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Chapter 1 

Immune systems 

 Human immunity can be divided in the innate immune system and the adaptive immune 

system. There are two main differences between the two immune systems. The adaptive immune 

response is highly specific to an invading micro-organism and has a memory function, so that 

immunity to infectious micro-organisms will be acquired over time. In contrast, the innate 

immunity is unspecific with a relatively constant role over time, and does not have a memory. The 

adaptive immune response can be divided in cellular immune response, which involves T 

lymphocytes and a humoral immune response, which involves proteins in the body fluids. In the 

cellular immune response T-cells get activated upon contact with an antigen and develop to 

activated cytotoxic T-cells, which are capable of killing micro-organisms directly. In contrast, for 

an optimal humoral response, the T-cells and B-cells cooperate together to generate antibodies 

(immunoglobulins) to the invading micro-organisms. After antigen presentation by an antigen-

presenting cell (APC), B-cells develop to antibody-secreting plasma cells, with the help of T-

helper (Th) cells (Figure 1A). Secreted antibodies bind to antigens on the surface of invading 

micro-organisms, which flags them for phagocytosis and destruction (1). The primary antibody 

response takes about 7-10 days to fully develop. In this first period after an infection the innate 

immune response is of great importance. 

 The innate immune response is an unspecific response that forms the first line of defense. In 

particular in early childhood, during the interval between the loss of passively acquired maternal 

antibodies and the acquisition of a mature immunologic repertoire of the adaptive immune system, 

innate immunity needs to function optimally. But, as mentioned above, the innate immune 

response also contributes to host defense during the first days after infection with new 

microorganisms in later life, before the adaptive immune response has been adequately induced. 

Therefore, the innate immune response has a critical role in the control of an infection during the 

first days. All innate immune cells and proteins are present in the circulation prior to an infection 

and will act immediately. Natural killer-cells, monocytes, macrophages and polymorphic 

neutrophils are leukocytes that are innate immune cells, which able to bind to micro-organisms 

and kill them after uptake of the bound micro-organisms by phagocytosis. The recognition and 

phagocytosis of invading micro-organisms by phagocytes is enhanced by marking of the micro-

organisms with soluble immune proteins, already present in the circulation, like complement 

proteins (Figure 1B). 

 

Innate immunity and the complement system 

Complement is a central component of the innate immune system, comprising at least 35 

soluble proteins that collaborate in a complex manner in the elimination of microorganisms and in 

the removal of apoptotic cells, but complement also acts in enhancing and directing the adaptive 
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immune response (2-4). The numerous plasma proteins are present not only in the circulation but 

also in body fluids and tissues and can interact with various cells and mediators of the immune 

system (5). The activation of the complement cascade can be initiated via three pathways (Figure 

2). The classical pathway of the complement system is activated after formation of an antibody–

antigen complex (immune complex). C1q triggers the activation process when it binds to 

antibodies within these immune complexes. In this way, C1q acts to bridge the innate and adaptive 

Figure 1: Immune response: opsonization and phagocytosis of bacteria. (A): Adaptive immune reaction. 
Peptide fragments of antigens present on the bacterial surface are presented to T-helper (Th) cells by 
antigen-presenting cells (APC). This stimulation of Th cells activates B cell (B) proliferation and 
differentiation to antibody forming cells (AFC). The secreted antibodies recognize the antigens on the 
surface of the bacteria and bind to its surface, upon formation of antibody-antigen complexes, the classical 
pathway of complement is activated and C3b and iC3b will be deposited on the surface of the bacteria 
(opsonization). (B): Innate immune reaction. Circulating complement proteins (MBL, C3b) can bind 
directly to repeating structures on the bacterial surface. The complement proteins cover the surface of the 
bacteria (opsonization). Both the adaptive and the innate immune response lead to complement proteins on 
the surface of the opsonized bacteria that are recognized by Complement Receptors (CR) on the surface of 
the phagocytic neutrophils, which leads to cell activation and phagocytosis of the bacteria.  
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immune systems (4). The lectin pathway of the complement system is activated after binding of 

mannose-binding lectin (MBL, also known as mannan-binding lectin or mannose-binding protein) 

or ficolins to repeating sugar structures on the surface of micro-organisms. Upon binding, the 

MBL-associated serine proteases (MASP) activate the complement cascade (6). The alternative 

pathway of the complement system is based on auto-activation after direct binding of C3b or 

C3·H2O to the surface of micro-organisms. All three pathways lead to the cleavage of C3 as a 

consequence of triggered enzyme cascades. Upon activation of the classical and the lectin pathway 

of complement, both C4 and C2 are cleaved, thereby generating C4b2a complexes, with C3 

convertase activity (7). The C3bBb complex is the C3 convertase of the alternative pathway.  The 

alternative pathway is of importance for enhancement of both the classical and the lectin pathway, 

because via the amplification loop, C3b formation leads to more C3b deposition on the pathogenic 

surface.  

The complement system has three major effector functions. Opsonization, the process by 

which a pathogen is covered with proteins that facilitate its ingestion and destruction by a 

phagocyte, is one of the effector functions of the complement system. Immunoglobulin G (IgG), 

C3b and iC3b, the covalently-bound cleavage fragments of C3, are the most important 

complement opsonins in the defense against bacterial infection (8). Opsonins have binding sites 

for attachment to the cell-membrane of phagocytes and an enzymatic site for cleavage of the next 

component of the complement cascade. Bound B3b or iC3b reacts with C3b receptors present on 

the membrane of phagocytes, known as complement receptors (CR). There are 4 complement 

receptors, CR1-4. The CR1 and CR2 are mainly important for the humoral immune response. CR1 

is the opsonin receptor on neutrophils, which activates the phagocytosis process after binding to a 

covalently bound C3 fragment on a micro-organism. Besides functioning as receptor for C3b or 

iC3b functions CR1 also as receptor for C1q and had been suggested to bind MBL (9). CR2 

binding of a small C3 (C3d) fragment enhances B-cell activation and antibody secretion. Besides 

opsonization, chemotaxis (by C5a) is an effector function of complement activation in which 

phagocytic cells are activated and induced to move towards the site of inflammation. The last 

effector function of complement activation is the terminal pathway of complement, C5b-C9, which 

forms the so-called membrane attack complex (MAC) that causes cell lysis of the micro-organism 

by forming a pore in the cell membrane (10). Most micro-organisms are cleared from the 

circulation by phagocytes after opsonization of the micro-organisms. The only known bacterium 

that it is efficiently lysed via MAC insertion into the bacterial wall is Neisseria meningitides, 

which causes meningitis (11). 

Although the three known ficolins, L-Ficolin (12), H-ficolin (13) and M-ficolin (14), also 

act at the lectin pathway of complement activation, an established role for ficolin-mediated 

opsonization has yet to be discovered. The ficolins will not be further discussed in this thesis, 

which is focused on MBL-mediated complement activation, opsonization and MBL disease 

association. 
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 Structure and function of MBL 

 MBL has been isolated for the first time from rabbit liver in 1978 (15) and a few years later 

also from rat and human liver (16). MBL belongs to a family of proteins called collectins, with 

both collagenous regions and lectin domains. Besides MBL, the surfactant proteins A and D (SP-

A, SP-D) are other known collectins (17). The MBL molecule is built from polypeptide chains (32 

kDa), consisting of four regions: the carbohydrate recognition domain (CRD), an alpha helical 

Figure 2: The complement system. The complement cascade is composed of proteins that are activated 
through cleavage by an upstream enzyme. The three pathways of complement activation are shown at the 
top of the figure. From left to right: the classical, the lectin and the alternative pathway. The binding of the 
C1 complex to antigen-antibody complexes initiates proteolytic cleavage of complement proteins of the 
classical pathway. The binding of the MBL/MASP-2 complex to a pathogenic cell wall initiates the lectin 
pathway of complement. The alternative pathway of complement is initiated by the spontaneous hydrolysis 
of C3, leading to the formation of C3·H2O. Each pathway leads to the activation of the central complement 
protein C3. The C3 convertase of the classical and the lectin pathway is C4b2a, while C3bBb forms the C3 
convertase of the alternative pathway. Both C3 convertases cleave C3 to C3a and C3b. C3b on the surface 
of a pathogen or dying cell acts as an opsonin. C3b further contributes to the formation of the C5 
convertase, which initiates the formation of the membrane attack complex (C5b-9, MAC). The formation of 
the MAC on the pathogen surface causes cell lysis. Once C3b is deposited on the surface of pathogens or 
dying cells, it binds more factor B, and this binding amplifies the complement activation cascade. This 
process is known as the amplification loop. The cleaved protein C5a induces chemotaxis and promotes 
inflammation. 
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hydrophobic neck, a collagenous region with 19 Glycine-X-Y repeats (X and Y indicate any 

amino acid) and a cysteine-rich N-terminal region. Three polypeptide chains form a triple helix 

(monomer subunit), stabilized by disulfide bonds between cysteine residues in the N-terminal 

region (18, 19). Inter-subunit disulfide bonds (S-S bridges) in the N-terminal linker region have 

been shown to be responsible for the association of the monomer subunits into oligomeric forms 

(20). MBL exists in oligomers ranging from dimers to hexamers that form tulip-like structures 

(Figure 3).  

As a member of the innate immune system, MBL acts as soluble pattern recognition 

molecule, which recognizes surfaces with repeating mannan, mannose, N-acetylglucosamine 

(GlcNAc), pentose or fucose present on a wide variation of micro-organisms and on altered or 

apoptotic cells (10, 21). The structure and composition of these lipopolysaccharides play a crucial 

role in MBL binding and in the discrimination between self en non-self or altered-self by MBL. 

The binding of the CRD of MBL is calcium-dependent and with relatively low affinity. However, 

the formation of higher oligomeric MBL with multiple CRD’s separated from each other by a 

constant distance, provides a high-avidity binding when the CRD’s are bound simultaneously to 

repeating carbohydrate units (18).  

MBL in the circulation exists in complexes with the MASPs, a family of serine proteases 

(22, 23). There are 3 MASPs, MASP-1 (7, 24), MASP-2 (25), MASP-3 (26) and a truncated 

protein, called MAP19 or sMAP (25, 27), that is identical to the first two domains of MASP-2, 

without the enzymatic activity. They are generated from only two genes, the MASP1/3 gene on 

chromosome 3q27-q28, and the MASP2/Map19 gene on chromosome 1p36.2-6. Alternative 

Figure 3: MBL structure. The 32-kDa polypeptide of MBL consists of 4 domains: a cross-linking region, a 
collagenous region, a neck region and a carbohydrate-recognition domain (CRD). Three identical 
polypeptides form a structural subunit, based on formation of a collagenous triple helix. Oligomerization of 
the structural subunits results in tulip-like molecules of MBL with different sizes, with the tetrameric form 
shown in this figure as the most common oligomeric form of MBL. 
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splicing is responsible for the generation of two different mRNAs from each gene. MASPs share 

identical domain organizations with those of C1r and C1s, the enzymatic components of the C1 

complex (28). These domains include an N-terminal C1r/C1s/sea urchin Vegf/bone morphogenic 

protein (CUB) domain, an epidermal growth factor (EGF)-like domain of the Ca2+-binding type, 

which is known to mediate protein-protein interactions, a second CUB domain, two contiguous 

complement control proteins (CCP) modules, a linker region and a serine protease domain (29). 

MASPs can associate in a Ca2+ dependent matter into homodimers via their CUB1-EGF domains. 

MASPs are detected as zymogens in Ca2+-dependent complexes with MBL, L-ficolin or H-ficolin 

in the circulation.  

Upon binding of MBL/MASP-2 to microbial carbohydrate structures, MASP-2 is activated 

by promoting a proteolytic cleavage within the linker region, resulting in an A and B chain (30). 

The activated MASP-2 can cleave complement factor C4 and C2 to generate C4bC2a, the C3 

convertase, and thus initiates the lectin pathway of the complement cascade. The other MASPs 

have been less well investigated, and their precise role remains to be established (29). MASP-2 

polymorphisms have been described, associated with low levels of MASP-2 in the circulation. No 

disease associations with the variant alleles of  MASP-2 have been found so far (31). 

MBL has been shown to bind to a wide range of Gram-positive and Gram-negative 

bacteria, viruses and fungi. An overview of MBL binding to a selection of micro-organisms is 

given in Table I (18). As indicated in the different studies, this MBL binding was categorized as 

low, medium or high. Some species are categorized in more than one group because studies 

showed conflicting results, or the binding of MBL to a micro-organism differs among different 

strains of the same bacterial species. This can be explained in case of some Gram-positive 

bacteria, in which encapsulation of the bacteria hides the carbohydrate pattern, which hinders 

MBL binding (32, 33). Most of the binding studies have been performed with plasma-purified 

MBL or recombinant human MBL (rhMBL) incubated with bacteria, instead of serum incubations. 

This may lead to conflicting results in the absence or presence of additional opsonizing serum 

proteins, modulating the MBL binding. Therefore the binding of purified MBL to micro-organisms 

in vitro may not be predictive for the role of MBL in the clearance of the micro-organisms within 

the body. Another difficulty for the in vivo interpretation of the MBL binding is that the different 

strains of bacteria vary substantially with regards to their binding affinity of MBL. Thus, 

pathogenic strains of bacteria may act in a completely different way from the bacterial strains 

cultured in the lab. 

 

MBL genotype and plasma concentration 

Human MBL is encoded by the MBL2 gene that is located on chromosome 10q11.2-q21 

(18). MBL1 is a pseudogene that does not encode a functional protein. The MBL2 gene consists of 
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4 exons, with exon 1 encoding 

the signal peptide, a cysteine-

rich region and seven copies of 

the repeated glycine-X-Y motif 

typical for the triple helix 

formation of collagen structures. 

Exon 2 encodes the other twelve 

copies of the glycine repeats. 

Exon 3 encodes the neck region 

and exon 4 the carbohydrate-

binding domain (34, 35).  

The concentration of 

MBL in serum varies 1000-fold, 

from 5 ng/ml (below detection 

limits) to more than 5 μg/ml in 

different individuals, with a 

median concentration around 1.5 

μg/ml (21, 36, 37). The level of 

MBL in the circulation of an 

individual is largely determined 

by single nucleotide 

polymorphisms (SNPs) in the 

MBL2 gene (Figure 4). There 

are three SNPs in exon 1, at 

codon 52 (D variant), at codon 

54 (B variant) and at codon 57 

(C variant, A being the wild-

type) that lead to disruption of 

the Gly-X-Y pattern of the 

collagen region (38-41). The 

mutation is dominant, prevents 

oligomerization of the molecule 

and leads to decreased 

circulating levels of MBL, 

although the oligomerization of the D variant is less affected by the genetic alteration in exon 1 

(42, 43). Besides the exon 1 mutations, three SNPs in the promoter region account for additional 

differences in the MBL concentration (44, 45). Two promoter variants, H and L at position -550 

are in linkage disequilibrium with the X and the Y variant at position -221 and are found as three 

haplotypes e.g. HY, LY and LX. The HY is associated with the highest plasma levels of MBL, the 

 Table I: Micro-organisms that bind MBL. 

       MBL binding 

       high medium low 

 Bacteria         

     Actinomyces israelii (82)  X   

     Bifidobacterium bifidum (82) X    

     Burkholderia cepacia (83)  X   

     Chlamydia pneumoniae (84)     

     Escherichia coli (33)   X 

     Haemophilus influenzae (33), (85) X X X 

     Klebsiella aerogenes (85)   X 

     Leptotrichia buccalis (82)   X 

     Listeria monocytogenes (33) X    

     Mycobacterium avium (86)     

     Mycoplasma pneumoniae (87)     

     Neisseria meningitides (33), (85) X X X 

     Proprionibacterium acnes (82)  X   

     Pseudomonas aeruginosa (83)   X 

     Salmonella montevideo (88)     

     Staphylococcus aureus (85)  X   

     Streptococcus pneumoniae (85) X X X 

 Viruses         

     Influenza A (89), (90), (91)     

     HIV (89), (90), (91) X    

     Herpes simplex 2 (92), (93)     

     SARS-CoV (94)       

 Fungi         

     Aspergillus fumigatus (85)  X   

     Candida albicans (85), (95) X    

     Cryptococcus neoformans (96)     X 

 HIV: human immunodeficiency virus 

 SARS-CoV: severe acute respiratory syndrome-coronavirus. 
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LY haplotypes with intermediate levels and the LX haplotype is associated with the lowest 

circulating plasma levels of MBL (44). The number of MBL haplotypes is further increased by a 

polymorphism at position +4 in the untranslated region (P/Q variants) and five additional base 

substitutions / deletions in the promoter region (including the variants at position -70) (40, 45). 

Strong linkage disequilibrium exists between the promoter region and exon 1 of the MBL2 gene, 

and only seven of the theoretically possible 64 MBL haplotypes are regularly found in the 

Caucasian population (HYPA, LYPA, LYQA, LXPA, LYPB, LYQC and HYPD) (44). Of these 

haplotypes, the LXPA haplotype has a reducing effect on MBL levels comparable to an exon 1 

mutation. In our patient studies we mainly investigated Caucasian populations. As a control group, 

about 200 Dutch blood bank donors were analyzed for MBL concentrations and haplotypes. Figure 

5 shows the mean MBL concentrations in relation to the MBL haplotypes (exon 1 + XY 

promoter). In several of our studies we used the division of high (mean 1.58 μg/ml MBL), medium 

(mean 0.51 μg/ml MBL) or low (mean 0.12 μg/ml MBL) expression groups (46-48), this 

subdivision is marked underneath the graph.  

Besides the SNP’s in the MBL2 gene, the plasma concentration MBL is also influenced by 

the acute-phase reaction (34). However, MBL acts as a slowly responding (after 7 days) and 

intermediate (increase up to three-fold) acute-phase molecule as compared to C-reactive protein 

(CRP), as demonstrated after surgery or malaria infection (49). The frequency of the three MBL 

exon-1 mutations varies considerably in various populations. The B allele (codon 54 mutation) is 

regularly found in Caucasian populations, whereas the C allele (codon 57) is mainly found in 

African populations (37). The exon-1 variant mutations occur at a frequency of approximately 25-

35% in Caucasian populations (18).  

Figure 4: The MBL2 gene and polymorphisms. The MBL2 gene comprises four exons. Nucleotide (nt) 
positions of the exon 1 and promoter polymorphisms are shown (allele), with the nt substitution under each 
allele and in case of the exon 1 polymorphisms also the amino acid (aa) substitutions.  
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MBL and disease associations 

General disease association 

The major function of MBL might be the provision of antigen independent protection 

against micro-organisms. First, during the window of vulnerability following the loss of maternal 

antibodies and before the acquisition of an individual’s own full antibody repertoire, and later in 

life as ante-antibody response before antibody production against a new antigen has started (50). 

MBL deficiency was initially recognized as a functional opsonic defect in children with recurrent, 

unexplained infections (51). Since then, there has been a substantial increase in the number of 

publications about MBL (Figure 6), although it seems that the interest in MBL is now stabilizing. 

Many of the publications focus on the role of MBL deficiency in clinical disease. The studies 

about MBL mentioned hereafter do not provide coverage of the complete field of research, but are 

only examples of the many clinical association studies that have been performed. 

Susceptibility and disease modulation 

Several studies show an increased susceptibility to extracellular pathogens associated with 

MBL deficiency (52), in particular micro-organisms causing acute respiratory tract infections 

during early childhood (43, 53).  A number of clinical studies have suggested that MBL deficiency 

is a risk factor for acquiring HIV infection, with a two- to eight-fold increase in risk (54, 55). But 

also associations of MBL deficiency and increased susceptibility to autoimmune diseases have 

been described, e.g. an increased frequency of mutant MBL2 alleles in patients with systemic lupus 

 

 

Figure 5: Serum MBL levels 
and MBL haplotypes. Serum 
MBL level is plotted against 
MBL exon 1 polymorphisms 
and promoter polymorphism 
X/Y. O indicates the 
presence of B, C or D 
variants. Haplotypes are 
grouped as MBL expression 
group, with the haplotypes 
associated with the highest 
MBL concentration at the 
left and those with the lowest 
MBL concentration at the 
right. The dotted line 
indicates an MBL level of 1 
μg/ml, which is assumed to 
be sufficient for complement 
activation via the lectin 
pathway. 
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erythematosus (SLE) (56, 57). 

Apart from disease susceptibility, there is also evidence that MBL has a modulatory role in 

autoimmune diseases or inflammatory responses.  In rheumatoid arthritis (RA) MBL2 variant 

alleles are associated with severity and early onset of the disease (58, 59), but on the other hand, 

the wild-type MBL2 genes were associated with persisted inflammation in affected joints of RA 

patients (60).  

Also in patients with secondary immune deficiencies, for instance oncology patients 

receiving chemotherapy that induces neutropenia, a modulatory role for MBL has been suggested. 

Children with MBL2 variant alleles spent more days in the hospital during neutropenia compared 

to MBL wild-type individuals (61). In adults with chemotherapy-induced neutropenia reduced 

levels of MBL were found in the patients who developed infections (62). But there are also studies 

in which no effects of MBL deficiency were found in oncology patients (63-65). 

Dual role for MBL 

The majority of individuals with variant MBL2 alleles remain healthy. In a large cohort of 

Caucasian adults no differences were found in infectious disease or mortality in MBL-deficient 

individuals compared to MBL wild-type individuals (66). Also in several patient studies no 

differences were found between MBL-deficient patients versus MBL wild-type patients (63). 

Today, even though it is generally accepted that MBL is a central factor in the innate immune 

system, we assume that MBL deficiency alone does not increase the risk for infection, or affects 

the outcome of a disease, probably because other immunological activation, e.g. antibodies or 

ficolins (17, 67), are able to take over MBL function in most adults with MBL deficiency. Yet, 

MBL deficiency may still act as risk factor in disease development and outcome when there is 

another co-existing (immune) defect (68).  

 The high frequency of variant MBL2 alleles in healthy individuals suggests that functional 

MBL deficiency may be advantageous (66, 69). Perhaps this deficiency during early childhood is 

Figure 6: Publications about MBL. 
The number of MBL publications 
per year plotted on the left Y-axis, 
and the total number of biomedical 
publications per year plotted on the 
right Y-axis.    
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counterbalanced by an advantage later in life. MBL deficiency leads to a reduction in 

complement activation, which in turn reduced the probability of intracellular pathogen infection, 

e.g. Leishmania chagasi (70), Mycobacterium leprae and Mycobacterium tuberculosis (71). 

Besides reduced susceptibility to intracellular pathogens, low or intermediate levels of MBL might 

also prevent immuno-pathologically mediated host damage in critically ill patients (39, 72). 

Intermediate levels of MBL may be the most desirable phenotype (heterosis) for innate protection 

against a broad range of pathogens, without over-activating complement in serious ill patients 

(71). 

 

Therapeutic potential of MBL 

History 

In 1976, Soothill described that defective serum opsonization of yeasts was frequently 

found in children with a range of infections and also in most of their mothers. The defective 

function could be corrected, in vitro and in vivo, by normal fresh frozen plasma. Sera from 

affected members of the same family did not correct each other (73). More than 10 years later it 

was reported that MBL deficiency is the cause of this opsonic defect and that purified MBL, in an 

in vitro assay, could restore the opsonization of Saccharomyces cerevisiae in the sera lacking 

MBL (51). Another 9 years later, the first in vivo substitutions in two MBL-deficient individuals 

with plasma-purified MBL were reported (74). After infusion of the MBL, the opsonic capacity in 

these sera was normalized, and no adverse effects of the MBL infusion were encountered. One of 

the two recipients, a two-year old girl with a low IgA level as well, was suffering from recurrent 

infections from the age of 4 months. She received 6 infusions with MBL, after which she did not 

encounter any infections for a period of three years. To demonstrate clinical efficacy associated 

with MBL infusions, double-blind randomized trials in MBL-deficient individuals are necessary. 

A suitable target patient group would preferentially consist of patients with two co-existing minor 

immuno-deficiencies (one of them being MBL deficiency), together predisposing to disease (75). 

Plasma-purified MBL versus recombinant MBL  

 The in vitro and in vivo obtained results with MBL substitution suggest that MBL 

substitution might be a beneficial treatment of patients with MBL deficiency. For establishing 

production of MBL as therapeutic product, access to adequate starting material is needed.  

 There are two ways of producing MBL. Plasma-purified MBL has been generated by the 

Statens Serum Institute (SSI) in Copenhagen, Denmark, from a Cohn fraction III-like paste, a 

waste fraction from the ethanol fractionation of plasma for the production of intravenous 

immunoglobulin (IVIG). This fraction was solubilized in Tris-buffered saline (TBS), whereby 

MBL is extracted. After several ultrafiltrations the MBL extract was solvent/detergent-treated. The 
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following step was affinity chromatography on a Superdex 200 pg colomn in the presence of 

CaCl2. MBL was eluted from the column with mannose with a purity of about 60%. Another virus-

inactivation step was performed, followed by a second chromatography step, to wash out the 

solvent and detergent. The eluted MBL product is a liquid product, containing mainly high 

oligomeric MBL (  290 kDa), which is at least 3 years stable under cold room storage. The purity 

is at least 65%, with IgM, serum amyloid P (SAP), 2-macroglobulin and IgA as major 

contaminants (76). A second generation plasma-purified MBL procedure contained an extra virus-

removal step during the purification process, by nanofiltration of the product. The product, 

referred to as MBL-SSI is stabilized with albumin and is well tolerated (77).  

 Recombinant human MBL (rhMBL) production is developed by NatImmune, Copenhagen, 

Denmark. The synthesis of rhMBL has been accomplished in several mammalian cell lines. 

However, rhMBL structurally and functionally similar to natural MBL was only obtained through 

synthesis in human embryonic kidney cells, followed by selective carbohydrate affinity 

chromatography. The expression construct was prepared by cloning the four protein-encoding 

exons and the three intervening introns of the human MBL2 gene into the vector. The yield of 

rhMBL varied between 300 and 600 ng rhMBL/ml of serum-free culture supernatant. (78). MBL 

oligomerization was similar to that of natural MBL and also C4 activation on a mannan-coated 

surface by rhMBL was similar to plasma-derived MBL (78, 79). 

Phase I  

To assess the safety, tolerability, and pharmacokinetics of MBL as therapeutic product, 

phase-I clinical trials have been performed both for plasma-purified MBL and for rhMBL. The 

phase-I clinical trial with plasma-purified MBL was carried out with 20 MBL-deficient healthy 

adult volunteers (80). They received a total of 18 mg of MBL prepared by the SSI in Copenhagen, 

Denmark. The MBL was administered intravenously in three doses of 6 mg once a week. Serum 

levels of MBL increased up to normal levels of 1.2 – 4.5 μg/ml after each infusion. The half-life of 

the infused MBL was highly variable, with a mean half-life of 70 hours (range 18-115 hour). 

There was no complement activation upon MBL infusion, measured as C3a levels in the blood of 

the volunteers. No antibodies to MBL, human immunodeficiency virus (HIV) or hepatitis virus 

were observed. Thus MBL-SSI infusion in MBL-deficient individual is a safe procedure. 

However, the applied doses were not sufficient to maintain protective levels of MBL (> 1.0 μg/ml) 

(80).  

