
obtained from the National Center for Biotechnology Information with the 
following Genbank accession codes: human SP-D (hSP-D; L05483.1), chicken 
MBL (cMBL; AF231714.1), human MBL (hMBL; CAB56124.1), canine MBL-C 
(caMBLC; XP_536402.2), monkey MBL-A and -C (moMBL-A; XP_001096399 
and moMBL-C; NP_001099005.1),  rat MBL (rMBL; NM_012599.2),  mouse MBL 
(mMBL; NM_010775.2), bovine MBL (bMBL; AAI09675.1), porcine MBL-A and -C 
(pMBLA; NP_001007195.1 and pMBLC; NP_999290.1). The structural modeling 
of the neck region and the CRD of cMBL was predicted using iTASSER software 
as described previously 24. 

2.6 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) of RcMBL

RcMBL (200 µg/ml, stored in TBS buffer) was diluted with XT sample buffer 
(Bio-Rad) and proteins were subsequently separated on a precast 12% Bis-Tris 
gel (Bio-Rad) under reducing conditions. After staining of the SDS-PAGE gel with 
GelCode Blue stain (Pierce, USA), the RcMBL protein band was excised, proteins 
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in the gel plug were reduced with DTT (1 h at 60 °C) and subsequently alkylated 
using chloroacetamide (30 min at RT in the dark). In-gel digestion with 3 ng/
µl trypsin (Gold, Mass Spectrometry Grade, Promega) in 50 mM ammonium 
bicarbonate (pH=8.5) was performed overnight at 37 °C. After digestion, the 
RcMBL-derived peptides were extracted with acetonitrile and dried in a speed 
vacuum centrifuge. Prior to mass spectrometry analysis, the peptides were 
reconstituted in 10% formic acid.

Peptides were separated using the Proxeon nLC 1000 system (Thermo 
Scientific, Bremen) fitted with a trapping column (ReproSil-Pur 120 C18-AQ 3 µm 
(Dr. Maisch GmbH, Ammerbuch, Germany); 100 µm x 30 mm) and an analytical 
column (ReproSil-Pur 120 C18-AQ 2.4 µm (Dr. Maisch GmbH); 75 µm x 500 mm), 
both packed in-house. The outlet of the analytical column was coupled directly to a 
Thermo Orbitrap Fusion hybrid mass spectrometer (Q-OT-qIT, Thermo Scientific) 
using the Proxeon nanoflex source. Nanospray was achieved using a distally coated 
fused silica tip emitter (generated in-house, o.d. 375 µm, i.d. 20 µm) operated at 
2.1 kV. Solvent A was 0.1% formic acid/water and solvent B was 0.1% formic acid/
ACN. An aliquot (25%) of the in-gel digest was eluted from the analytical column at 
a constant flow rate of 250 µl/min in a 35-min gradient, containing a linear increase 
from 7% to 25% solvent B, followed by wash at 80% solvent B. Survey scans of 
peptide precursors from m/z 375-1500 were performed at 120K resolution with a 
4 x 105 ion count target. Tandem MS was performed by quadrupole isolation at 1.6 
Th, followed by HCD fragmentation with normalized collision energy of 33 and ion 
trap MS2 fragment detection. The MS2 ion count target was set to 104 and the max 
injection time was set to 50 ms. Only precursors with charge state 2-6 were sampled 
for MS2. Monoisotopic precursor selection was turned on; the dynamic exclusion 
duration was set to 30s with a 10 ppm tolerance around the selected precursor and 
its isotopes. The instrument was run in top speed mode with 3 s cycles.

Raw data files were processed using Proteome Discoverer (version 1.4.1.14, 
Thermo Fisher Scientific). MS2 spectra were searched against the Uniprot chicken 
database (Uniprot Gallus Gallus, release 20110418, 15344 sequences) using 
Mascot (version 2.4.1, Matrix Science, UK). Carbamidomethylation of cysteines 
was set as fixed modification and oxidation of methionine was set as a variable 
modification. Trypsin was specified as protease and up to two miscleavages 
were allowed. Data filtering was performed using percolator, resulting in 1% 
false discovery rate (FDR) at peptide level, and peptide ion score >20.

2.7 Native mass spectrometry

The native mass spectrometry  measurements used to determine protein 
oligomeric states and obtain total mass were conducted with a modified hybrid 
triple-quadrupole/time-of-flight (Waters, UK) mass spectrometers adjusted 
for enhanced performance in tandem MS. RcMBL (stored in TBS buffer) were 
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substituted with a 150 mM ammonium acetate solution through sequential 
concentration and dilution steps at 4 °C using Amicon Ultra−15 centrifugal filter 
(Merck Millipore) with a cut-off of 10 kDa. Samples were sprayed using a standard 
static nanospray source. Tandem MS analysis was conducted by mass-selection of 
sub-population of ions using a quadrupole mass analyzer followed by dissociation 
of precursor ions induced by their collision with xenon molecules. Data were 
analyzed with MassLynx (Waters, UK) and Origin Pro (Origin Lab, USA) software.

2.8 Salmonella Typhimurium agglutination assay
RcMBL-induced bacterial agglutination was assessed by confocal microscopy. 
Salmonella Typhimurium (DT104) was grown in Mueller Hinton Broth (MHB, 
Sigma−Aldrich) at 37 °C until midlog−phase, afterwards the bacteria were spun 
down and re-suspended in TBS buffer to a density of 1 × 108 CFU/ml. A hundred 
µl of bacterial suspension was incubated with various concentrations of RcMBL 
in the presence of 5 mM CaCl2 for 1 h at 37 °C. Next, the live/dead staining was 
performed on the bacteria using the BacLight bacterial viability kit (Invitrogen, 
USA) with the permeant fluorescent probe SYTO 9 and the impermeant fluorescent 
probe propidium iodide (PI) according to the manufacturer’s protocol, in which 
SYTO 9 and PI stain live (green) and dead (red) cells, respectively. The mixture 
was added on top of a 35 mm FluoroDish (WPI, USA) immediately followed by 
visual analysis with a Leica SPE-II-DMI4000 confocal microscope at the Center 
for Cell Imaging (CCI), Utrecht University, using 100×/1.4−numerical aperture 
objective. Live and dead staining were visualized at 405 nm and 635 nm, 
respectively. Representative pictures were obtained after 20 times screen.

2.9 Hemagglutination inhibition (HAI) assay

The IAV strains used in this study were a human isolate A/Philippines/82(H3N2) 
(Phil82) and A/PuertoRico/8/34 (H1N1) (PR-8) that lacks high-mannose 
oligosaccharides on the globular domain of its hemagglutinin (HA). The IAV 
strains were grown in chorioallantoic fluid of 10-day-old chicken eggs and 
purified on a discontinuous sucrose gradient centrifuge. Virus stocks were 
stored at −80 °C after dialysis against PBS++ (PBS with 1 mM CaCl2 and 0.5 mM 
MgCl2). The hemagglutination titer of each virus was determined by titration 
of virus sample in PBS++ with thoroughly washed human type O, Rh (−) red 
blood cells (RBC). The HI test was performed by serially diluting RcMBL (25 µl) 
in round bottom 96−well plates using PBS++ or PBS++ containing 5 mM EDTA 
(negative control) as diluents. After adding 25 µl of IAV (4 hemagglutination 
units) in each well, the IAV/RcMBL mixture was incubated for 30 min at 37 °C. 
Fifty µl RBC (1% suspension in PBS++) was added to each well and the plates 
were incubated for 2 h at RT. The inhibition was detected by the formation of 
erythrocyte pellets as described previously 25.
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Results

3.1 Purification and characterization of RcMBL 

RcMBL was successfully expressed in Hela R19 cells and purified from the 
expression supernatant by affinity chromatography using mannan agarose 
beads. The average protein yield was 1.5−2.0 mg from 1 liter of expression 
culture. The eluted protein was analyzed by SDS−PAGE and Western blotting. 
NcMBL, partially purified from chicken serum, was used for structural 
comparison analysis. Both RcMBL and NcMBL showed a band of 33 kDa after 
Western blotting under reducing conditions (Fig. 1). Mannan-purified RcMBL 
was subjected to size-exclusion chromatography and separated into two main 
peaks (Fig. 2A). Pooled fractions from each peak were analyzed by SDS−PAGE 
and Western blotting. Under non-reducing conditions the results showed that 
peak 1 consisted of higher order oligomeric structures of RcMBL with molecular 
weights from 120 to 250 kDa and above, while peak 2 contained mainly trimeric 
structures ranging from 33 to 70 kDa (Fig. 2B). Under reducing conditions the 
results showed that both peaks migrated as a single band of 33 kDa (Fig. 2B).

RcMBL NcMBLMW kDa

250
148
98
64
50
36

22

Fig. 1. Western blotting analysis of RcMBL and NcMBL.
Ten µg mannan-purified RcMBL and serum-derived NcMBL were analyzed using SDS-PAGE on a 4-15 % 
pre-casting gradient gel under reducing conditions. Visualization of cMBL was done using an anti-chicken 
MBL monoclonal antibody (primary) and a goat anti-mouse IgG antibody (secondary).
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Fig. 2. Purification and size exclusion chromatography of  RcMBL
A) Gel filtration analysis of RcMBL was performed on mannan-affinity purified RcMBL using an ÄKTA 
purifier10 system with a Hiload 16/60 Superdex 200 PREP GRADE column. The Χ−axis and Υ−axis show 
the elution time (elution speed: 0.5 ml/min) and optical density at 280 nm, respectively. Peak 1 and peak 
2 are indicated with arrows. B) SDS−PAGE and Western blotting analysis of pooled fractions of peak 1 and 
peak 2. Fractions from peak 1 and peak 2 were collected separately and concentrated with Amicon Ultra-15 
centrifugal tubes (MWCO10). Ten µg of purified RcMBL proteins from peak 1 and peak 2 were analyzed using 
a 4-15 % pre-casting gel under either reducing (R) or non-reducing conditions (N). CMBL was visualized 
using an anti-chicken MBL monoclonal antibody (primary) and a goat anti-mouse IgG antibody (secondary).
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A

cMBL

171                                                                                 254     

PRNEAENTALKDLIDPSSQAYIGISDAQTEGRFMYLSGGPLTYSNWKPGEPNNHK-NEDCAVIEDSGKWNDLDCSNSNIFIICEL--

caMBLC --------------VAKEEAFLGITDKVTEGHFMYVTGGSLVYSNWRKNEPNNHGSGEDCVILLQDGFWNDISCESSF-LAVCELPA

moMBLA --------------VAKDTAFLGITDEATEGQFMYVTGGRLTYSNWKKDEPNDHGSGEDCVILLSNGLWNDISCTASY-IAVCEFPA

moMBLC --------------LIKEEAFLGITDENTEGEFVDLTGNKLTYTNWNDGEPNNAGSNEDCVLLLKNGKWNDIPCSSSHL-ALCEFPI

rMBL --------------VAKTSAFLGITDEVTEGQFMYVTGGRLTYSNWKKDEPNDHGSGEDCVTIVDNGLWNDISCQASHT-AVCEFPA

mMBL --------------VATGIAFLGITDEATEGQFMYVTGGRLTYSNWKKDEPNNHGSGEDCVIILDNGLWNDISCQASFK-AVCEFPA

bMBL --------------MASDTAFLGITDEVTEGQFMYVTGGRLGYSNWKKNEPNNYGSGEDCVSLLPDGLWNDISCSSSF-LAICEFPA

pMBLA --------------MAPDVAFLGITDEVTEGQFMYVTGGRMTYSNWKSNEPNDHGSGEDCVILQRDGLWNDISCSSSF-LAVCEFPA

pMBLC --------------LAGTEAFLGITDEYTEGQFVDLTGKRVRYQNWNDGEPNNADSAEHCVEILKDGKWNDIFCSSQL-SAVCEFPA

hMBL --------------LIKEEAFLGITDEKTEGQFVDLTGNRLTYTNWNEGEPNNAGSDEDCVLLLKNGQWNDVPCSTSHL-AVCEFPI

hSP-‐D -----------LVVAKNEAAFLSMTDSKTEGKFTYPTGESLVYSNWAPGEPNDDGGSEDCVEIFTNGKWNDRACGEKRL-VVCEF--

con. ...................A.....D..TEG.F....G....Y.NW...EPN.....E.C......G.WND..C.....-..CE.--

                                                * *    *           **  

Fig. 3. Comparison of the CRD sequence of MBLs and 3D structure prediction of the neck-CRD region 
of cMBL.  
A) Amino acid sequence alignment of the C-terminal part (residues 171-254 of cMBL) of the CRD. Residues in 
common with the cMBL sequence are indicated with dots and a consensus sequence with residues that are 
shared by all collectins is also provided: ‘con’. Asterisks indicate the residues necessary for coordination of Ca2+ 
ions and ligand binding. Three of four cysteines stabilizing the double loop structure of CRD are indicated with 
a black shadow. B) The architecture of the cMBL monomer was predicted using the iTasser programme (http://
zhanglab.ccmb.med.umich.edu/I-TASSER/). The neck region is depicted in blue, CRD in green and the EPN motif 
is indicated in red. C) Overlay of the structure of cMBL (green) and hMBL (blue). D) Overlay of the structure of 
cMBL (green) and hSP-D (red). The pictures are shown in side view (top) and top view (bottom). 
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3.2 Alignment of cMBL with mammalian MBLs and structural modeling

The cMBL sequence 16 reveals that its CRD contains all sequence features of a 
C-type lectin and is highly comparable to MBL from other animal species (Fig. 3A). 
The two most important structural elements of C-type lectins are the 4 cysteines 
that stabilize the characteristic double loop structure (Cys159-Cys251, Cys228-
Cys242) and the 218-EPN-220, 237-WND-239 motifs that are required for ligand 
binding through coordination of a calcium ion in the binding pocket of MBL 26. 
All these features are also present in cMBL which is consistent with the observed 
Ca2+-dependent binding of glycans by cMBL during purification. The predicted 3 
dimensional backbone structure of the neck CRD of cMBL also indicates clearly 
that cMBL adopts the classical C-type lectin fold, highly similar to the neck-CRD of 
hMBL and to the neck-CRD of human surfactant protein D (hSP-D).

3.3 Mass spectrometry and oligomeric analysis of RcMBL

Native mass spectrometry  analysis of RcMBL (peak 2) using regular buffer 
(NH4Ac) resulted in a mass spectrum with a charge-state-resolution insufficient for 
accurate mass determination (Fig. 4A inset), mainly due to the broadly distributed 
mass of this heterogeneously glycosylated protein. To improve the separation of 
signals representing protein ions in adjacent charge states we introduced 20% 
(mol/mol) triethylammonium acetate (TEAA) into the sample solution which can 
partially reduce the charge states 27. The resulting mass spectrum of RcMBL showed 
signals representing three distributions of charge states, each of which represented 
a single species (Fig. 4A, blue trace). A preliminary deconvolution revealed that the 
molecular weight of the second and third species are two times and three times that 
of the first species, respectively 28. Accurate mass determination of these species was 
performed via tandem MS measurements, where the collision-induced dissociation 
(CID) employed in the mass analyzer provided the protein analytes with maximal 
desolvation and specific fragmentation patterns that served as constraints for accurate 
charge assignments 29. As exemplified in Fig. 4B, under the TEAA-free condition, mass-
selection of ions with m/z centered at 4,400 (the largest species) and the subsequent 
CID yielded fragment ions carrying 11-13 positive charges and the corresponding 
residual species in charge states of 6-8. Accordingly the molecular weight of the three 
species, as shaded individually in Fig. 4A, were determined as 26.1 ± 0.1 kDa, 52.9 ± 
0.3 kDa and 79.2 ± 0.4 kDa, respectively (averages from at least three measurements). 
These molecular weight values and the relative abundance depicted in Fig. 4A clearly 
indicate that RcMBL exists as a trimer with minor amounts of monomeric and dimeric 
species. Intriguingly, based on the adequately resolved signals representing the 
heterogeneous monomers, the average mass difference between adjacent glycoforms 
was determined as 0.32 kDa, implying a difference in mass corresponding to 2 hexoses 
between MBL iso(glyco)forms.
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Fig. 4. Oligomerization analysis of RcMBL and molecular weight determination by native mass 
spectrometry.
A) Native mass spectra of RcMBL (peak 2, trimers) acquired without (inset, red) and with TEAA (blue). B) 
A tandem mass spectrum showing the mass-selection of the largest ionic species and its collision-induced 
dissociation (CID) pattern. The inset shows a close-up view of the released fragment ions. Intensities of 
the signals representing residual species were magnified by 10 for better visualization. Signal peaks are 
labeled with the corresponding charge states and oligomeric states (in parentheses).

3.4 Agglutination

Earlier studies have reported that collectins can directly agglutinate bacteria, fungi and 
viruses, an important functional property that helps to protect against epithelial infection 
by these pathogens. Therefore, bacterial agglutination was assessed by incubating mid-
log phase suspensions of Salmonella Typhimurium with RcMBL (peak 1, 20 and 50 µg/
ml), followed by staining with SYTO9 and PI. SYTO9 is a green fluorescent nuclear 
counterstain which stains both live and dead Gram-negative and Gram-positive bacteria. 
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20 µg/ml 
RcMBL

50 µg/ml 
RcMBL
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RcMBL+EDTA
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Fig. 5. Ca2+-dependent RcMBL-induced agglutination of Salmonella Typhimurium. 
RcMBL (peak 1, multimers) was incubated with Salmonella Typhimurium (1 × 108 CFU/ml) for 1 h at 37 °C, live/
dead staining was performed with fluorescent probe SYTO9 (green) and the impermeant fluorescent probe 
propidium iodide (red) followed by imaging with confocal microscopy. A) No agglutination was observed with 
negative control (without RcMBL). B) and C) Salmonella Typhimurium agglutination was observed with 20 
and 50 µg/ml of RcMBL, respectively, in the presence of 5 mM calcium. D) and E) Agglutination was inhibited 
by EDTA (final concentration of 5 mM) in the presence of 20 or 50 µg/ml of RcMBL, respectively. PI staining 
indicates the dead cells. Images shown are representative for three separate experiments.
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PI is a red fluorescent nuclear and chromosome counterstain for dead cells only. 
After adding the dye mixture, samples were inspected for differential nuclear 
staining using a confocal microscope. RcMBL was able to agglutinate Salmonella 
Typhimurium in a Ca2+-dependent manner, as illustrated by the formation of large 
aggregates in the presence of calcium that were absent after incubation in the 
presence of EDTA. The control incubation with calcium ions but in the absence 
of RcMBL also did not show any agglutination. RcMBL-induced agglutination 
did not lead to bacterial killing as no obvious PI staining was observed for the 
RcMBL-treated samples (Fig. 5).

3.5 Hemagglutination inhibition of IAV by RcMBL

The antiviral activity of RcMBL was measured against two subtypes of IAV, 
H3N2 (PHIL82) and H1N1 (PR-8), using a HAI assay. As shown in Table 1, RcMBL 
was able to fully inhibit H3N2 IAV induced agglutination of red blood cells at a 
concentration of 2.5 µg/ml or higher, but was less active against H1N1 IAV as 
the highest dose tested (40 µg/ml) could only partially inhibit the HA activity 
of the PR-8 strain. Similar to what was found for RcMBL-induced bacterial 
agglutination, the HAI activity of RcMBL was also Ca2+-dependent, since all HI 
activity was inhibited in the presence of EDTA.

Table 1. Hemagglutination inhibition of IAVs by RcMBL.
RcMBL (peak 1, multimers) was incubated with IAV (4HAU) for 30 min at 37° C, followed by 2 h incubation 
with red blood cells (RBC). Hemagglutination inhibition was determined by  RcMBL-induced reduction of 
RBC pellet formation.

RcMBL (µg/ml) 40 20 10 5 2.5 1.25

H3N2
(Phil82)

Calcium ++++ ++++ +++ ++ + -

EDTA - - - - - -

H1N1
(PR-8)

Calcium ++ - - - - -

EDTA - - - - - -

‘++++’ indicates full inhibition of RBC pellet formation.
‘+++, ++, +’ indicates partial inhibition of RBC pellet formation. 
‘-‘ indicates no inhibition of RBC pellet formation.
Data shown is from three independent experiments.
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Discussion 

Collectin-mediated innate immune responses play an important role in the first 
line defense against infections as illustrated by numerous studies in humans and 
other mammalian species. In avian species, however, not much is known about 
the specific role of these collagenous C-type lectins, including MBL, the most 
well-characterized serum collectin. Thus far, only a few studies have provided 
some insight into the role and function of MBL in avian species and how this 
contributes to chicken health is still not well addressed. Since the availability of 
well-characterized purified cMBL is very limited, detailed studies are difficult. 
Therefore, we aimed to produce a recombinant version of cMBL, and this study 
describes the high-yield expression of RcMBL by the use of HeLa R19 cells. 
Our study shows that RcMBL can be produced with structural and functional 
properties similar to those of chicken serum-derived MBL. 

Previous studies have demonstrated that hMBL can also be successfully 
produced using different mammalian expression systems. HEK 293 cells and 
CHO cells are the most commonly used cell expression systems, both of which 
can produce RhMBL that is structurally and functionally similar to native 
human MBL (NhMBL). RhMBL assembles into higher oligomers in those cells, 
and displays similar carbohydrate binding properties as compared to those 
of NhMBL. Furthermore, it can inhibit hemagglutination activity of IAV and 
activate the complement system associated with MASPs 19-21.

In our study, HEK 293 and HeLa R19 cells were used for the production of 
RcMBL. RcMBL was successfully expressed in both protein expression systems, 
SDS-PAGE and Western blotting analysis did not reveal major structural 
differences between both RcMBL preparations. However, the yield of RcMBL 
expressed in HEK 293 cells was substantially lower and resulted in strong batch-
to-batch variations as compared to RcMBL expressed in Hela R19 cells (result 
not shown). Therefore, RcMBL expressed by HeLa R19 cells was used in the 
functional and structural characterization studies.

NcMBL is present in serum as an oligomeric protein, heterogeneously 
assembled into multimeric structures with 2 to 6 trimeric subunits 14, 30, 31. The 
oligomerization of our RcMBL was determined by gel filtration and showed that 
it is assembled as a mixture of higher order oligomers and trimers, similar to 
NcMBL (Fig. 2). The majority of oligomers from peak 1 are ranging in mass from 
120 to 250 kDa above, while peak 2 mainly contained trimeric protein. Reduced 
SDS-PAGE revealed that RcMBL was detected as a single band of approximately 
33 kDa, which is approximately 7 kDa size bigger than the predicated size 
based on the cMBL amino acid sequence. Therefore, we also analyzed RcMBL 
by tandem mass spectrometry and determined that the molecular weight of 
monomeric RcMBL is approximately 26 kDa, corresponding with the predicted 
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size. This difference is likely due to differences in migration behavior on SDS-
PAGE between collagen-containing, more elongated proteins like MBL, as 
compared to the globular proteins that were used as molecular weight markers in 
our SDS-PAGE experiments 32. Western blot analysis of reduced RcMBL and NcMBL 
showed that both RcMBL and NcMBL migrated as a 33 kDa polypeptide and both 
stained positive after immunostaining with an anti-cMBL antibody. RcMBL was 
also identified by LC-MS/MS analysis of protease-treated RcMBL and data showed 
that more than 70% of the cMBL sequence could be identified in the resulting 
peptides, indicating that the RcMBL had the correct sequence. Glycosylation of 
RcMBL was examined by treatment of PNGase and O-glycosidase, where no any 
indications for glycosylation could be observed (result not shown). In addition, 
there is an absence of putative glycosylation sites based on the cMBL sequence. 
The presence of two hexoses in some of the MBL preparations, as determined by 
mass spectrometry, results in differences too small to be determined with a band 
shift on a gel. Probably, these detected hexoses were ligands, bound by MBL.

MBL, like all collectins, belongs to the C-type lectins and this implies 
that it only binds glycans via its CRD in a Ca2+-dependent manner. The sugar 
binding activity of the CRD in C-type lectins is determined by the presence of 5 
key conserved amino acid residues (EPN-E-WND) that are coordinated via the 
presence of a calcium ion to facilitate interactions with mannose-type glycans. 
These interactions result from the formation of a hydrogen bond network 
between distinct hydroxyl groups of sugars and amino acid residues of the CRD 
33, 34. As previously reported by Laursen 16, and shown in Fig. 3A, NcMBL also 
contains the EPN-E-WND key residues that are conserved in MBL from all animal 
species  that have been characterized to date 16. Binding studies with serum-
derived cMBL confirmed the Ca2+-dependency of its CRD to bind glycans 14. 
Similarly, our studies show that RcMBL also binds mannan in a Ca2+-dependent 
manner as demonstrated by successful mannan-affinity purification, since 
calcified RcMBL, bound to mannan-beads, was released after addition  of EDTA. 
The 3-dimensional structure of the neck-CRD domain of cMBL was also predicted 
by the iTasser program 24. Overlay modelling showed that the neck-CRD fold of 
cMBL strongly overlaps to that of both hMBL and hSP-D (Fig. 3). Interestingly, 
the angle between neck and CRD of cMBL seems to resemble more that of hSP-D 
than hMBL. Any functional consequences for this are only speculative but are 
worthwhile to investigate. Overall the structure further underlines that the CRD 
conformation of cMBL fulfills the criteria of being a C-type lectin (the C-type 
lectin structure has also been reviewed in 26, 35).

The biological activity of RcMBL was investigated by testing its antibacterial 
and antiviral properties. First, RcMBL was tested for its potency to agglutinate 
bacteria, using Salmonella Typhimurium, a bacterial species known for its wide 
range host infection, including human and chicken, that causes localized self-
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limiting gastroenteritis (reviewed in 36, 37). The binding of MBL to Salmonella 
is strain-dependent and mainly depends on the degree of glycosylation of the 
O-antigen, while the 3-dimensional structure of the lipopolysaccharide (LPS) also 
plays an important role in determining MBL attachment to this microorganism 
38. In our study, RcMBL was able to agglutinate bacteria into large aggregates in 
the presence of calcium ions, but this aggregation was no longer observed in the 
presence of EDTA. This result is in contrast with a previous study that showed 
that NcMBL was not capable to bind Salmonella Typhimurium 39. This difference 
in outcome might be due to structural differences between individual strains 
that can influence the interactions with MBL, for instance, the complexity of 
glycan on the microbial surface, the structure and composition of bacterial 
endotoxins, and the expression of capsular polysaccharide of bacteria 40. 

It has been described in several studies that collectins also play an important 
role in neutralization of viral infections, including MBL 41. We also tested RcMBL 
for its HAI activity against different subtypes of IAV. The in vitro interactions 
between MBL and IAV has been well-documented, including inhibition of viral 
hemagglutinination, blocking of viral neuraminidase activity, opsonization of 
IAV resulting in increased uptake and activation of neutrophils, neutralization 
of IAV infectivity, and activation of the complement system to promote lysis of 
IAV or IAV-infected cells (reviewed in 42). The binding of MBL to IAVs occurs via 
interactions between the CRD of MBL, and the glycosylated viral spike proteins 
HA and NA, and depends on the degree and location of N-glycosylations present 
on the globular head region of HA 43, 44. This is illustrated by studies with the 
PR-8 (H1N1) strain which is highly resistant to binding and neutralization by 
MBL as well as SP-D, because PR-8 does not carry any glycosylation sites on 
the head region of its HA 43. The presence of mannose-type oligosaccharides on 
the HA domain of IAV is considered the discriminating factor that determines 
interactions between MBL and IAVs. This is further illustrated by the ability 
of MBL to neutralize Phil82 (H3N2) much more efficiently as compared to the 
mutant strain Phil82BS which lacks the high-mannose glycan moiety overlying 
the receptor binding site of the parent Phil82 strain 45. In our study, we tested 
the HAI activity of RcMBL against both PR-8 (H1N1) and Phil82 (H3N2) and, 
as expected, RcMBL exhibits strong HAI activity against H3N2 requiring a 
relatively low concentration of RcMBL (2.5 µg/ml) for neutralization of this 
strain. In contrast, the HAI activity of RcMBL on H1N1 is very limited, only the 
highest concentration tested (40 µg/ml) can partially inhibit the viral-induced 
agglutination of red blood cells. The HAI activity of RcMBL against IAV is 
completely lost in the presence of EDTA, indicating that the interaction between 
RcMBL and IAV is mediated via the Ca2+-dependent CRD of RcMBL, similar to 
what was found for hMBL and SP-D. Taken together, these findings underline 
that the CRD of RcMBL is fully functional in the presence of calcium ions, and that 
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this domain is responsible for the interactions between RcMBL and bacterial 
and viral pathogens. Importantly, since our RcMBL preparations do not contain 
the protease zymogens MASP1-3, we are not able to examine RcMBL-induced 
complement activation in this study. This requires MASPs or MBL-free serum 
from chickens. 

In conclusion, we successfully expressed a recombinant analogue of MBL 
from chickens in Hela R19 cell with structural and functional properties similar 
to that of serum-derived NcMBL. Like NcMBL, RcMBL assembles into higher 
order oligomers and exhibits Ca2+-dependent sugar binding that is typical 
for C-type lectins. RcMBL is a fully functional protein as demonstrated by its 
potential to agglutinate Salmonella Typhimurium and to inhibit HA by IAVs. This 
RcMBL enables to study the role of MBL in non-mammalian species and provides 
a useful tool for the investigation of its activities against avian pathogens as well 
as its role in the innate immune system. 
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Abstract

Mannose binding lectin (MBL) is a collagenous C-type lectin, a key pat-
tern-recognition molecule in innate immunity. It plays important roles in 
the first line of host defense by binding to carbohydrates on the surface 
of a wide range of pathogens, including viruses. In chicken, it has been 
shown that MBL might play a role in defense against Infectious Bronchi-
tis Virus (IBV), but its mechanism is unclear. In this study, recombinant 
chicken MBL (RcMBL) was used to determine its antiviral activity against 
IBV. RcMBL inhibited dose dependently IBV (strain Beaudette) infection of 
BHK-21 cells, as detected by immunofluorescence staining of viral proteins 
and qPCR. In addition, RcMBL was shown to directly bind to the spike pro-
tein of IBV resulting in aggregation of viral particles. Binding was mediat-
ed through the carbohydrate recognition domain of MBL indicating that 
MBL binds glycoconjugates on the spike protein. Finally, MBL was able to 
block spike protein binding to chicken tracheal tissues. These results point 
towards a mechanism where the antiviral mechanism of MBL is based on 
binding, aggregation and thereby neutralization of IBV particles.
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1. Introduction 

Avian infectious bronchitis (IB) is a highly contagious disease caused by 
Infectious Bronchitis Virus (IBV), a coronavirus of domestic fowl. IB is a major 
problem in the poultry industry, causing worldwide economic losses through 
decreased egg production and quality. Although the primary target of IBV is the 
epithelial surface of the respiratory tract, the virus also replicates at the urinary 
and female reproductive tracts 1, 2. The most common symptoms of IB are related 
to the respiratory tract, including gasping, coughing, sneezing, tracheal rales, 
and nasal discharge 3.

IBV is an enveloped virus containing a single stranded positive sense RNA 
genome that encodes four major structural proteins: the spike (S) protein, the 
envelope (E) protein, the membrane (M) protein and the nucleocapsid (N). The 
S protein is the key viral membrane protein and is essential for binding to the 
receptor on the target cell and subsequent virus-cell fusion, releasing the viral 
genome into the cell 4. It is the largest structural protein of coronavirus, which 
forms club-shaped projections on the surface of the virus membrane 5. The S 
protein monomer of IBV is heavily glycosylated with approximately 30 potential 
N-linked glycosylation sites 6, and forms dimers or trimers in the ER 7. It is 
post-translationally cleaved into S1 and S2 subunits of approximately 500 and 
600 amino acids, respectively 8. The role of the spike in determining the virus’ 
tropism and pathogenesis has recently been summarized 9. 

Mannose binding lectin (MBL) is a collagenous C-type lectin, a key pattern-
recognition molecule in innate immunity. It plays important roles in the first 
line of host defense by binding to carbohydrates on the surface of a wide range 
of pathogens, such as bacteria, viruses, fungi and protozoa. This surface binding 
is mediated through its C-terminal carbohydrate recognition domain (CRD), 
leading to direct neutralization of the pathogen or by activating the complement 
system through MBL-associated serine proteases (MASPs) 10, 11. MBL is 
synthesized in the liver and is mainly present in blood serum. The concentration 
of MBL in the serum of mammals varies greatly and is affected by mutations 
of the promoter and/or the coding region of the MBL gene 12. MBL deficiency 
increases the susceptibility to various infectious diseases and autoimmune, 
metabolic and cardiovascular diseases 13, 14.

Recently, some evidence has been provided that chicken mannose binding 
lectin (cMBL) has an important role in chicken immunity against both viral and 
bacterial pathogens 15-18. In particular, several studies have shown that cMBL 
seems to play a role in the innate immune response against IBV, but also that 
it might mediate the adaptive (both cellular and humoral) immune response 
towards IBV 17, 19, 20. However, the humoral response was not observed in every 
study. The concentration of serum cMBL correlates inversely with IBV infectivity; 



Processed on: 24-8-2016Processed on: 24-8-2016Processed on: 24-8-2016Processed on: 24-8-2016

504795-L-bw-Zhang504795-L-bw-Zhang504795-L-bw-Zhang504795-L-bw-Zhang

80

Chapter 5

chickens with relatively high concentrations of cMBL cleared IBV quicker than 
low-MBL chickens and showed reduced viral titers in trachea compared to the 
chickens with low cMBL levels 19, 21.