The phase-I clinical trial with rhMBL was designed as placebo-controlled double-blinded 

study in 24 MBL-deficient healthy male subjects. The subjects were divided into 4 groups. Within 

each group 4 subjects received infusion with rhMBL while 2 subjects received placebo. rhMBL 

was administered as both single intravenous (i.v.) infusions (0.01, 0.05, 0.1, and 0.5 mg/kg) and 

repeated i.v. infusions (0.1 or 0.3 mg/kg given at 3-day intervals). There was no difference in 

incidence and type of adverse events reported in the study between the groups of subjects 
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receiving rhMBL or placebo. All adverse events reported as drug-related were mild and no serious 

adverse events were recorded. There were no clinically significant changes in laboratory 

evaluations and no anti-MBL antibodies were detected following rhMBL administration. After 

single i.v. doses of rhMBL, the maximal plasma levels increased in a dose-dependent manner, 

reaching a geometric mean of 9.7 μg/ml ± 10.5% in the highest dose group (0.5 mg/kg), with an 

elimination half-life of approximately 30 h. Administration of rhMBL restored the ability to 

activate the lectin pathway of the complement system without non-specific activation of the 

complement cascade. In conclusion, no safety or tolerability concern was raised following rhMBL 

administration. No signs of immunogenicity were detected, and an rhMBL plasma level sufficient 

to achieve therapeutic benefit (>1.0 μg/ml) can be achieved (81). 

 An MBL substitution study with plasma-purified MBL in children is described in this thesis, 

while phase-IB/II clinical trials with rhMBL are ongoing at the moment. Exactly which individuals 

would benefit from MBL replacement therapy is under debate, and the importance of targeting 

well-defined patient groups will be vital to the success of MBL as therapeutic drug. 

 

Aim of the study 

 The research described in this thesis was designed to unravel the role of MBL in 

complement-mediated opsonization of different micro-organisms. We also report about the 

circulating MBL levels in different patient cohorts and finally describe the effect of plasma-

purified MBL substitution in MBL-deficient children with cancer. 

Chapters 2 and 3 describe the role of MBL in complement activation during the opsonization of 

various micro-organisms in vitro. With the use of several MBL-sufficient sera, MBL-deficient sera 

as well as sera deficient in one or more complement components, we developed an 

opsonophagocytosis assay. With this assay, we investigated the role of MBL in opsonization and 

the complement pathways activated upon MBL binding to various micro-organisms. 

Chapters 4 and 5 report about the role of MBL deficiency during a very vulnerable period in 

childhood. In a cohort of premature neonates admitted to the neonatal intensive care unit, we 

determined the prevalence of MBL deficiency and the reliability of umbilical cord blood to 

measure the MBL concentration in the child. We further investigated whether MBL deficiency is 

associated with neonatal pneumonia and sepsis during the first 72 h and during the first month 

after birth.  

Chapters 6 and 7 focus on the role of MBL in a cohort of pediatric oncology patients, who often 

develop fever and infectious complications during chemotherapy-induced neutropenia. MBL 

genotype was correlated to clinical and laboratory parameters and MBL concentrations were 

measured longitudinally in time during febrile neutropenia. 
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Abstract 

 The complement system is a humoral effector in the innate immune system. Three 

activation pathways exist in the complement system, known as the classical pathway, the 

lectin pathway and the alternative pathway. Dysfunction of lectin pathway activation is 

caused by MBL deficiency. 

 MBL deficiency in a cohort of healthy Caucasian blood bank donors was investigated 

with MBL genotyping and MBL plasma concentration. Recognition of the yeast-derived 

zymosan by MBL was investigated with western blot. The involvement of the alternative 

pathway amplification loop in enhancing MBL-mediated opsonization of zymosan was 

investigated in a novel opsonophagocytosis assay for flowcytometry. Sera deficient for MBL, 

factor D or properdin were tested, and purified MBL, factor D or properdin were used to 

recover opsonization.  

 The optimal ROC cut-off value for dividing the Caucasian cohort in MBL-sufficient 

and MBL-deficient was calculated at 0.7 μg/ml. Thirty-eight percent of the group had 

concentrations below 0.7 μg/ml. Zymosan eluates opsonized with MBL-sufficient sera 

contain high oligomers of MBL, while eluates from MBL-deficient donors contained hardly 

any MBL. The MBL-, factor D- and properdin-deficient sera showed reduced 

opsonophagocytosis by human control neutrophils, as compared to normal MBL-sufficient 

sera. This reduction in opsonization was restored to normal levels by addition of purified 

MBL, factor D and properdin. The absence of opsonization in the factor D- and properdin-

deficient sera, but presence in normal serum after blocking with anti-C1q-F(ab)2 and anti-

MBL-F(ab)2, demonstrates the involvement of the amplification loop in MBL-initiated 

zymosan opsonization, even at very low serum concentrations (up to 3% [vol/vol]). 

 In conclusion, our data demonstrate that the MBL-mediated route of complement 

activation depends on the alternative pathway amplification loop for optimal opsonization of 

zymosan. 

 

Introduction 

Complement deficiencies can lead to severe infectious-related problems. Complement 

consists of a group of more than 35 proteins, which interact to recognize, opsonize and/or kill 

invading micro-organisms or altered host cells (e.g. apoptotic or necrotic cells). Soluble 

complement proteins make up about 5% of the total protein content of human blood plasma. They 

are also present at lower concentrations in other body fluids.  

There are three activation pathways in the complement system, known as the classical 

pathway, the lectin pathway and the alternative pathway. Recognition proteins such as Mannose-
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binding lectin (MBL) and ficolins bind to repeating sugar residues on target cells, initiating the 

lectin pathway of complement activation. MBL is a plasma protein that belongs to the collectin 

family. It has a bouquet-like structure, comprised of several subunits  (1-3). These subunits are 

each composed of three identical polypeptides with a carbohydrate recognition domain (CRD) and 

a collagenous region. The CRDs bind in a calcium-dependent manner to various carbohydrate 

structures on microbial surfaces, such as viruses, protozoan parasites, fungi, and various bacteria 

(4-7). 

Dysfunction of lectin pathway activation is caused by MBL deficiency, which is suggested 

to result in increased risk and severity of infections. Blood levels of MBL are affected by three 

single nucleotide polymorphisms (SNPs) in codon 52, 54, and 57 (D, B, and C variants, 

respectively) of exon 1 of the MBL2 gene (3, 8). The normal allele is called A and the common 

designation for the variant alleles is O. Three promoter polymorphisms (H/L, X/Y, and P/Q at 

codons -550, -221, and +4, respectively) are in linkage disequilibrium with the three dominant 

exon-1 SNPs, resulting in seven possible haplotypes: HYPA, HYPD, LYPA, LYPB, LYQA, 

LYQC, and LXPA (9, 10). The HYA haplotypes induce high MBL concentrations, whereas exon 1 

mutations (O variants) and the LXA haplotypes cause reduced MBL plasma concentrations (11). 

Therefore, donors can be classified into high (HYA/HYA, HYA/LYA, HYA/LXA, LYA/LYA and 

LYA/LXA), medium (LXA/LXA, HYA/O and LYA/O) and low (LXA/O and O/O) MBL 

expression groups (9, 12). The frequency of the haplotypes differs between ethnic groups (12). 

During opsonization of micro-organisms, high oligomers of MBL associate with various MBL-

associated serine proteases (MASP-1, -2 and -3) to generate a functional unit for complement 

activation (1-3, 13).  

Recognition of opsonized micro-organisms by the classical pathway, via antibodies that 

bind to C1q, and the lectin pathway, via MBL-MASP complexes, leads to activation of serine 

proteases that cleave complement components C4 and C2. This leads to the formation of the 

protease complex C4b2a, which then cleaves C3 into C3a and C3b. C3b is a central component of 

the complement system due to its many effector functions (14). 

In contrast to the classical and lectin pathways, the alternative pathway is activated by a 

mechanism targeting surface clusters of both charge and neutral sugar (15). There is continuous 

spontaneous complement activation known as the amplification loop: C3 undergoes hydrolysis of 

its internal thiol-ester at a low rate to form C3i [or C3(H2O)]. When C3i is in complex with the 

serine protease factor B, factor B is cleaved by the serine protease factor D to form C3iBb. Bb in 

the complex cleaves C3 to form C3b that binds randomly and covalently to any nearby cell or 

macromolecular surface. Once deposited, this C3b can bind more factor B, which is cleaved again 

by factor D, forming the alternative pathway C3 convertase C3bBb stabilized by properdin, thus 

causing more C3b to be fixed to the target surface. This continuous activation of the amplification 

loop in the alternative pathway ultimately produces strong opsonization. 
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Roos et al. (16) found that in MBL-deficient individuals, the antibody-mediated classical pathway 

activation can compensate for impaired MBL-mediated target opsonization. Although the 

involvement for the alternative pathway in complement-dependent hemolysis via the lectin 

pathway has been suggested (17), the role of the alternative pathway amplification loop in MBL-

mediated opsonization has remained unclear. To study this involvement, we used zymosan, which 

is prepared from the Saccharomyces cerevisiae cell wall as test particles, because it consists of 

protein-carbohydrate complexes that are recognized by MBL. 

The involvement of the alternative pathway amplification loop in enhancing MBL-

mediated opsonization of zymosan was investigated. We used an opsonophagocytosis assay with 

sera deficient for the alternative pathway proteins factor D or properdin to test the involvement of 

these proteins in MBL-mediated opsonization and subsequent phagocytosis of zymosan by normal 

human neutrophils. Our data show that the amplification loop of the alternative pathway is of 

critical importance in the MBL-mediated complement-dependent opsonization of zymosan. 

 

Materials and methods  

Serum samples and complement assays 

Aliquots of human serum from 23 MBL-sufficient donors, with MBL concentrations 0.7 

μg/ml, 21 MBL-deficient donors, with MBL concentrations <0.7 μg/ml, 2 related factor D-

deficient donors (18), a C2-deficient donor and a properdin-deficient donor were obtained with 

informed consent. All aliquots were stored at -80°C until tested.  

The activities of the classical (CH50) and alternative (AP50) pathways of the complement 

system were detected as described (19). Factor D-deficiency was determined by ELISA technique, 

with purified factor D (Quidel Corp., San Diego, CA, USA) as a standard (18). Deficiency of C2 

was detected by restoration of hemolytic activity of the deficient serum after addition of purified 

C2 (Serva, Heidelberg, Germany), as described (15). Deficiency of properdin was detected by the 

Ouchterlony technique. Purified properdin was kindly provided by M. R. Daha (Department of 

Nephrology, Leiden University Medical Centre, Leiden, The Netherlands). The activities of the 

classical, lectin and alternative pathways of complement were analyzed with the Wielisa kit 

(Wieslab, Sweden) (20). This ELISA system is based on three different coatings (C1q, mannan 

and LPS, respectively) and determination of C5-C9 as the read-out (21). 

Polymorphonuclear leukocyte isolation 

Fresh isolates of polymorphonuclear leukocytes (PMN) were purified from whole blood by 

centrifugation over a Percoll gradient as described by Roos (22). After lysis of the erythrocytes, 
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the PMN were washed in phosphate-buffered NaCl and adjusted to 107/ml in HEPES medium (132 

mM NaCl, 6 mM KCl, 1 mM Mg2SO4, 1.2 mM KH2PO4, 20 mM HEPES, 2 mM CaCl2, 5.5 mM 

glucose and 0.5% [wt/vol] human serum albumin, pH 7.4). 

MBL purification and MBL assays 

MBL was prepared from human serum as described previously by Kilpatrick (23). The 

MBL concentration was determined by ELISA and the purity was verified by denaturing SDS-

PAGE. The purified MBL was contaminated by IgM (11%) and IgA (1%) (24). 

Functional MBL concentrations were determined in a solid-phase ELISA with mannan 

coated to the solid phase and detection with monoclonal antibody MBL-1 (Sanquin, biotinylated 

mouse-anti-human MBL IgG, 10 μg/ml). Briefly, microtiter plates were coated with 100 μg/ml 

mannan in 0.1 M NaHCO3, pH 9.6 overnight at room temperature. The microtiter plates were 

washed 5 times with H2O. Plasma or serum samples and MBL standards (standard serum, 1.5 μg/

ml MBL) were diluted in TTG/Ca2+ (20 mM Tris pH 7.4 / 150 mM NaCl / 0.02% Tween-20 / 

0.2% gelatin / 10 mM CaCl2), with 10 U/ml heparin, added to plates and incubated shaking at 

room temperature for 1 hour. After washing, the plates were incubated for 1 hour with biotinylated 

MBL-1 in TTG/Ca2+, washed with H2O and incubated shaking at room temperature for 30 

minutes with streptavidin poly-HRP 1:10000 in TBS/Ca2+/2% milk (20 mM Tris pH 7.4 / 150 mM 

NaCl / 10 mM CaCl2 / 2% milk). After washing, the color was developed with tetramethyl-

3,3`,5,5`-benzidine (TMB)/0.01% H2O2 in 0.1 M Na-acetate pH 5.5, stopped with 2 M H2SO4, and 

measured spectrophotometrically at 405 nm (BioAssay Reader, Sunrise, Tecan, Salzburg, Austria).  

Six single nucleotide Polymorphism variants (SNPs) of the MBL2 gene (AD, AB, AC, HL, 

XY, and PQ) were analysed with Taqman Allelic Discrimination assays (ABI Prism® 7000 

Sequence Detection System, Applied Biosystems, USA). Primer and probe sequences were taken 

from the NCBI website (http://snp500cancer.nci.nih.gov/snplist.cfm). Probe concentration, 200 

nM; primer concentration, 900 nM. The assay was performed in 15 l, with 20 ng DNA. A pre-

read was performed at 60ºC. Thermocycling conditions for all assays were 2 minutes at 50ºC, 10 

minutes at 95ºC, 50 cycli of 30 seconds at 92ºC and 1 minute at 60ºC (except for AB, which was 

performed at 62ºC), followed by 10 minutes at 60ºC. After the polymerase chain reaction, a post-

read was performed. Fluorescent signal was corrected for pre-read fluorescent background. 

Analysis of the SNPs was performed with sequence detection software (ABI Prism 7000 software 

version 1.1, Applied Biosystems, USA). 

Preparation of antibody F(ab)2 fragments 

One mg of blocking monoclonal antibody against C1q ( C1q-85, Sanquin) and against 

MBL ( MBL-1, Sanquin) (16, 25) were used to generate F(ab)2 fragments. Antibody was dialysed 

against 0.1 M tri-Natrium Citrate-dihydrate, pH 3.5. Pepsin was added to a concentration of 25 μg/
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ml and samples were incubated overnight at 37ºC. The F(ab)2 fragments were dialysed against 

PBS. F(ab)2 preparation was checked by SDS-PAGE. 

Zymosan-FITC preparation 

Ten mg of zymosan (ICN Biochemicals) was suspended in 1 ml of PBS (pH 8.5) and was 

incubated for 30 minutes at 37 °C with 5 μl of FITC solution (2 mg/ml DMSO) in the dark. After 

washing 3 times with PBS (pH 7.4), it was resuspended in 1 ml of PBS (pH 7.4). Aliquots of 

zymosan-FITC were kept in the dark at –30°C. 

Opsonization  

Zymosan-FITC (250 μg) was opsonized in 250 μl of 3% (vol/vol) human serum in HEPES 

medium with 10 IE/ml heparin (Leo pharmaceuticals), during 30 min of incubation at 37°C while 

shaking. Thereafter, the opsonized zymosan was washed twice and resuspended in 25 μl of 

HEPES medium.  

Recovery of the opsonization in deficient sera was tested by adding purified MBL, C2, D, 

and/or properdin (to a final concentration corresponding with plasma concentrations of 5, 3, 1 and 

20 μg/ml respectively). With the use F(ab)2 fragments of blocking monoclonal antibodies against 

C1q ( C1q-85, 10 μg/ml) or against MBL ( MBL-1, 5 μg/ml) the classical and lectin pathways of 

complement were blocked, to investigate the contribution of each complement pathway separately 

and in combination. 

Phagocytosis assay 

Phagocytosis was started by mixing opsonized zymosan-FITC (250 μg) with neutrophils 

(0.5x106) in HEPES medium, in a total volume of 250 μl. Incubation was performed shaking, at 

37°C. At different times (0, 2, 5, 10 and 20 minutes) 50-μl samples were taken and added directly 

to 150 μl of ice-cold stopbuffer (20 mM NaF, 0.5% paraformaldehyde, 1% bovine serum albumin 

in PBS), to stop phagocytosis.  

Phagocytosis was determined by flow cytometry (FACSCalibur, Becton Dickinson). Green 

Fluorescence (FL1) of zymosan-FITC was plotted against the cellular forward scatter (FSC). 

Phagocytosis was measured as the mean fluorescence intensity (MFI) multiplied by the percentage 

of the neutrophils gated in R2 (figure 3). Non-phagocytized zymosan was excluded from analysis 

by gate R1. 

Non-reduced SDS-PAGE and Western blotting 

SDS-PAGE was performed under non-reducing conditions on 5 % acrylamide gels. 

Samples were boiled with an equal amount of sample buffer (125 mM Tris, 20 v/v % glycerol, 5 

w/v % SDS and 0.02 w/v % Coomassie blue) at 95 ºC for at least 5 minutes. Samples and 

Precision Plus Protein™ standard (BioRad) as molecular marker were run at 50 mA in running 
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buffer (25 mM Tris/ 0.19 M glycine/ 3.5 mM, pH 8.6) on the Mini Protean 3 system (BioRad, 

USA). Proteins from a SDS-PAGE gel were transferred to a polyvinylidene difluoride membrane 

(BioRad) electrophoretically in a 25 mM Tris/0.19 M glycine/ 20 v/v % methanol buffer. The 

membranes were blocked in milk/ Tris buffered saline Tween-20 (TBST) (5 % (w/v)  milk, 10 

mM Tris, 150 mM NaCl, 0.02 % (v/v)  Tween-20, pH 7.4). After washing with TBST, the 

membranes were incubated in milk/TBST containing the primary monoclonal MBL-1 antibody 

(1:2000). After washing, the membranes were transferred to TBST/milk containing the secudary 

antibody (1:2000). The membranes were washed with TBST and subsequently with phosphate 

buffered saline (PBS). The bound antibodies were detected with an ECL Western blotting reagent 

kit (Amersham Bioscience). 

Statistics 

 Results from the opsonophagocytosis assay are expressed as percentage of phagocytosis 

compared to a positive control (zymosan-FITC opsonized with normal serum), which was set at 

100%. All samples were tested in duplicate, on three different days (n=3). Data are presented as 

mean ± SEM. Phagocytosis of samples opsonized with sera from the same donors with addition of 

blocking antibodies or purified complement factors were, when applicable, compared with a paired 

t-test. MBL concentrations in figure 4A are expressed as median ± SD. An optimal cut-off plasma 

concentration for defining MBL deficiency was calculated by a receiver-operator characteristic 

(ROC) curve. SPSS 11.5 computer software was used. 

 

Results 

MBL deficiency 

 In a cohort of 194 healthy Caucasian blood bank donors, the MBL concentration in plasma 

and a complete MBL genotype was determined (Figure 1A). The MBL haplotypes were used to 

make 3 categories as described before (9, 26-28), i.e. high, medium and low MBL expression 

groups of 110 (57%), 52 (27%) and 32 (16%) donors, respectively (Figure 1B). The median MBL 

concentrations of donors in the high, medium and low expression groups were 1.65 μg/ml 

(Intraquartile range (IQR) 1.20-2.69 μg/ml), 0.52 μg/ml (IQR 0.40-0.92 μg/ml) and 0.04 μg/ml 

(IQR 0.02-0.13 μg/ml). The difference between the 3 groups is significant (P<0.001). An optimal 

ROC cut-off value for dividing the group into those with functional sufficiently high MBL 

concentrations from those with functional insufficient concentrations, corresponding with the 

medium and low groups, was calculated at 0.7 μg/ml.  Seventy-three donors (38%) had MBL 

plasma concentrations below 0.7 μg/ml, defined as MBL deficient in further analysis. The 

remaining 62% of the group had concentration >0.7 μg/ml. These percentages of MBL deficiency 

and MBL concentrations in our control cohort correspond well to other population studies (9, 10, 

27, 29-32). 
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MBL binding to zymosan 

The recognition of zymosan by MBL was investigated with Western blotting. First, we 

opsonized zymosan as described in the Materials & Methods. The bound proteins were then eluted 

from the zymosan by boiling in sample buffer and the eluate was run on non-reduced 5% SDS-

PAGE, next to a sample of the serum used for the opsonization of zymosan. Western blot was 

performed with monoclonal MBL-1 antibody. Figure 2 shows that MBL-sufficient sera contain 

high oligomers of MBL and that these multimers bind to zymosan during opsonization. MBL-

deficient sera contain almost exclusively the dimer MBL and showed hardly any binding to 

zymosan.  

Phagocytosis assay 

MBL-dependent opsonization was performed with 3% serum (unless mentioned otherwise) 

and incubation of 30 min at 37ºC. Phagocytosis was determined by flow cytometry (Figure 3). All 

Figure 1. Scatterplots representing MBL plasma concentrations according to (A) MBL haplotypes and (B) 
MBL genotype expression groups (N=194). The high expression group consists of the haplotypes HYA/

HYA, HYA/LYA, HYA/LXA, LYA/LYA and LYA/LXA, the medium expression group of LXA/LXA, 

HYA/O and LYA/O and the low group of LXA/O and O/O. The median is illustrated, P<0.001 between 

expression groups. 

B A 
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experiments were performed in duplicate, on three days, with freshly isolated PMN. Data are 

expressed as % phagocytosis compared to that obtained with zymosan opsonized with a positive 

control serum set at 100%. (This serum showed normal activity in all three pathways of 

complement activation in the Wielisa assay (data not shown). These opsonization conditions were 

chosen to obtain optimal discrimination between MBL-deficient (<0.7 μg MBL/ml) and MBL-

sufficient ( 0.7 μg MBL/ml) sera. At 3% (v/v) the MBL-sufficient sera showed 3.8 times more 

opsonization than the MBL-deficient sera while at 5% this was only 2.8 times more and at 10% 

s e r u m  t h e 

difference had 

almost disappeared 

(Figure 4B). Flow 

cytometry data 

were confirmed 

wi th  confoca l 

microscopy (data 

not shown). 

 Figure 4A 

s h o w s  t h e 

phagocytosis (100 

± 8%) of zymosan 

opsonized with 3% 

M B L - w i l d t y p e 

sera, i.e. without a structural point mutation in exon 1 of the MBL-2 gene, compared to that of 

MBL-variant sera with either an heterozygous exon-1 mutation (56 ± 9%) or a homozygous exon-

1 mutation (41 ± 2%). Opsonic function of both heterozygous and homozygous MBL-variant sera 

showed a statistically significant reduction compared to MBL-wildtype sera (p<0.005 and 

p<0.001, respectively). Because there is no statistically significant difference in opsonic function 

between sera with either a heterozygous or homozygous mutation in exon 1 of the MBL2 gene and 

corresponding MBL serum concentrations of 0.7 μg/ml (p=0.53), both are defined as MBL-

deficient in this article.  

Phagocytosis kinetics (at 0, 2, 5, 10 and 20 minutes) of zymosan particles opsonized 

without serum (negative control) and with serum from either an MBL-sufficient control serum, an 

MBL-deficient serum, a C2-deficient serum, a factor D-deficient serum and a properdin-deficient 

serum, are shown in Figure 4C. The MBL concentration in the three complement-deficient serum 

samples appeared to be decreased (0.4 g/ml, 0.1 g/ml, and 0.5 g/ml, respectively), but addition 

of purified MBL to these sera did not restore their opsonizing capacities (see Figure 5). Zymosan 

opsonized with a positive control serum was phagocytized within 10 minutes. After opsonization 

with the complement-deficient sera, phagocytosis of zymosan was diminished at all time points 

Figure 2. Western blot of non-reduced gel stained for MBL. S1-3: 3 MBL-
sufficient sera. ZE1-3: zymosan eluates after opsonization with S1-3. MBL: 
purified MBL. S4-6: 3 MBL deficient sera. ZE4-6: zymosan eluates after 
opsonization with S4-6. Arrows indicate the different oligomeric forms of MBL. 
Molecular weight is indicated in kDa. Right film was exposed to the blot for 5 
minutes, left film for 20 minutes. 
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compared to phagocytosis of zymosan opsonized with 

the positive control serum.  

 Unopsonized zymosan (negative control) and 

zymosan opsonized with 3-10% heat-inactivated serum 

(56 ºC, 30 minutes) were not phagocytized by human 

neutrophils (data not shown), suggesting that Fcg-

receptor-mediated phagocytosis of zymosan opsonized in 

3-10% serum did not play a major role in our assay.  

MBL-sufficient and MBL-deficient sera 

 The average phagocytosis of zymosan opsonized 

with MBL-sufficient sera was 84 ± 5% (Figure 5A). 

Blocking the lectin pathway with MBL reduced the 

phagocytosis of zymosan to 35 ± 6% (p<0.05), and after 

blocking the classical pathway with C1q phagocytosis 

was diminished to 57 ± 4% (p<0.01). Blocking both 

pathways led to a remaining phagocytosis of 12 ± 3%.  

 Phagocytosis of zymosan opsonized with sera from 

MBL-deficient sera was 34 ± 3%, comparable with the 

results obtained with MBL-sufficient sera in the presence 

of MBL (Figure 5B). Phagocytosis after opsonization in 

the presence of C1q, or MBL and C1q combined, 

was diminished to 17 ± 2% and 13 ± 3%, respectively. 

Addition of purified MBL (5 μg/ml, final concentration) 

to the MBL-deficient sera during opsonization restored 

phagocytosis to 85 ± 5% (p<0.001), comparable with the 

opsonophagocytosis with MBL-sufficient sera.  

Factor D- deficient sera 

 The involvement of the alternative pathway in 

MBL-mediated opsonization of zymosan was 

investigated with two factor D-deficient sera (18). MBL 

was deficient in these sera at a level of 0.1 and <0.1 g/

ml respectively. Phagocytosis of zymosan opsonized 

with the factor D-deficient sera was impaired (18 ± 10%; 

Figure 5C).  

 Addition of purified factor D (1 μg/ml, final 

Figure 3A-D. FACS scatter patterns of 
human neutrophils incubated with 
zymosan opsonized with MBL-sufficient 
serum. Forward scatter is plotted against 
FL1, at t = 0, 5, 10 and 20 minutes, (A), 
(B), (C) and (D), respectively. Gate R1 
excludes loose zymosan particles; gate 
R2 includes neutrophils with 
phagocytized zymosan-FITC. 
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concentration), purified 

MBL (5 μg/ml, final 

concentration) or both to the 

factor D-deficient sera 

restored opsonization to 66 ± 

7% (p<0.02), 58 ± 11% and 

121 ± 9% (p<0.001) 

phagocytosis, respectively. 

Opsonization with these 

factor D-deficient sera in the 

presence of the blocking 

C1q or combination of both 

C1q and MBL resulted in 

a complete absence of 

phagocytosis (< 1%). 

Addition of MBL alone had 

only little effect (11 ± 3%), 

because these sera are MBL-

deficient and already showed 

impaired lectin pathway 

activation. Restoring the 

alternative pathway in the 

presence of the blocking 

MBL and C1q by addition 

of purified factor D to the 

factor D-deficient sera led to 

an increase in phagocytosis 

to 58 ± 18%. 

Properdin-deficient serum 

 The role of the 

alternative pathway in MBL-

mediated opsonization of 

zymosan was further 

investigated with a properdin

-deficient serum (Figure 5D). 