In the present study, recombinant cMBL (RcMBL) was used to elucidate the 
mode of action of cMBL against IBV. Our findings suggest that cMBL binds to IBV 
through its CRD, leading to viral aggregation and reduction of virus infection. 
Furthermore, this binding is mediated by the interaction between cMBL and the 
S1 protein of IBV, thereby reducing the binding of the major viral attachment 
protein spike to tissues. 

2.  Materials and Methods

2.1 Cell lines

Human Embryonic Kidney (HEK) 293T cells, Baby Hamster Kidney fibroblasts 
(BHK) 21 cells, and Human Cervical adenocarcinoma (Hela) R19 cells were 
maintained in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco) supplemented 
with 10% Fetal Calf Serum (FCS) (Bodinco BV, The Netherlands), containing 
penicillin (100 units / ml) and streptomycin (100 µg / ml) (Gibco). All cells were 
grown at 37 °C in 5% CO2 (Binder, Germany) and passaged three times weekly.

2.2 Propagation and purification of IBV

IBV Beaudette and Massachusetts 41 (M41) were provided by the Animal Health 
Service Center (Deventer, the Netherlands). A stock of IBV Beaudette was grown 
on BHK-21 cells 22 and purified with a sucrose centrifugation method. Briefly, 
BHK-21 cells were cultured in 225 cm2 flasks (Corning, USA) to 80% confluency 
and inoculated with IBV Beaudette at a multiplicity of infection (MOI) of 0.1 
After 2 h incubation, the cells were washed with phosphate buffered saline (PBS, 
Gibco, UK) and fresh DMEM was added. The supernatant was harvested at 48 
h post infection and centrifuged (800 × g for 10 min, 4 °C) to remove cells and 
cell debris. Virus particles were sedimented through a 20% (wt/vol) sucrose 
cushion by centrifugation at 75, 000 × g for 2.5 h (SW 32 Ti rotor, Beckman, 
USA). The viral pellet was gently rinsed with ice-cold PBS to remove residual 
sucrose and resuspended in 100 µL PBS. The concentration of viral proteins was 
measured by the BCA protein assay (Thermo Scientific, USA) and aliquots were 
stored at −80 °C. IBV-M41 was propagated in 10-day-old specific pathogen free 
(SPF) embryonated chicken eggs (ECE, Deventer, the Netherlands) for 48 h at 37 
°C. The allantoic fluid (AF) containing IBV M41 was centrifuged and purified on 
sucrose cushion as described above.
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2.3 Genes and expression vectors

The cMBL encoding domain (GenBank Accession No. AF231714) was cloned into 
pFRT (Thermo Scientific, USA) (Zhang et al, Chapter 4). The sequence of the 
resulting construct was confirmed by gene sequencing (Macrogen, Amsterdam). 
The S1-encoding domain of IBV-M41 (GenBank Accession No. AY851295) in the 
pCD5 expression vector, was described previously 23.

2.4 Purification of recombinant protein

RcMBL was expressed and purified as previously described (Zhang et al, 
Chapter 4). In brief, the pFRT vector containing the cMBL gene was transfected 
into Hela-R19 cells and the culture supernatant was harvested at 5 days post 
transfection. RcMBL was purified by affinity chromatography using mannan 
coated beads, followed by gel filtration using an ÄKTA purifier10 system (GE 
Healthcare Bio Sciences, Sweden), that was equipped with a Hiload 16/60 
Superdex 200 PREP GRADE column. Recombinant S1 protein was expressed 
as described previously 23. Briefly, the pCD5 vector containing S1 domain was 
transfected into HEK293 T cells, and culture supernatant was harvested at 7 
days post transfection. Subsequently, recombinant S1 protein was purified by 
Strep-Tactin sepharose beads (IBA GmbH). Protein concentration was measured 
using the NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific Inc), 
and purity was analyzed by SDS−PAGE and Western blotting.

2.5 Inhibition of the infectivity of IBV Beaudette by MBL

BHK 21 cells were seeded in 24-well plates at 200,000 cells per well and washed 
twice with PBS the next day to remove all dead cells. Subsequently, IBV Beaudette 
at a multiplicity of infection (MOI) of 0.1 was co-incubated with various 
concentrations of RcMBL (ranging from 10 µg/ml to 0.001 µg/ml) in DMEM and 
immediately used to inoculate BHK-21 cells. The wells that received no RcMBL 
(virus only) and no virus (RcMBL only) were used as positive and negative 
controls, respectively. The supernatant was removed at 2 h post inoculation, 
cells were washed twice with PBS and fresh culture medium was added. At 8 
h, the cells were washed twice with PBS and lysed or fixed for RNA isolation or 
immunofluorescent staining, respectively.

2.6 Real−time PCR for quantification of viral RNA synthesis

Total RNA was extracted from IBV-infected cells using the High Pure RNA Tissue 
kit (Roche, Germany). The RNA concentration and integrity was measured using 
a NanoDrop 1000 spectrophotometer and cDNA was generated using the iScript 
cDNA Synthesis Kit (BIO-RAD, USA). Quantification of viral gene expression 
was performed on the BIO-RAD CFX Connect system, using the iQ SYBR Green 
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Supermix kit (BIO-RAD). For detection of genomic IBV-Beaudette, the following 
primers were used (forward: 5’− CATGCAGTTTGTTGGAGATCCT−3’) and (reverse 
5’−GTGACCTGGTTTTACCGTTTGA−3’) (van Beurden et al., manuscript in 
preparation). GAPDH gene expression was used for normalization purposes and 
detected using the specific primers: (forward: 5’− CCATGGAGAAGGCTGGGG−3’) 
and (reverse 5’−CAAAGTTGTCATGGATGACC−3’) . The qPCR reaction was 
performed as follows: 3 min at 95 °C, 40 cycles of 30 s at 95 °C and 30 s at 60 
°C. For each sample, reactions were performed in duplicate. Data were collected 
from three independent experiments. The relative quantitation of IBV gene 
expression was determined by comparison to GAPDH.  

2.7 Immunofluorescent staining 

For immunofluorescent staining, BHK-21 cells were cultured on 12 mm 
coverslips in 24−well plates. Inoculations with IBV and RcMBL were performed 
as described above. At 8 h, the cells were fixed with 4% paraformaldehyde in 
PBS for 20 min, and permeabilized with 0.1% Triton X−100 for 5 min. The cells 
were blocked with 5% normal goat serum for 30 min at room temperature (RT), 
followed by incubation with primary antibody mAb 48.4 anti-nucleocapsid (1 : 
100 dilution, for 1 h) (Prionics #7500891) and secondary antibody Alexa-488 
anti-mouse IgG (1 : 100 dilution, for 45 min) (Thermo Scientific). DAPI 
(4′,6-Diamidino-2-phenylindole dihydrochloride, Sigma-Aldrich) was used to 
stain the cell nuclei (blue) at a concentration of 300 nM in PBS. Coverslips were 
mounted on a microscope slide and viewed with an Olympus BX60 fluorescent 
microscope at a magnification of 100 x. Representative images were obtained 
and processed using the Leica LAS-AF software. 

2.8 Binding of IBVs and spike protein to RcMBL

Ninety−six well flat bottom polystyrene plates (Nunc maxisorp, Denmark) 
were coated with 1 µg viral protein (IBV Beaudette) or purified recombinant 
S1 (M41) in carbonate buffer (15 mM Na2CO3, 35 mM NaHCO3, pH=9.6). Wells 
coated with 3% bovine serum albumin (BSA, Sigma-Aldrich, USA) were used 
as control. After overnight coating at 4 °C, the plate was washed three times 
with 200 µL TBS/Tween buffer (10 mM Tris−HCl pH=7.4, 150 mM NaCl, 0.05% 
Tween 20) and blocked for 1 h at RT with 100 µL 3% BSA in TBS/Tween buffer. 
The plate was washed three times with TBS/Tween and incubated with various 
concentrations of RcMBL for 2 h in TBS (from 10 µg/ml in two-fold dilutions, 
100 µl/well) in the presence of 5 mM Ca2+. Next, the plate was washed with TBS/
Tween containing 5 mM Ca2+

 and incubated with primary antibody for 2 h (anti-
chicken MBL monoclonal antibody, 1: 4000 dilution, 6B11, Thermo scientific) and 
secondary antibody for 45 min (anti-mouse IgG-Peroxidase antibody, 1: 50,000 
dilution, Sigma-Aldrich). The antibody was prepared in TBS/Tween containing 
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1% BSA. Bound antibody was detected by use of 100 µl Tetramethylbenzidine 
(TMB) substrate solution (Invitrogen, USA), the reaction was terminated with 
50 µl 2N H2SO4. The binding was evaluated by use of absolute absorbance values 
measured at 450 nm. In addition, the co-incubation of RcMBL with additional 
EDTA (10 mM) or mannan (500 µg/ml) (from Saccharomyces cerevisiae, Sigma-
Aldrich, USA) were used as control groups. 

2.8 Electron microscopy

Fifty microliter of IBV-Beaudette suspension (800 µg/ml) was incubated with 
various concentrations of RcMBL in PBS with Ca2+ and Mg2+ for 1 h at RT. The sample 
was then fixed by adding an equal volume of fixing buffer (4% Glutaraldehyde 
(Polyscience), 5 mM CaCl2, 10 mM MgCl2, in 0.1 M Na-cacodylate buffer (Sigma−
Aldrich) and incubated at 4 °C overnight. Next, fixed samples were adhered to 
carbon coated grids and stained with 1% Ammonium Molybdate (pH=6), washed 
and dried for 1 h. Imaging was done using a FEI Tecnai 12 electron microscope 
at 80 kV. Representative images were taken after observation of more than 
30 fields per sample. The size of aggregates was measured using Image J/Fiji 
software, analyzing over 30 fields per condition.

2.9 Spike histochemistry

Binding of IBV-S1 protein to chicken tracheal epithelium and the effect of RcMBL 
on binding was determined by spike histochemistry as published previously 23. 
In short, tissue sections were deparaffinized, rehydrated, antigen retrieval was 
performed by boiling in 10 mM sodium citrate (pH=6.0) for 10 min. Endogenous 
peroxides were inactivated by 1% hydrogen peroxide in methanol for 30 min at 
RT, and after washing with PBS/Tween (0.01%) the slides were blocked with 10% 
normal goat serum in PBS for 30 min at RT. To detect the capacity of RcMBL to 
block binding of S1 to tissues, various concentrations of RcMBL were premixed 
with S1 protein and Strep-Tactin-HRPO (IBA GmBH, Germany) in the presence of 
5 mM Ca2+ (or 10 mM EDTA as negative control) for 30 min on ice before applying 
the mixture onto the slides. After overnight incubation at 4 °C, the slides were 
rinsed three times in PBS and the binding was visualized with 3−amino−9ethyl−
carbazole (AEC, Sigma Aldrich). Afterward, the tissues were counterstained with 
hematoxylin and mounted with Aquamount (Merck, Germany). Representative 
pictures were captured using a CCD camera Olympus BX41 microscope linked to a 
Cell^B imaging software (Soft Imaging Solution GmbH).

2.10 Statistics

All statistical data were analyzed using SPSS version 16.0 software (SPSS inc., 
Chicago, IL) with one-way analysis of variance (ANOVA) and Dunnett post hoc 
tests. Significant differences were defined as p < 0.05. 
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3. Results

3.1 Inhibition of the infectivity of IBV by RcMBL 

To study whether RcMBL can block the infection of IBV in vitro, BHK 21 cells were 
inoculated with the cell culture adapted IBV strain Beaudette in the presence 
of various concentrations of RcMBL. At 8 h post inoculation, corresponding to 
one infection cycle of the virus, the infected cells were used for qualitative and 
quantitative determination of infection. Immunofluorescence staining of the IBV 
nucleocapsid protein was performed to visualize infected cells, as shown in Fig. 1A. 
Approximately 10% of the cells were infected in the control (no RcMBL) incubation, 
corresponding to the MOI used. Increasing amounts of RcMBL resulted in reduced 
numbers of IBV-positive BHK cells, indicating that RcMBL reduced IBV infectivity. 
In parallel, the infectivity of IBV was quantitatively determined by use of a real-
time PCR. The results showed that IBV infectivity was significantly blocked 
by RcMBL in a concentration dependent manner (Fig. 1B). A small reduction is 
observed at lower RcMBL concentrations, while at 10 µg/ml RcMBL, the infection 
was nearly completely blocked corresponding to the immune staining results. 

3.2 Direct interaction between RcMBL to IBV 

To elucidate whether there was direct binding between IBV and RcMBL, an en-
zyme-linked immunosorbent assay (ELISA) was performed. IBV Beaudette was 
immobilized on 96-well plates and incubated with RcMBL in the presence of 5 mM 
Ca2+ in TBS. As shown in Fig. 2A, RcMBL bound to viral antigens in a concentration 
dependent manner. The binding was completely lost in the presence of EDTA, in-
dicating that cMBL binds IBV through its CRD domain. The binding assay was also 
carried out in the presence of mannan, the polymer of the major sugar residue man-
nose, which should be recognized by MBL. With 100 µg of mannan, the binding to 
viral particles was significantly reduced, confirming that binding was lectin based. 

 
3.3 Aggregation of IBV by RcMBL

To elucidate whether the interaction between RcMBL and IBV resulted in 
destruction or aggregation of virus particles, negative staining electron microscopy 
was performed on IBV Beaudette incubated with RcMBL. Large aggregates were 
observed in the presence of 10 µg/ml (Fig. 2B), as well as in the presence of 1 µg/
ml RcMBL (data not shown). The observed aggregates had an average diameter of 
approximately 300 µm2 in the presence of MBL, while no or significantly smaller 
aggregates (2-4 viral particles) could be detected in the absence of MBL, or when 
EDTA or mannan was added during incubation with RcMBL (Fig. 2C). The lack of 
large aggregates in the presence of EDTA or mannan suggest that aggregation of 
viral particles is mediated by the CRD domain of RcMBL. 
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Fig. 1. RcMBL inhibits IBV Beaudette infection of BHK 21 cells in a concentration dependent manner. 
BHK-21 cells were inoculated after preincubation of IBV Beaudette (MOI of 0.1) with various concentrations 
of RcMBL. Infection was determined by A) immunofluorescence using an antibody directed against the IBV 
nucleocapsid protein at 8 h post-infection. Bar: 50 µm. 
B) quantitative PCR: the IBV viral genome expression relative to GAPDH gene expression was determined 
and expressed relative to the no-rcMBL control. Asterisks indicate statistical significant difference 
compared to the control (p<0.05). Shown are mean ± SEM  of three independent experiments.
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3.4 Binding of RcMBL to IBV S1 protein 

As IBV Beaudette is a cell culture adapted strain, we next sought to confirm the 
relevance of our findings using IBV-M41, a virulent prototype Massachusetts 
IBV field strain. ELISA using IBV M41 whole antigen (Fig. 3A) showed that RcMBL 
also bound to M41 in a Ca2+ dependent manner, similar as observed for Beaudette 
(Fig. 2A). As the spike is the major viral attachment protein and is essential 
for the interaction with the host, a similar ELISA was developed now coating 
recombinantly produced S1 of M41. The results show (Fig. 3B) that RcMBL 
bound in a concentration dependent manner to M41-S1, and that its binding was 
mediated through the C-type lectin domain of RcMBL, as it could be blocked with 
mannan and EDTA.

Fig. 2. Direct interaction of RcMBL with IBV 
A) Binding of RcMBL to IBV Beaudette was determined using ELISA. IBV was coated on a 96-well plate and 
incubated with RcMBL. Bound RcMBL was detected using specific anti-cMBL antibodies. Shown are mean 
± SEM of three independent experiments. Circles: binding in the presence of Ca2+; squares: binding in the 
presence of Ca2+ and 100 µg mannan; triangles: binding in the presence of Ca2+ and EDTA.  
B) Negative staining electron microscopy of IBV Beaudette incubated with RcMBL in the presence or 
absence of mannan and EDTA. 
C) Quantification of viral aggregate size upon incubation with RcMBL (based on 30 fields per sample) in 
the presence or absence of EDTA and mannan.

Fig. 3. Calcium dependent binding of RcMBL to IBV M41 and spike proteins
ELISA of RcMBL binding to A) IBV M41, and B) recombinant M41 S1 protein. Shown are mean ± SEM  of 
three independent experiments. Circles: binding in the presence of Ca2+; squares: binding in the presence 
of Ca2+ and 100 µg mannan; triangles: binding in the presence of Ca2+ and EDTA.
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3.5 Blocking of spike protein binding to tracheal tissue 

The biological relevance of the direct interaction between S1 and MBL was 
determined using an immunostaining technique on thin slices of avian tissue 23. 
The ability of RcMBL to block binding of M41 S1 protein to chicken tracheal tissue 
was determined by pre-incubating recombinant S1 with various concentrations 

Fig. 4. RcMBL blocks binding of IBV-S1 to chicken tracheal tissue
Binding of IBV spike protein to tracheal tissue of chicken as detected by immunohistochemistry. Spike 
protein was incubated in the presence of different amount of RcMBL, A) 0 µg, B) 1 µg, C) 2 µg, and D) 4 µg; 
E) and F) show the incubation in the presence of additional EDTA.  Binding is indicated by arrow heads. 
Bar: 20 µm.
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of RcMBL and subsequently adding it to the tracheal tissue. S1 showed strong 
binding to the epithelium layer of the chicken trachea when RcMBL was not 
present (Fig. 4A), in agreement with the previous study 23. In the presence of 4 
µg RcMBL, S1 binding was completely blocked (Fig. 4D), while addition of EDTA 
inhibited this blocking activity of RcMBL (Fig. 4F). At lower concentrations of 
RcMBL where more S1 was present in solution than RcMBL, no (1 µg RcMBL), or 
partial (2 µg RcMBL) inhibition occurred (Fig. 4B and 4C). 

5. Discussion 

In this study, we demonstrated that RcMBL binds through its CRD to the S1 
protein of IBV, and that this binding results in aggregation of IBV particles. 
Moreover, RcMBL can strongly inhibit IBV Beaudette infection of BHK 21 cells at 
relatively low concentrations. Finally, RcMBL blocks the binding of S1 to chicken 
trachea. 

Our in vitro results described in this study show a clear potential of RcMBL 
to inhibit IBV infection and give a first insight into the mechanism of action of 
neutralization of virus by cMBL. The results in this paper correlate well with 
described in vitro and in vivo indications for a defense role of cMBL upon IBV 
infection. In particular, serum cMBL shows an acute response during IBV 
infection with an approximately two-fold increase in concentration 19, 24. In 
addition, several studies have used chicken inbred lines with high (L10H) or low 
(L10L) concentrations of serum cMBL to understand the role of cMBL in relation 
to IBV infection. These studies again showed that cMBL performed an acute 
phase response upon infection, was able to activate complement and inhibit 
the propagation of IBV virus in trachea, especially in the high MBL producing 
L10H 21, 25. An antiviral role for chicken MBL is in line with the extensive 
literatures available on mammalian MBL. Protective effects of human MBL have 
been described for various viral infections, such as human immunodeficiency 
virus (HIV), influenza A virus (IAV), hepatitis C virus (HCV) and severe acute 
respiratory syndrome coronavirus (SARS-CoV) (reviewed in 26).

IBV primarily targets to the epithelium of upper respiratory tract (mainly 
nasal cavity and trachea). However, in analogy with mammals, cMBL is 
produced in the liver of chickens 27 and, at least for mammals, secreted in blood 
28. Therefore, it is questionable whether cMBL can exert its innate host defense 
activity towards IBV directly at the side of entry of the host. IBV, however, 
depending on the specific strain, spreads from the respiratory tract to other 
tissues, including the renal tubuli, the oviduct and parts of the gastrointestinal 
tract (reviewed in 2, 29, 30). Although it has not been proven, viremia has been 
suggested to occur for IBV 31. This might be how IBV reaches other target organs 
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after initial infection of the respiratory tract, and might be inhibited by cMBL. 
Otherwise, while under normal conditions cMBL is not highly expressed in the 
respiratory tract, upon infection with IBV an increase in cMBL gene expression 
was measured in the trachea 21. In addition, the presence of cMBL was observed 
in the tracheal lining of infected, but not of healthy chicken 24. This is comparable 
to observations done in mice, where MBL was present in bronchoalveolar 
lavage fluid of influenza A virus (H1N1) infected but not of healthy mice 32. 
These results suggest that upon infection local cMBL production is either 
stimulated or otherwise, cMBL might leave the bloodstream through increased 
permeabilization of the vasculature, thereby getting directed to infected areas 
in the body. For mammalian MBL, several mechanisms of virus neutralization 
upon interaction with viral glycoproteins have been described. Binding of MBL 
to such glycosylated attachment proteins can block virus binding to receptors 
on host cells, thereby preventing infection 33-37. Since MBL acts as an opsonin, 
binding of MBL to virions can also increase phagocytosis of viral particles, as 
has been shown for several viruses, including IAV 38, 39. In addition to these direct 
effects, MBL can enhance viral neutralization in vivo through the activation of 
complement via the lectin pathway. Complement activation leads to formation 
of a membrane attack complex, increases opsonization of pathogens via C3b 
deposition, and enhances influx of innate immune cells which can all contribute 
to decrease viral infections (reviewed in 40). To date, it is unclear to what extent 
these processes contribute to cMBL mediated anti-IBV activity, but it has been 
demonstrated that cMBL is able to activate the complement system 41.

 To conclude, we have demonstrated the ability of RcMBL, to bind and 
aggregate and thereby neutralize IBV. These findings are in line with the antiviral 
activity of MBL in mammals and suggest that the role of MBL is conserved among 
vertebrates. Recombinant production offers the possibility to carry out further 
structure function studies to determine the exact interaction with IBV and other 
viruses or other relevant pathogens as well as future studies in poultry to assess 
whether RcMBL has antiviral activity in vivo as well
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Abstract

Surfactant protein A (SP-A) is one of the four known surfactant-associated 
proteins found in human and other mammalian lungs. SP-A belongs to the 
family of collectins, proteins that are composed of an N-terminal region, 
followed by a collagenous domain, and connected to a carbohydrate recog-
nition domain (CRD) via a neck region. SP-A plays an important role in pul-
monary host defense by binding to infectious agents, resulting in pathogen 
agglutination, opsonization and subsequent clearance of the microorgan-
isms. Chicken SP-A (cSP-A) has been determined to be structurally differ-
ent from mammalian SP-A, because it only has a short collagenous domain 
with 3 Gly-Xaa-Yaa repeats. In this study, cSP-A was partially purified form 
chicken bronchoalveolar lavage fluid (BALF) using sugar affinity chroma-
tography. The results show that cSP-A binds to both mannan and galactose 
agarose beads in a Ca2+-dependent manner. Western blotting analysis indi-
cated cSP-A is an N-linked glycosylated protein with a molecular weight of 
26 kDa. Recombinant expression of cSP-A has been performed with both 
eukaryotic and prokaryotic expression systems; however, recombinant 
cSP-A (RcSP-A) was found not to bind to mannan or galactose agarose 
beads and the molecular weight is approximately 34 kDa which is 8 kDa 
larger than native cSP-A.
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1. Introduction

Pulmonary surfactant is a complex system of lipids (90%) and proteins (5-
10%), which is synthesized and assembled by alveolar epithelial type II cells. 
It is stored as intracellular inclusion organelles called lamellar bodies, which 
are subsequently secreted into the alveolar epithelium surface to form a lattice-
like structure called tubular myelin, which is considered to be an intermediate 
product that forms the monolayer lipid film covering the alveolar surface. 
Pulmonary surfactant plays an essential role in the lung function by reducing 
surface tension at the air-liquid interface of the lung, to stabilize the alveoli and 
to prevent their collapse at end-expiration 1, 2.

In addition to the more biophysical role of surfactant proteins, especially 
surfactant protein A (SP-A) and surfactant protein D (SP-D), also play an 
important role in pulmonary host defense. SP-A and SP-D are carbohydrate 
pattern recognition molecules and able to interact with glycoconjugates on the 
surface of microorganisms, including viruses, bacteria, fungi and parasites. The 
binding of SP-A and SP-D to pathogens results in aggregation or agglutination 
of the target particle, and can act as an opsonin increasing phagocytosis of the 
microorganism.

It has been shown that the absence of SP-A and SP-D in early childhood 
creates a higher risk to pulmonary infections as compared to adults, such as 
respiratory syncytial virus (RSV) infection, because the immune system is not 
well developed (reviewed in 3). In addition, previous studies illustrated that 
SP-A or SP-D knock-out mice are susceptible to various infections. For example, 
compared to wildtype mice, SP-A knock-out mice showed increased bacterial 
proliferation and systemic dissemination following intratracheal inoculation 
with Group B Streptococci 4. SP-D knock-out mice showed a decreased clearance 
of influenza A virus (IAV) (Phil/82 H3N2) and an increased inflammatory 
responses 5. These in vivo findings strongly support a role for SP-A and SP-D 
during infection.

SP-A and SP-D are collagenous C-type lectins (collectins). The structure of 
a collectin is built up of four functional regions: an N-terminal region with one 
to three cysteine residues; a collagen-like region containing multiple Gly-Xaa-
Yaa repeats; an α-helical neck region followed by a carbohydrate recognition 
(lectin) domain (CRD) which mediates Ca2+-dependent ligand-binding. Collectins 
function only as oligomers; first trimerization is initiated by the neck region 
of the collectin monomers, which is stabilized by further non-covalent inter-
chain interactions in the collagen-like region. Higher oligomers (the degree of 
oligomerization is dependent on the specific collectin) are formed from these 
trimers, stabilized by disulfide bridges located in the N-termini. For SP-A this 
oligomeric form resembles  a so-called “bouquet of flowers”, an octadecamer of 
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6 trimers; SP-D mainly forms a dodecamer of 4 trimers, but also “fuzzy balls” 
structures of many more units are present (reviewed in 6). 

Compared to mammals, the knowledge of surfactant proteins in birds is 
limited. It is known that birds have a tubular lung (instead of alveolar lungs), 
which contains air capillaries where gas exchange takes place. The air capillaries 
are unidirectionally aerated through a complex system of parabronchi and air 
sacs. This results in a highly effective respiratory system where gas exchange 
occurs at both inspiration and expiration. The rigid tubular lung structure does 
not require an extreme reduction in surface tension, as is needed in mammalian 
alveoli, to prevent alveolar collapse at end-expiration. It seems likely that avian 
pulmonary surfactant is adjusted to the different respiratory system and has 
other biophysical and possibly immunological characteristics compared to 
mammalian surfactant. Indeed, chicken pulmonary surfactant has attenuated 
capacity lo lower surface tension in in vitro assays 7. In addition, tubular myelin 
has not been detected in birds 8, SP-D is missing from the chicken genome and 
the amino acid sequence of chicken surfactant protein A (cSP-A) indicates that 
it does not contain a proper collagen domain (only 3 Gly-Xaa-Yaa motifs). In 
addition, the chicken lung contains a second SP-A homologue named chicken 
lung lectin (cLL) because of its complete lack of collagen 9, 10.

A very limited amount of functional data is available for cSP-A. Recently, the 
developmental regulation of cSP-A and its localization was described 11. The gene 
expression of cSP-A markedly increased during embryonic days (ED) to the day 
of hatch, which indicates that cSP-A might play an important role in breathing 
during early days or immune protection as the day of hatch means interaction 
with outside potential pathogens or allergens. Furthermore, it was described 
that cSP-A is present in the lung as a 26 kDa glycoprotein, mainly located in 
the epithelium lining fluids of the atria. Finally, some initial experiments were 
described showing that cSP-A and cLL are upregulated in an influenza A infection 
in chicken 12, and that cLL has some antiviral activity in vitro 13. Taken together, 
these findings indicate that chicken pulmonary col(lectins), might be involved in 
host defense of the lung.

Studies on the functional aspects of cSP-A are hampered by a lack of 
availability of this protein. Therefore in this study, we describe the isolation and 
purification of native cSP-A (NcSP-A) from BALF, and recombinant expression of 
cSP-A in eukaryotic and prokaryotic systems. 
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2. Materials and method 

2.1. Purification of native chicken SP-A from BALF

2.1.1 Affinity purification of cSP-A with mannan sepharose

cSP-A was purified using a modified protocol described before 14. 65- to 69-week old 
chickens (layers, Wilttenburg farm, Hekendorp, The Netherlands) were euthanized by 
electrocution followed by exsanguination. The lungs were washed with approximately 
75 ml pre-cooled (4° C) lavage buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl 
pH=7.4), the same procedure was repeated for another two times in order to extract 
cSP-A. The fresh BALF was kept on ice to avoid any protein degradation and microbial 
outgrowth. The pooled BALF was passed through an EASYstrainer (40 µm Greiner bio-
one) to remove the debris and centrifuged (150 × g, 10 min). The BALF was stored at 
4 °C in the presence of 0.02% sodium azide (Merck).

Before the purification of cSP-A, CaCl2 was added to a final concentration of 5 
mM. Mannan-sepharose (Sigma-Aldrich) beads were equilibrated in TBS/Ca2+ buffer 
(150 mM NaCl, 5 mM CaCl2, 50 mM Tris-HCl pH=7.4) and added to the BALF (1ml bed 
volume of mannan-sepharose per liter BALF). The mixture was stirred overnight 
at 4 °C. The next day, the mannan-sepharose was collected and washed extensively 
with TBS/Ca2+ for three times. Mannan-bound proteins were eluted with TBS/
EDTA buffer (150 mM NaCl, 5 mM EDTA, 50 mM Tris-HCl pH=7.4), the fractions were 
pooled and concentrated with an Amicon Ultra-15 centrifugation tube (MWCO 10 
kDa) and stored in aliquots at -20 °C.

2.1.2. Affinity purification of cSP-A with D-Galactose agarose beads

Chicken SP-A was also purified from BALF with D-galactose agarose beads following 
the same protocol as above. 

2.1.3. Purification of cSP-A using ultra-centrifugation and butanol extraction 

The cSP-A was purified from BALF based on purification procedures for mammalian 
SP-A 15. In short, chicken BALF was obtained and centrifuged for 2 h, 85,000 × g at 4 
°C (Beckman, Rotor SW32) to precipitate surfactant lipids and cSP-A. The lipids were 
removed from the precipitation by means of extraction with 1-butanol. The de-lipidat-
ed pellet was collected by centrifugation (1,600 × g, 30 min, RT) and vapor-dried by a 
gentle stream of nitrogen. The dry pellet was suspended in 3 ml of distilled water and 
dialyzed against Tris-buffer (10 mM Tris-HCl pH=7.4) for 2 days to remove the organic 
solvent-insoluble protein precipitates. The dialyzed suspension was centrifuged, and 
the supernatant was placed with mannan-sepharose in TBS/Ca2+ buffer overnight. 
Mannan-bound protein was eluted from the beads with TBS/EDTA buffer and concen-
trated with an Amicon Ultra-15 centrifugation tube, and stored in aliquots at -20 °C. 
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2.2. RNA isolation and cSP-A gene cloning

2.2.1 pCDNA5-cSP-A construct

Total RNA was obtained from chicken lung tissue (Ross 308) with the High Pure 
RNA Tissue Kit (Roche, Germany) and digested with DNase I (Roche) to eliminate 
the genomic contamination. The first-strand cDNA was synthesized using the 
iScript cDNA synthesis kit (BIO−RAD, the United States). The coding sequence 
(CDs) of cSP-A (without signal peptide) was obtained by polymerase chain 
reaction (PCR) using the gene specific primers designed based on the sequence 
of cSP-A from NCBI (GenBank Accession No. AF411083). Forward primer: 5’− GAG 
CTA GCG CAG AAC TGT GCA GGA GCT C −3’, Reverse primers: 1) 5’− GAT TAA TTA 
AAT ATT CAC AGA CTG TGA GGC −3’. Reverse primer: 2) 5’− GAT TAA TTA ACT 
AAT ATT CAC AGA CTG TGA GGC −3’. PCR amplification was performed at 95 °C 
for 5 min, followed by 40 cycles at 95 °C for 30 s, 53 °C for 30 s, 72 °C for 150 s, and 
a final extension at 72 °C for 7 min. The PCR product was purified by the QIAEX 
II Gel Extraction Kit (Qiagen, Germany) and ligated into the pJET cloning vector 
(Thermo Scientific, Lithuania), and afterwards transformed into DH5α cells 
(Invitrogen, the United States). The positive clones were selected and sequenced 
by Macrogen (The Netherlands). The amplified DNA fragment was double-
digested with NheI and PacI and sub−cloned into the expression vector pCDNA5 
(gift from Dr. Jos Dortmans, Faculty of Veterinary Medicine, Utrecht University, 
The Netherlands) which was previously cut with the same restriction enzymes. 
The pCDNA5 contains an N-terminal signal peptide for protein secretion, and 
two Strep-Tag II (WSHPQFEK) in the C-terminus, which can be used for affinity 
purification 16. The constructs, were verified by sequencing analysis. 