MBL was deficient in this 

serum at a level of 0.5 μg/

ml. Opsonization of zymosan 

Figure 4A-C. Phagocytosis of zymosan by human neutrophils. (A) 
Zymosan opsonized with 3% [vol/vol] sera, from donors with wildtype 
MBL (A/A, n=23, MBL concentration 2.42 ± 1.57 μg/ml), with a 
heterozygous exon 1 mutation (A/O, n=13, MBL concentration 0.39 ± 
0.50 μg/ml) and homozygous exon 1 mutations (O/O, n=8, MBL 
concentration 0.05 ± 0 μg/ml). Results are expressed as mean 
phagocytosis ± SEM (n=3). (B) Opsonization of zymosan with 1, 3, 5, 
and 10% [vol/vol] MBL-sufficient serum ( ) and MBL-deficient serum 
( ). (C) Comparison of phagocytosis kinetics of zymosan opsonized 
with MBL-sufficient serum ( ), MBL-deficient serum ( ), properdin-
deficient serum ( ), C2- deficient serum ( ), factor D-deficient serum 
( ), or PBS, as negative control ( ). (B-C) Phagocytosis was measured 
after t = 0, 2, 5, 10 and 20 minutes by FACS analysis. Results are 
expressed as a mean MFI multiplied by the percentage of the 
neutrophils gated in R2  ± SEM (n=3).         
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with the properdin-deficient serum showed an impaired phagocytosis of 27 ± 4%. 

  Addition of purified properdin (30 μg/ml, final concentration), purified MBL or both 

to the properdin-deficient serum during opsonization, enhanced phagocytosis to 80 ± 13% 

(p=0.07), 56 ± 6% (N.S.) and 102 ± 3% (p<0.05), respectively. Opsonization with this serum was 

decreased in the presence of blocking C1q (12 ± <1%) or MBL (7 ± <1%) and completely 

absent in the presence of both C1q and MBL (<1%). Restoring the alternative pathway in the 

presence of blocking MBL and C1q antibodies by addition of purified properdin to the serum 

resulted in an increase in phagocytosis up to 29 ± 2%. 

Figure 5A-D. Phagocytosis by human neutrophils of zymosan opsonized by MBL-sufficient (A), MBL-
deficient (B), factor D-deficient (C) and properdin-deficient (D) serum in the absence or presence of 
blocking MBL and C1q monoclonal antibodies (MoAb). Results are expressed as mean percentage ± 
SEM (n=3) compared to opsonization of zymosan with 3% MBL-sufficient serum (set at 100%). Zymosan 
was opsonized as indicated with PBS (negative control); MBL-sufficient serum; serum + C1q; serum + 

MBL; serum + C1q & MBL; serum + C1q & MBL with addition of factor D (C) or properdin (D); 
serum + factor D (C) or properdin (D); serum + MBL (B, C, D); serum + MBL and factor D (C) or MBL 
and properdin (D). Blocking MoAbs were added to a final concentration of 5 μg/ml MBL and 10 μg/ml 

C1q. Addition of purified MBL to 5 μg/ml, purified factor D to 1 μg/ml and purified properdin to 30 μg/
ml. 
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Alternative pathway activation 

 To verify that alternative pathway activation contributes to the opsonophagocytosis in the 

standard use of 3% vol/vol of sera, we performed the assay with 1-10% of the sera. In Figure 6 

data are shown for 3 and 10% serum. These experiments were performed in the absence 

(opsonization by all three pathways) or the presence of both blocking C1q and MBL 

(opsonization only by the alternative pathway). The standard condition of 3%-serum opsonization 

with positive control serum was set at 100% opsonophagocytosis.  

 At 10% serum, blocking with MBL and C1q decreased the phagocytosis of zymosan 

opsonized with an MBL-sufficient serum from 284 ± 78% to 186 ± 57% and with an MBL-

deficient serum from 245 ± 38% to 166 ± 23%. In the properdin-deficient serum opsonization and 

phagocytosis decreased from 68 ± 28% to <1% and in the factor D-deficient sera from 175 ± 24% 

to <1%. The differences are caused by the amplification loop activation, which is completely 

a b s e n t  i n  t h e 

properdin- and factor 

D-deficient sera. 

A g a i n ,  w h e n 

complement was 

inactivated by prior 

56ºC-heat treatment 

for 10 min, the 

opsonophagocytosis 

was  comple te ly 

eliminated under all 

condition tested (data 

not shown). 

 The same trend was seen in a subsequent series of experiments at 3% serum. The 

phagocytosis of zymosan particles opsonized with homozygous MBL-sufficient sera (set at 100%), 

MBL-deficient sera (22 ± 8%), a properdin-deficient serum (7 ± 6%) and a factor D-deficient sera 

(22 ± 11%) was found to be inhibited by addition of blocking C1q and MBL, to 17 ± 14%, 12 ± 

8%, <1% and 1%, respectively (Figure 6). The absence of phagocytosis of zymosan particles 

Figure 6. Phagocytosis by human neutrophils of zymosan opsonized by 3% and 10% [vol/vol] serum in 
absence and presence of blocking       F(ab)2 fragments of MBL and C1q MoAbs. Results are expressed 
as a mean percentage ± SEM (n=3) compared to opsonization of zymosan with 3% MBL-sufficient serum 
(set at 100%). Zymosan was opsonized as indicated with PBS (negative control); MBL-sufficient serum; 
MBL-sufficient serum with blocking MoAbs; MBL-deficient serum; MBL-deficient serum with blocking 
MoAbs; properdin-deficient serum; properdin-deficient serum with blocking MoAbs;  factor D-deficient 
serum; factor D-deficient serum with blocking MoAbs. Blocking MoAbs were added to a final 
concentration of 5 μg/ml MBL and 10 μg/ml C1q in 3% [vol/vol] serum and 16.6 μg/ml MBL and 33.4 
μg/ml C1q in 10% [vol/vol] serum. 
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opsonized with the properdin- and factor D-deficient sera in the presence of these F(ab)2 suggests 

that this can only be the effect of the alternative pathway activation and thus, that we are still able 

to measure the contribution of the alternative pathway complement activation at 3% [vol/vol] 

serum. At 1%, the serum concentration was too low to obtain any opsonizing effect measurable 

with phagocytosis by human neutrophils (Figure 4B).  

Control experiments 

 We confirmed the involvement of C2 in MBL-mediated opsonization of zymosan with a C2-

deficient serum.  Phagocytosis of zymosan particles opsonized with C2- and MBL- deficient 

serum was strongly reduced (9 ± 3%) (Figure 4C) and addition of purified MBL (5 μg/ml, final 

concentration) did not influence opsonization in the absence of C2 (not shown). However, addition 

of both MBL and C2 (3 μg/ml, final concentration) restored opsonization to 74% phagocytosis 

(mean ± 8%) of that observed with the positive control serum. Restoration of opsonization with C2 

and MBL was also achieved after blocking the classical pathway with C1q (89 ± 9% 

phagocytosis). These results indicate that the classical, Ig-mediated pathway of complement 

activation is not needed for adequate opsonization of zymosan under our conditions.  

 Addition of purified MBL, factor D, factor C2 or properdin to MBL-sufficient sera did not 

enhance the opsonic activity, suggesting that the concentration of these factors in normal serum is 

not the limiting factor in the opsonization of zymosan, under the conditions used in our 

experiments (data not shown). 

In a series of experiments we used purified L-ficolin [a generous gift from Dr Matsushita, 

Fukushima Medical University, Fukushima, Japan] in a concentration of 2 g/ml. Western blotting 

with anti-ficolin G4 showed normal product. Moreover, in an ELISA for L-ficolin with anti-ficolin 

G5, we found serum concentration of 5.3-7.4 μg/ml, 95% CI, among 34 samples, some of whom 

were MBL-deficient (data not shown). The opsonophagocytosis assay applied seems relatively 

ficolin-independent, because we found very low phagocytisis of zymosan after blocking with 

C1q and MBL during opsonization with normal sera containing normal levels of ficolin. 

 

Discussion 

In this study we have shown that the alternative pathway amplification loop enhances the 

MBL-mediated route of complement activation for optimal opsonization of zymosan. The 

opsonophagocytosis assay and the complement deficient sera that were used in these experiments 

allowed us to measure accurate and strictly MBL-dependent opsonization, by blocking the 

classical pathway with C1q F(ab)2 fragments. Although the opsonizing activity of other serum 

complement components cannot be fully excluded, the remaining opsonizing activity in 3% MBL-

deficient serum with C1q is most likely due to alternative pathway activation. Opsonization and 
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subsequent phagocytosis were restored upon MBL addition in vitro.  Our results indicate that 

factor D as well as properdin is essential for MBL-mediated opsonization and subsequent 

phagocytosis of zymosan by human neutrophils. It thus appears that not only the classical pathway 

(C4- and C2-mediated) of complement activation but also the amplification loop of the alternative 

complement route is required for adequate complement-mediated opsonization of zymosan by 

MBL. 

It is known that MBL-mediated complement activation is initiated after binding of MBL to 

sugar structures on the microbial surface. In this study zymosan was used as test particle because 

zymosan opsonization is highly dependent on MBL binding. MBL is found in serum complexed 

with the MASPs and a small 19 kDa protein (MAp19). MASP2 activates complement by cleaving 

C4 and C2 (33). The MASP2-mediated cleavage results in the generation of covalently bound 

C4b2a complexes, which are able to function as C3 convertase enzymes resulting in C3 cleavage 

and the production of opsonic C3b/iC3b fragments. The involvement of C2 in complement 

activation via the lectin pathway was confirmed in our study with C2-deficient serum. 

Apart from MBL, two serum ficolins, L-ficolin and H-ficolin, have been identified to bind 

MASPs. The ficolins are also similar in quaternary structure to C1q and MBL, and may thus result 

in complement activation as an alternative lectin route. Only L-ficolin activates a complement 

activation route that leads to opsonization (34). The third ficolin, the non-serum M-ficolin, is 

known to be secreted by porcine and human neutrophils (35, 36). However, purified serum L-

ficolin did not completely restore phagocytosis of zymosan when added up to 5 g/ml final 

concentration to MBL-deficient serum depleted from anti-zymosan specific antibodies [data not 

shown]. This is above the normal median ficolin concentration of 1.1-12.8 g/ml (median 3.7) 

([37] and unpublished results). Thus, L-ficolin, and very likely also H-ficolin and M-ficolin, do not 

appear to play an important functional role in zymosan opsonization under the conditions used in 

our experiments.   

Zymosan is known to stimulate Toll-like Receptor 2 (TLR2) expressing cells (PMN) (38, 

39). To exclude TLR2 involvement in our experiments, we have tested the uptake of unopsonized 

zymosan particles up to 90 minutes by PMN under resting experimental conditions (phagocytosis 

<1%) and after pre-activation with Platelet-Activating Factor (PAF; 10 ng/ml) (phagocytosis 2.5 ± 

0.2%) or Tumor Necrosis Factor-  (TNF ; 10 ng/ml) (phagocytosis 2.4 ± 0.3%). Uptake was 

compared to MBL-sufficient control serum set at 100% (data not shown). We conclude that there 

is no phagocytosis of zymosan particles via direct interaction with the TLR2 on unprimed or 

preactivated PMN in our assay. 

The alternative complement pathway is activated by a mechanism different from the 

classical and lectin pathways. Once formed, C3bBb turns over more C3, thus producing strong 

opsonization. With regard to the involvement of the alternative complement cascade in the lectin 

route, we performed experiments with factor D- and properdin-deficient sera. Factor D cleaves its 
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substrate factor B to form the C3b–factor B complex. There is no endogenous inhibitor of factor D 

which circulates in an active form that does not require proteolytic activation. Properdin is present 

in serum as an enhancer of the alternative complement pathway. It is of central importance to the 

deposition of the activated complement fragment C3b on the surfaces of pathogens by preventing 

the dissociation of the Bb catalytic subunit from the inherently labile C3bBb complexes.  

 Our experiments with factor D-deficient sera revealed decreased phagocytosis compared to 

phagocytosis of zymosan opsonized with a positive control serum. Under these conditions, the 

remaining phagocytosis measured was supposed to be mediated via opsonization by specific 

zymosan antibodies and the classical pathway of complement activation. Therefore, we blocked 

the classical pathway by addition of C1q. The opsonization was only restored to normal levels by 

the combined addition of factor D and MBL, suggesting that the amplification loop of the 

alternative pathway is required for optimal MBL-mediated opsonization, even at low serum 

concentrations.  Experiments with properdin-deficient serum showed similar results. 

 We performed zymosan opsonization at 3% serum concentration to obtain optimal effect of 

the lectin pathway and sensitive discrimination between MBL-deficient and MBL-sufficient sera. 

Experiments at different serum concentrations (1-10% [vol/vol] serum) demonstrated that, even 

although in 10% serum the alternative pathway activation is more prominent, at 3% serum there is 

still phagocytosis of zymosan opsonized with control serum in the presence of antibodies that 

block the lectin pathway ( MBL) and the classical pathway ( C1q). At the same time, in the factor 

D- and properdin-deficient sera, no remaining opsonization was observed at these serum 

concentrations under these blocking conditions. These data suggest that the alternative pathway 

activation is not limited to high serum concentrations but may well contribute to opsonization at 

lower serum concentrations, up to 3% [vol/vol]. 

 The role of the alternative pathway in MBL-mediated complement activation found in this 

study and the compensating role of the antibody-mediated classical pathway activation for 

impaired opsonization in MBL-deficient individuals found by Roos et. al (16) suggests that the 

complement system does not consist of independently operating pathways but is a highly 

interacting and complex system. The amplification loop plays an enhancing role in the 

opsonization of zymosan via the lectin pathway, supporting the increased risk of infections in 

MBL-deficient individuals. 
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Abstract 

Mannose-binding lectin (MBL) is a serum protein of the innate immune system. After 

binding to a micro-organism, MBL in complex with MBL-associated serine proteases 

(MASPs) activates the complement system, resulting in cleavage of complement factor C3. 

Cleaved C3 on the surface of the micro-organism mediates opsonization for clearance, but 

the impact of MBL on subsequent phagocytosis has not been widely studied.  

We investigated the role of MBL in complement activation and phagocytosis of various 

bacteria and yeast species by flow cytometry. We measured both the C3 deposition during 

serum opsonization of fluorescent labeled micro-organisms as well as subsequent uptake of 

these micro-organisms by human neutrophils. In MBL-deficient sera a consistently 

decreased C3 deposition on both zymosan and Candida albicans was found, and a reduced 

phagocytosis by neutrophils that was restored by exogenous MBL. This indicates that the 

lectin pathway of complement activation is important for the opsonophagocytosis of yeasts. 

In contrast, the C1q-dependent classical pathway dominated in the opsonization and 

phagocytosis of Staphylococcus aureus, Streptococcus pneumoniae and Escherichia coli, 

whereas no effect of MBL was found. Both the lectin and the classical pathway of 

complement activation were highly amplified by the alternative route for 

opsonophagocytosis by neutrophils of yeast as well as microbial species.  

In summary, our data demonstrate that yeast species are preferentially opsonized and 

subsequently phagocytized via activation of the lectin pathway of complement, whereas the 

uptake of bacterial strains was found to be largely MBL independent.  

 

Introduction 

 The innate immune system, including the complement system acts as a first line of defense 

against pathogens. There are three pathways of complement activation, the classical, the 

alternative and the lectin pathway. Each pathway induces cleavage of complement factor C3, 

forming C3b and iC3b that bind to micro-organisms and act as opsonins for the clearance of 

pathogens. The lectin pathway of complement activation is based on the recognition of pathogen-

associated molecular patterns, such as mannose, peptidoglycans and lipopolysaccharide. These 

sugars are recognized by ficolins and collectins, which are initiators the lectin pathway of 

complement activation (1). One of the collectins is mannose-binding lectin (MBL).  

 MBL is an oligomeric molecule that is synthesized in the liver. In human serum MBL 

oligomers, from dimers to hexamers, are present. The MBL2 gene encoding MBL on chromosome 

10q21 contains several single nucleotide polymorphisms (SNPs). Three independent coding SNPs 

in exon 1 (variant alleles B, C, D, wild-type denominated as A) disrupt the collagenous structure 
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of the protein and hampers the formation of S-S bridges between subunits, leading to small, non-

functional MBL molecules (2, 3). In addition, three SNPs in the promoter region have a regulatory 

influence on the serum MBL concentration. These SNPs are denominated H/L, X/Y and P/Q. The 

six SNPs together result in seven generally known haplotypes: HYPA, LYPA, LYQA with normal 

MBL concentrations, and LXPA, LYPB, LYQC and HYPD with reduced or very low MBL 

concentrations (2), leading to MBL deficiency. The prevalence of MBL deficiency in a Caucasian 

population is about 30% (1, 4). MBL deficiency has been defined in various ways, both at the 

plasma level and by corresponding genetic haplotypes (3, 5). Previously, we have defined MBL 

deficiency in a Caucasian population as MBL concentrations below 0.7 μg/ml (6). Most 

individuals lacking MBL do not suffer from adverse consequences. Therefore, it seems likely that 

for MBL deficiency to cause clinical symptoms, it must occur concomitantly with other immune 

deficiencies, i.e. an impaired mucosal barrier or immune system (cystic fibrosis, newborns and 

chemotherapy-treated patients).  

 MBL binds to several clinically relevant pathogens (7, 8). Many patient studies have 

reported a correlation between MBL deficiency and increased susceptibility to various infection-

related diseases (9). A high association was found for MBL insufficiency and increased bacterial 

infection in patients with neutropenia and meningococcal sepsis. Low MBL levels also appeared to 

predispose individuals to HIV infection (10).  

 The ability of MBL to bind with high affinity to mannose and N-acetyl-glucosamine 

oligosaccharides present on the surface of various Gram-positive and Gram-negative bacteria, 

fungi and yeast particles has been reported. MBL binds strongly to Candida species, Aspergillus 

fumigatus, Staphylococcus aureus, and beta-hemolytic group A streptococci. An intermediate 

binding of MBL has been found for Escherichia coli, Klebsiella species, and Haemophilus 

influenzae type b. In contrast, beta-hemolytic group B streptococci, Streptococcus pneumoniae, 

and Staphylococcus epidermidis bind MBL weakly (8). 

 The complement activation following upon MBL binding to pathogens is dependent on 

MASPs (11),(12). After MASP binding to MBL the complement cascade is activated via the 

formation of the C4b2a complex, which is able to generate and bind the opsonins C3b and iC3b, 

thereby facilitating opsonophagocytosis. Complement activation after binding of MBL has mainly 

been studied after binding of MBL to mannan-coated polystyrene (13, 14), with C3b or C4b 

formation as read-out. Therefore, the precise contribution of MBL to pathogen opsonization and 

subsequent uptake by phagocytes has remained unclear. Since MBL is being considered as plasma

-derived or recombinant product for therapeutic application, it is important to know what the role 

of MBL is, in both the early phase of opsonization as well as in the subsequent phagocytosis. We 

investigated the impact of MBL on phagocytosis of various micro-organisms by human 

neutrophils. In addition, we studied the extent of complement deposition on various Gram-positive 

and Gram-negative bacteria as well as on yeast particles in relation to the efficiency of 

phagocytosis of these pathogens.  
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Material and Methods  

Serum samples 

 Blood was obtained with informed consent from MBL-sufficient and MBL-deficient healthy 

volunteers and from patients with a complement deficiency or X-linked agammaglobulinemia 

(XLA). Serum aliquots were stored at -80ºC until tested. DNA was isolated from white blood 

cells, by means of the QiAmp blood mini kit (Qiagen, Hilden, Germany). The activities of the 

classical (CH50) and alternative (AP50) pathways of the complement system were measured as 

described (15).   

MBL serum concentration and MBL2 genotype  

 To select MBL-sufficient and MBL-deficient donors, MBL serum concentrations were 

measured by an ELISA technique as previously described (16). Briefly, mannan was coated to a 

solid phase and incubated with sera. Thereafter, biotinylated mouse-anti-MBL-1, (10 g/ml, 

Sanquin, Amsterdam, the Netherlands) was used as detection antibody. Genotyping of the three 

generally known promoter polymorphisms and three exon-1 point mutations was performed with a 

Taqman assay with specific primers and minor groove binding (MGB) probes for each point 

mutation (16). Donors with MBL serum concentrations 0.05 μg/ml and an O/O or XA/O 

genotype were selected to obtain profoundly MBL-deficient sera. 

 Polymorphonuclear (PMN) leukocyte isolation 

 Fresh isolates of PMN were purified from whole blood by centrifugation over a Percoll 

gradient as described by Roos and De Boer (17). After lysis of the erythrocytes, the PMN were 

washed in Phosphate-Buffered Saline (PBS, pH 7.4, NPBI International, Emmer-Compascuum, 

The Netherlands) and adjusted to 107 cells/ml in HEPES medium (132 mM NaCl, 6 mM KCl, 1 

mM MgSO4, 1.2 mM KH2PO4, 20 mM HEPES (Sigma, Steinheim, Germany), 2 mM CaCl2, 5.5 

mM glucose and 0.5% (w/v) human serum albumin (Sanquin), pH 7.4). All chemicals were 

obtained from Merck (Darmstadt, Germany) unless otherwise indicated. 

 Preparation of antibody F(ab’)2 fragments 

 F(ab’)2 fragments were made from a blocking monoclonal mouse antibody against C1q (anti-

C1q-85; Sanquin (18, 19)). One mg of antibody was dialyzed against 0.1 M tri-sodiumcitrate-

dihydrate, pH 3.5. Pepsin (Sigma) was added to a concentration of 25 μg/ml, and samples were 

incubated overnight at 37ºC. The F(ab’)2 fragments were dialyzed against PBS. 

Culture and FITC-labeling of pathogens 

 Zymosan, prepared from the yeast Saccharomyces cerevisiae (lot no. 1389F, MP 

Biochemicals, Solon, OH, USA) was suspended in PBS at a concentration of 10 mg/ml. Candida 

albicans, Staphylococcus aureus 502A and Escherichia coli O54 were cultured in LB medium 
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(Luria Broth, Becton Dickinson, Sparks, MD, USA) and Streptococcus pneumoniae serotype 3 on 

low oxygen in BHI (Brain Heart Infusion; Invitrogen, Paisley, Schotland). All micro-organisms 

were grown at 37ºC until an OD600 of 1 (log phase) had been reached. After washing with PBS, all 

pathogens were resuspended in PBS at 1.0 x 109 CFU/ml. All suspensions were labeled for 30 

minutes at 37ºC with 10 μg/ml of FITC (Sigma) in the dark. Labeling was followed by washing 3 

times with PBS, after which the pathogens were resuspended in PBS to the starting concentration. 

Aliquots of the FITC-labeled pathogens were kept in the dark at –30ºC. 

 Opsonization  

 FITC-labeled organisms (zymosan: 250 μg, pathogens: 7.14 x 106 CFU) were opsonized in 

250 μl of 3% (v/v) human serum in HEPES medium, during 30 min of incubation at 37ºC while 

shaking. Thereafter, the opsonized micro-organisms were washed twice and resuspended in 25 μl 

of HEPES medium. The classical pathway of complement was blocked with F(ab’)2 fragments of a 

monoclonal antibody against C1q (20 μg/ml). Complement C3 was inhibited by compstatin 4

(1MeW)7W (20), a 13-amino-acid cyclic peptide that binds to the b-chain of C3. The 4(1MeW)

7W compstatin contains 1-methyltryptophan at position 4, followed by a peptide containing 5-

fluorotrypthophan at position 7, which increased the inhibitory activity of the peptide. Plasma 

purified MBL (2 μg/ml, MBL-SSI, Statens Serum Institute, Copenhagen, Denmark), C1q (100 μg/

ml, Sanquin), and complement factor D (1 μg/ml; Quidel, San Diego, CA, USA) were used to 

exclude direct opsonization through these proteins and to restore deficient sera during 

opsonization.  

Phagocytosis assay 

 Phagocytosis was determined by flow cytometry as described previously (6), with some 

minor adjustments for optimal conditions for each micro-organism tested. Opsonized FITC-

labeled micro-organisms (25 μl) were mixed with neutrophils (0.5x106) in HEPES medium in a 

final volume of 250 μl, to start phagocytosis. Incubation was performed shaking, at 37ºC. At 

different time points (0, 2, 5, 10 and 20 minutes) 50-μl samples were taken and added directly to 

150 μl of ice-cold stop buffer (20 mM NaF [Sigma], 0.5% paraformaldehyde [Merck], 1% [v/v] 

bovine serum albumin [Sigma] in PBS), to stop phagocytosis.  

 Phagocytosis was determined by flow cytometry (FACSCalibur, Becton Dickinson). Green 

Fluorescence (FL1) of FITC was plotted against the cellular forward scatter (FSC). Phagocytosis 

was measured as the mean fluorescence intensity (MFI) multiplied by the percentage of the 

neutrophils gated in R2 (FITC-positive PMN). Non-phagocytized micro-organisms were excluded 

from analysis by gate R1.  

 As a control the complement-independent phagocytosis was determined. Micro-organisms 

opsonized with heat-inactivated serum were added to PMN that had been blocked with 25 μg of 

anti-FcgRII (Fab fragments of clone IV.3) (21) per reaction. 
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Results of the opsonophagocytosis assay are expressed as percentage of phagocytosis 

compared to a positive control (pathogens opsonized with MBL-sufficient serum), which was set 

at 100%. All samples were tested on three different days (n=3), with freshly isolated PMN from 

healthy donors other than those listed in Table 1. Flow cytometry data were confirmed by 

fluorescence microscopy (data not shown). 

Complement deposition  

The binding of several complement components to the pathogens was investigated by 

FACS analysis (quantitative) and Western blotting (qualitative). Pathogens were opsonized as 

described above, washed and resuspended in HEPES medium. Opsonization was performed with 

serum alone, serum in the presence of 2 μg/ml plasma-purified MBL or serum in the presence of 

10 μg/ml anti-C1q (anti-C1q-85). In one set of experiments, the micro-organisms were incubated 

with various concentrations of plasma-purified MBL alone. For FACS analysis, the opsonized 

pathogens were incubated with monoclonal antibodies either directed against MBL (anti-MBL-1) 

or against C3 (anti-C3-9, Sanquin) in a final concentration of 20 μg/ml, shaking for 1 hour at 37ºC. 

After washing, pathogens were resuspended in HEPES medium and incubated with rat-anti-mouse 

PE (1:100; Dako, Glostrup, Denmark) for 30 minutes at 37ºC, shaking and in the dark. After 

washing, samples were analyzed by flow cytometry (FACSCalibur). All samples were tested on 

three different days (n=3). The mean fluorescence intensity (MFI) of the PE signal, representing 

the C3 deposition, is expressed as relative C3 deposition compared to donor 1, which was set at 

100 AU (mean ± SEM). 

For Western blotting, samples were washed and resuspended in HEPES medium without 

albumin and boiled at 95ºC for 5 minutes in sample buffer (125 mM Tris, 20 % (v/v) glycerol, 5% 

(w/v) SDS and 0.02% (w/v) Coomassie blue) without -mercapto-ethanol or dithiotreitol. SDS-

PAGE was performed on 5% acrylamide gels with Precision Plus ProteinTM standard (Biorad, 

Hercules, CA, USA) as molecular marker. Proteins from the SDS-PAGE gel were transferred to a 

polyvinylidene difluoride membrane (Biorad). Membranes were blocked with milk\TBST (5% (w/

v) milk (Campina, Eindhoven, the Netherlands), 10 mM Tris, 150 mM NaCl, 0.02% (v/v) Tween-

20, pH 7.4). After washing, the membranes were incubated in milk/TBST containing the primary 

monoclonal antibody (1:1000) anti-iC3b (Quidel), anti-MBL-6 (Sanquin) or anti-L-ficolin (GN5, 

Cell Sciences, Uden, the Netherlands). After washing, the membranes were transferred to a 1:2500 

secondary antibody dilution (goat-anti-mouse, GE Healthcare, Amersham, UK) in milk/TBST. 

Before detection with ECL Western blot reagent kit (Pierce, Rockford, IL, USA) membranes were 

washed thoroughly with TBST and PBS. Silver staining with Silver Quest staining kit (Invitrogen) 

was performed as loading control. 

Statistics 

 Data from the opsonophagocytosis and complement deposition assays are presented as mean 
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± S.E.M. Results were compared with an unpaired t-test or one-way analysis of variance 

(ANOVA) when applicable. The Bonferroni post-hoc test was used for multiple comparisons. 

Differences were considered to be significant when p-values were <0.05. SPSS 14 and Prism 4 

computer software were used for analysis. 

 

Results 

MBL characteristics of the sera 

From the sera of 100 healthy donors we randomly selected 6 MBL-sufficient sera (serum 1

-6) and 6 MBL-deficient sera (serum 7-12). Sera from donors 13-16 had other complement 

deficiencies and were used as controls. The MBL concentration and genotype (wildtype A/A, 

heterozygous MBL-deficient A/O or homozygous MBL-deficient O/O) of these donors are listed 

in Table I. All sera had sufficient levels of MASP-2, C4 and C3, except the C3 nephritic factor 

serum (C3Ne; data not shown).   

Opsonophagocytosis of different pathogens 

MBL-dependent opsonization was performed with 3% (v/v) serum for 30 minutes at 37ºC 

for all pathogens. These opsonization conditions were chosen to obtain optimal discrimination 

between MBL-sufficient and MBL-deficient sera (6). Phagocytosis of the opsonized pathogens 

was followed up to 20 minutes, when phagocytosis had reached a plateau phase. 

Opsonophagocytosis was C3-mediated in all micro-organisms tested, since 56°C heat-inactivated 

serum or purified MBL, C1q or factor D alone did not opsonize the micro-organisms. Activation 

of complement via direct binding of MBL to antibodies was excluded with the use of an XLA 

serum, which gave similar results as MBL-sufficient sera in the presence of anti-C1q antibodies. 

Phagocytosis of zymosan opsonized with MBL-sufficient sera was 141 ± 26% compared to 

phagocytosis of zymosan opsonized with a well-characterized MBL-sufficient serum (serum 1 

from Table I was set at 100%; see also (6)). The opsonophagocytosis of zymosan with MBL-

deficient sera was 39 ± 3% (Figure 1A). The contribution of the lectin pathway activation for 

phagocytosis of zymosan was statistically significant (p<0.01). After blocking the classical 

pathway with an inhibiting monoclonal antibody directed against C1q, the difference in 

opsonophagocytosis with MBL-sufficient and MBL-deficient sera was even stronger. The anti-

C1q antibody was tested in a Wielisa (Wieslab, Lund, Sweden) and found to specifically block the 

classical pathway of complement activation without affecting the alternative or lectin pathway 

(data not shown).. All p-values of the opsonophagocytosis data in Figure 1 are summarized in 

Table II. 

The lectin pathway of complement activation was also significantly involved in the 

opsonophagocytosis of C. albicans. The average phagocytosis of C. albicans opsonized with MBL
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donor no. sex  MBL (μg/ml) exon 1 other deficiencies 
1 male 1.34 A/A   
2 female 0.64 A/A   
3 male 4.98 A/A   

4 male 2.37 A/A   
5 male 2.07 A/A   
6 female 1.71 A/A   
7 female 0.05 O/O   
8 male 0.05 A/O   
9 female 0.05 O/O   
10 male 0.05 O/O   
11 female 0.04 A/O   
12 male <0.05 O/O   
13 female 0.1 A/O Factor D deficiency 
14 female <0.1 A/O Factor D deficiency 
15 male 0.5 A/O Properdin deficiency 
16 male 0.8 A/A  C3 nephritic factor (C3Ne) 

Table I. Donor description.  Indicated are sex of the donor, MBL concentration, 
MBL2 exon 1 mutation (A/A = wildtype, A/O = heterozygous mutation, O/O = 
homozygous mutation) and description of other deficiencies when applicable. 

  Variable 1 Variable 2 p-value Sign. 
zymosan MBL+ MBL  <0.01 * 
  MBL+ & C1q Fab2 MBL  & C1q Fab2 <0.05 * 

  MBL+ MBL+ & C1q Fab2 >0.05 N.S. 
  MBL  MBL  & C1q Fab2 >0.05 N.S. 
          
C. albicans MBL+ MBL  <0.01 * 

  MBL+ & C1q Fab2 MBL  & C1q Fab2 <0.01 * 
  MBL+ MBL+ & C1q Fab2 >0.05 N.S. 
  MBL  MBL  & C1q Fab2 >0.05 N.S. 
          
S. aureus 502A MBL+ MBL  >0.05 N.S. 
  MBL+ & C1q Fab2 MBL  & C1q Fab2 >0.05 N.S. 

  MBL+ MBL+ & C1q Fab2 <0.001 ** 
  MBL  MBL  & C1q Fab2 <0.05 * 
          
S. pneumoniae MBL+ MBL  >0.05 N.S. 
serotype 3 MBL+ & C1q Fab2 MBL  & C1q Fab2 >0.05 N.S. 
  MBL+ MBL+ & C1q Fab2 <0.001 ** 
  MBL  MBL  & C1q Fab2 <0.05 * 
          
E. coli ML35 MBL+ MBL  >0.05 N.S. 
  MBL+ & C1q Fab2 MBL  & C1q Fab2 >0.05 N.S 
  MBL+ MBL+ & C1q Fab2 <0.001 ** 
  MBL  MBL  & C1q Fab2 <0.001 ** 

Table II. Statistics of Figure 1. 
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-sufficient sera was 108 ± 7%, whereas the opsonophagocytosis 

with MBL-deficient sera was 72 ± 8% (Figure 1B). Inhibition of 

the classical pathway resulted in reduced phagocytosis of C. 

albicans opsonized with MBL-sufficient or MBL-deficient sera, 

respectively. 

In contrast to the zymosan and C. albicans, the same MBL-

sufficient and MBL-deficient sera did not show a difference in 

opsonophagocytosis of the various bacterial strains tested (Figure 

1C-1E), indicating that the lectin pathway of complement 

activation did not contribute to a large extent to the 

opsonophagocytosis of these bacteria. However, inhibition of the 

classical pathway of complement activation during opsonization 

with either MBL-sufficient or MBL-deficient sera induced a 2-3 

fold reduction in the subsequent phagocytosis of S. aureus. This 

implicates a strong role for the C1q-dependent classical pathway 

of complement activation in the opsonization of this strain of S. 

aureus.  

The findings regarding opsonophagocytosis of S. 

pneumoniae serotype 3 (Figure 1D) and E. coli (Figure 1E)  were 

almost similar to those obtained with S. aureus bacteria. No 

difference in phagocytosis was noted between opsonization with 

MBL-sufficient or MBL-deficient sera, and again a statistically 

significant reduction was found upon inhibition of the classical 

pathway by anti-C1q . 

MBL and C3 deposition on the various pathogens 

 The difference between the mainly C1q-mediated 

opsonophagocytosis of the bacteria and the highly MBL-

dependent opsonophagocytosis of zymosan and C. albicans might 

Figure 1, Phagocytosis by human neutrophils of different pathogens. (A) 
Zymosan, (B) Candida albicans, (C) Staphylococcus aureus, (D) 
Streptococcus pneumonia and (E) Escherichia coli. Each pathogen was 
opsonized with MBL-sufficient sera (MBL+), MBL-deficient sera  
(MBL-), MBL-sufficient sera with MoAb anti-C1q (MBL+/ C1q) or 
MBL-deficient sera with MoAb antiC1q (MBL-/ C1q). The bars in each 
graph represent the average opsonophagocytosis (± SEM) of 6 donors, 
measured on three different days. Significant differences between 
opsonization with MBL-sufficient and -deficient donors is presented as * 
(p<0.05) and ** (p<0.005). All statistics of this figure can be found in 
Table II.  
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be caused by differences in ligand availability for MBL. Binding of MBL to the various micro-

organisms was therefore determined (Figure 2). MBL binding to all micro-organisms appeared to 

be dose dependent until a certain plateau was reached. Zymosan and C. albicans showed maximal 

MBL binding at higher MBL concentrations than did S. pneumoniae and S. aureus, while E. coli 

bound only little MBL.  

 We next investigated whether complement C3 activation on the various micro-organisms 

was dependent on MBL binding. A frequently 

used method to measure classical or lectin 

pathway activation of complement is the 

activation of C3 and subsequent deposition of 

immobilized C3 fragments upon binding of MBL 

or C1q in solid-phase ELISA systems. Instead of 

using ELISAs, we determined the C3 binding by 

flow cytometry on the different pathogens during 

opsonization, using the same conditions as in the 

opsonophagocytosis assay.  

 First, a titration up to 10% (v/v) serum was 

performed with MBL-sufficient and MBL-

deficient sera. As shown for zymosan (Figure 3A) 

and S. aureus (Figure 3B) as representative 

examples for the particles used, there is hardly 

any complement deposition at 1% serum, 

whereas 95% of the zymosan and 72% of the S. 

aureus, respectively, were positive for C3 when opsonized at 3% MBL-sufficient serum. With 

MBL-deficient sera, on average 37% of the zymosan and 83% of the S. aureus were found C3-

positive.  

 We did not find any difference in the extent of C3 deposition on S. aureus, expressed as 

mean fluorescence intensity (MFI), comparing MBL-sufficient and MBL-deficient sera. This was 

also true for the other bacteria tested. In contrast, with zymosan, both the percentage of C3-

positive particles as well as the extent of C3 deposition per particle were decreased in MBL-

deficient serum (Figure 3A, middle and lower panels). All particles were C3 positive at 3% MBL-

sufficient serum used during opsonization, although C3 deposition per particle still increased at 5 

or 10% serum (Figure 3A, lower panel).  

 We chose to use 3% serum for opsonization in all further experiments. Figure 4A shows that 

C3 binding to zymosan opsonized with either MBL-sufficient or MBL-deficient sera differed 

significantly (p=0.01), which became even more prominent when the classical pathway was 

blocked with anti-C1q (p=0.005). This finding corresponded with the results from our 

Figure 2. MBL deposition on zymosan, C. 
albicans, S. aureus, S. pneumoniae and E. coli. 
Incubation was performed with 0, 0.5, 1.0, 2.0, 
5.0 and 10.0 μg/ml plasma-purified MBL. Each 
data point represents the average MBL binding (± 
SEM) of 3 independent measurements. 
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phagocytosis assay. Addition of 

plasma-derived MBL (22) resulted in 

increased C3 deposition (p<0.005) 

and a disappearance of the difference 

between the MBL-sufficient and 

MBL-deficient sera in C3 deposition 

(Figure 4A). Addition of anti-C1q 

only decreased the C3 deposition on 

zymosan in the presence of MBL-

deficient sera, indicating that in the 

absence of MBL some C1q-

dependent C3 activation takes place 

on the zymosan surface. 

 Similar to zymosan, the MBL-

deficient sera also showed less C3 

deposition on C. albicans compared 

with the MBL-sufficient sera, in 

particular when anti-C1q was present 

during opsonization (p=0.002) 

(Figure 4B). These results indicate 

that C. albicans is opsonized via both 

the classical and the lectin pathway 

of complement activation. Addition 

of MBL resulted in increased C3 

deposition on C. albicans with MBL-

sufficient or MBL-deficient sera 

(p<0.005).  

 In contrast to the observations 

with yeast particles, the C3 

deposition on all bacterial pathogens 

tested seemed to be MBL 

independent. Neither S. aureus nor S. 

pneumoniae showed any difference in C3 deposition after opsonization with MBL-sufficient or 

MBL-deficient sera (Figure 4C and 4D). Addition of plasma-derived MBL also did not raise C3 

deposition on any of the bacteria. Addition of blocking anti-C1q strongly decreased the C3 

deposition in all cases (p<0.0001, Figure 4C for S. aureus and p<0.001, Figure 4D for S. 

pneumoniae). Together with the phagocytosis data these results strongly suggest that MBL does 

not have a significant role in opsonization of S. aureus or S. pneumoniae. 

Figure 3. Phagocytosis of and C3 deposition on opsonized 
zymosan (A) and S. aureus (B). Opsonization was performed 
with 1, 3, 5 and 10% (v/v) MBL-sufficient (— —) or MBL-
deficient (- - - -) sera. The upper graphs represent the relative 
phagocytosis in % (compared to opsonization with 3% (v/v) 
MBL-sufficient serum). In the middle row the percentage of 
C3-positive particles is depicted and in the bottom row the 
amount of the C3 deposition on the particles in AU is shown 
(again compared to opsonization with 3% (v/v) MBL-
sufficient serum). Each point represents the average result (± 
SEM) obtained with 2 different sera at three different days.  
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The enhancing role of the alternative pathway amplification loop. 

 Three alternative pathway-deficient sera, two from different 

homozygous factor D-deficient donors and one from a properdin 

(factor P)-deficient donor, were used to analyze the role of the 

alternative pathway in the opsonization of the different 

pathogens. All three alternative pathway-deficient sera had low 

MBL concentrations as well (Table I). As controls we used C3Ne 

serum devoid of any C3, the potent C3-blocking agent compstatin 

4(1MeW)7W (20), and serum in which complement has been 

inactivated by treatment for 30 minutes at 56°C (Figure 5, and 

data not shown).  

 Opsonophagocytosis of zymosan was clearly reduced when 

the MBL-sufficient control (set at 100%) was compared with the 

average of the 3 sera with a combined MBL and alternative 

pathway deficiency (Figure 5, AP-def, 17.4 ± 3.9% 

phagocytosis). MBL-deficient sera resulted in an 

opsonophagocytosis of about 40% (Figure 1A). Together, this 

confirms our earlier data (6) on the enhancing role for the 

amplification loop of the alternative pathway in the opsonization 

process. Complement dependency was indicated by the lack of 

phagocytosis after opsonization with either heat-inactivated 

serum, C3Ne serum (Figure 5A), or with control serum to which 

compstatin had been added.  

 C. albicans showed a complement-independent 

phagocytosis component, with 16-35% phagocytosis after 

opsonization with C3Ne serum or control serum with compstatin 

or heat-inactivated control serum (Figure 5B). The average 

opsonophagocytosis with the combined MBL/alternative pathway

-deficient sera was 45%, again significantly (p<0.0005) lower 

Figure 4. C3b deposition on different pathogens. (A) Zymosan, (B) 
Candida albicans, (C) Staphylococcus aureus, and (D) Streptococcus 
pneumoniae. Each pathogen was opsonized with 6 MBL-sufficient ( ) 
and 6 MBL-deficient ( ) sera. From left to right, with sera alone, with 
sera to which 2 mg/ml plasma-purified MBL had been added and with 
sera in which the classical pathway had been blocked. The bars in each 
graph represent the average (± SEM) C3 deposition in AU of the 6 sera, 
measured on three different days. Significant differences between 
opsonization with MBL-sufficient and -deficient sera are presented as * 
(p<0.05) and ** (p<0.005).  
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Figure 5. C3 deposition 
(left) and phagocytosis 
(right) after opsonization 
with several control sera, 
showing the complement 
dependency of the 
phagocytosis and the 
enhancing role of the 
alternative pathway 
amplification loop. (A) 
Zymosan; (B) Candida 
albicans; (C) 
Staphylococcus aureus; 
and (D) Streptococcus 
pneumoniae. The left 
panel shows the average 
(± SEM) C3 deposition 
in AU, measured on 
three different days, the 
right panel shows the 
average (± SEM) 
phagocytosis in % 
(compared to 
opsonization with 3% (v/
v) MBL-sufficient 
serum), measured on 
three different days. In 
each graph the micro-
organisms were 
opsonized, from left to 
right, with PBS 
(unopsonized), MBL-
sufficient serum, 
alternative pathway (2 x 
factor D and 1x 
properdin)-deficient (AP-
def) sera (n=3), C3-
deficient serum (C3Ne, 
C3 concentration <0.05 
g/L), alternative pathway
-deficient sera in the 
presence of blocking 
MoAb anti-C1q (n=3), 
MBL-sufficient serum to 
which the complement 
C3-inhibitor compstatin 
4(1MeW)7W had been 
added, and MBL-
sufficient serum heat-
inactivated for 30 
minutes at 56ºC. The 
dashed line represents 
the background from the 
non-opsonized control.  
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than the 72% phagocytosis observed after opsonization with MBL-deficient sera.  

 Although MBL-sufficient sera as well as MBL-deficient sera opsonized S. aureus (Figure 

5C) and S. pneumoniae (Figure 5D), both micro-organisms were less efficiently phagocytized after 

opsonization with the alternative pathway-deficient sera (70 and 64%, respectively). Thus, also for 

bacteria the amplification loop is of importance for adequate opsonization. Although the bacteria 

opsonized with the C3Ne serum, with the control serum in the presence of compstatin or with heat

-inactivated control serum were slightly better phagocytized than the unopsonized bacteria, the 

major part of the opsonization was complement dependent.  

 These data are supported by the reduced C3 deposition found after opsonization with the 

alternative pathway-deficient sera or the C3Ne serum (left panel in Figure 5 and Figure 6). Only 

the C3 deposition on S. aureus after opsonization with the combined alternative pathway- and 

MBL-deficient sera was still high, suggesting that opsonization of S. aureus was mediated 

predominantly by the classical pathway of complement activation. The remainder of the 

phagocytosis observed with C. albicans and S. pneumoniae in the absence of active C3 was 

blocked by an antibody directed against the IgG receptor, FcgRII (CD32, Fab fragments of clone 

IV.3, data not shown).  

Figure 6. Western blot of non-reduced gels stained from top to bottom, for MBL, iC3b, L-ficolin and silver 
staining of the gel. Samples from left to right: 1-4, sera from donor 1 (MBL+); donor 7 (MBL-); donor 13 
(D-deficient); and donor 16 (C3Ne); using these sera, eluates of opsonized zymosan, Candida albicans, 
Staphylococcus aureus and Streptococcus pneumoniae were compared. All micro-organisms were 
opsonized with sera samples 1-4 in the same order. As loading control a silver staining was performed, with 
the 60-kDa band as representative for the whole lane.  



MBL binding facilitates opsonophagocytosis of yeast  

 61 

 To further elucidate the binding of complement proteins to the surface of the various micro-

organisms, Western blots were prepared. Sera from donor 1 (MBL A/A), donor 7 (MBL O/O), 

donor 13 (factor D-deficient / MBL A/O) and donor 16 (C3Ne-positive / MBL A/A) and eluates of 

zymosan, C. albicans, S. aureus and S. pneumoniae opsonized with these sera, were analyzed for 

MBL-, C3 fragments and L-ficolin binding. Figure 6 shows that mainly the higher oligomer 

(tetramer to hexamer) MBL bound to the micro-organisms, although the dimer and trimer were 

present in the serum as well. Zymosan and C. albicans showed more MBL binding than did the 

two bacterial strains. MBL O/O or A/O genotypes (sera 2 and 3) showed a low level of MBL in 

the serum and no high-oligomer MBL bound to the micro-organisms. L-ficolin was equally 

present in all sera, but only little binding to the micro-organisms was detected. Although some L-

ficolin binding to S. aureus and S. pneumoniae was detected, it was only a small fraction of the 

total L-ficolin present in the sera.  

 The detection of C3 fragment binding by Western blot was too sensitive and hence could not 

be used to discriminate between MBL-sufficient and MBL-deficient sera. On the other hand, it 

clearly showed that the alternative pathway amplification loop is of great importance for C3 

deposition on all micro-organisms tested. Two distinct bands of iC3b are visible on the Western 

blot, because C3 bound covalently to the micro-organisms ran at a higher position than the C3 in 

serum.  

 

Discussion 

 Our study focused on opsonization and subsequent phagocytosis of various micro-organisms 

by neutrophils and resulted in several important observations. First, the deposition of C3 as a 

critical component of the various complement activation cascades did not always correlate with 

the extent of phagocytosis by neutrophils. Once a certain threshold has been reached, neutrophils 

did not show a more efficient uptake, even when more C3 was attached to the micro-organisms. 

Secondly, when MBL is considered separately, we found, in contrast to bacteria, that MBL-

deficient sera consistently mediate a decreased C3 deposition on both zymosan and Candida 

albicans, and as a consequence a significantly reduced phagocytosis by neutrophils. We therefore 

conclude that yeast species are preferentially opsonized via activation of the lectin pathway of 

complement. In contrast, even though MBL was detected on the surface of the bacteria, we did not 

observe any significant contribution of MBL to opsonophagocytosis of these micro-organisms. 

C1q-mediated classical pathway activation dominated in the bacterial opsonophagocytosis 

response. Finally, our findings indicate that both the classical and the lectin pathway of 

complement activation are highly amplified by the alternative pathway for the effector function of 

C3-dependent phagocytosis by neutrophils.  

 There is a vast and diverse body of literature about MBL binding to micro-organisms or 
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MBL-mediated complement activation after binding to a mannan-coated polystyrene surface, but 

information is lacking on the role of MBL in promoting phagocytosis. For instance, for S. aureus 

several publications have reported a role for MBL in the C3 deposition on these bacteria but 

nothing about the uptake of the opsonized S. aureus by human neutrophils. Krarup et al. (23) 

reported that MBL does not bind to encapsulated S. aureus. On the other hand, Neth et al. (24) 

found an increase in opsonophagocytosis of S. aureus after addition of exogenous MBL-MASP to 

MBL-deficient serum. Furthermore, Lynch et al. (25) demonstrated complement activation upon L

-ficolin binding to S. aureus. In an MBL-knockout mouse model infection with S. aureus CP5 

resulted in decreased C4b deposition and greater mortality (26). However, the clinical relevance 

for human disease is unclear. In our hands, MBL did not significantly contribute to phagocytosis 

of S. aureus. 

 Although combined data from the clinical studies of Roy et al. (27), Kronborg et al. (28) and 

Moens et al. (29) gave a small but significantly increased risk of invasive pneumococcal disease in 

patients with homozygosity for MBL variant alleles, we did not find an important in vitro 

contribution of MBL in our opsonophagocytosis assay with a common serotype of S. pneumoniae. 

MBL was reported earlier not to bind to encapsulated S. pneumoniae (23), but we detected high-

molecular weight bands of MBL in the eluates of the micro-organism after opsonization in vitro. 

Kronborg et al. already stated that in several MBL-related disease-association studies the MBL-

deficient phenotype is only modifying the outcome of a disease in patients with a concomitant 

disease or disturbance in the immune system, which renders the interpretation of clinical studies 

on invasive pneumococcal disease (caused by a wide variety of serotypes) difficult. 

 The same may hold true for E. coli infections. Irrespective of the possible existence of an 

MBL-dependent C2 bypass mechanism for alternative pathway-mediated C3 activation by E. coli-

derived endotoxin (30), we did not find a significant involvement of MBL to “whole-cell” E. coli 

opsonophagocytosis. This is in agreement with the findings of Proulx et al. (31), and the 

previously described low MBL-binding capacity of E. coli (8). 

 We analyzed MBL binding to the various micro-organisms in two ways, quantitatively with 

the flow cytometer and qualitatively by Western blot. The Western blot showed that only the 

higher oligomeric forms (trimers and higher) bound to the micro-organisms. With the flow 

cytometer, we found a dose-dependent MBL binding to all micro-organisms and, in the presence 

of high concentrations of MBL, more binding to zymosan and C. albicans than to the three 

bacterial strains. This might be due to variation in MBL-binding epitopes on the various micro-

organisms, but could also be due to differences in surface area of the micro-organisms.  The higher 

MBL binding capacity of zymosan and C. albicans may contribute to the higher impact of MBL 

on opsonophagocytosis of the yeast particles compared to the bacterial strains. However, an 

essential finding from our studies is the fact that, even though MBL did bind to the bacterial 

species, it had no influence on the uptake of the bacteria by human neutrophils. 
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 Our data strongly suggest that, although MBL binds to bacteria, the lectin pathway of 

complement activation has only a minor role in opsonophagocytosis of the bacteria tested. In 

contrast, we found a strong role for MBL in the opsonization of yeast particles and their 

subsequent phagocytosis by human neutrophils. In vitro addition of exogenous MBL (5-fold 

excess) increased C3 deposition on yeasts as well as their uptake by phagocytes. Our results are in 

agreement with the binding of MBL to C. albicans described previously (32, 33), also  reporting 

an MBL-dependent enhancement of C3 deposition and decrease of disseminating candidiasis in 

mice upon MBL administration. MBL replacement therapy as appropriate (adjuvant) treatment has 

been suggested for patients with MBL deficiency and disseminated candidiasis.  

 Besides MBL, ficolins might also activate the lectin pathway of complement. L-ficolin is the 

most intensively studied ficolin. Several papers describe the binding of L-ficolin to various 

capsulated S. aureus serotypes, capsulated group B streptococci, and capsulated S. pneumoniae, 

but not to noncapsulated strains (23, 34). Upon binding to the capsulated group B streptococci, L-

ficolin/MASP complex-dependent C4 consumption was observed. However, no correlation 

between the amount of C4 consumption and the amount of L-ficolin binding was found. In our 

experimental setup, the contribution of ficolins to opsonophagocytosis of the various micro-

organisms seems to be minimal. Although some L-ficolin binding to S. aureus and S. pneumoniae 

was detected, it was only a small fraction of the total L-ficolin present in serum. The 

opsonophagocytosis of S. aureus and S. pneumoniae in the MBL-deficient sera with blocking anti-

C1q antibodies might be due to L-ficolin opsonization. However, equal phagocytosis was observed 

after opsonization in the presence of C3-blocking compstatin and after opsonization with 

alternative pathway/MBL-deficient sera in the presence of inhibiting anti-C1q antibodies (but with 

intact L-ficolin-mediated lectin pathway activation). This suggests that the contribution of L-

ficolin to opsonophagocytosis of S. aureus and S. pneumoniae is very limited. 

 Besides complement-mediated opsonization, C. albicans and S. pneumoniae demonstrated 

that a complement-independent serum factor contributed to phagocytosis of these species in the 

presence of complement-deficient serum. Blocking of FcgRII revealed that direct binding of 

opsonizing antibodies to the micro-organisms accounted for about 10-20% of the phagocytosis in 

case of C. albicans and S. pneumoniae, corresponding with the data for these micro-organisms 

when complement C3-mediated opsonization was blocked. 

 Our findings indicate that, in patient studies looking at the effect of MBL deficiency on 

infection and infection parameters, a distinction ought to be made between bacterial and yeast 

infections. Our data are of importance for the clinical interpretation of MBL deficiency in patients 

suffering from recurrent or debilitating infections. In case of yeast infection, MBL substitution 

therapy, as an adjuvant therapeutic measure, might be beneficial. MBL could also be administered 

as a preventive measure when patients are at high risk, such as at the neonatal intensive care unit 

or after (hematopoietic) transplantation, and this may hold true for fungal infections in general. On 

the other hand, our data suggest that the protective value of MBL against (many) bacterial 
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Abstract 

 Mannose-binding lectin (MBL) is a component of innate immunity and thus 

particularly important in neonates in whom adaptive immunity is not yet completely 

developed. Promoter polymorphisms and structural exon-1 mutations in the MBL2 gene 

cause reduced or deficient MBL plasma concentrations. The aim of our study was to 

determine the prevalence of MBL deficiency in neonates admitted to the neonatal intensive 

care unit (NICU).  

 Eighty-five NICU patients (69 premature) were included in the study. We measured 

MBL concentrations in umbilical cord and neonatal blood within 24 hours after birth by 

ELISA technique. MBL2 genotypes (n=67) were determined by Taqman analysis. MBL 

concentrations were measured longitudinally during three weeks in 26 premature neonates. 

The association between pre- and intrapartum clinical data and MBL concentrations was 

investigated.  