2.2.2 pCDNA3.1- cSP-A construct

Human codon-optimized sequences of cSP-A with an N-terminal signal peptide 
(MARPLCTLLLLMATLAGALA) were synthesized and sub-cloned into a pCDNA 
3.1 expression vector by GenScript. The pCDNA 3.1 expression vectors containing 
6 × His tags either at the N- or C- terminus, were obtained from Invitrogen. A 
mutated cSP-A gene with an altered predicted ubiquitination site K163 (K163R) 
was similarly cloned into the pCDNA 3.1 expression vector.

2.2.3 PCP-cSP-A construct

The Pcp expression vector was deduced from the pET101 vector (Invitrogen), 
which was double digested with PacI and AgeI. The coding sequence of cSP-A 
(without signal peptides) was inserted between those two restriction enzymes. 
The cloning procedures are described above. 
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2.3 Cells and transfection

Human Embryonic Kidney (HEK) 293T cells, HEK 293 GnTI- cells, Human Cervical 
adenocarcinoma (Hela) R19 cells, and Chinese Hamster Ovary (CHO) K1 cells were 
gifts from Wentao Li and Huihui Mou (Dept. Infectious Diseases & Immunology, 
Division Virology, Faculty Veterinary Medicine, Utrecht University) and Claudia 
Freitag (Dept. Infectious Diseases & Immunology, Division Infection Biology, 
Faculty Veterinary Medicine, Utrecht University). The cells were maintained in 
a humidified 37 °C incubator with 5% CO2, and cultured in Dulbecco’s Modified 
Eagle Medium (DMEM, Gibco, UK) supplemented with 10% Fetal Bovine Serum 
(FBS) (BOOINCO, The Netherlands), penicillin (100 units/ml), streptomycin 
(100 µg/ml), and passaged three times a week.

The expression vector containing the coding sequence was transfected into 
80% confluent cells using polyethyleneimine (PEI) (Polysciences, The United 
States) in a 1:5 ratio (µg DNA : µg PEI). At 12 h post transfection, the transfection 
mixture was replaced by 293 SFM II expression medium (Gibco), supplemented 
with GlutaMax (10 ml/liter, Gibco), Primatone (3 g/liter, Sigma−Aldrich, The 
United States), D-glucose (2 g/liter, Sigma−Aldrich), sodium bicarbonate (3.7 g/
liter, Merck, Germany), DMSO (15 ml/liter, Sigma−Aldrich), penicillin (100 units/
ml) and streptomycin (100 µg/ml). The expression medium was harvested 5 
days post transfection 16, 17.

2.4 Recombinant protein purification 

2.4.1 Purification using Mannan sepharose or D-Galactose agarose affinity

The expression culture medium was centrifuged at 2000 × g, for 15 min at 4 °C, 
and the supernatant was subsequently passed through a 0.22 µm filter (Stericup 
Filter Unit, Merck), and stored at 4 °C in the presence of 0.02% sodium azide 
(Merck). From here, the purification procedure was the same as the purification 
of cSP-A from BALF described above. 

2.4.2 Purification using the Streptactin column 

RcSP-A purification was performed using a StrepTrap HP (1 ml) column 
according to the manufacturer’s instructions (GE healthcare, Uppsala). Briefly, 
the expression supernatant from the cells was harvested at 5 days post 
transfection and centrifuged (400 x g) to remove all the cell debris, subsequently 
passed through a 0.22 µm filter as described above. Before the sample injection, 
the supernatant was adjusted with binding buffer (150 mM NaCl, 1 mM EDTA, 
100 mM Tris-HCL pH=8) to increase the pH value (pH=8). The sample was added 
to the column using a lab pump with a flow speed of 1 ml/min. Bound proteins 
were eluted with elution buffer (2.5 mM desthiobiotin in binding buffer), and 
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subsequently the buffer of the eluate was exchanged with TBS using an Amicon 
Ultra-15 centrifugation tube (MWCO 10 kDa). The purified proteins were 
aliquoted and stored at 4 °C or -20 °C.

2.4.3 Purification using His Ni-NTA Resin

The RcSP-A expressed from E. coli was purified with HisPur Ni-NTA resin 
(Thermo Scientific) under denaturing conditions following the manufacturer’s 
instructions. The E. coli cells containing the expression vector PCP-cSPA were 
cultured overnight in Luria-Bertani (LB) broth with 100 µg/ml ampicillin. The 
overnight culture was added into fresh media and grown for approximately 4 h 
until the OD550 reached 0.5. At this point, Isopropyl β-D-1-thiogalactopyranoside 
(IPTG) was added to a final concentration of 1 mM. After 4 h, cells were pelleted 
and washed three times with PBS. 

The cell pellet was sonicated in lysis buffer (8 M Urea, 100 mM NaH2PO4, 20 
mM imidazole, 100 mM Tris-HCL pH=8) and incubated overnight to solubilize 
the proteins from the inclusion bodies. Cell debris and insoluble proteins were 
removed by centrifugation at 5,300 x g for 30 min. Purification of RcSP-A from 
the supernatant was performed by overnight incubation with Ni-NTA resin, 
and elution from the resin with elution buffer (8 M Urea, 500 mM NaCl, 100 mM 
imidazole, 20 mM Tris-HCL pH=8). Protein refolding was performed by dialysis 
against buffer (10 mM Tris-HCL, pH=9) for 24 h at 4°C. Protein purity was 
checked by SDS-PAGE. The second purification was performed using Mannan or 
Galactose affinity chromatography as described above. 

2.5 SDS-PAGE and Western blotting

The protocol for Western Blotting and specifics of the mAb 99-61-1, monoclonal 
antibody against cSP-A, has been described previously 11. Briefly, the purified 
proteins were separated on Mini-Protean TGX 4-15% precast gels (Bio-Rad, the 
United States) under reducing conditions in Laemmli sample buffer. Proteins 
were visualized by EZBlue gel staining reagent (Sigma-Aldrich) or transferred 
onto 0.2 µm nitrocellulose membranes (Bio-Rad) for Western blotting analysis. 
Immunodetection of cSP-A or RcSP-A was performed using a mAb 99-61-1 (with 
1: 1000 dilution) or Strep-Tactin horse radish peroxidase (1: 2000 dilution, IBA 
GmbH) or anti-his antibody (1: 3000 dilution, GE Healthcare), depending on 
the cSP-A construct expressed. The secondary antibody was anti-mouse IgG-
Peroxidase at a dilution of 1: 5000 (Sigma−Aldrich). Blots were developed using 
the ECL Blotting Reagents (GE Healthcare) according to the manufacturer’s 
instructions. Finally, protein bands were visualized and imaged by Image Lab 
software (Bio-lab).
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2.6 Deglycosylation of cSP-A using PNGase-F and O-Glycosidase

Purified proteins were incubated with PNGase F and O-Glycosidase (New 
England Biolabs) to remove the N-linked glycans and O-linked disaccharides, 
respectively, according to the manufacturer’s instruction. Deglycosylated 
proteins were analyzed under reducing condition with SDS-PAGE and Western 
Blotting as described above. 

2.7 Detection of ubiquitinated proteins 

Possible ubiquitination of RcSP-A was checked with the Ubiquitin (P4D1) mouse 
mAb (Cell Signaling) by Western blotting according to the manufacturer’s 
instruction. The positive controls were obtained from chicken lung homogenate. 
The homogenate was prepared using frozen lung tissue, homogenized with 
MagNA Lyser technology with ice-cold RIPA buffer (150 mM NaCl, 50 mM Tris-
HCL, 1% Triton X-100, 0.5% sodium deoxycholic acid, 0.1% SDS, pH-=8). Protease 
Inhibitor Cocktail Tablet (cOmpleteTM, Mini, EDTA-free, Roche) was added in 
RIPA buffer to prevent proteolytic degradation. The homogenate was lysed 
by incubation for 2 h at 4 °C with gentle shaking. The lysate was transferred 
into new eppendorf tubes and centrifuged for 20 min at 12000 rpm in a pre-
cooled micro-centrifuge to remove cell debris. Supernatants were collected and 
stored at -80 °C until assayed. The protein concentration of the samples was 
measured using the BCA protein assay kit (Thermo Scientific), according to the 
manufacturer’s instructions. The Western blotting protocol was the same as 
described above with a modification using 5% non-fat milk in all the blocking 
steps instead of 3%. 

2.8 Liquid chromatography-tandem mass spectrometry (LC-MS/MS) of   
recombinant cSP-A

Aliquots of RcSP-A stock solution (10 mM Tris-HCl pH=7.4, 150 mM NaCl) were 
diluted with XT sample buffer (Bio-Rad) and proteins were subsequently 
separated on a precast 12% Bis-Tris gel (Bio-Rad). Following staining of the 
SDS-PAGE gel with GelCode Blue stain (Pierce), the RcSP-A protein band was 
excised, proteins in the gel plug were reduced with DTT (1 h at 60 °C) and 
subsequently alkylated using chloroacetamide (30 min at RT in the dark). In-
gel digestion with 3 ng/μl trypsin (Gold, Mass Spectrometry Grade, Promega) 
in 50 mM ammonium bicarbonate (pH=8.5) was performed overnight at 37 °C. 
After digestion, peptides were extracted with acetonitrile and dried down in 
a speed vacuum centrifuge. Prior to mass spectrometry analysis, the peptides 
were reconstituted in 10% formic acid.

Peptides were separated using the Proxeon nLC 1000 system (Thermo 
Scientific, Bremen) fitted with a trapping (ReproSil-Pur 120 C18-AQ 3 µm (Dr. 
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Maisch GmbH, Ammerbuch, Germany); 100 µm x 30 mm) and an analytical 
column (ReproSil-Pur 120 C18-AQ 2.4 µm (Dr. Maisch GmbH); 75 µm x 500 mm), 
both packed in-house. The outlet of the analytical column was coupled directly 
to a Thermo Orbitrap Fusion hybrid mass spectrometer (Q-OT-qIT, Thermo 
Scientific) using the Proxeon nanoflex source. Nanospray was achieved using a 
distally coated fused silica tip emitter (generated in-house, o.d. 375 µm, i.d. 20 
µm) operated at 2.1 kV. Solvent A was 0.1% formic acid/water and solvent B was 
0.1% formic acid/ACN. An aliquot (25%) of the in-gel digest was eluted from the 
analytical column at a constant flow rate of 250 nl/min in a 35-min gradient, 
containing a linear increase from 7% to 25% solvent B, followed by wash at 
80% solvent B. Survey scans of peptide precursors from m/z 375-1500 were 
performed at 120K resolution with a 4 x 105 ion count target. Tandem MS was 
performed by quadrupole isolation at 1.6 Th, followed by HCD fragmentation 
with normalized collision energy of 33 and ion trap MS2 fragment detection. The 
MS2 ion count target was set to 104 and the maximal injection time was set to 50 
ms. Only precursors with charge state 2-6 were sampled for MS2. Monoisotopic 
precursor selection was turned on; the dynamic exclusion duration was set to 
30 s with a 10 ppm tolerance around the selected precursor and its isotopes. The 
instrument was run in top speed mode with 3 s cycles.

Raw data files were processed using Proteome Discoverer (version 1.4.1.14, 
Thermo Fisher Scientific). MS2 spectra were searched against the Uniprot chicken 
database (Uniprot Gallus Gallus, release 20110418, 15344 sequences) using 
Mascot (version 2.4.1, Matrix Science, UK). Carbamidomethylation of cysteines 
was set as fixed modification and oxidation of methionine was set as a variable 
modification. Trypsin was specified as protease and up to two miscleavages 
were allowed. Data filtering was performed using percolator, resulting in 1% 
false discovery rate (FDR) at peptide level, and peptide ion score >20.

3.  Results

3.1 Isolation of cSP-A from chicken BALF

3.1.1 Affinity purification of cSP-A with mannan- or galactose beads.

The protocol of purification of cSP-A from BALF was based on Ca2+-dependent 
carbohydrate affinity chromatography described previously 14. As shown in Fig. 
1, cSP-A can be isolated from BALF by using either mannan or galactose agarose 
beads in a Ca2+-dependent manner.

 In Fig. 1, total BALF and the flow-through of affinity purification are shown 
on SDS-PAGE gels and Western Blots. A cSP-A band is seen at approximately 26 
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kDa, which was largely absent after incubation with the mannan or galactose 
beads. Eluted proteins from the beads are shown in the same figure; cSP-A is 
equally present in both the mannan and galactose purified eluate confirming that 
cSP-A bound these sugars. However, some contaminations with higher molecular 
weights than cSP-A (especially an intensely stained band at approximately 70 
kDa) is co-purified with cSP-A. An additional round of affinity-purification using 
the mannan-coated beads did not result in higher purity of the fraction (data not 
shown).

3.1.2 Purification of cSP-A using ultra-centrifugation and butanol extraction 

Based on literature available on purification of mammalian SP-A, the surfactant 
pellet, obtained after ultracentrifugation of BALF, contains ~ 95% of the SP-A 
and is the best starting material for the purification of SP-A 18. The surfactant 
pellet was subjected to butanol extraction and the resulting cSP-A containing 
pellet was dissolved in water and dialyzed against Tris-HCl buffer (10 mM Tris-
HCl, pH=7.4). The dialyzed material and the butanol extracted BALF were used 
for further isolation of cSP-A using affinity chromatography with mannan-beads. 
Fig. 2 shows that some cSP-A was precipitated and isolated from the surfactant 
pellet after butanol extraction, but that more cSP-A was isolated from lipid-free 
BALF. Taken into account the absolute amounts of protein in both fraction (20 µl 

Fig. 1 Purification of cSP-A from chicken BALF using mannan and galactose affinity chromatography. 
Approximately 5 µg proteins or 20 µl BALF supernatant were analyzed by SDS-PAGE on a 4-12% Tris-
glycine gel under reducing conditions. Western blotting analysis using an anti-chicken SP-A monoclonal 
antibody (mAb 99-61-1, primary, 1:1000 dilution) and a goat anti-mouse IgG antibody (secondary, 1: 
2000 dilution). A) SDS-PAGE followed by coomassie staining; B) Western blotting. lanes: 1) BALF; 2) flow-
through from mannan beads; 3) flow-through from galactose beads; 4) eluate from mannan beads; 5) 
eluate from galactose beads.
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of protein sample from the same amount of elution), most cSP-A was present in 
the lipid-free BALF (approximately 80%, calculated from absolute amounts and 
volumes of all fractions). The mass of cSP-A seems to be higher than observed 
in Fig. 1 but this is likely caused by the high amounts of protein loaded on the 
gel/Western blot. In addition, a second band, likely corresponding to a dimer 
of cSP-A, is visible for the same reason. Again, both cSP-A isolated from the 
lipid-free BALF and from the surfactant pellet contained several contaminating 
proteins as shown in the SDS-PAGE (Fig. 2A), including the 70 kDa contamination 
observed in Fig. 1. 