 At birth, 29 premature (42%) and six term (38%) neonates had MBL plasma 

concentrations  0.7 μg/ml which was regarded as deficient. Twenty-one (38%) premature 

and four (36%) term neonates had variant MBL2 haplotypes, corresponding to exon-1 

mutations and the LXPA haplotype. MBL concentrations increased over time in neonates 

with wild-type MBL2 haplotypes, but not in neonates with variant haplotypes. Low MBL 

plasma concentrations were related to lower gestational age and variant MBL2 haplotypes. 

Umbilical cord and neonatal MBL plasma concentrations appeared to be similar.  

In conclusion, almost half of our NICU patients, especially the premature ones, were 

MBL-deficient at birth. These infants may be at increased risk of neonatal infections. MBL 

concentration can reliably be measured in umbilical cord blood, and is positively correlated 

with gestational and postnatal age.  

 

Introduction 

 Mannose-binding lectin (MBL) is a collagenous protein that plays a role in innate immunity 

(1). After binding to carbohydrate structures on the surface of various pathogens, the lectin 

pathway of the complement system is activated leading to enhanced phagocytosis (2, 3). 

Circulating MBL concentrations and functional activity are correlated with common genetic 

variants in the MBL2 gene. Three single nucleotide polymorphisms (SNPs) in codon 52, 54, and 

57 (D, B, and C variants, respectively) of exon-1 lead to reduced functional plasma MBL 

concentrations (1, 4). The normal allele is called A and the common designation for the variant 

alleles is O. Three promoter polymorphisms (H/L, X/Y, and P/Q at codons -550, -221, and +4, 

respectively) are in linkage disequilibrium with the three dominantly inherited exon-1 SNPs,  
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resulting in seven possible haplotypes: HYPA, HYPD, LYPA, LYPB, LYQA, LYQC, and LXPA 

(5). Each individual expresses two of these haplotypes. Exon-1 mutations and the LXPA haplotype 

cause reduced or deficient plasma concentrations (6). Therefore, MBL2 haplotypes can be used to 

discriminate three categories as described before (5, 7-9), i.e. high (YA/YA and YA/XA 

haplotypes), medium (XA/XA and YA/O), and low (XA/O and O/O) MBL expression groups. 

Recently, we measured MBL concentrations in 194 healthy adult Dutch Caucasians. Median MBL 

concentrations were 1.65 μg/ml in the high expression group, 0.52 μg/ml in the medium 

expression group and 0.04 μg/ml in the low expression group (8). Variant MBL2 haplotypes and 

deficient MBL concentrations are seen in approximately one third of the European Caucasian 

population (8, 10). 

 MBL deficiency is associated with an opsonisation defect and has been associated with 

recurrent infections, especially in immunocompromised individuals (11, 12). Neonates are 

considered to be immunocompromised because adaptive immunity has not yet been developed and 

their defence depends on maternal antibodies and innate immunity (13). Therefore, neonates are 

prone to develop infections which are sometimes life-threatening, especially in premature patients 

admitted to the neonatal intensive care unit (NICU) (14). 

 So far, only a few studies on MBL in neonates have been published (15-21). Cut-off plasma 

concentrations of 0.4 μg/ml in premature neonates and 0.7 μg/ml in term neonates were chosen to 

define MBL deficiency based on codon 54 mutations only (19). Neonatal MBL concentration 

increases during the first weeks after birth, both in premature and term neonates (16, 19-21). Low 

MBL concentrations have been related to lower gestational age (17, 19, 20). Therefore, low MBL 

concentrations may not only be explained by MBL2 gene mutations, but also by prematurity. 

However, no neonatal studies that have analysed all six known MBL2 SNPs (3 promoter 

polymorphisms and 3 exon-1 mutations) in combination with MBL concentrations and gestational 

age, have been reported. 

 Since blood sampling in neonates is difficult, measurement of MBL plasma concentrations 

in umbilical cord might be a useful alternative. Previously, MBL deficiency has been determined 

by umbilical cord blood measurements (17, 20-22). However, paired MBL plasma concentrations 

in umbilical cord and neonatal blood have not been compared thus far. MBL has been shown to 

have acute phase properties and the possible influence of infection and stress at birth should be 

taken into account when analysing cut-off concentrations (23).  

 Considering the aforementioned clinical and methodological difficulties, the objectives of 

the present study were to: 1) determine the prevalence of MBL deficiency at birth in neonates 

admitted to the NICU, 2) investigate whether the development of MBL concentrations during the 

first month is correlated with MBL2 genotype, 3) identify clinical characteristics that are 

associated with low neonatal MBL concentrations, and 4) determine whether MBL deficiency can 

be diagnosed reliably in umbilical cord blood.  
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Patients and methods 

Subjects and samples 

 Between July 2002 and June 2003, all neonates admitted to the NICU of the Academic 

Medical Center of Amsterdam, the Netherlands, were eligible to be included in this study. In total, 

87 neonates were consecutively included after informed consent was obtained. Two of these 

neonates were subsequently excluded because they had Down syndrome. Blood was obtained from 

57 umbilical cords and 63 neonates (36 paired samples) within 24 hours after birth; these are 

further described as ‘first day’ samples. Neonatal MBL plasma concentrations (n=63) and, when 

missing, umbilical cord MBL concentrations (n=21) were used as ‘first day’ MBL concentrations 

(n=84) in further analysis (Table I). One ‘first day’ sample was missing, but we obtained a blood 

sample from this neonate one week after birth. During admittance to the NICU, longitudinal 

samples were taken from 26 premature neonates on days 7, 14, and 21. The study protocol was 

approved by the local medical ethics committee. 

Clinical characteristics 

 Ante- and intrapartum clinical data were recorded for every neonate and comprised 

pregnancy-related diseases (i.e. hypertension, diabetes, preeclampsia), maternal fever ( 38o C), 

prolonged rupture of membranes >24 hours (PROM), antibiotic or steroid exposure, fetal distress 

(i.e. abnormalities in intrapartum fetal heart monitoring) and mode of delivery. Birth weight, 

gestational age, Apgar score, need for intubation and reason for NICU admittance (i.e. for 

suspected infection versus no infection) were recorded prospectively. Prematurity was defined as 

gestational age < 37 weeks. Neonates ‘small for gestational age’ had birth weights < P10 for their 

gestational age. 

Assays 

 MBL measurements were performed at Sanquin Research and the Landsteiner Laboratory, 

Academic Medical Center, Amsterdam. MBL plasma concentrations were measured by ELISA 

technique as previously described (9). Briefly, mannan was coated to the solid phase and after 

incubation with plasma, biotinylated mouse-anti-MBL-1 (Sanquin, 10 g/ml), was used as 

detection antibody. 

 Genotyping of the promoter polymorphisms and exon-1 SNPs was done using a Taqman 

assay with specific primers and minor groove binding probes for each SNP (9). In this technique 

alleles with each of the coding polymorphisms are directly amplified using forward and reverse 

allele-specific primers. Genotyping was performed independently of the clinical data collection.  

Statistical analysis 

 The optimal cut-off MBL plasma concentration for MBL deficiency was determined by a 
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receiver-operator characteristic (ROC) curve. The area under the curve (AUC) represents how well 

MBL plasma concentrations are at discriminating patients with wild-type MBL2 haplotypes from 

those with variant MBL2 haplotypes. A value of 0.50 means that MBL plasma concentrations are 

not better than chance alone, a value of 1.0 means perfect discriminative accuracy. The course in 

MBL concentrations over time was studied by repeated measures analysis of variance. The mixed 

procedure of SPSS statistical software (version 12.0.1) with compound symmetry heterogeneous 

covariance structure and the restricted maximum likelihood estimation method were used. 

 Univariate associations between clinical characteristics and first day MBL concentrations 

were assessed by the Mann-Whitney U, Kruskal-Wallis, or Spearman´s rank test. All clinical 

characteristics univariately associated (set at p<0.25) with MBL concentrations were subsequently 

studied with multiple linear regression (with a stepwise forward selection strategy), using the F-

statistics with P = 0.05 on the criterion level for selection. To assess violations of necessary 

assumptions in multiple regression, normal plots of the residuals of the regression model were 

produced. 

 The possible agreement between neonatal and umbilical cord MBL concentrations was 

studied by the Spearman’s rank correlation test and a Bland-Altman plot in which the difference 

between the two measurements was plotted against their mean (24). Vertical spread represents the 

degree of variation between both values. 

 

Results 

Clinical characteristics 

 Sixty-nine (81%) premature and 16 (29%) term neonates were included. Their clinical 

characteristics are presented in Table I. The median (range) birth weight was 1585 (615-5120) 

grams. Three neonates appeared to have minor deformities, i.e. isolated hypospadia, polycystic 

kidneys and an extra digit, respectively. Of all children, 54 (64%) neonates were evaluated for 

suspected infection after birth, of which 40 on maternal indication, i.e. due to maternal fever or 

PROM. Within four days after birth, a culture-proven infection was seen in only one patient. One 

premature neonate (genotype HYPA/HYPA) died of non-infectious complications during 

hospitalization. 

MBL analysis 

 The median (range) first day MBL plasma concentration was 0.98 (0.01-4.16) μg/ml in the 

premature and 1.20 (0.10-3.69) μg/ml in the term neonates (p=0.54). Due to insufficiently large 

blood samples, MBL2 genotypes could be determined in 66 (79%) neonates with known first day 

values and in the neonate with only longitudinal measurements (Table I). Patients were classified 

into three MBL genotype expression groups, i.e. high, medium, and low, as described before (5, 7-
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9). 

 Table II shows that 35 

(51%) premature neonates had 

high-expressing genotypes, while 

13 (19%) had medium and 8 

(12%) had low-expressing 

genotypes (13 genotypes were 

missing). In the term group, 

seven (44%) neonates had high-

expressing genotypes, compared 

to 2 (12.5%) neonates with 

medium-expressing and 2 

(12.5%) neonates with low-

express ing  genotypes  (5 

genotypes were missing). The 

distribution over the genotype 

expression groups did not differ 

between premature and term 

neonates (p=0.71).  These 

frequencies also correspond with 

those observed in 194 healthy 

adult Caucasians (8). 

 Median first day MBL 

plasma concentrations were 

associated with the MBL 

genotype expression groups in 

the premature and term neonates 

(p<0.001), (Figure 1). The 

median (range) first day MBL 

concentrations in premature 

neonates in the high (n=34 due to 

one lacking first day value), 

medium, and low expression 

groups were: 1.54 (0.12-4.16) μg/

ml, 0.33 (0.01-2.79) μg/ml, and 

0 . 0 9  ( 0 . 0 2 - 1 . 1 0 )  μg / ml , 

respectively (Table II). The median (range) MBL plasma concentration of term neonates with high

-expressing genotypes was 1.20 (0.10-3.69) μg/ml. The two term neonates with medium-

Clinical characteristics n (%) Median (range) 
Neonate characteristics   

   Birth weight (g)  1585 (615-5120) 
   Gestational age (weeks)  32+2 (27+3-42+3) 
   Male gender 45 (53)  
   Prematurity (<37 weeks) 69 (81)  
   Small for gestational age (<P10) 17 (20)  
   First day samples:   

     Neonatal MBL concentration 63 (74)  
       also umbilical cord concentration 36 (42)  

       also longitudinal concentration 25 (29)  
       MBL2 genotype 48 (56)  
     Only umbilical cord concentration 21 (25)  
       MBL2 genotype 18 (21)  
   No first day, only longitudinal 
sample: 

  1 (1)  

       MBL2 genotype   1 (1)  

   

Delivery characteristics   
   Pregnancy-related disease: 22 (26)  
     Diabetes gravidarum   1 (1)  

     Hypertension   1 (1)  
     Preeclampsia 20 (24)  
   Mode of delivery:   

     Vaginal 33 (39)  

     Caesarean section        52 (61)  
   Maternal risk factors of infection: 40 (47)  

     Maternal fever   

     PROM 24 (28)  
 23 (27)  
   Drug treatment before delivery:   

     Antibiotics 24 (28)  
     Steroids 37 (44)  
   Condition neonate:   

     Meconium stained amnion fluid 13 (15)  
     Fetal distress 43 (51)  
     Apgar <7 at 5 min   4 (5)  
     Intubation at birth   4 (5)  
     Suspected infection 54 (64)   

Table I. Clinical characteristics (n=85)  

PROM: prolonged rubpture of membranes >24 h. 
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expressing genotypes had MBL plasma concentrations of 0.56 μg/ml and 0.65 μg/ml, while the 

two term neonates with low-expressing genotypes had MBL plasma concentrations of 0.10 μg/ml 

and 0.17 μg/ml. The MBL concentration range in the neonates (0.05-4.16 μg/ml) was smaller than 

the concentration range in the healthy adults (0-11 μg/ml) (8). Furthermore, the concentrations 

were skewed to the lower values (data not shown). Median MBL concentrations were decreased in 

premature neonates compared to term neonates, especially in the high (p=0.24) and medium 

(p=0.11) expression groups. 

MBL deficiency 

 Of the neonates with known genotypes, 21 (38%) premature and 4 (36%) term neonates had 

variant MBL2 haplotypes (overall: 37%). For the premature and term neonates together (n=66), 

ROC analysis yielded an optimal cut-off plasma concentration for MBL deficiency of 0.7 μg/ml; 

AUC (95% CI): 0.92 (0.82-0.97), sensitivity (95% CI): 0.92 (0.74-0.99), and specificity (95% CI): 

 Premature  Term 

  MBL (μg/ml )   MBL (μg/ml ) 
MBL deficiency groups n (%) Median (range)    n (%) Median (range) 

All subjects 69 (100) 0.98 (0.01-4.16)*  16 (100) 1.20 (0.10-3.69) 
      
MBL2 genotype      

  YA/YA 22 1.64 (0.12-4.16)*  6 1.75 (0.77-3.69) 

  YA/XA 13 1.37 (0.39-2.84)  1 1.89 

  XA/XA 1 2.79  0  

  YA/O 12 0.33 (0.01-0.62)  2 0.61 (0.56-0.65) 

  XA/O 4 0.19 (0.05-1.10)  1 0.10 

  O/O 4 0.08 (0.02-0.43)  1 0.17 

  Missing 13 1.15 (0.18-3.63)  5 0.71 (0.20-1.93) 
      
MBL expression group      

   High 35 (51) 1.54 (0.12-4.16)*    7 (44) 1.80 (0.77-3.69) 

   Medium 13 (19) 0.33 (0.01-2.79)    2 (13) 0.61 (0.56-0.65) 

   Low   8 (12) 0.09 (0.02-1.10)    2 (13) 0.14 (0.10-0.17) 

   Missing 13 (19) 1.15 (0.18-3.63)    5 (31) 0.71 (0.20-1.93) 

      
MBL concentrations      

   >0.7 μg/ml 40 (58)†   10 (63)  
    0.7 μg/ml 29 (42)         6 (38)   

Table II. Overview of first day MBL concentrations and MBL2 genotype. 

n, number of subjects; * First day MBL concentration of one neonate missing. †The 
neonate with the missing first day MBL concentration had a concentration of 2.63 μg/ml 
one week after birth and was therefore considered to have a MBL concentration of >0.7 
μg/ml. 
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0.88 (0.74-0.96). For the premature subgroup (n=55), an optimal cut-off value of 0.6 μg/ml was 

calculated. The corresponding AUC, sensitivity, and specificity (with 95% CI) were 0.91 (0.80-

0.97), 0.91 (0.70-0.99), and 0.85 (0.69-0.95), respectively. Due to the small number of term 

neonates no reliable estimation of a cut-off value was possible. Twenty-nine (42%) premature 

neonates had first day MBL concentrations 0.6 μg/ml. Six (38%) term neonates had MBL 

concentrations  0.7 μg/ml (Table II). The neonate (genotype HYPA/LYQA) without a first day 

value was considered MBL-sufficient due to a MBL concentration of 2.63 μg/ml one week after 

birth. In the total cohort, 35 out of 85 neonates (41%) had first day concentrations  0.7 μg/ml. 

 Discrepancies between MBL2 genotype and first day MBL plasma concentrations were 

observed in 7 premature neonates. Five neonates (gestational age range: 27+3-35+4) had low MBL 

plasma concentrations despite wild-type haplotypes. Two neonates with variant MBL2 haplotypes 

had MBL plasma concentrations >0.7 μg/ml: 1.10 μg/ml (LXPA/O) and 2.79 μg/ml (LXPA/

LXPA). 

Figure 1. Scatterplot of first day MBL plasma 
concentrations in premature neonates (n=55) and 
term neonates (n=11), according to the high, 
medium, and low MBL genotype expression 
groups (corresponding MBL2 haplotypes are 
shown). When available, neonatal concentrations 
are shown ( ), when these were missing umbilical 
cord values are depicted ( ). Median is illustrated 
(p<0.001 between genotype groups).  

Figure 2. Sequential changes in neonatal MBL 
plasma concentration during the first 3 weeks after 
birth, determined for neonates of the high (n=16), 
medium (n=3), and low (n=2) MBL expression 
group. Bold dashed lines connect means of the high 
genotype expression group. p-values apply to the 
high genotype expression group. 
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Longitudinal MBL concentrations 

 Genotypes were determined in 22 of the 26 premature neonates (gestational age range 27+3-

35+5) with longitudinal MBL blood samples. MBL plasma concentrations of neonates with high-

expressing genotypes increased longitudinally over the first three weeks, especially during the first 

week (p<0.001, Figure 2). The estimated mean (95% CI) MBL concentrations were 1.25 (0.95-

1.55) μg/ml, 2.83 (2.21-3.45) μg/ml, 3.59 (2.56-4.62) μg/ml, and 3.44 (3.01-3.87) μg/ml on day 0, 

7, 14, and 21, respectively. On the other hand, neonatal MBL plasma concentrations of four 

neonates in the medium group remained  0.7 μg/ml while the two neonates in the low group 

maintained MBL plasma concentrations 0.1 μg/ml. Three neonates (HYPA/LYQA, and two 

  univariate analysis   multivariate analysis 
  MBL (μg/ml)        

Clinical characteristics n Median (IQR) R p-value   B 95% CI R2 p-value 
Gestational age 84  0.14   0.22    0.09    0.03 to   0.14 0.49   0.004 

Birth weight 84  0.06   0.62      

MBL genotype group*    <0.001     0.39  

   High 41 1.64 (0.98-2.00)    1 -  - 
   Medium 15 0.35 (0.11-0.56)    - 1.22 -  1.82 to -0.63  <0.001 
   Low 10 0.10 (0.05-0.33)    - 1.92 -  2.56 to -1.28  <0.001 

Pregnancy-related disease      0.21      

   Yes 22 0.66 (0.26-1.56)        

   No 62 1.12 (0.38-1.94)        

Mode of delivery      0.43      

   Vaginal 33 0.77 (0.26-1.89)        

   Caesarean 51 1.10 (0.43-1.89)        

Maternal fever      0.10      

   Yes 24 0.68 (0.16-1.67)        
   No 60 1.12 (0.44-1.97)        

PROM      0.43      

   Yes 23 1.15 (0.47-1.97)         
   No 61 0.77 (0.32-1.89)        

Antenatal steroid exposure      0.27      

   Yes 37 0.84 (0.37-1.64)          
   No 47 0.99 (0.33-1.94)        

Fetal distress      0.29      
   Yes 42 0.79 (0.31-1.56)        
   No 42 1.54 (0.42-1.93)               

* MBL2 genotypes of 15 neonates were missing. PROM, prolonged rupture of membranes; IQR, 
interquartile range; R, Spearman´s rank correlation coefficient; 95% CI, 95% confidence interval; B, 
regression coefficient; R2, explained variance.  

Table III. Univariate and multivariate associations between clinical characteristics and first day MBL 
concentrations.  
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missing genotypes) had MBL-deficient concentrations on day 0 (0.68, 0.43, and 0.50 μg/ml, 

respectively), but achieved sufficient levels (3.81, 1.31, and 1.08 μg/ml, respectively) within a 

week. 

MBL concentrations and clinical characteristics  

 First day MBL concentrations were univariately associated with variant MBL2 haplotypes 

(p<0.001). Of the other clinical characteristics studied (Table III) gestational age, pregnancy-

related disease, and maternal fever were introduced in a multivariate regression model, because 

they were univariately associated with p<0.25. On a multivariate level only variant MBL2 

haplotypes (p<0.001) and gestational age (p=0.004) appeared significantly associated with first 

day MBL concentrations (Table III). Multivariate analysis with neonatal values (n=63) yielded 

similar results. 

Neonatal and umbilical cord MBL concentrations 

 The 36 paired neonatal and umbilical cord MBL concentrations appeared highly correlated 

(r=0.95; p<0.001, Figure 3A). However, a Bland-Altman plot revealed that umbilical cord values 

were systematically higher than neonatal values (Figure 3B). The difference increased with higher 

average MBL concentrations, but all neonates with neonatal values  0.7 μg/ml had umbilical cord 

A B 

Figure 3(A) Correlation (Spearman´s 
correlation coefficient =0.95) of MBL 
plasma concentrations between 36 
paired first day neonatal and umbilical 
cord blood samples. (B) Bland-Altman 
plot of difference between umbilical 
cord and neonatal MBL plasma 
concentration against their average 
value. 
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MBL concentrations  0.7 μg/ml as well. In these neonates, the mean (standard deviation, SD) 

difference was 0.03 (0.15) μg/ml. This high SD was attributed to one outlier with a neonatal MBL 

concentration of 0.08 μg/ml and an umbilical cord concentration of 0.53 μg/ml. The mean (SD) 

difference was higher in neonates with concentrations >0.7 μg/ml: 0.10 (0.58) μg/ml.  

Discussion 

 The prevalence of both variant MBL2 haplotypes (37%) and MBL-deficient (  0.7 μg/ml) 

plasma concentrations at birth (41%) was very high in this cohort, especially in the premature 

neonates. When low MBL concentrations are associated with increased infection susceptibility, 

possible adjustments in preventative and therapeutic antibiotic strategies will therefore apply to 

almost half of the NICU patients. 

 Despite more than a decade of research, there is no consensus on the definition of MBL 

deficiency. There is a high rate of haplotype variation between different ethnic groups and within 

these groups MBL concentrations vary considerably (6, 10). Therefore, studies in adults usually 

define MBL deficiency upon MBL2 genotype. However, premature neonates can have low MBL 

concentrations despite wild-type haplotypes. Therefore, MBL deficiency at birth should be defined 

by decreased MBL concentrations and not by MBL2 genotype. 

 We confirmed that MBL plasma concentrations at birth can be decreased due to both variant 

MBL2 haplotypes and low gestational age (5, 17, 19, 21). The skewed concentration distribution in 

premature neonates compared to term neonates and adults confirms this observation. This 

observation indicates that a possible association between MBL deficiency and neonatal sepsis can 

best be studied in premature neonates. Probably, prematurity is associated with insufficient MBL 

production by the liver. Other liver proteins and complement factors have been associated with 

gestational age as well (25-27). We must note that the ethnic background of our cohort was 

heterogeneous, while the adult blood donors were all Caucasian. Yet, since the frequencies of the 

different exon-1 mutations were similar (data not shown) and all measurements were performed in 

the same laboratory, we believe that the cohorts can be compared in this regard. 

 We did not determine cut-off MBL plasma concentrations as a reference value for MBL 

deficiency in neonates. The ethnic background of our cohort was heterogeneous and we used a 

solid phase ELISA instead of a double antibody assay. However, by determining all known exon-1 

mutations (D, B, and C variants) and promoter polymorphisms (H/L, P/Q, and X/Y) and 

correlating these with our ELISA results, we were able to describe the prevalence of MBL 

deficiency in neonates. Little is known about the minimal serum concentrations needed for binding 

to micro-organisms and complement activation. Neth et al. (28) showed that binding of MBL to S. 

aureus was markedly impaired at concentrations <0.6 μg/ml. Therefore, our cut-off concentrations 

might well have clinical importance with regard to the development of neonatal infections. 

 We showed that children initially able to produce MBL (corresponding with the wild-type 
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MBL2 haplotypes) exhibited increasing MBL concentrations in the first weeks after birth, while 

those who had almost no initial production of MBL (corresponding with the variant MBL2 

haplotypes) could not increase MBL concentrations (Figure 2). This may be compatible with the 

observation that the liver is the main production site of circulating MBL and that there may be an 

increase of MBL concentration due to inflammation or growth of the liver, or both (29). Mode of 

delivery does not seem to be the explanation. 

 No clinical characteristics other than MBL2 genotype and gestational age appeared to be 

associated with neonatal MBL plasma concentrations. Therefore, MBL plasma concentrations at 

birth are not likely to be influenced by an acute phase reaction. Since only one culture-proven 

infection was detected in our cohort, we assessed the impact of two maternal indicators of 

infection (i.e. maternal fever and PROM) on neonatal MBL concentrations. Neonates of mothers 

with maternal fever had lower median neonatal MBL concentrations due to variant MBL2 

haplotypes. 

 Umbilical cord blood can be used to detect possible MBL deficiency in neonates because the 

differences between umbilical cord and neonatal plasma concentrations within 24 hours after birth 

were negligible in the MBL-deficient neonates of our cohort. The relevance of this finding lies in 

that umbilical cord sampling is easier and less invasive than venapuncture in neonates. The 

relatively large difference in one MBL-deficient patient (outlier) might be explained by 

misinterpretation of the ELISA results. We assume that the larger differences in neonates with 

MBL concentrations >0.7 μg/ml will not lead to diagnostic difficulties, because they are all 

considered MBL-sufficient. The systematically higher umbilical cord values might be explained 

by the previously reported detection of MBL mRNA in placenta, umbilical cord cells as well as 

amniotic fluid (22, 29, 30). 

 In conclusion, low MBL plasma concentrations are very common in premature neonates. 

MBL deficiency at birth should be determined by MBL plasma concentrations; these can reliably 

be measured in umbilical cord blood. Since almost half of the NICU patients appears to be MBL-

deficient, a possible relation of low MBL levels with neonatal infections might have widespread 

clinical and therapeutic implications. 
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Abstract  

 We investigated whether deficiency of mannose-binding lectin (MBL), a component of 

innate immunity, is associated with neonatal pneumonia and sepsis during the first 72 hours, 

i.e. early-onset, and during the first month after birth.  

 In 88 neonatal intensive care patients (71 premature), MBL2 genotype and MBL 

plasma levels at birth were prospectively determined by Taqman analysis and enzyme-linked 

immunosorbent assay, respectively.  

 Thirty -five neonates (40%) had low, i.e.  0.7 μg/ml, MBL plasma levels at birth. 

Median (interquartile range) MBL plasma levels in 32 no early-onset sepsis (EOS) cases, 44 

possible EOS cases, and 11 EOS cases were 1.57 (0.57-2.67) μg/ml, 1.05 (0.41-1.70) μg/ml, 

and 0.20 (0.10-0.77) μg/ml, respectively (p<0.01). During the first month, 28 neonates (32%) 

had no infection, 49 (55%) suspected infection, 5 (6%) pneumonia and 6 (7%) culture-

proven sepsis. Low MBL levels at birth were associated both with an increased risk of 

developing pneumonia (OR: 12.0; 95% CI: 1.1-126.1; p=0.04) and culture-proven sepsis 

(OR: 15.0; 95% CI: 1.5-151.3; p=0.02). These results were confirmed by genetic analysis of 

MBL deficiency.  

 Low MBL levels at birth are associated with an increased risk of early-onset sepsis, 

culture-proven sepsis and pneumonia during the first month of life. 

  

Introduction 

 Despite improved neonatal care over the past decades, infections remain common and 

sometimes life-threatening in neonates admitted to the Neonatal Intensive Care Unit (NICU) (1, 

2). Sepsis and pneumonia have the highest morbidity (3). Early-onset sepsis (EOS) in neonates 

occurs in the perinatal period, while late-onset infection, especially sepsis and pneumonia, is 

transmitted in the nursery. For many years, a search has been going on to find predictors for 

neonatal sepsis, that effectively identify patients who are at risk of infection (4). 