 

3.2  Recombinant expression of cSP-A in mammalian cells

The culture supernatant of 293T cells was harvested at 5 days post expression 
and affinity purified using HisPur Ni-NTA resin or a Strep tag column, depending 
on the constructs expressed. Western blotting of the supernatant and the 
purified (strep-tactin column) fraction indicated that RcSP-A was expressed 
by 293T cells, since a specific band was stained by the monoclonal anti-cSP-A 
antibody (mAb 99-61-1). However, this protein had an observed mass on blot of 
approximately 34 kDa under reducing conditions, which is approximately 8 kDa 
higher than the calculated mass and the observed mass of native cSP-A from 
chicken BALF. In addition, the SDS-PAGE gel showed that the RcSP-A was still 

Fig. 2 Purification of cSP-A from BALF using ultra-centrifugation followed by mannan affinity 
chromatography. Approximately 20 µl protein sample was analyzed by SDS-PAGE on a 4-12% Tris-glycine 
gel under reducing conditions. Western blotting analysis was done using an anti-chicken SP-A monoclonal 
antibody (mAb 99-61-1, primary, 1:1000 dilution) and a goat anti-mouse IgG antibody (secondary, 1: 2000 
dilution).A) SDS-PAGE followed by coomassie staining ; B) Western blotting. Lanes: 1) mannan bound 
proteins from lipids pellet; 2) mannan bound proteins from lipid-free BALF.
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relatively impure (Fig. 3A). Purification of RcSP-A using the Ni-NTA resin obtained 
similar impure RcSP-A (Fig. S1AB). To further purify RcSP-A, gel-filtration on 
an ÄKTA purifier 10 gel-filtration system (GE Healthcare Bio Sciences, Sweden) 
was used to separate RcSP-A from the contaminated proteins. The gel-filtration 
showed that the sample was separated into 4 peaks (Fig. 3B). The fractions from 
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Fig. 3 Expression and purification of RcSP-A in HEK 293T cell. Approximately 5 µg purified protein was 
analyzed by SDS-PAGE on a 4-12% Tris-glycine gel under reducing conditions. Western blotting analysis 
using an anti-chicken SP-A monoclonal antibody (mAb 99-61-1, primary, 1:1000 dilution) and a goat anti-
mouse IgG antibody (secondary, 1: 2000 dilution). A) Purification of RcSP-A from the 293T cell expression 
supernatant with a strep-tactin column. Lanes: 1) expression supernatant from 293T cells; 2) flow through 
from the strep-tactin column; 3) eluate from the strep-tactin column. B) RcSP-A analysis using a Hiload 
16/60 Superdex 200 PREP GRADE column on an ÄKTA purifier10 system.  RcSP-A was separated into 4 
peaks. C) Fractions from each peak were collected and concentrated with Amicon Ultra-15 centrifugation 
tubes (MWCO 10 kDa), followed by SDS-PAGE and Western blotting analysis.
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each peak were pooled and analyzed by Western blotting and SDS-PAGE (Fig. 
3C). This showed that RcSP-A was only present in peak 2 and 3, but that most 
contaminating proteins were also present in these peaks and that gel filtration 
did not result in a higher purity of RcSP-A. Finally, we tried to use mannan and 
galactose beads to further purify RcSP-A after gel filtration. However, RcSP-A 
did not bind to these beads (results not shown), indicating that the lectin activity 
of SP-A was absent in this recombinant protein. Similarly, affinity purification of 
RcSP-A directly from the cell supernatant also showed that RcSP-A does not bind 
these glycans (results not shown). 

3.3 Deglycosylation of RcSP-A

Native cSP-A is a glycosylated protein and the glycans can be removed by 
treatment with PNGase F 11. In this study, RcSP-A was treated with PNGase F and 
O-Glycosidase to remove the potential N- and O- linked glycans. Western blotting 
of the deglycosylated protein sample showed that there was a clear reduction 
in the size of RcSP-A by treatment with PNGase F but not for O-Glycosidase, 
indicating that the RcSP-A was N-glycosylated (Fig. 4). However, despite the 
reduction due to deglycosylation, the observed mass of 32 kDa still does not 
correlate with the calculated mass of deglycosylated native cSP-A .
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Fig. 4 Deglycosylation of RcSP-A with PNGase F and O-Glycosidase.  Approximately 10 µg RcSP-A 
was treated with PNGase F or O-Glycosidase or both.  The treated RcSP-A was analyzed by SDS-PAGE 
on a 4-12% Tris-glycine gel under reducing conditions. Western blotting analysis using an anti-chicken 
SP-A monoclonal antibody (mAb 99-61-1, primary, 1:1000 dilution) and a goat anti-mouse IgG antibody 
(secondary, 1: 2000 dilution). A) SDS-PAGE followed by coomassie staining; B) Western blotting. Lanes: 
1) RcSP-A; 2) RcSP-A + PNGase F; 3) RcSP-A + O-glycosidase; 4) RcSP-A + PNGase F and O-glycosidase. w
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3.4 LS-MS/MS of RcSP-A 

PNGase F pretreated RcSP-A was subjected to liquid chromatography tandem 
mass spectrometry (LS-MS/MS). In short, the protein band was cut out of 
an SDS-PAGE gel and digested into small peptides by trypsin. MS/MS of the 
resulting peptides (after separation) could identify 63% of the RcSP-A sequence. 
This clearly indicates that the expressed protein (at least) contains the SP-A 
sequence. Some post-translational modifications (PTM) can also be identified 
using LC-MS/MS. One PTM identified, although in low abundance compared to 
the homologous non-modified peptide fragment which was also detected, was 
ubiquitination of Lysine 163 in the SP-A sequence. 

3.5 Detection of possible RcSP-A Ubiquitination

Direct detection of ubiquitination of RcSP-A was performed by Western blotting 
using a P4D1 anti-ubiquitin monoclonal antibody. Chicken lung homogenate was 
used as positive control. Unlike the positive control where several protein bands 
were detected by the antibody, no signal was observed for the RcSP-A sample 
(Fig. 5). Despite the incapability to detect ubiquitination by Western blotting, 
a K163R was prepared and expressed based on the ubiquitination signal on 
this residue obtained by MS/MS. However, the expressed mutant cSP-A had a 
similar mass on Western blotting as non-mutated RcSP-A and was still unable to 
efficiently bind glycans. Therefore, ubiquitination of this residue can be excluded 
as an explanation for the observed loss of activity and increased mass of RcSP-A 
(result not shown).

Fig. 5 Detection of possible RcSP-A ubiquitination. Ubiquitination was detected by Western blotting 
with a P4D1 anti-ubiquitin monoclonal antibody (primary, 1:1000 dilution), and a goat anti-mouse IgG 
antibody (secondary, 1: 2000 dilution).  Chicken lung homogenate was used as a positive control. 10 µg 
protein was used for detection. Lanes: 1) chicken lung homogenate; 2) RcSP-A.
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3.6 Recombinant expression and purification of RcSP-A in E. Coli

Since an unknown PTM was present in all mammalian cell expression systems 
that were tried, cSP-A was also expressed in E. coli. RcSP-A from the inclusion 
bodies was purified with HisPur Ni-NTA resin, and analyzed by Western blotting 
and SDS-PAGE analysis. Western blotting of the purified fraction indicated that 
RcSP-A was expressed by E. coli, based on immunoreactivity with the anti-

Fig. 6 Expression and purification of RcSP-A in E. Coli. RcSP-A was purified from the inclusion body 
lysate from RcSP-A expressed in E. coli using a prepacked column containing Ni-NTA beads, followed by 
mannan or galactose affinity chromatography. Approximately 5 µg protein was analyzed by SDS-PAGE 
on a 4-12% Tris-glycine gel under reducing conditions. Western blotting analysis using an anti-chicken 
SP-A monoclonal antibody (HY 99-61-1, primary, 1:1000 dilution) or an anti-His antibody (1:1000 dilution), 
and a goat anti-mouse IgG antibody (secondary, 1: 2000 dilution). Lanes: 1) the cell lysate of E. coli before 
IPTG induction; 2) the cell lysate of E. coli after IPTG induction; 3) suspension of solubilized protein from 
inclusion body; 4) elute from Ni-NTA beads; 5) and 6) Western blotting analysis of eluted protein with HY 
99-61-1 and anti-His antibody, respectively. 
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cSP-A mAb (HY 99-61-1) (Fig. 6). This protein had an apparent molecular mass 
on SDS-PAGE of 32 kDa under reducing conditions, which is smaller than the 
RcSP-A expressed in mammalian cells, but still 6 kDa higher than native cSP-A 
from chicken BALF. In addition, RcSP-A was still contaminated with multiple 
other proteins. Next, we performed mannan (and in parallel galactose) affinity 
purification on this partially purified protein. However, Western blotting 
showed that only a small amount (< 5%) of RcSP-A was eluted from those two 
glycosylated beads, but that the majority was still present in the flow through 
(results not shown), indicating that the expressed RcSP-A lacked strong glycan 
binding activity.

4. Discussion

In this study, we tried to obtain cSP-A in two different ways: purification of 
the native protein from BALF and via recombinant expression. Purification 
of cSP-A from BALF was partially successful with respect to the fact that we 
were able to indeed detect cSP-A in BALF, partially purify it and confirm its 
identity. The cSP-A was visible on immunoblot as a doublet with a molecular 
weight of approximately 26 kDa under reducing conditions, comparable to cSP-A 
detected in lung homogenate 11 and slightly higher than the calculated mass of 
cSP-A based on its amino acid sequence. Native cSP-A is an N-linked glycosylated 
protein as determined by treatment with PNGase F which caused a reduction 
in mass of approximately 4 kDa which resulted in a predicted cSP-A mass of 22 
kDa. Finally, the successful use of mannan-coated beads to obtain cSP-A from the 
BALF indicated that it is indeed a true C-type lectin with Ca2+-dependent binding 
affinity for glycans. However, the incapability to purify cSP-A in sufficient purity 
and amounts hindered a full characterization of this protein. 

In our set-up cSP-A was purified directly from chicken BALF by adding 
affinity beads. However, the most commonly used purification of mammalian 
SP-A from BALF includes an ultracentrifugation step to pellet surfactant 
lipids and SP-A, followed by a butanol extraction of the lipids. Subsequently, 
SP-A is then purified from the butanol extraction after refolding and affinity 
chromatography 19, 20. This protocol was also applied to chicken BALF but 
contrary to mammalian SP-A, only a small portion of cSP-A pelleted with the 
lipids in the first centrifugation step. This is an indication that cSP-A interacts 
differently, most likely less strongly, with surfactant lipids. It is tempting to 
speculate that this functional difference is related to the structural difference 
between avian (chicken) and mammalian SP-A (most likely the collagen region) 
and the possible function of cSP-A in the chicken lung. In fact, small changes 
in the collagen region of SP-A have been shown to change the structure and 
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lipid interaction of SP-A 21. Unlike the human alveolar lungs, birds have tubular 
lungs which do not contain alveoli and therefore do not need extreme reduction 
of surface tension at the air-liquid interface to prevent alveolar collapse. It is 
thought that avian surfactant predominantly functions to maintain airflow in 
tubes rather than to prevent alveolar collapse. Electron microscopy of avian 
lungs revealed a uniform surfactant layer within the air capillaries, without 
any detectable tubular myelin formation 22. Although tubular myelin is not 
absolutely essential for the formation of a functional surface film in mammals 23, 
it indicates that avian SP-A does not have a function in membrane organization 
as described for mammalian SP-As. Purification of native cSP-A from chicken 
BALF was equally efficient using mannan as galactose-coated beads. This is 
somewhat surprising since affinity to monosaccharides of collectins has been 
divided into two groups, either binding mannan-like glycans or galactose-like 
glycans. The main determinant for the groups is a three amino acid sequence in 
the glycan binding pocket of the collectin which is either an EPN or a QPD motif 
24, 25. This preference is based on the position of the carbonyl groups of these 
amino acids, which make it preferentially interact with either the equatorial 
or axial hydroxyl groups of the specific sugars. Native cSP-A contains an EPN 
(residues 185-187) motif in the CRD and is thus expected to be a mannose-type 
lectin. However, sugar specificity depends on more structural features of the CRD 
so more detailed studies determining sugar specificity of cSP-A are required in 
order to be able to make some statement about overlapping or differing binding 
characteristics compared to mammalian SP-A. 

Expression of recombinant human SP-A (RhSP-A) has been successfully used 
as an alternative way for obtaining SP-A 26. Recombinant expression in mammalian, 
insect and other eukaryotic cells, has been reported, of which the mammalian 
expression system is most extensively used because it induces correct folding and 
post translational modifications (PTMs) to the hSP-A protein. In this study, RcSP-A 
was expressed both in HEK 293T and CHO-K1 cells; however, both cell systems 
yielded a recombinant protein of 34 kDa, which is 8 kDa bigger than native cSP-A. 
In addition, RcSP-A did not bind to either mannan or galactose beads, indicating 
that the protein was also not biologically active. 

Two possible explanations for this mass difference and/or inactivated functions 
were tested. The first hypothesis was that the extra size of the recombinant protein 
was caused by complex glycosylation. However, RcSP-A expressed in HEK 293 
GNTI- cell, which lacks the ability to form the N-linked glycans 27, resulted in only 
a small size shift to 32 kDa (Fig. S1C). This RcSP-A also did not bind to mannan or 
galactose coated beads, showing that over-glycosylation of RcSP-A is not causing 
the mass increase or the lack of glycan-binding functionality of RcSP-A. This also 
correlates well with the described deglycosylation of HEK 293T expressed RcSP-A 
which resulted in a similar mass and lack of functionality.
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The second possibility tested was ubiquitination of RcSP-A. Ubiquitination 
is a post-translational modification protein that exists in almost all eukaryotic 
organisms 28, 29. Ubiquitin is a small regulatory protein (8.5 kDa) that is attached 
on the lysine residue of a target protein either as a single ubiquitin protein or as 
a polymer chain of ubiquitins 30, which can affect protein-protein interaction, 
degradation of proteins, activation or inactivation of proteins 31-33. Using the UbPred 
online tool (http://www.ubpred.org/), two potential ubiquitin attachment sites 
were detected on RcSP-A, while LC-MS/MS of RcSP-A also identified a ubiquitinated 
from of lysine 163, although this signal was relatively weak compared to the non-
ubiquitinated peptide signal. No ubiquitin was detected on RcSP-A using Western 
blotting with an anti-ubiquitin monoclonal antibody (P4D1), while the positive 
controls showed immune-reactive bands. To obtain final proof, site-directed 
mutagenesis of K163R was performed on RcSP-A replacing lysine 163 with an 
arginine. The mutant SP-A had a similar mass of approximately 34 kDa, and was 
not able to bind glycans showing that ubiquitination of residue 163 is not the cause 
of the difficulties expressing RcSP-A.

Successful expression of human, rat and mouse SP-A in a prokaryotic 
expression system (Escherichia coli) has been reported. These recombinant SP-A 
preparations do not have any post-translation modifications (glycosylation) and 
retain biological activity because they undergo normal CRD folding, including 
intramolecular disulfide bond formation. Thus, also the right coordination of 
calcium ions and proper ligand binding is enabled in these recombinant SP-A 
preparations 34. Therefore, we also tried to express cSP-A in E. coli, but were 
unsuccessful in obtaining pure and active cSP-A. Interestingly, the mass of the 
recombinant protein was slightly lower than RcSP-A from mammalian expression 
systems but still bigger (approximately 32 kDa) than native cSP-A. Only weak 
binding to mannan beads was observed during purification of prokaryotically 
expressed cSP-A, but it is unclear whether this is due to incorrect refolding from 
the inclusion bodies, or due to a modification of the protein. 

In summary, cSP-A could be partially purified from BALF by affinity 
chromatography showing that  cSP-A that binds carbohydrates can be obtained 
from chicken lung. Native cSP-A is a glycosylated protein of approximately 26 
kDa which is not associated with surfactant lipids. Recombinant expression of 
cSP-A in several expression systems failed to obtain an active (sugar binding) 
protein, likely due to an unknown post-translational modification.
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Fig. S1 RcSP-A expression and purification using the  6 x His tag. RcSP-A was produced by HEK 293T 
cells and purified with a prepacked column containing Ni-NTA beads. Approximately 5 µg protein was 
analyzed by SDS-PAGE on a 4-12% Tris-glycine gel under reducing conditions. Western blotting analysis 
using an anti-chicken SP-A monoclonal antibody (mAb 99-61-1, primary, 1:1000 dilution) and a goat anti-
mouse IgG antibody (secondary, 1: 2000 dilution). A) SDS-PAGE and B) Western blot analysis. Lanes: 1) 
RcSP-A-His expression supernatant from HEK 293T cell; 2) His-RcSP-A expression supernatant from HEK 
293T cells; 3) RcSP-A-His eluate from Ni-NTA beads; 4) His-RcSP-A eluate from Ni-NTA beads.

RcSP-A was produced by HEK 293s (GNTI-) cells and purified with a  strep-tactin column. Approximately 
5 µg protein was analyzed by SDS-PAGE on a 4-12% Tris-glycine gel under reducing conditions. Western 
blotting analysis using an anti-chicken SP-A monoclonal antibody (mAb 99-61-1, primary, 1:1000 dilution) 
and a goat anti-mouse IgG antibody (secondary, 1: 2000 dilution). RcSP-A produced by 293T cells was used 
as a control. Lanes: 5) SDS-PAGE analysis of RcSP-A expressed in 293s cells; 6) and 7) Western blotting 
analysis of RcSP-A expressed from HEK 293s cell and HEK 293T cells, respectively.
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Aim of this study

This study aimed to extend the knowledge of avian collectins and their role in 
innate immunity. We focused on two important collectins: chicken surfactant 
protein A (cSP-A) and chicken mannose binding lectin (cMBL). The first aim 
was to investigate the developmental expression of chicken collectins. The 
second aim was to recombinantly express cSP-A and cMBL in order to study 
the structure and properties of both proteins. The third aim was to study the 
functions of cSP-A and cMBL. This aim was narrowed down by studying antiviral 
activities of cMBL against Influenza A Virus and Infectious Bronchitis Virus. The 
findings presented in this thesis are summarized below.

Summary of results

In chapter 3, the developmental expression of chicken collectins during 
embryonic development and post-hatch are described. The gene expression of 5 
chicken (col)lectins was determined by quantitative polymerase chain reaction 
(qPCR). The gene expression of (col)lectins in lung tissue showed that cSP-A 
and chicken lung lectin (cLL) were highly expressed, chicken collectin liver 1 
(cCL-L1) and chicken collectin kidney 1 (cCL-K1) had intermediate expression, 
while gene expression for cMBL was hardly detectable and could therefore not 
be accurately quantified. For cSP-A and cLL, a similar trend in gene expression 
was observed during development. Both genes were strongly expressed from 
embryonic day (ED) 14 onward, significantly increased (300-500 fold) between 
ED 14 and hatch and remained relatively stable afterwards. It was hypothesized 
that cLL arose through gene duplication of cSP-A 1, which corresponds well with 
our observed results. The gene expression pattern of cCL-L1 and cCL-K1 was 
clearly different from cSP-A and cLL. A modest increase (2 to 10 fold) in cCL-L1 
and cCL-K1 expression was observed between ED 14 and hatch, indicating 
different regulation of these collectins. 

The gene expression of (col)lectins in liver showed that all 5 collectin genes 
could be detected but at very different levels. CMBL was highly expressed, 
intermediate levels were found for cCL-L1 and K1 and very low levels for cSP-A 
and cLL. Expression levels of cMBL were highest during embryonic development 
and declined from ED 14 onward to hatch, whereas cMBL expression levels 
remained stable afterwards. However, there were no big differences (maximum 
3-fold) in cMBL mRNA levels, indicating a relatively stable gene expression 
throughout development.  Gene expression of cSP-A and cLL in liver increased 
after hatch but remained relatively low as compared to their expression in the 
lung. No large differences were observed for the gene expression of cCL-L1 
and cCL-K1 during development, both genes showed a slight decrease in gene 
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expression just after hatch, similar to the results in lung. 
The localization of cSP-A was determined by immunohistochemistry (IHC) 

on paraffin embedded lung sections. The staining of cSP-A was primarily found 
in its secreted form in the epithelial lining fluid of the tertiary bronchi, mainly in 
the atria, and in some small segments in the infundibulum. Intracellular staining 
of cSP-A was found as well in some individual epithelial cells, which likely reflect 
avian epithelial type II cell homologues. Comparison of cSP-A protein expression 
throughout development showed that specific staining was detected from ED 
20 at the epithelial surface of the parabronchi, and that staining increased 
during development, with maximum levels at the last day sampled, day 28. The 
protein expression of cSP-A was also determined by Western blotting using 
lung homogenates, which showed similar results to IHC. Many other tissues 
were also tested on Western blotting and indicated that cSP-A was exclusively 
present in lung as a protein of 26 kDa under reducing conditions. In addition, it 
was observed that cSP-A is an N-linked glycosylated protein that migrates on 
gel as a 22 kDa protein after PNGase F treatment. Although the avian lung is 
very different from the mammalian lung, the expression of SP-A seems to be 
conserved. In mammals, SP-A is also almost exclusively found in the lung where 
it is secreted by epithelial type II cells, bronchial epithelial cells and submucosal 
glands, then traveling into the alveolar lining fluid 2. It has been established that 
mammalian SP-A is important for pulmonary surfactant homeostasis and has an 
important role in innate immune defense (reviewed in 3). The similar localization 
of cSP-A indicates that similar functions for cSP-A can be expected, especially 
with respect to the immune function, since the role of pulmonary surfactant in 
avian lungs is largely unknown.

In chapter 4, structural and functional aspects of recombinantly expressed 
cMBL (RcMBL) are described. RcMBL was successfully expressed in Hela R19 cells 
and affinity purified using mannan-sepharose beads. It was found that RcMBL 
is expressed as a mixture of high-order oligomers and trimers. The monomeric 
molecular weight of RcMBL is approximately 26 kDa as determined by native 
mass spectrometry. Most of the high-order oligomers showed a molecular 
weight above 250 kDa under non-reducing conditions SDS-PAGE, suggesting that 
RcMBL is capable of forming multimers with more than three trimeric subunits. 
Functional properties of RcMBL were studied to determine whether recombinant 
MBL resembled the native protein. Purification of RcMBL had already revealed 
that it bound mannan in a Ca2+-dependent manner, characteristic for a C-type 
lectin. In addition RcMBL was tested in bacterial agglutination assays using 
Salmonella typhimurium (DT104).  RcMBL-induced agglutination was observed 
and was Ca2+-dependent as the aggregates were not formed in the presence of 
EDTA. Agglutination of bacteria, however, did not result in bacterial killing. As 
a second functional test for RcMBL activity, hemagglutination inhibition, an 
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antiviral assay, was performed on Phil82 (H3N2) and PR-8 (H1N1) influenza 
A virus (IAV). The hemagglutinin (HA) protein of Phil82 is highly glycosylated 
with N-linked oligosaccharides, while PR-8 lacks those glycosylation sites on its 
hemagglutinin 4. In line with our expectations, RcMBL had a strong ability to 
inhibit the hemagglutination activity of Phil82, while much less potency to inhibit 
PR-8 was detected. Again, the activity of RcMBL was Ca2+-dependent, showing 
that the C-type lectin characteristic of MBL was involved in the neutralization 
of IAV, and most likely involves binding of RcMBL to the glycoconjugates on the 
virus particles. 

In chapter 5, the antiviral activity of cMBL against infectious bronchitis 
virus (IBV) in vitro is reported.  Baby hamster cell (BHK) cells were inoculated 
with IBV Beaudette in the presence of RcMBL, and infection was determined 
qualitatively and quantitatively. Immunofluorescence staining of the IBV 
nucleocapsid protein in infected cells showed a concentration-dependent 
inhibition of infection by MBL. This was confirmed by parallel experiments 
where the infectivity of IBV was quantitatively determined by use of real-time 
PCR. In these experiments, the infection was nearly completely blocked at 10 
µg/ml of RcMBL. Next, it was investigated if direct binding of RcMBL to IBV and 
especially the spike protein of IBV was a prerequisite for the antiviral effect 
of MBL. Indeed, ELISA showed that RcMBL bound in a Ca2+-and concentration-
dependent way to both complete virus (Beaudette and the M41 IBV strain) and 
spike protein of IBV M41. Furthermore, negative staining electron microscopy 
showed that RcMBL binding to IBV Beaudette induced the formation of large 
viral aggregates. Aggregate formation could be inhibited by calcium ions and 
mannan indicating that binding was based on the lectin activity of RcMBL. 
Finally, in order to determine RcMBL’s activity in preventing viral attachment 
to host tissue, a recently described tissue immunostaining technique was used, 
in which IBV S1 protein can bind to avian tissues on thin slices 5. In this setting, 
RcMBL blocked binding of spike protein (M41) to chicken trachea tissues.  

In Chapter 6, the partial purification and identification of native cSP-A, and 
the recombinant expression of cSP-A is described. Isolation and purification of 
cSP-A from chicken bronchoalveolar lavage fluid (BALF) was performed using 
mannan/galactose sepharose beads. The procedure co-purified several other 
proteins that could not be removed by re-affinity purification or gel filtration 
techniques. An alternative procedure including an ultracentrifugation step to 
spin down pulmonary surfactant lipids (based on mammalian SP-A purification) 
was tested but this also did not result in pure cSP-A. Interestingly, it was observed 
that cSP-A only partially bound to the lipids of BALF, contrary to mammalian 
SP-A which co-sediments with the lipid fraction upon ultracentrifugation. This 
observation could be an indication for a functional difference of cSP-A compared 
to mammalian SP-A, and is likely a direct result from the structural differences 
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between the two (especially the lack of a large collagen domain in cSP-A).
Due to the difficulty of purification of sufficient (and pure) cSP-A from 

BALF, we tried to express recombinant cSP-A (RcSP-A) in eukaryotic and 
prokaryotic expression systems. RcSP-A expressed in mammalian cells, such as 
Human Embryonic Kidney (HEK) 293T and Chinese Hamster Ovary (CHO) cells, 
was visible on Western Blotting as a 34 kDa protein band, about 8 kDa larger 
than cSP-A isolated from BALF. In addition, RcSP-A neither bound to mannan 
or galactose beads, which is in contrast with the cSP-A isolated from BALF, 
indicating that the lectin function of cSP-A was not active in the recombinant 
protein. We were unable to explain the extra size of the recombinant protein 
but can exclude glycosylation or ubiquitination of the protein as the cause. 
Finally, cSP-A expressed in E. coli was slightly lower in size compared to 
RcSP-A expressed in mammalian cells which might because of different post-
translational modifications in prokaryotic expression systems. Also RcSP-A 
expressed in E. coli was not capable to bind to mannan or galactose. 

General discussion

Chicken surfactant protein A and its potential role in early host defense

The avian lung is fundamentally different from the mammalian lung. It does 
not contain alveoli but instead has a tubular structure with ever decreasing 
diameters up to the so-called air capillaries where gas exchange takes place. A 
highly distinct system of air sacs creates a unidirectional gas flow through the 
lungs which enables oxygen uptake upon both in- and expiration 6, 7. The rigid 
structure of the avian lung does not require an extreme reduction in surface 
tension, as needed in mammalian alveoli (to prevent alveolar collapse) which 
may be the reason that pulmonary surfactant has evolved differently in birds. 
At a first glance, this indeed seems to be the case: the composition of chicken 
pulmonary surfactant lipids is different from that of mammals and avian 
surfactant is not able to obtain low surface tensions in in vitro assays 8. In addition, 
pulmonary surfactant protein D (SP-D) is missing from the chicken genome 1, 9

and a search through available avian genome sequences indicates that this lack 
of SP-D is generally found in birds (unpublished results). Finally, SP-A in birds 
is structurally different from its mammalian counterparts lacking most (cSP-A) 
or the entire (cLL) collagen domain. A small link to functional differences due to 
this lack of collagen was found in our studies where cSP-A apparently did not co-
precipitate with surfactant lipids upon ultracentrifugation. In mammals, SP-A 
is required for the formation of tubular myelin, a secreted surfactant structure 
from which the surfactant surface film on the air-liquid interface is formed. In 
these structures, SP-A is situated in the corners of the tubes 10. In birds, tubular 



Processed on: 24-8-2016Processed on: 24-8-2016Processed on: 24-8-2016Processed on: 24-8-2016

504795-L-bw-Zhang504795-L-bw-Zhang504795-L-bw-Zhang504795-L-bw-Zhang

124

Chapter 7

myelin structures are not observed and together with the lack of lipid bound 
SP-A it is tempting to think that the lack of collagen prevents cSP-A from having 
a function in surfactant homeostasis in the avian lung.

With respect to the innate immune defense role of SP-A, it is unclear whether 
the lack of collagen is affecting cSP-A’s activity. Only one functional study has 
been performed to date on the cSP-A homologue cLL in which antiviral activity 
against influenza A virus was detected 11. In addition, an upregulation of cSP-A 
and cLL in the chicken lung and trachea was detected upon IAV infection in 
chickens, indicating that they do play a role in immune defense. However, for 
mammalian SP-A it is known that the octadecamer form (the bouquet of flowers) 
is the most active form of the protein. Although we have not determined the 
oligomeric state of cSP-A, the lack of collagen seems to prevent formation of 
these structures and thereby possibly some of the activities associated with 
it. In addition, the collagen is thought to be involved in interaction with host 
receptors, which would also be impossible for cSP-A or cLL. However, one should 
keep in mind that a structurally undefined region is present in cSP-A not found 
in mammalian SP-A, a structure that could potentially achieve similar functions. 

Finally, the presence of cLL in the avian lung is very interesting. The similar 
localization and regulated expression indicate a link between the two proteins. 
The possibility that both cSP-A homologues are part of a heterologous trimeric 
SP-A complex, as found in mammals for SP-A1/2 and for the serum collectins CL-
L1 and CL-K1 needs to be addressed. However it is obviously very well possible 
that both proteins actually have functional differences in innate immune defense. 

Chicken mannose binding lectin and its role against viral pathogens

With respect to cMBL, there seems to be a large structural overlap between 
chicken and mammalian MBL. One of the best known functions of MBL is its 
role in the lectin pathway of complement activation. Except for MASP-1, all 
components of the complement system are present in chicken 12, 13 and therefore 
it is expected that complement is active. Considering the conserved function 
of complement in evolution this seems very logical. However, not many studies 
have described the actual functionality of chicken complement and data are 
based on the presence of all complement components in the chicken genome, 
or on simple complement assays using mammalian components 14. Therefore, it 
would be worthwhile studying the chicken complement system in more detail to 
determine whether subtle or bigger functional differences exist and whether the 
system is adapted to avian pathogens. 

Besides complement activation, MBL has several more innate defense 
functions, one of which is direct neutralization of pathogens such as described 
in this thesis for infectious bronchitis virus. These results correlate well with 
described in vitro and in vivo indications for a defense role of cMBL upon IBV 
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infection 15, 16 and, more general, with antiviral activity against a multitude of 
viruses for mammalian MBL (reviewed in 17). However, most of the studies with 
cMBL have used chicken inbred lines with high or low concentration of serum 
cMBL to understand the role of this collectin in relation to IBV infection. The 
use of either purified, or in our case, recombinantly expressed MBL provides 
many more opportunities to look into the antiviral mechanism of action of cMBL. 
Similarly, the role of MBL as an opsonin, aiding phagocytosis of microorganisms 
but also of cell debris and apoptotic cells can be more easily investigated using 
rcMBL. Finally, using site-directed mutagenesis, proper structure function 
relationship can easily be performed.

Future perspectives 

Of the chicken collectins the ones present in lung, cLL and cSP-A, are the most 
interesting molecules to study from an evolutionary point of view. Compared 
to cMBL, cCL-L1 and cCL-K1, they differ much more from their mammalian 
homologues, which could be related to the different respiratory system in birds. 
It is essential that a good working expression system is set up to be able to study 
these proteins properly. Expression of cLL was described but yields are very low, 
while expression of cSP-A yields inactive protein independent of the expression 
system used. Since the inactivity of the recombinant protein is likely due to an 8 
kDa post-translational modification in mammalian cells, interesting expression 
systems not tested yet could be the baculovirus system or expression in yeast. If 
the modification can be determined a simple small mutation could be sufficient 
to obtain functional cSP-A. Obtaining native SP-A from chicken BALF is another 
option if purification procedures can be optimized and new purification steps, 
apart from sugar affinity and size exclusion chromatography are included.

With purified functional cSP-A in hand a whole range of interesting 
experiments can be done in both innate immune functions as well as “pulmonary 
surfactant” functions. One has to take care though not only to search for known 
SP-A functions and to determine whether cSP-A (or cLL) has similar activity. An 
unbiased approach by engineering a cSP-A knock-out chicken would be a very 
powerful tool to do such research, but now this seems like a giant step to take. 
With respect to cMBL, there is a fair chance that its function will overlap largely 
with that of mammalian MBL. Therefore, one has to be careful not to solely 
repeat mammalian functional MBL studies. One aspect that would be interesting 
is to study the complement system in chicken in more detail and to determine if 
it is indeed fully functional. MASP-1 is missing as analysis of the chicken genome 
revealed, so MBL likely associates with the other MASPs, which could possibly 
have functional consequences. As for other functions of MBL, the main focus 
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should probably not only lie on its interaction with avian pathogens but also with 
avian commensals. This will help to determine cMBL’s role in vivo interacting 
with microorganisms it is likely to encounter. An interesting feature of MBL is 
that, unlike in mammals, no MBL-deficient chickens have been described yet. 
Surely, inbred chicken lines with relatively low or high concentrations are 
available, but it is unclear in which other immune aspects these lines differ and 
what effects this has on the outcome of performed studies. Either discovery of a 
mutant cMBL in vivo or creation of an MBL-deficient chicken would be a powerful 
tool to determine the functions of cMBL in vivo. 
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Collectines zijn belangrijke eiwitten van het aangeboren immuunsysteem en 
dragen bij aan de bescherming tegen infecties.  Ze worden gekenmerkt door 
een aantal karakteristieke eigenschappen, waarvan de twee belangrijkste zijn 
dat ze (1) via een lectine domein aan suikers kunnen binden op het oppervlak 
van pathogene bacteriën en virussen en (2) dat ze in de natuur voorkomen 
als multimere structuren waardoor ze meerdere pathogenen tegelijk kunnen 
binden en deze zodoende kunnen aggregeren. De best beschreven collectines 
zijn “Mannan Binding Lectin” (MBL), en “Surfactant Protein A en D” (SP-A & 
SP-D), maar ook de collectines “collectin liver 1” (CL-L1) en  “collectin kidney 
1” (CL-K1) krijgen steeds meer aandacht. In de kip is SP-D niet aanwezig, maar 
er is wel een tweede SP-A-achtig eiwit bekend dat “chicken Lung Lectin” (cLL) 
wordt genoemd en alleen in kip is gevonden. Verder is het opvallend dat zowel 
kippen SP-A (cSP-A) als cLL structurele verschillen bevatten ten opzichte van 
SP-A uit zoogdieren. Deze eiwitten missen namelijk een groot stuk van het 
collageendomein, waardoor deze kippencollectines een stuk kleiner zijn en 
waarschijnlijk minder goed oligomeren kunnen vormen, al is dit nog niet goed 
onderzocht.  De andere collectines lijken qua structuur weliswaar veel meer op 
de zoogdierversies, maar hebben mogelijk specifieke karaktereigenschappen 
die aangepast zijn op afweerfuncties.