 Mannose-binding lectin (MBL) is a plasma protein that plays an important role in the innate 

immune defense. MBL activates the lectin pathway of the complement system by binding to 

various micro-organisms. This leads to opsonization and enhanced phagocytosis (5). Circulating 

MBL plasma levels are genetically determined and may vary between 0-10 μg/ml (6, 7). Three 

structural mutations in exon-1 of the MBL2 gene interfere with the assembly of the protein and 

cause decreased functional MBL plasma levels (7). These variant genotypes are designated O, 

while the normal wild-type allele is called A (8). In addition, three polymorphisms in the promoter 

region affect the MBL plasma level, but only the X variant of one of these polymorphisms is 

associated with low plasma levels. In contrast, the Y variant is associated with high MBL plasma 
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levels (9). Normal MBL plasma levels are seen in individuals with the YA/YA and YA/XA wild-

type genotypes, whereas the XA/XA genotype is associated with both normal and low plasma 

levels (6, 7). Individuals with variant structural alleles (YA/O, XA/O and O/O) have low 

functional MBL plasma levels; functional MBL is almost absent in the XA/O and O/O genotypes 

(6, 10). In clinical studies, different definitions are used to describe genetic MBL deficiency, but 

most MBL disease associations are found in the presence of variant structural alleles (7). 

Therefore, we will compare neonates with variant MBL2 structural genotypes (YA/O, XA/O and 

O/O) to neonates with wild-type MBL2 structural genotypes (YA/YA, YA/XA and XA/XA). 

 Variant MBL2 genotypes and low MBL plasma levels can be found in approximately 40% of 

the European population (6, 11-13) and MBL deficiency has been associated with an increased 

susceptibility to infections, especially in children and immunocompromised individuals (14-16). 

Very recently, low MBL levels at birth were found in neonates with nosocomial sepsis, in contrast 

to previous observations by others (17). Sepsis definitions varied in these studies. In neonates, low 

MBL levels are not only associated with variant MBL2 genotype, but also with low gestational age 

(GA) (10, 18-20). Therefore, detection of MBL deficiency at birth should be based on actual MBL 

plasma levels rather than on MBL2 genotype. However, additional genetic analyses are important 

since we showed that neonates with wild-type MBL2 genotypes but low MBL levels at birth were 

able to obtain normal levels within time, in contrast to neonates with variant MBL2 genotypes 

(10). 

 In contrast to the previously published studies on MBL deficiency and neonatal sepsis, we 

are the first to determine both MBL2 genotype and MBL plasma levels at birth in neonates 

admitted to the NICU. The aim of our study was to investigate whether low MBL levels or variant 

MBL2 genotypes were associated with the occurrence of EOS during the first 72 hours after birth, 

and with culture-proven sepsis or pneumonia during the first month of life. 

  

Materials and Methods 

Subjects and samples 

 From July 2002 until June 2003, we performed a prospective cohort study in the NICU of 

the Academic Medical Center, Amsterdam, the Netherlands. All neonates in whom blood was 

drawn for routine care within 24 hours after birth, were eligible. Patients with congenital 

abnormalities were excluded. Eighty-eight neonates (71 premature: gestational age <37 weeks) 

were consecutively included after written informed consent was given by the parents. Recently, we 

described the prevalence of MBL deficiency in 85 neonates of this cohort (10). In the remaining 

three patients, MBL analyses were performed in stored blood samples recently. The study protocol 

was approved by the local medical ethics committee. 
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 We determined MBL2 genotype and MBL plasma levels in umbilical cord blood and 

neonatal blood drawn within 24 hours after birth. Previously, we showed that MBL plasma levels 

in these samples are comparable (10).  When infection was suspected (see below), routine 

laboratory investigations included total leukocyte and leukocyte differentiation counts, C-reactive 

protein (CRP), and blood cultures. CRP levels were considered elevated above 10 mg/L (21). The 

normal range for total leukocyte count was 5 - 30 x 109 cells/L (22). Chest X-ray and tracheal 

aspirate cultures were performed when clinically indicated. Specimens were processed according 

to standard procedures. 

Clinical data and infection classification  

 Along with general pre- and intrapartum clinical data, infectious signs and symptoms were 

recorded prospectively. They were divided in five categories: 1. temperature instability (<37.0 C 

or >38.5 C); 2. respiratory distress, e.g. dyspnoea, tachypnoea (>60 breaths/minute), apnoea, 

ventilation support, oxygen requirement, surfactant use; 3. cardiovascular dysfunction, e.g. 

tachycardia (>160 beats/minute), bradycardia (<100 beats/minute), decreased peripheral 

circulation, hypotension (diastolic blood pressure <40 mm Hg), need for vasopressor support or 

inotropic medication; 4. neurological irregularities, e.g. hypotonia, lethargy, irritability; 5. 

gastrointestinal problems, e.g. milk intolerance, vomiting, abdominal distension, suspicion of 

necrotising enterocolitis (21, 23). Maternal risk factors for infection were fever (temperature > 

38.0 C) and prolonged rupture of membranes > 24 hours before delivery (21, 24). Diabetes 

gravidarum, maternal hypertension, and preeclampsia were considered pregnancy-related diseases. 

Mothers that developed fever received a single shot of amoxicillin and gentamicin. When neonates 

were transferred to another hospital within 30 days after birth, clinical records and culture results 

of these hospitals were retrieved. 

 For our analysis, we used two outcome measures: 1. EOS within 72 hours after birth and 2. 

infectious outcome during the first month of life. Clinical and laboratory records were reviewed 

and concerning EOS, three physicians (FF, MO, and KD), blind for MBL values, independently 

classified neonates as “no EOS” cases, “possible EOS” cases, and “EOS” cases (clinical EOS and 

culture-proven EOS). Discrepancies (7 out of a total of 88 neonates) were solved by a consensus 

meeting. 

 For this purpose, we used strictly defined criteria, which have been used previously in 

clinical studies on neonatal sepsis (18, 21, 23): no EOS cases had not been evaluated for infection 

and therefore had not received any antibiotic treatment. The remaining neonates had received an 

EOS work up because of maternal risk factors or neonatal clinical signs: a blood culture was 

drawn and antibiotics were administered. Possible EOS cases showed a combination of clinical 

signs, laboratory abnormalities or maternal risk factors without fulfilling the criteria of EOS. 

These neonates had received antibiotics (penicillin and gentamicin) up to seven days. Culture-

proven EOS was defined as a combination of infectious signs and symptoms and a positive blood 
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culture. Neonates were classified as having clinical EOS in the presence of maternal risk factors, 

increased CRP  levels, or pathological leukocyte counts accompanied by typical clinical signs of 

infection from at least three of the five categories (21, 23). EOS cases received antibiotics 

intravenously for at least seven days. 

 The second outcome measure, the occurrence of infections during the first month of life, 

included the following outcome groups: 1. no infection at all; 2. suspected infection (including 

clinical EOS); 3. pneumonia; and 4. culture-proven sepsis. Pneumonia was defined as the presence 

of clinical respiratory symptoms, abnormalities on chest X-ray and positive tracheal aspirate 

cultures (25). Culture-proven sepsis required the presence of typical infectious signs and 

symptoms in combination with a positive blood culture (26). Severe infection was defined as the 

presence of culture-proven sepsis or pneumonia. 

Assays 

 MBL measurements were performed at Sanquin Research and the Landsteiner Laboratory, 

Academic Medical Center, Amsterdam. MBL plasma levels were measured by an enzyme-linked 

immunosorbent assay as previously described (13, 27).  Briefly, mannose was coated to the solid 

phase and after incubation with plasma, biotinylated mouse-anti-human MBL IgG (Tacx et al (27), 

10 g/ml, Amsterdam) was used as detection antibody. A receiver-operator characteristic curve 

yielded an optimal cut-off MBL plasma level of 0.7 g/ml to discriminate between neonates with 

wild-type versus variant MBL2 genotypes. MBL plasma levels  0.7 g/ml will hereafter be 

referred to as low MBL plasma levels. 

 Genotyping was performed independently of the clinical data collection, as previously 

described (10). 

Statistical analysis 

 The Kruskal-Wallis test was used to determine whether MBL plasma levels differed 

significantly between the different outcome categories, followed by Mann-Whitney-U-tests for 

single outcome categories comparisons with Bonferroni correction for multiple testing. Since 

numbers in the pneumonia and sepsis categories were small, both were combined into one severe 

infection outcome category for statistical analyses purposes. To examine the association of low 

MBL levels (  0.7 g/ml) and MBL2 genotypes (variant versus wild-type) with EOS and first 

month infectious outcome categories, we estimated odds ratios (ORs) and 95% confidence 

intervals (CIs) from multinominal logistic regression analysis. These analyses were repeated with 

a cut-off plasma level of 0.2 g/ml. 

 Univariate associations of GA, pregnancy-related disease, foetal distress, and mode of 

delivery with EOS (no EOS, possible EOS and EOS) were studied with multinomial logistic 

regression analysis. Subsequently, we performed explorative multivariate analysis to study the 
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association between MBL deficiency and EOS, adjusted for GA and clinical characteristics 

univariately associated with EOS, keeping in mind that due to small numbers reliability is limited. 

To optimise reliability, not more than two variables were added in a model at a time (28). SPSS 

12.0.1 for Windows statistical software was used.  

  

Results 

Clinical characteristics and MBL  

 The clinical characteristics of the 

88 neonates (47 males) are presented in 

Table I. The median GA was 32+3 

(interquartile range (IQR): 29+6 to 36+1) 

weeks. The median birth weight was 

1,620 (IQR: 1,200 to 2,605) grams. The 

mothers of 42 neonates showed signs 

of infection: maternal fever (n = 19), 

prolonged rupture of membranes (n = 

16), or both (n = 7). 

 In 87 out of 88 neonates MBL 

plasma levels were determined at birth. 

The remaining neonate had the YA/YA 

genotype and a MBL plasma level of 

2.63 μg/ml one week after birth. Thirty

-five neonates (40%) had low MBL 

plasma levels (Table II). Due to the 

very small size of the blood samples 

taken, genotypes could only be 

determined in 70 neonates (80%). 

Twenty-three neonates (33%) had 

variant MBL2 genotypes (Table I, -II). 

Outcome measures, MBL plasma 

levels, birth weight, GA, and other 

clinical characteristics did not differ 

between neonates with and without 

known MBL2 genotypes (p-values 

>0.25). The median MBL plasma level 

was 1.63 (IQR: 0.97-2.03) μg/ml in 

Clinical characteristic n (%) 

Median 

(interquartile range) 
Neonate characteristics    

   Birth weight (g)  1,620 (1,200-2,605) 
   Gestational age (weeks)  32+3 (29+6-36+1) 

   Prematurity (< 37 weeks) 71 (81)  

   Duration postnatal antibiotic    

      treatment (days)  3 (0-5) 
   MBL2 genotype:      31 (44)  

      YA/YA  15 (22) 
      YA/XA   1(1) 
      XA/XA 13 (19) 
      YA/O   5 (7) 
      XA/O   5 (7) 
      O/O  
       
Delivery characteristics   
   Pregnancy-related disease 23 (26)   
   Vaginal culture:    
      Missing 43 (49)  
      No bacterial growth 29 (33)  
      Bacterial growth  16 (18)  
   Maternal risk factors   
      of infection: 42 (48)   
      Maternal fever 26 (30)  
      Prolonged rupture   
        of membranes 23 (26)  
   Antenatal antibiotic   
      administration 26 (30)  
   Mode of delivery:   
      Vaginal  35 (40)  
      Caesarean section 53 (60)  
   Foetal distress 46 (52)   

Table I: Clinical characteristics of 88 neonates. 
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neonates with the wild-type MBL2 genotypes and 0.17 (IQR: 0.09-0.46) μg/ml in neonates with 

variant MBL2 genotypes (p<0.01). 

Early-onset sepsis  

 Thirty-two (36%) neonates were not suspected of EOS (no EOS cases; median GA: 32+6 

weeks). Forty-five (48%) neonates were classified as possible EOS cases (median GA: 30+3 

weeks). Eleven (16%) neonates were classified as EOS cases (median GA: 32+5 weeks). Of these, 

one had a positive blood culture (Haemophilus parainfluenzae), the remaining were clinical EOS 

cases. Listeria monocytogenes was cultured in the amniotic fluid of three clinical EOS cases. The 

CRP level was elevated in one no EOS case, in eight possible EOS cases, and in five EOS cases 

(p=0.01). The median duration of antibiotic treatment started within 72 hours after birth was 5 

(IQR: 2-7) days in neonates with low MBL plasma levels as compared to 3 (IQR: 0-4) days in 

neonates with normal MBL plasma levels (p=0.01). 

 Neonates with low MBL plasma levels had an increased risk of EOS compared to neonates 

with normal levels (OR: 6.8; 95% CI: 1.5-31.6; p=0.01; Table II). A cut-off MBL plasma level of 

OR, odds ratio; CI, confidence interval; Ref, reference; NS, not significant. Multinominal logistic 
regression was used  

Table II: Risks of possible early-onset sepsis (EOS) and EOS compared to no EOS according to MBL 
plasma levels, MBL2 genotype, gestational age, and other selected clinical characteristics.  

  Possible EOS   EOS 

Variable n OR 95% CI p-value   n OR 95% CI p-value 
Pregnancy-related disease:          

   No 37 Ref    10 Ref   

   Yes 8 0.3 0.1-0.8 0.02  1 0.1 0.0-1.1   NS 
Foetal distress:          

   No 25 Ref    4 Ref   

   Yes 20 0.5 0.2-1.4   NS  7 1.2 0.3-4.9   NS 
Gestational age (1 week ) 45 1 0.9-1.1   NS  11 1 0.8-1.2   NS 
Mode of delivery:          

   Vaginal 22 Ref    7 Ref   

   Caesarean section 23 0.2 0.1-0.7 <0.01  4 0.1 0.0-0.6 <0.01 
MBL plasma level (1 g/ml ) 44 0.7 0.4-1.1   NS  11 0.2 0.1-0.7 0.01 
MBL plasma level:           

   Normal (> 0.7 μg/ml) 27 Ref    3 Ref   

   Low (  0.7 μg/ml) 18 1.7 0.6-4.5   NS  8 6.8 1.5-31.6 0.01 
MBL plasma level:          

   Plasma level > 0.2 μg/ml 38 Ref    5 Ref   

   Plasma level  0.2 μg/ml 7 2.8 0.5-14.3   NS  6 18 2.8-115.6 <0.01 
MBL2 genotype:           

   Wild-type (YA/YA, YA/XA, XA/XA) 25 Ref    3 Ref   

   Variant (YA/O, XA/O, O/O) 13 3.3 0.8-13.2   NS   7 14.8 2.4-91.2 <0.01 
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0.20 μg/ml yielded similar results (Table II). Median MBL plasma levels were 1.57 (IQR: 0.57-

2.67) μg/ml in no EOS, 1.05 (IQR: 0.41-1.70) μg/ml in possible EOS, and 0.20 (IQR: 0.10-0.77) 

μg/ml in EOS cases (Kruskal Wallis test, p<0.01, Figure 1). Only median MBL plasma levels of 

EOS cases were significantly decreased compared no EOS cases (Bonferroni corrected Mann 

Whitney U test, p<0.01). The MBL plasma level was 0.20 μg/ml in the culture-proven EOS case. 

 MBL2 genotypes were detected in 22 no EOS cases, 38 possible EOS cases, and 10 EOS 

cases. Neonates with variant MBL2 genotypes had a fifteenfold higher risk of EOS compared to 

neonates with wild-type MBL2 genotypes (OR: 14.8; 95% CI: 2.4-91.2; p<0.01; Table II). 

Explorative multivariate analysis EOS 

 The risk of EOS was decreased in neonates born by a caesarean section (OR: 0.1; 95% CI: 

0.0-0.6; p<0.01, Table II). GA and the remaining selected clinical characteristics were not 

associated with EOS. Explorative multivariate analyses suggested that the association between low 

MBL levels and EOS was maintained when adjusted for GA (adjusted OR of low MBL: 7.0; 95% 

CI: 1.5-32.9, p=0.01) or mode of delivery (adjusted OR: 7.3, 95% CI: 1.5-36.0, p=0.02, Table III). 

The association between variant MBL2 genotypes and EOS was also maintained after adjustment 

Figure 1(A) Early-onset sepsis (EOS). MBL plasma levels in 32 no EOS cases, 45 possible EOS cases and 
11 EOS cases. P-value (Kruskal-Wallis test) between groups <0.01. (B) First month infectious outcome. 
MBL plasma levels in 28 no infection cases, 49 suspected infection cases, 5 pneumonia cases and 6 culture-
proven sepsis cases. P-value (Kruskal-Wallis test) between groups is 0.03. MBL plasma level of one 
neonate missing. Dotted lines represent MBL plasma level of 0.7 g/ml. *, P-value < 0.01 compared to 
reference (no EOS or no infection) group; Mann-Whitney U test, adjusted for multiple comparisons.  



MBL in neonatal pneumonia and sepsis 

 89 

for GA and mode of delivery, respectively (Table III). 

First month infectious outcome  

 During the first month of life, 28 neonates (32%) did not show any signs of infection at all, 

49 (55%) had a suspected infection at least once, 5 (6%) had pneumonia and 6 (7%) had culture-

proven sepsis (including the culture-proven EOS case). The micro-organisms cultured in the 

tracheal aspirates of the neonates with pneumonia were Citrobacter, coagulase-negative 

Staphylococcus epidermidis (CNS), Ureaplasma urealyticum, Klebsiella pneumoniae and 

Stenothrophomonas maltophilia. CNS was cultured in the blood of the five neonates with late-

  Possible EOS EOS 

Model 
Adjusted 
OR 

95% CI  
        

p-value Adjusted 
OR 

95% CI 
 

p-value 

Model 1:       

Gestational age (1 week ) 1.0 0.9-1.1   NS 1.0 0.8-1.2   NS 
MBL plasma level:        

   Normal (> 0.7 μg/ml) Reference   Reference   

   Low (  0.7 μg/ml) 1.7 0.6-4.6   NS 7.0 1.5-32.9   0.01 
       

Model 2:       

Mode of delivery        

   Vaginal Reference   Reference   

   Caesarean section 0.2 0.1-0.7 <0.01 0.1 0.0-0.6   0.01 
MBL plasma level:        

   Normal (> 0.7 μg/ml) Reference   Reference   

   Low (  0.7 μg/ml) 1.8 0.6-4.9   NS 7.3 1.5-36.0   0.02 
       

Model 3:       

Gestational age (1 week ) 1.0 0.9-1.2   NS 1.0 0.8-1.2   NS 
MBL2 genotype        

   Wild-type (YA/YA, YA/XA, XA/XA) Reference   Reference   

   Variant (YA/O, XA/O, O/O) 3.3 0.8-13.2   NS 14.9 2.4-92.3 <0.01 
       

Model 4:       

Mode of delivery        

   Vaginal Reference   Reference   

   Caesarean section 0.2 0.1-0.8   0.03 0.1 0.0-0.8   0.02 
MBL2 genotype        

   Wild-type (YA/YA, YA/XA, XA/XA) Reference   Reference   

   Variant (YA/O, XA/O, O/O) 3.1 0.7-13.0   NS 13.5 2.1-89.2 <0.01 
              

Table III: Multivariate analysis of the association between early-onset sepsis (EOS) and low MBL levels 
and variant structural MBL2 genotypes, respectively. 

OR, odds ratio; CI, confidence interval; NS, not significant. Multinominal logistic regression was used.   
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onset culture-proven sepsis. Only one neonate died, but this was not due to infectious 

complications.  

 During the first month, neonates with low MBL levels had an increased risk of severe 

infections (pneumonia or culture-proven sepsis) (OR: 13.5; 95% CI: 2.3-78.1; p<0.01) compared 

to neonates with normal levels (Table IV). Four out of five neonates with pneumonia and five out 

of six neonates with culture-proven sepsis had low MBL levels at birth (Figure 1). A cut-off MBL 

plasma level of 0.2 μg/ml yielded similar results (data not shown). Median MBL plasma levels 

were 1.57 (IQR: 0.62-2.70) μg/ml in the no infection group, 1.11 (IQR: 0.37-1.81) μg/ml in the 

suspected infection group, and 0.41 (IQR: 0.14-0.46) μg/ml in the severe infection group (Kruskal-

Wallis, p<0.01). After Bonferroni correction, only the median MBL plasma level of the severe 

infection compared to the no infection group was significantly decreased (p<0.01). Median plasma 

levels in the pneumonia and culture-proven sepsis group separately were 0.43 (IQR: 0.21-0.95) μg/

ml and 0.18 (IQR: 0.10-0.85 μg/ml), respectively (Figure 1). 

  MBL plasma level       
Outcome measure Normal  Low    

(> 0.7 μg/ml) (  0.7 μg/ml) 

  n n  OR 95% CI P-value 

Severe infection 2 9 13.5 2.3-78.1 <0.01 
     Culture-proven sepsis 1 5 15.0 1.5-151.3   0.02 

     Pneumonia 1 4 12.0 1.1-126.1   0.04 
Suspected infection 30 19   1.9 0.7-5.3   NS 
No infection 21 7 Reference -   

  MBL2 genotype       
Outcome measure Wild-type Variant       

  n n OR 95% CI P-value 

Severe infection 3 5 10.0 1.5-65.7 0.02 
     Culture-proven sepsis 1 2 12.0 0.8-177.4 NS 

     Pneumonia 2 3   9.0 1.0-78.6 0.05 
Suspected infection 26 15   3.5 0.9-13.7 NS 
No infection  18 3 Reference -   

Table IV(A) Risks of infectious outcome during the first month of life, according to 
MBL plasma level (n =88).  

Table IV(B) Risks of infectious outcome during the first month of life, according to 
MBL2 genotype (n =70). 

Multinominal logistic regression was used. The odds ratio (OR) can be interpreted as 
an estimation of the relative risk for the infectious outcome category compared to the 
“no infection” category. CI, confidence interval; NS, not significant. 
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 Neonates with variant MBL2 genotypes had a statistically significant increased risk of 

developing any severe infection during the first month of life (OR: 10.0; 95% CI: 1.5-65.7; 

p=0.02), compared to neonates with wild-type MBL2 genotypes (Table IV). Of the eleven neonates 

with a severe infection, five had variant, three had wild-type, and three had unknown MBL2 

genotypes. The separate risks of pneumonia (OR: 9.0; 95% CI: 1.0-78.6, p=0.05) and culture-

proven sepsis (OR: 12.0; 95% CI: 0.8-177.4, p=0.07) tended to be increased as well (Table IV). 

 

Discussion 

 Our findings suggest that MBL deficiency increases the susceptibility to infections in 

premature and term NICU-patients. Both the presence of low (  0.7 μg/ml) MBL plasma levels at 

birth and variant MBL2 genotypes appeared to be associated with EOS. In addition, neonates with 

low MBL plasma levels appeared to have an increased risk of severe infections during the first 

month of life compared to neonates with normal plasma levels. Although our study was hampered 

by small numbers these results are in agreement with a recently reported  increased risk of 

nosocomial sepsis with low MBL levels in a cohort of 206 neonates (17). Furthermore, variant 

MBL2 genotypes have been associated with an increased susceptibility to develop sepsis and septic 

shock in critically ill children and adults previously (12, 29, 30). Low MBL levels might increase 

the susceptibility for sepsis by a decreased capacity of phagocytosis or opsonization of 

microorganisms.  

 The present study on the association between MBL deficiency and neonatal infections is, to 

our knowledge, the first to involve both MBL plasma level and MBL2 genotype. This is very 

important in studies on MBL in neonates, since premature neonates without MBL2 gene mutations 

can have only temporary low MBL levels at birth (10). De Benedetti et al. (17) might overestimate 

the infection risk since they determined MBL serum levels only once on admission to the NICU. 

Premature neonates with low MBL levels at birth that had wild-type MBL-2 genotypes, might have 

developed normal MBL levels before the onset of sepsis (10, 20). However, our genetic analyses 

support the findings of de Benedetti et al. (17). Therefore, persistently low MBL levels indeed 

appear to play a role in susceptibility to neonatal infections during the first weeks of life. Ahrens et 

al. (4) did not find an increased infection risk in premature neonates with exon-1 mutations, but 

they probably underestimated the infection risk because the effect of low MBL plasma levels due 

to prematurity and the X promoter polymorphism were not investigated (4). Hilgendorff et al. (18) 

did not find an increased EOS risk in neonates with low MBL levels, but they had a smaller 

cohort.  

 Comparison of studies on MBL and neonatal sepsis is also hampered by different sepsis 

definitions used in different studies. For instance, Ahrens et al. (4) and De Benedetti et al. (17) 

used culture-proven sepsis at any time during hospital stay, while Hilgendorff et al. (18) studied 



Chapter 5 

92  

congenital sepsis diagnosed clinically within 72 hours of life. Although culture-proven infections 

are preferred in clinical research, it is now widely accepted that early-onset neonatal sepsis is often 

a clinical diagnosis because blood cultures can be false-negative after antenatal administration of 

antibiotics (18, 21-23). By using generally accepted criteria for clinical EOS, similar to previous 

reports on the subject, exclusion of other explanations of the clinical symptoms is pursued (18, 21-

23). An advantage of our study is that in contrast to the three previously published studies in 

neonates, we investigated the presence of early-onset sepsis and infectious outcome during the first 

month separately. This way we overcome sepsis definition difficulties. 

 Our cohort consisted of primarily premature neonates. Given the fact that low gestational 

age is associated with low MBL levels and increased risk of infection (10, 24), the selection of 

younger children may lead to an overestimation of the observed association between MBL and 

infection risk. As a consequence, these results may not be applicable to term neonates. Yet, since 

the association between low MBL plasma levels and risk of EOS was maintained after adjustment 

for GA in multivariate analysis, we do not expect that maturational MBL plasma level 

differences affected our results. The association between low MBL plasma levels and increased 

risk of EOS is also independent of mode of delivery.  However, since our study number was small 

a larger prospective study is needed to confirm these findings. The most likely explanation for the 

univariate association between mode of delivery and EOS is that children born by uncomplicated 

vaginal delivery were only admitted to the NICU in case of (suspected) infection. 

 In conclusion, neonates with low MBL plasma levels appear to be at increased risk of severe 

neonatal infections, both of early-onset and late-onset. Therefore, MBL measurements might be 

used to identify which neonates are prone for infections. Furthermore, in the near future 

substitution of plasma-purified or recombinant MBL may protect neonates with low MBL plasma 

levels from sepsis or pneumonia (31). However, a large well-designed prospective multicenter 

study should confirm the association between low MBL plasma levels and both early-onset and 

late-onset sepsis, taking into account the complicated developmental profile of MBL in neonates. 

This study must include serial MBL level measurements during the first weeks after birth and at 

the onset of and during infection. In addition, MBL2 genetic polymorphisms are required to 

validate these measurements.  
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Abstract 

 Children with cancer often have fever during chemotherapy-induced neutropenia, but 

only some develop serious infectious complications. Mannose-binding lectin (MBL) 

deficiency might increase infection susceptibility in these children.  

 MBL genotype and phenotype were prospectively determined in 110 paediatric 

oncology patients. During febrile neutropenia, MBL concentrations were measured 

longitudinally in time. MBL genotype and phenotype were correlated to clinical and 

laboratory parameters.  

 Structural exon-1 MBL2 mutations and the LX promoter polymorphism lead to 

deficient MBL concentrations. The capacity to increase MBL concentrations during febrile 

neutropenia was associated with MBL2 genotype. Infectious parameters did not differ 

between MBL-deficient and MBL-sufficient neutropenic children (n = 66). In contrast, MBL

-sufficient patients had a greater risk of Intensive Care admittance (Relative Risk 1.6, 95% 

Confidence Interval 1.3-2.0, P = 0.04).  

 MBL-deficient neutropenic children did not have more severe infections. However, 

most patients (61%) were severely neutropenic (<100 cells/μl), compromising the 

opsonophagocytic effector function of MBL. MBL substitution might still be beneficial in 

patients with phagocytic activity. 

 

Introduction 

 Although the treatment of paediatric oncology patients has dramatically improved over the 

past 20 years, infections still play a major role in morbidity and mortality (1, 2). Many patients 

experience severe and prolonged neutropenia but not all patients suffer from the same infectious 

complications during a neutropenic episode. The reasons for this are not clear but low 

concentrations of mannose-binding lectin (MBL) might play a role. 

 MBL is a collagenous lectin of the innate immune system that binds to sugars on the surface 

of many micro-organisms. Once bound, it activates the lectin pathway of complement activation 

through a MBL-associated serine protease, MASP-2. The result is direct complement mediated 

lysis and opsonization of the micro-organism followed by phagocytic killing (3). 

 A single functional gene (MBL2) on chromosome 10q25 codes for the human protein MBL 

(4). Three autosomal dominantly inherited structural gene mutations at codons 52, 54, and 57 (D, 

B, and C variants, respectively) in exon-1 have been described, resulting in low concentrations of 

circulating MBL (3). The A variant represents the “wild-type” MBL. In addition, 3 autosomal 

recessive polymorphisms (termed H/L, X/Y, and P/Q) within the promoter region of the MBL2 

gene determine the plasma concentration due to altered transcriptional efficiency (5). The 
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structural exon-1 mutations are in linkage equilibrium with the promoter polymorphisms and every 

individual will express two out of seven possible haplotypes: HYPA, LYQA, LYPA, LXPA, 

LYPB, LYQC, and HYPD (6). The HY haplotype induces high MBL concentrations while exon-1 

mutations (O variant) and the LX haplotype cause reduced MBL concentrations (7). Therefore, 

patients can be classified into high (HYA/HYA, HYA/LYA, HYA/LXA, LYA/LYA, and LYA/

LXA), medium (LXA/LXA, HYA/O and LYA/O), and low (LXA/O and O/O) MBL genotype 

expression groups (5, 8, 9). Mean MBL concentrations of 1.86-3.84 g/ml, 0.67-1.57 g/L, and 

0.10-0.69 g/ml were described in these genotype groups, respectively (8). 

 Reduced MBL concentrations are associated with increased frequencies of infection, 

particularly in children and patients with co-existing immune defects, including primary and 

secondary immunodeficiencies (10, 11). Therefore, MBL deficiency might also increase infection 

susceptibility in chemotherapy-induced neutropenic children. To date 3 prospective and 4 

retrospective studies have been performed in oncology and transplant patients, of which only one 

was performed in children (Table I). These paediatric MBL-deficient oncology patients 

experienced longer episodes of febrile neutropenia (12). In 3 retrospective studies, MBL-deficient 

adults had more severe infections (13-15). However, patients with different malignancies and 

(transplant) treatment regimens were included and infection was not strictly defined by culture 

results. In contrast, no association between MBL deficiency and infections was found in adult 

cancer patients on chemotherapy in the 3 remaining studies (16-18). 

  Trial Patient Malignancy Duration 
febrile 

Frequency Severity  

        neutropenia infections  infections 
Neth (12) Prospect Child,  n=100 Various Significant   = = 
    longer duration   
Horiuchi (13) Retrospect Adult, n=113 Haematologic;  = = Significant more  
   Autologous PBSCT   severe infections 
Mullighan (14) Retrospect Adult, n=97 Allogeneic BMT = = Significant more  
      severe infections 
Peterslund (15) Retrospect Adult, n=54 Haematologic = = Significant more  
      severe infections 
Bergmann (16) Prospect Adult, n=80 ANLL = = = 
       
Kilpatrick (17) Prospect Adult, n=128 Haematologic = = = 
       
Rocha (18) Retrospect Adult, n=107 Haematologic;  = = = 
      Allogeneic BMT       

Abbreviations: BMT, bone marrow transplantation; PBSCT, peripheral blood stem cell transplantation; 
ANLL, acute non-lymphoblastic leukaemia; (=): no influence of MBL deficiency 

Table I: Literature summary on mannose-binding lectin (MBL) and infections in cancer and transplant 
patients. 
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 If MBL deficiency does increase infection susceptibility in (paediatric) cancer patients, MBL 

suppletion might be beneficial (19). In this prospective study, the role of MBL was studied in a 

cohort of paediatric oncology patients with febrile neutropenia. 

 

Patients and Methods 

Study design 

 A prospective cohort study was performed during a 2-year period (February 2003 - January 

2005). Out of 308 newly diagnosed and relapsed oncology patients, 110 patients, expected to 

become neutropenic during chemotherapy treatment, were included. The study protocol was 

approved by the local ethics committee. Written informed consent from parents and children (> 12 

years) was obtained. 

Procedures 

 Prior to the start of chemotherapy a blood sample was taken for MBL2-genotyping. A “day 

0” MBL plasma concentration was measured when the patient was not febrile or neutropenic. 

During one febrile neutropenic episode, clinical and laboratory parameters were collected on day 

1, 3, and 5. During the entire chemotherapeutic treatment the number of febrile episodes was 

recorded. 

 Vital parameters, pattern and duration of fever, (prophylactic) antibiotic use, Intensive Care 

Unit (ICU) admittance and mortality were recorded. Clinical signs and symptoms were scored 

concerning catheter infection, pneumonia, and sepsis, using the common toxicity criteria (http://

ctep.cancer.gov/forms/CTCAEv3.pdf). The routine laboratory investigations consisted of a full 

blood count, C-reactive protein (CRP), liver enzymes and microbiological tests. Other diagnostic 

procedures such as chest X-ray were included when clinically indicated. The clinical outcome 

measures were: severity and duration of neutropenia, duration and pattern of fever, CRP level, 

blood culture results, sepsis, ICU admittance and mortality. Clinical data were collected 

independently of MBL measurements. 

 Fever was defined as a single ear-temperature > 38.5 C. The definition for neutropenia was 

an absolute neutrophil count < 500 cells/μl (1); for severe neutropenia <100 cells/μl. Sepsis was 

defined as the presence of clinical signs and symptoms of infection (tachypnea: mean respiratory 

rate > +2 SD for age, or tachycardia: mean heart rate > +2 SD for age) and a positive blood culture 

(fungus or bacteria) (12, 20). For coagulase-negative staphylococci, Corynebacterium spp. and 

Bacillus spp., at least two positive blood cultures were required (16). A diagnosis of pneumonia 

required combined clinical and radiological findings. Septic shock was defined as sepsis with 

cardiovascular organ dysfunction e.g. hypotension (blood pressure < +2 SD for age) despite 

adequate fluid resuscitation (20). 
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Assays 

 Six single nucleotide polymorphism variants of the MBL2 gene (AD, AB, AC, HL, XY, and 

PQ) were analysed using Taqman Allelic Discrimination assays (ABI Prism® 7000 Sequence 

Detection System, Applied Biosystems, USA). Primer and probe sequences were taken from the 

NCBI website (http://snp500cancer.nci.nih.gov/snplist.cfm). Probe concentration: 200 nM, primer 

concentration: 900 nM. The assay was performed in 15 μl, with 20 ng DNA. A pre-read was 

performed at 60ºC. Thermocycling conditions for all assays were 2 minutes 50ºC, 10 minutes 

95ºC, 50 cycli of 30 seconds 92ºC and 1 minute 60ºC (except for AB, which was performed at 

62ºC), followed by 10 minutes 60ºC. After the polymerase chain reaction, a post-read was 

performed. Fluorescent signal was corrected for pre-read fluorescent background. Analysis of 

Allelic Discrimination was performed using sequence detection software (ABI Prism 7000 

software version 1.1, Applied Biosystems, USA). 

 Functional MBL concentrations were determined in a solid phase ELISA with mannan 

coated to the solid phase and a monoclonal antibody (biotinylated mouse-anti-MBL IgG). 

Microtiter plates were coated with 100 l (10 mg/L) mannan in 0.1M NaHCO3, pH 9.6 overnight at 

room temperature. The plates were washed 5 times with H2O between incubation steps. Plasma 

samples and MBL standards (standard plasma, 1870 g/L MBL) were diluted in TTG/Ca2+ (20 

mM Tris pH 7.4/150 mM NaCl/0.02% TWEEN-20/0.2% gelatin/10mM CaCl2 ), with 10,000 U/L 

heparin and incubated shaking at room temperature for 1 hour. After washing, the plates were 

incubated for 1 hour with biotinylated MBL-1 in TTG/Ca2+, followed by incubation for 30 

minutes with streptavidin pHRP 1:5000 in TBS/Ca2+ (20mM Tris pH 7.4/150 mM NaCl /10 mM 

CaCl2)/2% milk. Colour developed using tetramethyl-3.3,5.5-benzidin (TBM)/H2O2 in 0.1 M 

NaAc pH 5.5 and stopped with 2M H2SO4. A BioAssay Reader, Sunrise (Tecan, Austria, 

Salzburg) measured spectrophotometric absorbances at 405 nm. 

Statistical analysis 

 Frequencies between groups were compared by the Mann-Whitney U, Kruskal-Wallis, and 
2 tests, where appropriate. If the number was smaller than five in one of the cells we performed a 

Fisher’s exact test. Concerning the infection-related parameters, the medium and low MBL 

genotype expression groups were combined for statistical comparison with the high group. 

Longitudinal MBL concentrations were compared by the Friedman test. An optimal cut-off plasma 

concentration for defining MBL deficiency was calculated by a receiver-operator characteristic 

(ROC) curve. SPSS 11.5 computer software was used. 
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Results 

Total cohort 

Patient characteristics 

The cohort consisted of 110 patients (71 boys, 39 girls). This skewed sex distribution was 

independent of tumourtype or MBL geno- and phenotype. The median age was 5.8 years 

(interquartile range (IQR) 3.4 through 11.8 years). Seventeen patients had a lymphoma and 41 had 

haematological malignancies, of which 37 had acute lymphoblastic leukaemia. The most frequent 

solid tumours (n = 52) were rhabdomyosarcoma, neuroblastoma, Ewing sarcoma and Wilms 

tumour (Table II). The median follow-up period after diagnosis was 13 months (range 2 through 

46). Relapse occurred in 16 patients. Until January 2005, 14 patients died (2 following a febrile 

neutropenic episode). Thirteen died due to their malignancy or treatment and one due to infection 

(Table II). 

MBL genotype and phenotype 

In 109 (99%) patients, a complete genotype was obtained in combination with day 0 MBL 

concentrations. The genotype of the remaining patient lacked, but his MBL concentrations were 

measured during febrile neutropenia. The MBL haplotypes were used to make 3 categories as 

described before (5, 8, 9), i.e. high, 

medium, and low genotype expression 

groups of 64 (58%), 30 (27%), and 15 

(14%) patients, respectively (Table II). 

The median MBL concentrations of 

patients in the high, medium, and low 

genotype expression groups were 3.33 

g/ml (IQR 1.98-4.90 g/ml), 0.71 g/

ml (IQR 0.37-1.87 g/ml), and 0.08 g/

ml (IQR 0.04-0.21 g/ml), respectively 

(Figure 1). The difference between the 

3 groups was significant (p<0.001). 

An optimal ROC curve cut-off 

value for dividing the cohort into those 

with sufficiently high MBL 

concentrations from those with 

insufficient concentrations, 

corresponding with the medium and 

low groups, was calculated at 1.0 g/

ml. Because the MBL concentrations of 

Figure 1: Scatter plot representing “day 0” MBL plasma 
concentrations according to MBL genotype expression 
groups (N=109). The high group consists of the haplotypes 
HYA/HYA, HYA/LYA, HYA/LXA, LYA/LYA, and LYA/
LXA, the medium group of LXA/LXA, HYA/O and LYA/
O, and the low group of LXA/O and O/O. Median is 
illustrated, p=0.001 between groups. 
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the patient without determined genotype were repeatedly > 1.0 g/ml, this patient was allocated to 

the MBL-sufficient group. Thirty-eight patients (35%) had concentrations under 1.0 g/ml, 

defining MBL deficiency in further analysis. The remaining 65% had concentrations > 1.0 g/ml 

(Table II). 

  Total group Non-febrile  Febrile neutropenic  p-value between  

  n=110 group (I), n=44 group (II), n=66 group I and II 

Age     

    Median  5.8 years 5.4 years 6.3 years  

    (IQR) (3.4-11.8) (3.3-12.3) (3.4-11.3) p=0.98 
Sex     

    Male 71 (65%) 31 (71%) 40 (61%) p=0.32 
    Female 39 (35%) 13 (29%) 26 (39%)  

Malignancy     

    Haematological 41 (37%) 16 (36%) 25 (38%) p=0.87 

    Solid 52 (47%) 22 (50%) 30 (45%)  

    Lymphoma 17 (16%)   6 (14%) 11 (17%)  

Relapse patients 16 (14%)   4 (9%) 12 (18%) p=0.27 

Mortality     

    Infection-related   1 (1%)   0 (  0%)   1 (1%) p=0.25 

    Other cause 13 (12%)   3 (  7%) 10 (15%)  
     
MBL genotype expression groups    

  -High 64 (58%) 25 (57%) 39 (59%) p=0.31* 

     HYA/HYA   6 (5%)   2 (4%)   4 (6%)  

     HYA/LYA 27 (25%) 10 (23%) 17 (26%)  
     HYA/LXA 12 (11%)   6 (14%)   6 (9%)  
     LYA/LYA   5 (4%)   1 (2%)   4 (6%)  
     LYA/LXA 14 (13%)   6 (14%)   8 (12%)  
  -Medium 30 (27%) 15 (34%) 15 (23%)  
     LXA/LXA   5 (4%)   2 (5%)   3 (5%)  

     HYA/O 14 (13%)   5 (11%)   9 (14%)  
     LYA/O 11 (10%)   8 (18%)   3 (4%)  
  -Low 15 (14%)   4 (9%) 11 (17%)  
     LXA/O 10 (9%)   3 (7%)   7 (11%)  

     O/O   5 (5%)   1 (2%)   4 (6%)  
  -Missing   1 (1%)   0 (0%)   1 (1%)  
     
MBL conc. day 0     

     >1.0 g/ml 72 (65%) 29 (66%) 43 (65%) p=1.0 
     <1.0 g/ml 38 (35%) 15 (34%) 23 (35%)   

Table II: Patient characteristics.  

Abbreviations: IQR, interquartile range (P25- P75); MBL, mannose-binding lectin; conc., concentration.  
* p-value between group I and II and the aggregated high, medium, and low genotype expression group 
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Febrile neutropenia group 

Patient characteristics 

 Upon admission for fever during neutropenia, 66 patients (40 boys, 26 girls) were followed 

prospectively. Their median age was 6.3 years (IQR 3.4-11.3 years). Patient characteristics did not 

differ between the febrile and non-febrile group (Table II). 

MBL genotype and phenotype 

 Of these 66 patients, 65 MBL2 genotypes were known. According to their haplotypes, 39 

(59%) were categorized in the high, 15 (23%) in the medium and 11 (17%) in the low expression 

group. Twenty-three patients (35%) had insufficient (< 1.0 g/ml) day 0 MBL concentrations 

(Table II). 

 In 55 patients MBL concentrations were measured longitudinally in time during 

hospitalization. In the low genotype expression group median MBL concentrations remained 

extremely low (< 0.10 g/ml) during the whole febrile period. In the medium and high groups 

MBL concentrations increased in 5 out of 14 (36%) and 21 out of 30 (70%) patients, respectively 

(Table III). In the medium expression group median MBL concentrations were 0.48 g/ml (IQR 

0.15-0.74 g/ml), 0.83 g/ml (IQR 0.33-2.32 g/ml), and 1.24 g/ml (IQR 0.53-2.01 g/ml), on 

day 1, 3, and 5, respectively (not significant). MBL concentrations in the high genotype expression 

group increased statistically 

significant from 2.21 g/ml 

(IQR 1.50-3.80 g/ml) to 

2.96 g/ml (IQR 1.71-5.59 

g/ml) and 3.81 g/ml (IQR 

2.10-6.98 g/ml) between 

day 1 and 5 (p=0.03) (Figure 

2). 

Clinical outcome during 

febrile neutropenia 

 The median number of 

febrile neutropenic episodes 

was similar in the three 

expression groups (non 

significant) (Table IV). In 55 

patients the first febrile 

episode was studied, the 

other 11 patients already 

  Increasing MBL  Stable MBL 
 concentrations concentrations 
 (n=26) (n=18) 

  n (%) n (%) 
MBL genotype expression groups:     
  High   

     HYA/HYA   3 (11%)   0 (0%)  

     HYA/LYA 11 (42%)   2 (11%) 
     HYA/LXA   2 (8%)   2 (11%) 
     LYA/LYA   1 (4%)   1 (6%) 
     LYA/LXA   4 (15%)   4 (22%) 
  Medium   

     LXA/LXA   3 (12%)   0 (0%) 

     HYA/O   2 (8%)   8 (33%) 
     LYA/O   0 (0%)   3 (17%) 
  Low   

     LXA/O Not applicable Not applicable 
     O/O     

Table III: The association between MBL2 haplotypes and the course 
of mannose-binding lectin (MBL) concentrations during the febrile 
neutropenic episode.  
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experienced a febrile neutropenic episode 

before onset of the study. The median (IQR) 

time patients had received chemotherapy 

before onset of the febrile neutropenic episode 

was three (one to five) months. The median 

leukocyte count on day 1 was 0.6 x 109/L (IQR 

0.2-1.4 x 109/L). On the first day of febrile 

neutropenia, 40 patients (61%) had a severe 

neutropenia. As routinely applied at our center 

(21), 61 patients had started with oral 

prophylactic antibiotics (trimethoprim or 

quinolones) before the onset of neutropenia. 

At the onset of fever patients were started on 

broad-spectrum intravenous antibiotics (either 

vancomycin or cefuroxim combined with 

gentamicin). 

 Of the 66 patients, 43 (65%) had febrile 

neutropenia without positive blood cultures or 

complications. They all recovered completely. 

Five children (8%) did not have positive blood 

cultures or proven viral infections, but did 

have pneumonia (n= 1), or were admitted to 

the ICU (n= 4) for other reasons. Of these four, one child was admitted after surgery for typhlitis. 

He recovered within a few days. The other three were admitted with signs and symptoms of septic 

shock. One of them died, the other two recovered completely. 

The remaining 18 patients (27%) had positive blood cultures (12 Gram-positive, 6 Gram-

negative organisms, no fungi) (Table IV). The most frequent organisms were: nine coagulase-

negative staphylococci, four Streptococcus spp and, three Escherichia coli. Eight patients 

recovered quickly (although one had pneumonia); the other ten developed sepsis (six Gram-

positive, four Gram-negative organisms) (Table IV). Of these, seven recovered without 

complications and three developed septic shock (two coagulase-negative staphylococci, one 

Bacteroides), for which they were admitted to the ICU. One of them died due to a severe 

cardiomyopathy which was diagnosed just after he started his chemotherapy treatment, the other 

two recovered completely. 

The high genotype expression group was compared with the combined medium and low 

groups. At the onset of febrile neutropenia, vital parameters, routine laboratory investigations and 

clinical signs and symptoms were not significantly different (data not shown). The number of 

patients with severe neutropenia, the duration of fever (1-3 days, 3-7 days, or > 7 days) or 

Figure 2: Box plot representing the MBL plasma 
concentrations over the febrile neutropenic episode 
(day 1, 3, and 5) comparing the low, medium, and 
high genotype MBL genotype expression groups. 
Dashed line represents the cut-off value of 1.0 g/
ml, defining MBL deficiency. 
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neutropenia, and the fever pattern (peaking, continuous or rapidly normalising) were not different 

either (p=1.00, p=0.57, p=0.96, p=0.99, respectively). Patients in the medium and low group did 

not have more positive blood cultures, sepses, or ICU-admissions than patients in the high group 

  High group (I)   Medium/low group (II)   p-value between  
  High n = 39   Medium n = 15 Low n = 11   group I and II 
Median time from diagnosis 

to FNE 
2.5 months   2.4 months 3.4 months   

P = 0.41 
   Range: 0-23.2   Range: 0-14.4 Range: 0-14.6   
Median number of FNE’s 2  2 1  P = 0.53 

 Range 1-7  Range: 1-4 Range: 1-3   
Neutrophil count      P = 1.00 
     <100 cells/μl 23 (59%)  11 (73%)   5 (45%)   
     >100 cells/μl 16 (41%)    4 (27%)   6 (55%)   

Duration neutropenia      P = 0.57 
     1-5 days 18 (46%)    4 (27%)   6 (55%)   

     5-10 days 17 (44%)    7 (47%)   4 (36%)   

     >10 days   4 (10%)    4 (27%)   1 (9%)   

C-reactive protein      P = 0.58† 

     <150 mg/l 26 (68%)  11 (73%)   9 (82%)   

     >150 mg/l 12 (32%)    4 (27%)   2 (18%)   
Duration of fever      P = 0.96* 

     1-3 days 26 (67%)    8 (53%)    
     3-7 days 11 (28%)    7 (47%) 10 (91%)   
     >7 days   2 (5%)    0 (0%)   0 (0%)   
Fever pattern      P = 0.99 
     Peaking 11 (28%)    6 (40%)   1 (9%)   
     Continuous   6 (15%)    2 (13%)   2 (18%)   
     Rapidly normal 22 (57%)    7 (47%)   8 (73%)   
Blood-culture      P = 0.27‡ 

     Bacterial growth: 13 (33%)    3 (20%)   2 (18%)   
        Gram-positive   8 (20%)    3 (20%)   1 (9%)   
        Gram-negative   5 (13%)    0 (0%)   1 (9%)   
     Fungal growth   0 (0%)    0 (0%)   0 (0%   
     No growth 26 (67%)  12 (80%)   9 (82%)   
Sepsis      P = 0.73 
     Yes   7 (18%)    2 (13%)   1 (9%)   
     No 32 (82%)  13 (87%) 10 (91%)   
ICU admission      P = 0.23 
     Yes   6 (15%)    1 (7%)   0 (0%)   
     No 33 (85%)   14 (93%) 11 (100%)     

Table IV: Comparison of MBL genotype expression groups and (infectious) clinical and laboratory 
parameters in the febrile neutropenic episode (FNE) group.  

P-values represent the difference between the high (I) versus the combined medium/low (II) group (n=65 as 
1 genotype is missing); *p-values not exact because > 20% of the cells have an expected count < 5; † n= 64; 
‡ p-value between bacterial growth versus no growth. Abbreviations: ICU, intensive care unit. 
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(p=0.27, p=0.73, p=0.23, respectively) (Table IV). Furthermore, comparing patients with sufficient 

and insufficient MBL plasma concentrations (at the cut-off MBL value of 1.0 g/ml), infectious 

parameters did not differ either. However, MBL-sufficient patients had a greater risk of ICU-

admittance (relative risk 1.6, 95% confidence interval 1.3-2.0, p=0.04, data not shown). All ICU-

patients (n= 7) had MBL concentrations > 1.0 g/ml (corresponding to six high and one medium 

MBL genotype expression group patients) (Table IV). When all end-points were studied in 26 

patients with neutrophil counts >100 cells/μl and when the patients with haematological and solid 

malignancies were analysed separately, similar results were obtained (data not shown). 

 Because not all patients in the high and medium groups had increasing MBL concentrations 

during febrile neutropenia, we compared haplotypes and clinical parameters of those with 

increasing MBL concentrations and those without. In the high genotype increasing group, 

significantly more HYA/HYA and HYA/LYA haplotypes were found (p=0.046). In the medium 

group, all 3 LXA/LXA haplotype patients showed increasing MBL concentrations, whereas 9 out 

of 11 patients with exon-1 mutations did not (p=0.027) (Table III). No significant association 

between increasing MBL concentrations and infection was found in the high or medium group 

(data not shown).  

 

Discussion 

 In contrast to Neth and colleagues (12), we did not find an association between MBL 

deficiency and severity of infection in 66 febrile neutropenic children. Infectious parameters and 

other clinical signs did not differ between children in the high MBL genotype expression group 

and children in the medium or low genotype expression group, as was found by others (16-18). 

Children with MBL-deficient plasma concentrations (< 1.0 g/ml) did not show more severe 

infections either. Because several studies including that of Neth and colleagues (12)  used, 

although arbitrarily chosen, the same cut-off value (1.0 g/ml) this appears to be a good value for 

studying clinical MBL deficiency in (paediatric) cancer patients. 

 An explanation for this contradicting result may be that 61% of our patients had a severe 

neutropenia (<100 cells/μl), while this percentage was probably smaller in the study of Neth and 

colleagues (12). In their cohort, 55 children had ALL (for which chemotherapy is given with 

relatively mild bone-marrow suppressive effects) and the cut-off value for neutropenia was < 1000 

cells/μl instead of <500 cells/μl. Because neutrophils are required for enhanced phagocytosis after 

MBL-induced complement activation, the effector functions of MBL are probably severely 

compromised in neutropenic patients (16). In patients with a primary phagocytic disorder, such as 

chronic granulomatous disease, MBL deficiency was also not associated with severe infections 

(22). Although analysis of patients with neutrophil counts > 100 cells/μl yielded similar results, 

this small group (n= 26) probably lacks sufficient power. Another factor may be that in our study 
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only one febrile neutropenic episode per patient was studied, while the other prospective studies 

analysed the total number of febrile days of several neutropenic periods (12, 16, 17).  Different 

patient groups (with respect to age and chemotherapy regimen) in previous studies may also 

account for contradicting results. 

Surprisingly, all children admitted to the ICU had MBL concentrations > 1.0 μg/ml (relative 

risk 1.6, p=0.04), septic shock being the main reason for admission. The reason for this is not 

clear, but high MBL concentrations might play a role. Possibly, MBL has beneficial effects in 

inflammation and host defence but host damaging effects in sepsis, just like tumour necrosis factor 

(23). ICU-admission may be associated with detrimental MBL depositions or excessive 

complement-activation by MBL during sepsis. Other studies also reported an association between 

pathology and normal or elevated MBL concentrations. For instance, MBL deposited in the 

glomeruli of patients with renal disease and activation of the lectin pathway by high MBL 

concentrations induced vascular tissue damage in myocardial ischaemia-reperfusion injury and 

diabetes type 1 (24-27). Besides, deficiency or depletion of MBL and other complement factors 

prevents complement activation and subsequent systemic inflammation in both patients and animal 

models (28, 29). However, we did not measure complement activation or cytokines in these 

patients to support this hypothesis. This might be a focus for further research. 

Because MBL is an acute phase protein, one would expect to see a rise in MBL 

concentrations over time during a febrile neutropenic episode. Indeed, individual MBL 

concentrations increased during the febrile episode in 36% and 70% of the patients in the medium 

and high group, respectively. In healthy controls, the influence of promoter polymorphisms and 

exon-1 mutations has been well defined (7). Here it is shown that the haplotypes also influence 

MBL concentrations during the acute phase response. The HY haplotype is associated with 

increasing MBL concentrations, whereas most patients with exon-1 mutations do not show a rise. 

The MBL concentrations in the low genotype expression group remained <100 μg/L during the 

whole episode, due to inability to synthesize functional MBL. 