Doel van het onderzoek

In dit proefschrift wordt dieper ingegaan op de functie van met name twee 
kippencollectines: cSP-A en cMBL. Eerst werd de regulatie van expressie van 
collectines tijdens de ontwikkeling van de kip onderzocht en werd de lokalisatie 
van SP-A in kippenweefsels nauwkeurig bepaald. Daarna werden cSP-A en cMBL 
tot expressie gebracht in zoogdiercellen zodat ze structureel gekarakteriseerd 
konden worden. Als laatste werd de interactie van cMBL met het Infectieuze 
Bronchitis Virus onderzocht en vastgesteld of MBL in staat is om infectie met dit 
virus te voorkomen.

In hoofdstuk 3 is de expressie van kippencollectines beschreven tijdens de 
(embryonale) ontwikkeling beginnend vanaf het kippenembryo op dag 12 in 
het ei (ED 12) tot aan 28 dagen nadat de kip uit het ei is gekomen. Met behulp 
van kwantitatieve PCR werd de gen-expressie van 5 collectines bepaald in 
long en lever. In de long kwamen vooral cSP-A en cLL sterk tot expressie; de 
collectines cCL-L1 en cCL-K1 lieten een aanzienlijk lagere expressie zien terwijl 
kippen-MBL nauwelijks meetbaar was in dit orgaan. De gen-expressies van 
cSP-A en cLL leken gekoppeld te zijn aan elkaar omdat ze precies dezelfde trend 
volgden tijdens de ontwikkeling. Dit kan verklaard worden doordat het cLL 
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gen waarschijnlijk door gen-duplicatie is ontstaan uit het cSP-A gen. Expressie 
van beide genen was zichtbaar vanaf ED 14 en werd 300-500 keer verhoogd tot 
het tijdstip van uitkomen van het ei. Daarna bleef de genexpressie op ongeveer 
hetzelfde niveau. De genexpressies van cCL-L1 en cCL-K1 verliepen heel anders: 
een kleine toename (2-10 maal) vanaf dag ED 14 tot aan het uitkomen van het ei, 
en daarna een stabiele expressie tot aan het laatste meetpunt (4 weken). 

Analyse van de genexpressie van collectines in de lever liet zien dat mRNA van 
alle 5 collectines kon worden bepaald in dit orgaan. cMBL had de hoogst gemeten 
expressie, cSP-A en cLL hadden zeer lage mRNA niveaus en cCL-L1 en cCL-K1 
zaten daar tussenin. De genexpressie van cMBL was het hoogst in de embryonale 
fase en liep een beetje omlaag vanaf ED 14 tot aan het uitkomen van het ei.  Echter, 
de verschillen waren bescheiden met maximaal een 3-voudige daling; over het 
algemeen is MBL-expressie in de lever stabiel. De genexpressies van cCL-L1 en 
cCL-K1 bleken vergelijkbaar met die van MBL terwijl de genexpressies van cLL 
en cSP-A weliswaar iets toenamen tijdens de ontwikkeling, maar de absolute 
waarden bleven erg laag ten opzichte van de genexpressie in de long.

Nadat de genexpressie was bepaald werd op eiwitniveau ook de 
lokalisatie van cSP-A in de long bepaald door middel van immunohistochemie, 
gebruikmakend van specifieke antilichamen gericht tegen cSP-A. cSP-A was 
vooral detecteerbaar aan het oppervlak van het longepitheel. cSP-A wordt vooral 
uitgescheiden en bevindt zich in de waterlaag op het grensvlak van weefsel en 
lucht in de kippenlong. De meeste cSP-A kleuring was te vinden in de atria van 
het luchtwegstelsel, dus aan het begin van het tertiaire gedeelte van de longen 
waaruit de capillairen ontstaan en waar de gaswisseling plaatsvindt. In sommige 
epitheelcellen was ook een duidelijke intracellulaire kleuring te zien van cSP-A. 
Dit zijn dus zeer waarschijnlijk de SP-A-producerende epitheelcellen in de long. 
In zoogdieren zijn het de zogenaamde type II epitheelcellen in de longblaasjes 
die pulmonaal surfactant en ook SP-A produceren, maar in hoeverre de SP-A-
producerende cellen in de kip vergelijkbaar zijn met type II cellen is op basis 
van de nu bekende data moeilijk vast te stellen. In zoogdieren wordt SP-A ook in 
hogere luchtwegen geproduceerd. Het SP-A-eiwit was vanaf ED 14 detecteerbaar 
in de long en de hoeveelheid leek toe te blijven nemen tijdens ontwikkeling 
tot aan dag 28. Hiermee gaf het eiwitniveau van cSP-A een ander beeld dan 
de genexpressie van cSP-A omdat die stabiel was vanaf dag 1. Naast de long 
werden ook andere organen getest op de aanwezigheid van cSP-A, maar cSP-A 
lijkt exclusief voor te komen in de long. Door middel van Western blot analyse 
werd bepaald dat SP-A een eiwit is van ongeveer 26 kDa. Na het verwijderen 
van suikergroepen op aminozuren door middel van een PNGase behandeling kon 
worden bepaald dat het eiwitgedeelte 22 kDa groot is.

In zoogdieren is al veel onderzoek gedaan naar de functie van SP-A.  Het 
eiwit blijkt belangrijk te zijn voor homeostase van pulmonaal surfactant en 
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het speelt een belangrijke rol in het aangeboren immuunsysteem in de long ter 
bescherming tegen virale en bacteriële infecties. Het is aannemelijk om er vanuit 
te gaan dat kippen SP-A vergelijkbare functies heeft in de kippenlong maar dit 
zal nog nader onderzocht moeten worden. 

In Hoofdstuk 4 is de functionele en structurele karakterisering van recombinant 
kippen mannaan-bindend lectine (RcMBL) beschreven. RcMBL werd met succes 
tot expressie gebracht in HelaR19 cellen en kon gezuiverd worden met behulp 
van mannaan–affiniteitschromatografie. Het RcMBL kwam tot expressie als een 
mengsel van verschillende oligomere structuren variërend van een trimeer tot 
hoger geassembleerde multimere vormen met een molecuulgewicht van meer 
dan 250 kDa. Deze verschillende oligomere vormen konden met behulp van 
gelfiltratie chromatografie van elkaar gescheiden worden. De grootte van zowel 
natief als recombinant MBL  kon met behulp van SDS-PAGE worden vastgesteld 
op ongeveer 30 kDa. Naderhand kon met behulp van massaspectometrie de 
exacte massa van een MBL monomeer bepaald worden op 26 kDa. Deze waarde 
komt zeer goed overeen met de berekende massa op basis van de aminozuur 
sequentie. 

Functionele karakterisering van RcMBL werd uitgevoerd om te bepalen of 
het recombinante eiwit vergelijkbaar functioneert als het natieve MBL. Tijdens 
de eiwitzuivering van RcMBL was al vastgesteld dat RcMBL calcium-afhankelijk 
kon binden aan mannaan, een belangrijke functionele eigenschap van C-type 
lectines waar collectines toe behoren. Daarnaast werd RcMBL getest in een 
bacteriële aggregatietest met Salmonella Typhimurium (DT104). RcMBL bleek 
in staat deze bacteriën te aggregeren. Dit proces was calcium-afhankelijk want 
bij toevoeging van EDTA waren geen bacteriële aggregaten meer aanwezig. Wel 
bleek dat aggregatie niet tot doding van de bacterie leidde, maar dat is ook geen 
eigenschap die voor natief MBL (of enig ander collectine) is beschreven. 

Als tweede functionele test werd een agglutinatie-inhibitie test uitgevoerd 
op twee influenza A virusstammen, de Phil82(H3N2) en PR-8 (H1N1). Het 
hemagglutinine eiwit van de Phil82 stam is veelvuldig versuikerd met 
N-oligosacchariden, terwijl PR-8 deze versuikeringsplaatsen juist mist op zijn 
hemagglutinine eiwit.  RcMBL bleek in staat om de hemagglutinatie door het 
Phil82 virus te neutraliseren door relatief sterk aan het hemagglutinine te binden 
terwijl RcMBL vrijwel inactief was tegen de ‘suikervrije’ PR-8 stam. Wederom 
was deze functionele activiteit van RcMBL afhankelijk van de aanwezigheid 
van calciumionen en dit onderstreept de betrokkenheid van het lectinedomein 
van RcMBL waarbij binding aan de suikers op het virus bepalend is voor deze 
virusremmende werking van het RcMBL.

Appendix
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In Hoofdstuk 5 werd de antivirale activiteit van RcMBL nader bestudeerd door 
middel van in vitro studies met het Infectieuze Bronchitus Virus (IBV)., een 
belangrijk pathogeen voor kippen. Baby Hamster Nier (BHK) cellen werden 
geïnoculeerd met de IBV Beaudette stam in de aanwezigheid van verschillende 
concentraties RcMBL. De mate van infectie werd kwalitatief bepaald door middel 
van immunofluorescentie van het nucleocapside eiwit van IBV, en kwantitatief 
door middel van qPCR. Beide methoden lieten zien dat er een concentratie-
afhankelijke remming van de infectie optrad door RcMBL. Maximale, vrijwel 
complete remming van de infectie, trad op bij een RcMBL concentratie van  10 
µg/ml.

Vervolgens werd onderzocht of binding van RcMBL aan het IBV, en meer 
specifiek aan het ‘spike eiwit’ van IBV,  ten grondslag lag aan de antivirale 
activiteit van RcMBL. Met behulp van ELISA werd vastgesteld dat RcMBL kon 
binden aan hele virusdeeltjes van zowel de Beaudette stam als de M41 stam van 
IBV. RcMBL kon ook binden aan een recombinante variant van het spike eiwit 
van de M41 stam en deze binding bleek afhankelijk van calciumionen en was dus 
lectine-gemedieerd. Dit was het geval voor RcMBL-binding aan zowel het spike 
eiwit als aan het intacte virusdeeltje.

Met behulp van “negatieve kleurings”-electronenmicroscopie kon worden 
aangetoond dat incubatie van virusdeeltjes met RcMBL leidde tot de vorming 
van grote aggregaten van virusdeeltjes. Een voor de hand liggende verklaring 
voor de antivirale activiteit van RcMBL is dat RcMBL de virusdeeltjes 
aggregeert waardoor deze  veel minder of in het geheel niet meer infectieus 
zijn voor cellen. Als laatste werd gebruikt gemaakt van een nieuwe techniek: 
weefselbank immunohistochemie.  Met deze techniek kon worden nagegaan of 
het recombinante spike-eiwit van IBV kan binden aan in paraffine gefixeerde 
weefsels van verschillende organen. Ook met deze techniek bleek dat RcMBL 
in staat is om de binding van het IBV spike-eiwit aan epitheelcellen van 
kippenlongweefsel te blokkeren. . 

In hoofstuk 6 is de gedeeltelijke zuivering van natief cSP-A en de recombinante 
expressie van kippen SP-A in verschillende expressie systemen beschreven. De 
zuivering van natief SP-A werd uitgevoerd op kippenlonglavage waar calcium 
en mannaan- of galactose-sepharose “beads” aan werden toegevoegd. Na 
het verzamelen en wassen van de cSP-A-verrijkte “beads” uit de lavage, werd 
het natieve cSP-A geëlueerd door toevoeging van EDTA dat de beschikbare 
calciumionen complexeert waardoor  het cSP-A niet langer suikers (mannaan 
of galactose) kan binden . Deze procedure leverde inderdaad cSP-A op zoals 
kon worden aangetoond met Western blot gebruikmakend van een specifiek 
antilichaam gericht tegen cSP-A. Helaas was de zuiverheid gering doordat veel 
andere eiwitten werden meegezuiverd en deze onzuiverheden konden niet 
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verwijderd worden door een herincubatie met de “beads”, of door gelfiltratie 
chromatografie. Een alternatieve procedure gebaseerd op de zuivering van 
zoogdier SP-A werd ook geprobeerd. Hierbij wordt eerst geheel pulmonaal 
surfactant verkregen door centrifugatie, gevolgd door extractie van het SP-A.  
Helaas leverde ook deze methode geen gezuiverd cSP-A op. Een interessante 
observatie hierbij was dat in tegenstelling tot zoogdier SP-A, kippen SP-A niet 
co-lokaliseert met de pulmonale surfactantlipiden. Dit gebrek aan affiniteit voor 
lipiden zou kunnen duiden op een functioneel verschil tussen vogel/kippen SP-A 
en zoogdier SP-A.

Vanwege de moeilijkheden om voldoende hoeveelheden van goed gezuiverd 
cSP-A in handen te krijgen werd getracht cSP-A tot expressie te brengen 
in zoogdiercellen, Hiertoe werden zowel Human Embryonic Kidney (HEK) 
293 als Chinese Hamster Ovary (CHO) cellen gebruikt.  De aldus verkregen 
recombinante eiwitten hadden afgaande op SDS PAGE en Western blot analyse 
een molecuulgewicht van circa 34 kDa. Dit is ongeveer 8 kDa groter dan berekend 
op basis van de aminozuurvolgorde en ook vergeleken met de massa op SDS PAGE 
van natief cSP-A. Recombinant cSP-A was ook functioneel niet actief want het 
kon niet binden aan mannaan of andere suikers, wederom in tegenstelling tot 
natief cSP-A. Enkele mogelijke oorzaken van de extra 8 kDa in molecuulgewicht 
vanRcSP-A zijn onderzocht zoal glycosylering en ubiquitinering, maar tot op 
heden is onduidelijk gebleven wat dit massaverschil veroorzaakt. 

Toekomstperspectief

Van de onderzochte kippencollectines zijn, vooral vanuit evolutionair oogpunt 
gezien, cLL en cSP-A veruit de meest interessante collectines om te bestuderen. 
Ze verschillen structureel van hun zoogdierhomologen door het gebrek aan een 
collageendomein en dit zal ongetwijfeld ook functionele consequenties hebben. 
Gezien de totaal andere architectuur van het respiratoire systeem in vogels/ 
kippen , kan men speculeren dat deze eiwitten een andere functie zullen hebben 
in deze diersoort, met name in relatie tot de oppervlaktespanning verlagende 
activiteit van pulmonaal surfactant. Essentieel voor het bestuderen van cSP-A 
en cLL is het opzetten van een goed werkend expressiesysteem. De opbrengst 
aan cLL in HEK cellen bleek evenwel erg laag terwijl cSP-A expressie leidde tot 
een niet functioneel eiwit. Doordat de aard van de extra 8 kDa massa op het 
recombinant cSP-A nog niet is opgehelderd moet dat eerst gebeuren, waarna 
het verhinderen van een eventuele posttranslationele modificatie met  een 
kleine mutatie in de aminozuurvolgorde van cSP-A wellicht voldoende is om een 
functioneel eiwit van de juiste massa te verkrijgen. Een andere mogelijkheid is 
om een schimmel- of baculovirus expressiesysteem te gebruiken omdat dit tot 
betere resultaten zou kunnen leiden. De derde mogelijkheid om zuiver cSP-A te 
verkrijgen is door middel van optimalisatie van de zuivering van natief cSP-A 
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uit bronchoalveolaire vloeistof uit de kippenlong. Nieuwe zuiveringstechnieken 
zoals bijvoorbeeld het gebruik van een ionenwisselaar, of hydrofobe interactie 
chromatografie zouden kunnen leiden tot zuiverder SP-A. Met het beschikbaar 
komen van zuiver cSP-A kunnen de immuunfuncties van cSP-A (en cLL) goed 
onderzocht worden.

Met betrekking tot cMBL kan verwacht worden dat het eiwit waarschijnlijk 
zeer veel functionele eigenschappen bezit die sterk overeenkomen met die 
van  zoogdier-MBL. Een focus op de interactie van cMBL met specifiek aviaire 
pathogenen is dan de meest interessante onderzoekslijn. Een aspect dat wellicht 
ook interessant is om te bestuderen is de rol van cMBL in complement activatie 
in kippen omdat dat nog niet beschreven is. 
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