In agreement with the conclusion of Klein and Kilpatrick (30), MBL deficiency appeared not 

to be associated with infections in this heterogeneous cohort of children undergoing 

chemotherapy. However, we did show that MBL2 haplotypes influence MBL increasing capacity 

during febrile neutropenia, which may confirm lectin pathway activity. Although it was not 

possible to define specific oncological patient groups that might benefit from MBL suppletion, the 

role of MBL during febrile neutropenia can not be neglected as yet. Children receiving 

chemotherapy with mild bone-marrow suppressive effects (for instance those with acute 

lymphoblastic leukaemia) will usually maintain more than 100 neutrophils/μl. Concomitant 

granulocyte colony-stimulating factor treatment might even ameliorate the remaining phagocytic 

activity. Probably, these children will be the most likely to benefit from MBL substitution. 
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Abstract  

 Objective: To determine whether mannose-binding lectin (MBL) is a prognostic factor 

for disease severity in childhood cancer, by evaluating the need for and complications during 

pediatric intensive care unit (PICU) admission, relapse of malignancy or death.  

 Patients and Methods: Children with cancer who were expected to become neutropenic 

due to chemotherapy were included in a prospective cohort study. Demographics, tumor 

type, frequency and duration of PICU admissions, relapse, and death were recorded. We 

collected microbiological, laboratory and clinical parameters of each PICU admission. MBL 

genotype (wild-type: A, exon-1 variant: O) and MBL plasma levels were measured by 

Taqman and ELISA assays, respectively. 

 Results: Sixty out of a total of 222 children (27%) accounted for 80 PICU admissions 

for reasons other than surveillance. The number of PICU admissions was similar in children 

with A/A, A/O, and O/O MBL2 genotypes (p=0.55) and in children with MBL deficiency, 

defined by plasma levels <0.2 μg/ml (p=0.23). The median duration of all PICU admissions 

with febrile neutropenia was 18 days (IQR: 16-21 days) in O/O patients and 6 days (IQR: 4-

13 days) in A/A and A/O patients (p=0.03). However, MBL2 genotype and MBL deficiency 

were not associated with microbiological, clinical and laboratory parameters during the first 

PICU admission of each patient. MBL-deficient patients with lymphomas relapsed 

significantly earlier than the remaining patients (p=0.004). 

 Conclusion: MBL2 genotype is not associated with frequency or severity of separate 

PICU admissions, but the O/O genotype seems to be a risk factor for the cumulative duration 

of PICU admissions associated with febrile neutropenia. Moreover, MBL deficiency 

appeared to be associated with earlier relapse overall, and in particular in lymphoma 

patients. Febrile neutropenic pediatric oncology patients have been proposed to benefit from 

MBL substitution but the specific target group and/or the condition in which they may 

benefit most from MBL replacement, has yet to be identified.  

 

Introduction 

 Over the past decades, the prognosis of childhood cancer has improved due to the 

development of new chemotherapeutic regimens and advances in supportive care. However, the 

aggressive chemotherapeutic regimens lead to (infectious) complications and increased frequency 

of life-threatening events, requiring admission to pediatric intensive care units (PICUs) (1). It is 

important to identify predictors for infectious and non-infectious complications in children with 

cancer resulting in PICU admission (2).  

 For the past few years, research focused on the possible role of the innate immune protein 
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mannose-binding lectin (MBL) in childhood cancer, because deficiency of this protein has been 

associated with increased infection susceptibility in immunocompromized individuals (3, 4). MBL 

is an oligomeric molecule that activates the lectin pathway of the complement system after binding 

to repeating sugar-residues on the surface of many different microorganisms. Activation of 

complement occurs through MBL-associated serine proteases (MASPs). This results in direct 

complement-mediated lysis or opsonization of the micro-organisms followed by phagocytosis by 

neutrophils (5). 

 The gene encoding MBL (MBL2) lies on chromosome 10q11.2-q21 (6). Three dominant 

mutations at codon 52, 54, and 57 (D, B, and C variants, respectively, commonly denoted as O) in 

exon-1 of this gene result in disruption of the oligomeric formation and reduced or low levels of 

circulating MBL, while normal or high MBL levels are seen in ‘wild-type’ (denoted as A) 

individuals (5). In addition, 3 promoter polymorphisms (termed H/L, X/Y, and P/Q) alter the 

functional plasma level (7). However, only the X/Y variant has a pronounced influence: the X 

allele is associated with decreased plasma MBL levels and the Y variant with high plasma MBL 

levels (8). Due to linkage disequilibrium, the exon-1 mutations in combination with the X/Y 

promoter polymorphism result in six possible haplotype combinations: YA/YA, YA/XA, XA/XA, 

YA/O, XA/O and O/O. Individuals with YA/YA and YA/XA haplotypes have high or normal 

MBL levels (>1.0 μg/ml) (9, 10). Intermediately decreased MBL plasma levels are described in 

healthy individuals with the genotypes XA/XA and YA/O (9), while very low or undetectable 

plasma MBL levels are seen in individuals with genotypes XA/O and O/O (9, 11).  

 Although MBL deficiency has been associated with infection susceptibility and disease 

outcome in several disease entities, the role of MBL in immunocompromized pediatric oncology 

patients is debated. MBL deficiency has been associated with increased duration and frequency of 

febrile neutropenia in pediatric oncology patients, but we and others did not find an association 

(10, 12-15). In contrast, our data previously suggested that patients with high MBL levels (>1.0 

μg/ml) required PICU admission more often during a neutropenic fever episode, as compared to 

children with MBL levels <1.0 μg/ml (13). These results suggest a dual role for MBL in 

neutropenic pediatric oncology patients. MBL deficiency may increase infection susceptibility, but 

it may prevent excessive complement activation once sepsis has developed. We therefore 

investigated whether MBL2 genotype or low MBL plasma levels were associated with risk for and 

severity of PICU admission and time to relapse of malignancy or death in a larger cohort of 

pediatric oncology patients.  

 

Material and methods 

Patients 

 Between March 2003 and October 2006, MBL2 genotype and MBL plasma levels were 
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determined in children expected to become neutropenic in the course of their chemotherapy 

treatment. In total, 222 children (0-18 years) who were admitted to the Oncology Department of 

the Emma Children’s Hospital, Academic Medical Center (AMC), Amsterdam, the Netherlands, 

were consecutively included. Previously, the first 110 consecutively included children participated 

in a pilot study on MBL deficiency and severity of febrile neutropenic episodes (13). Healthy adult 

blood donors (n=194) served as controls. 

 

Clinical data 

 Data on demographics, primary tumor type, chemotherapy treatment, relapse and survival 

were collected until October 2007. The study protocol was approved by the local ethics committee. 

Written informed consent from parents and children (>12 years) was obtained. 

 Retrospectively, all PICU admissions of the 222 children were recorded. Of the 143 patients 

with a PICU admission, 83 patients who were admitted for surveillance after diagnostic procedures 

or uncomplicated surgery were excluded. Clinical data of 80 PICU admissions of the remaining 60 

patients were collected. General clinical data comprised the major reason for admission and 

oncologic status (newly diagnosed, partial/complete remission, relapse). The occurence of 

neutropenic fever, pneumonia, meningitis, bacteremia, sepsis or septic shock, invasive fungal 

infection, or neutropenic enterocolitis was recorded.  

 The severity of the PICU admission was assessed by duration of admission, requirement of 

mechanical ventilation, fluid resuscitation or inotropes, and the presence of disseminated 

intravascular coagulation (DIC), multiple organ failure (MOF), and by death. The results of chest 

X-ray and blood, sputum, tracheal aspirate, cerebral spinal fluid, and other tissues cultures were 

collected. In all patients, counts of leukocytes (x 106 cells/ml), neutrophils (x 106 cells/ml) and C-

reactive protein (CRP, mg/L) were measured on admission. We determined the duration of 

neutropenia. Clinical data were collected by investigators blinded to MBL measurements.  

 

Definitions 

 Tumor type was divided into leukemia, lymphomas and solid tumors. Neutropenia was 

defined as an absolute neutrophil count of less than 500 cells/μL, severe neutropenia as <100 cells/

μL. The definition for fever was a single temperature >38.5 C. Bacteremia required the isolation 

of bacteria from the blood. Diagnoses of sepsis and septic shock were made according to the 

international pediatric sepsis consensus conference (16). In brief, sepsis was defined by the 

presence of proven or presumed infection and clinical signs and symptoms of the systemic 

inflammatory response syndrome. Septic shock was defined as sepsis with cardiovascular organ 

dysfunction e.g. hypotension (blood pressure <+2 SD for age) despite adequate fluid resuscitation 
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(16). A diagnosis of pneumonia required combined clinical and radiological findings. Invasive 

fungal infection required clinical symptoms, radiologic evidence and a culture of fungi. Organ 

system failure was diagnosed if one or more criteria for a given system were met according to 

Wilkinson et al (17). MOF was defined as the failure of three or more organs, based on laboratory 

and clinical data. 

 

Assays 

 Blood for MBL measurements was sampled at diagnosis or before chemotherapy treatment, 

not during PICU admission. MBL measurements were performed at Sanquin Research and 

Landsteiner Laboratory, AMC, Amsterdam. MBL plasma levels were measured by enzyme-linked 

immunosorbent assay (ELISA) technique as previously described (13, 18). In short, mannan was 

coated to the solid phase and incubated with plasma. We used biotinylated mouse-anti-MBL (anti-

MBL-1, 10 g/ml, Sanquin) as detection antibody (18).  

 Mutations in codon 54 (B), 57 (C), and 52 (D) of exon-1 of the MBL2 gene (together named 

O) and H/L, P/Q and X/Y promoter polymorphisms were analyzed by Taqman assays with 

specific primers and minor-groove-binding probes, as previously described (13). These data were 

combined to give six extended haplotype combinations of exon-1 mutations together with the X/Y 

promoter polymorphism (YA/YA, YA/XA, XA/XA, YA/O, XA/O, and O/O). 

 

Statistics 

 Patients were classified according to MBL2 genotype. Wild-type MBL2 patients (A/A) were 

compared to patients with heterozygous exon-1 mutations (A/O) and patients with a homozygous 

exon-1 mutation (O/O) by Kruskal-Wallis and Chi-square tests, where appropriate. Secondly, we 

investigated the influence of very low MBL plasma levels, associated with the XA/O and O/O 

haplotypes (9, 11). In our cohort, an optimal receiver operator curve (ROC) cut-off value to define 

these very low MBL plasma levels was calculated to be 0.20 μg/ml. The corresponding area under 

the curve was 0.96 (95% CI: 0.93-0.99). Continuous variables are presented by median and 

interquartile range (IQR). In order to avoid data dependency, for patients who had multiple PICU 

admissions, only the data of their first admission were included. Survival curves of time to the first 

relapse and time from diagnosis to death, according to MBL2 genotype (A/A versus AO versus O/

O) and MBL plasma levels <0.20 μg/ml, were tabulated with the Kaplan-Meier method. The 

corresponding mean and 95% confidence interval (CI) survival times were calculated. Patients 

were also stratified by tumor type (leukemia, lymphoma and solid tumors). The influence of MBL 

and relapse on time from diagnosis to death was assessed by a Cox regression model. Stage of 

disease was not recorded and could therefore not be added in the model. P-values <0.05 were 
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considered statistically significant. We used SPSS data entry 4.0 for data management and SPSS 

15.0 for data analysis. 

 

Results 

Total cohort  

Patient characteristics 

In total, 222 children (134 males) were included. Patient characteristics are described in 

Table I. The patients’ median age at diagnosis was 5.6 years (IQR: 2.8-11.0 years). The median 

time of follow-up was 35.9 months (IQR: 24.3-48.7 months, range: 12.8-130.9 months). Sixty-

nine children (31%) had leukemia, 32 (14%) children had lymphomas, and 121 (55%) children had 

solid tumors, of which 13 were intracranial.  

Sixty-one children (28%) had one or more relapses. The median time until the first relapse 

was 14.1 months (IQR: 8.6-23.2 months). At the end of the study period, 31 (14%) children had 

ongoing therapy, 138 (62%) had finished their therapy and had a complete or partial remission, 48 

children (22%) died, three (1%) received palliative treatment and two (1%) were lost to follow-up. 

The different tumors, with frequencies of relapse and death, are specified in Table II. 

MBL genotype and phenotype 

The frequency of MBL2 genotypes (A/A, A/O, and O/O) were similar in patients as 

compared to controls (p=1.00, Table III). In patients, genotype frequencies were as follows: A/A 

138 (62%), A/O 70 (32%), and O/O 14 (6%). The A/O group consisted of 46 A/B (21%), 5 A/C 

(2%), and 19 A/D (9%) genotypes. Frequencies of the six extended genotypes did not differ from 

controls (p=0.84) and were as follows: 72 (32%) children had the YA/YA haplotype, 56 (25%) 

had the YA/XA haplotype, 9 (4%) had the XA/XA haplotype, 43 (19%) had the YA/O haplotype, 

27 (12%) had the XA/O haplotype and 14 (6%) had the O/O haplotype (Table III). The promoter 

polymorphism of one child was not determined, but he had an A/A genotype and a corresponding 

MBL level of 1.21 μg/ml. 

MBL plasma levels were clearly associated with extended haplotypes (p<0.001). Patients 

with the YA/YA haplotypes had the highest MBL plasma levels, whereas patients with the XA/O 

and O/O haplotypes had very low MBL levels (Table III). Thirty-eight children (17%) had very 

low MBL levels <0.20 μg/ml. 

In the YA/YA, YA/XA, and XA/XA groups, median MBL plasma levels were increased in 

patients as compared to controls (p<0.01, Figure 1). Also, patients with the XA/XA haplotype had 

high MBL levels (median: 1.94 μg/ml, IQR: 1.61-3.24 μg/ml), while XA/XA controls had low 

MBL levels (median: 0.71 μg/ml, IQR: 0.46-1.18 μg/ml, p<0.01). The median MBL levels in the 
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A/A, A/O, and O/O group were 3.32 μg/ml (IQR: 2.07-5.48 μg/ml), 0.46 μg/ml (IQR: 0.10-0.87 

μg/ml), and 0.06 μg/ml (IQR: 0.05-0.09 μg/ml), respectively (Table III).  

All PICU admissions 

Sixty out of the total of 222 children (27%) accounted for 80 PICU admissions for reasons 

other that surveillance. PICU admission (yes vs no) was not associated with MBL2 genotype 

(p=0.95) or with MBL plasma levels <0.20 μg/ml (p=0.23). In total, 162 children (73%) were not 

admitted, 45 children were admitted once and 15 children were admitted 2-5 times (p=0.55, Table 

Variable Total (n=222) A/A (n=138) A/O (n=70) O/O (n=14) p-valuea 

  n (%) n (%) n (%) n (%)   
General characteristics      
Age at diagnosis (years)b   5.6 (2.8-11.0) 7.1 (3.4-11.3) 4.5 (2.1-9.8) 4.8 (2.8-9.7) 0.06 
Male sex 134 (60)   83 (60) 44 (63)   7 (50) 0.67 
Tumour type:     0.66 
     Leukemia   69 (31)   40 (29) 23 (33)   6 (43)  
     Lymphoma   32 (14)   23 (17)   8 (11)   1 (7)  
     Solid 121 (55)   75 (54) 39 (56)   7 (50)  
Relapse   61 (28)   37 (27) 19 (27)   5 (36) 0.77 
Death   49 (22)   28 (20) 15 (21)   6 (43) 0.15 
Time (months)b from diagnosis 
until: 

     

     First relapse  14.1 (8.6-23.2) 15.3 (8.2-23.1) 14.1 (8.7-30.3)   9.5 (5.6-26.3) 0.61 
     Death  18.0 (9.0-29.1) 18.3 (9.0-23.1) 26.8 (9.3-47.1) 12.5 (2.8-28.6) 0.37 
     Follow up 35.9 (24.3-

48.7) 
36.2 (25.8-
47.1) 

36.3 (24.1-
52.2) 

31.8 (15.4-
42.3) 

0.17 

Status at follow up:      
     Ongoing therapy   31 (14)   17 (12) 13 (19)   1 (7) 0.44 
     Follow-up       138 (62)   90 (66) 41 (59)   7 (50)  
     Palliative treatment     3 (1)   27 (20) 15 (22)   6 (43)  
     Died   48 (22)     3 (2)   0   0  
     Lost to follow up     2 (1)     1 (1)   1 (1)   0  
Stem cell transplantation   31 (14)   19 (13) 11 (16)   1 (7) 0.70    
Allogenic bone marrow 
transplantation 

  17 (8)   13 (10)   3 (4)   1 (7) 0.42 

PICU admissions      
Amount PICU admissions      
    0 162 (73) 100 (73) 52 (74) 10 (71) 0.55  
    1   45 (20)   31 (22) 12 (17)   2 (14)  
    2-5   15 (7)     7 (5)   6 (9)   2 (14)  
Duration all PICU admissions 
(days) 

    5 (3-13)     4 (3-12)   7 (4-13) 19 (10-21) 0.27 

Duration PICU with febrile 
neutropenia  

    7 (4-14)     5 (3-13)   6 (4-13) 18 (16-21) 0.11 

Death during PICU admission   10 (13)     6 (13)   3 (12)   1 (17) 0.94 

Table I: Patient characteristics by MBL2 genotype 

a Kruskal-Wallis test between groups; bmedian time (interquartile range) in the patients with the event 
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I). The median plasma MBL level was 1.66 μg/ml (IQR: 0.51-4.06 μg/ml) in the admitted children 

and 2.25 μg/ml (IQR: 0.49-4.37 μg/ml) in the not-admitted children (p=0.78). The median total 

duration of all PICU admissions per patient was 19 days (IQR: 10-21 days) in O/O patients, 7 days 

(IQR: 4-13 days) in A/O patients and 4 days (3-12 days) in A/A patients (p=0.27). Death during 

PICU admission was not associated with MBL2 genotype (p=0.94, Table I). Low MBL levels were 

not associated with the cumulative duration of all PICU admissions per patient (p=0.46, data not 

shown). 

Febrile neutropenia during all PICU admissions  

Twenty-nine children were admitted to the PICU at least once during a febrile neutropenic 

episode. Five others developed febrile neutropenia during a PICU admission. The median plasma 

  
Children (n=222) Relapse (n=61) Mortality (n=48) 

N (% of total) N (% within group) N (% within group) 
Leukemia 69 (31) 20 (29) 17 (25) 

 Acute lymphoblastic leukemia (ALL) 58 16 13 
 Acute myelocytic lymphoma (AML) 10 4 4 
 Chronic lymphatic leukemia 1 0 0 

Lymphomas 32 (14)   7 (22)   6 (19) 
 Hodgkin lymphoma 7 1 0 
 Non-Hodgkin lymphoma 1 0 0 
 Burkitt lymphoma 9 3 3 
 T cell lymphoblastic lymphoma 8 1 3 
 Anaplastic large cell lymphoma 5 2 0 

 
Precursor pre-B lymphoblastic 
lymphoma 2 0 0 

Solid tumours, intracranial 121 (55)  34 (28) 25 (21) 
 Ewing sarcoma 17 4 1 
 Osteosarcoma 9 1 1 
 Rhabdomyosarcoma 14 6 0 
 Neuroblastoma 27 7 11 
 Wilms tumour 16 4 1 
 Hepatoblastoma 7 1 3 
 Sarcoma 4 1 2 

   Teratoma 4 0 0 
 Malign peripheral nerve sheet tumour 5 2 2 
 Medulloblastoma 6 4 3 
 Astrocytoma 2 0 1 
 Ependymoma 2 2 0 

 
Primitive neuroectodermal tumour 
(PNET) 1 0 0 

 Malign peripheral nerve sheet tumour 1 1 1 
 Germinoma 1 0 0 

  Other 5 1 0 

Table II: Tumor type, relapse and mortality 
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MBL level of these 34 children was 

1.41 μg/ml (IQR: 0.49-2.77 μg/ml), 

whereas the median MBL level was 

2.19 μg/ml (IQR: 0.97-4.42 μg/ml) 

in the 26 children admitted without 

febrile neutropenia (p=0.14). Of the 

34 children, 19 (56%) had the A/A 

genotype, 12 (35%) the A/O 

genotype and 3 (9%) the O/O 

genotype (p=0.66 compared to the 

remaining 188 children). The 

median total duration of all PICU 

admissions with febrile neutropenia 

was longer in 3 O/O patients 

(median: 18 days, IQR: 16-21 days), 

as compared to 12 A/O (median: 6 

days, IQR: 4-13 days), and 19 A/A 

(median: 5 days, IQR: 3

-13 days) patients 

(Kruskal-Wallis: 

p=0.11). This difference 

was statistically 

significant when O/O 

patients were compared 

to A/A and A/O patients 

together (median: 6 

days, IQR: 4-13 days, 

Mann-Whitney U: 

p=0.03). MBL plasma 

levels <0.20 μg/ml were 

neither associated with 

risk of PICU admission 

associated with febrile 

neutropenia (p=0.81), 

nor total duration of all 

PICU admissions with 

febrile neutropenia 

(p=0.41).  

 

MBL2 genotype Controls Patients MBL plasma level Patients with  
      (μg/ml) patients  PICU 

admission 

 n (%) n (%) median (IQR) n (%) 
     
Sum A/A 120 (62) 138 (62) 3.32 (2.07-5.48) 38 (63) 

A/B   40 (21)   46 (21) 0.26 (0.08-0.63) 14 (23) 

A/C     5 (3)     5 (2) 0.16 (0.08-0.86)   0 

A/D   20 (10)   19 (9) 0.97 (0.49-2.38)   4 (7) 

Sum A/O   65 (33)   70 (32) 0.46 (0.10-0.87) 18 (30) 

B/B     4 (2)     4 (2) 0.05 (0.05-0.13)   2 (3) 

B/C     1 (0)     2 (1) 0.05 (0.05-0.14)   0 

B/D     2 (1)     5 (2) 0.04 (0.03-0.06)   0 

C/D     0 (0)     1 (0) 0.05   1 (2) 

D/D     2 (1)     2 (1) 0.05 (0.05-0.07)   1 (2) 

Sum O/O     9 (4)   14 (6) 0.06 (0.05-0.09)   4 (7) 

Total 194 (100) 222 (100) 2.09 (0.51-4.34) 60 (100) 

     

MBL2 haplotypes     

YA/YA    60 (31)    72 (32) 4.47 (2.91-7.15) 18 (30) 

YA/XA   50 (26)   56 (25) 2.97 (1.77-4.37) 15 (25) 

XA/XA   10 (5)      9 (4) 1.94 (1.61-3.24)   4 (7) 

YA/O   42 (22)    43 (19) 0.69 (0.49-1.20) 12 (20) 

XA/O   23 (12)   27 (12) 0.11 (0.08-0.17)   6 (10) 

O/O     9 (4)   14 (6) 0.06 (0.05-0.12)   4 (7) 

Table III: MBL2 genotype and extended haplotypes  

Figure 1: MBL plasma levels and extended haplotype groups in 
222 patients and 194 healthy blood donors. * P-value between 
patient and control <0.01. 



Chapter 7 

118  

  Total (n=60) A/A (n=37) A/O (n=19) O/O (n=4) Pa 

History N (%) N (%) N (%) N (%)  
Malignancy status:     0.04 

   Newly diagnosed 30 (50) 16 (43) 10 (53)     4 (100)  

   Partial/complete remission 22 (36) 18 (48)   4 (22) 0  

   Relapse   8 (13)   3 (8)   5 (26) 0  

Neutropenia status:              0.28 

   No neutropenia 27 (45) 19 (15)   6 (32)     2 (50)  

   Neutropenia before PICU adm. 26 (43) 13 (35) 12 (63)     1 (25)  

   Neutropenia during PICU adm.   7 (12)   5 (14)   1 (5)     1 (25)  

Severe neutropenia 18 (30) 11 (30)   6 (32)     1 (25) 0.96 

Duration neutropenia (days)b 15 (7-28) 13 (6-23) 11 (9-17)   40 (35-44) 0.10 

      

Reason for PICU admission       0.52 

Respiratory failure 23 (38) 11 (29)   9 (47)     3 (75)  

Circulatory failure   6 (10)   4 (11)   2 (11) 0  

Neurologic deterioration 10 (17)   8 (22)   1 (5)     1 (25)  

Septic shock/sepsis    13 (22)   7 (19)   6 (32) 0  

Other   8 (13)   7 (19)   1 (5) 0  

      

Infection      

Neutropenic fever 29 (48) 16 (43) 11 (58)     2 (50) 0.58 

Pneumonia 14 (23)   7 (19)   5 (26)     2 (50) 0.35 

Bacteremia 15 (35)   8 (32)   7 (47) 0 0.27 

Sepsis: 22 (37) 13 (35)   8 (42)     1 (25) 0.73 

     Culture-proven 12 (20)   7 (19)   5 (26) 0 0.81 

     Clinical  10 (17)   6 (16)   3 (16)     1 (25)  

Septic shock 16 (27) 10 (27)   5 (26)     1 (25) 1.00 

Invasive fungal infection   5 (8)   3 (8)   1 (5)     1 (25) 0.43 

CRP on admission 42 (11-165) 42 (11-165) 82 (38-184)   25 (8-108) 0.44 

      

Severity      

Fresh frozen plasma 16 (27)   8 (22)   7 (37)     1 (25) 0.47 

DIC   6 (10)   2 (5)   3 (16)     1 (25) 0.28 

Fluid resuscitation 27 (45) 18 (49)   7 (37)     5 (15) 0.69 

Inotropic support 24 (40) 21 (57) 12 (63)     3 (75) 0.74 

Mechanical Ventilation (MV) 38 (63) 21 (57) 14 (74)     3 (75) 0.41 

Duration MV (days)b   5 (3-11)   5 (3-11)   6 (2-10)     7 (6-13) 0.74 

Multiple organ failure   7 (12)   3 (8)   3 (16)     1 (25) 0.48 

Death following PICU admission   8 (13)   5 (14)   2 (11)     1 (25) 0.74 

Duration PICU adm. (days)b   4 (3-10)   4 (2-9)   6 (3-11)     7 (4-16) 0.54 

Table IV. Parameters of 60 pediatric intensive care unit (PICU) admissions by MBL2 genotype  

a P-values of Kruskal-Wallis or Chi-square test between groups; b Median (interquartile range). Adm, 
admission; DIC, disseminated intravascular coagulation. 
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Severity of first PICU admissions (n=60) 

As mentioned earlier, of the total cohort of 222 patients in total 60 patients (27%) were 

admitted to the PICU for reasons other than surveillance or uncomplicated surgery (Table I). Table 

IV shows variables concerning history, infectious morbidity and severity of their first PICU 

admission. Patients with the A/O and O/O genotypes were admitted more frequently just after the 

diagnosis of malignancy or relapse, whereas patients with wild-type alleles were more often 

admitted during the course of their treatment (p=0.04). Also, there was a trend for a longer 

duration of neutropenia in O/O patients (p=0.10). 

MBL2 genotype was not associated with febrile neutropenia (p=0.58), pneumonia (p=0.35), 

sepsis (p=0.73), septic shock (p=1.00) or other infectious events (Table IV). Of the 29 children 

with febrile neutropenia, 17 (59%) had severe neutropenia. MBL2 genotype was not associated 

with inotropic support (p=0.74), fluid resuscitation (p=0.69), mechanical ventilation (p=0.41), DIC 

(p=0.28), MOF (p=0.48) or death (p=0.74). When deficiency was defined according to MBL 

plasma levels <0.20 μg/ml, only malignancy status was associated with MBL2 genotype (p=0.02).  

Figure 2. Kaplan-Meier curve of time to first relapse by (A) MBL2 genotype and (B) MBL plasma level 
above or below 0.20 μg/ml. Kaplan-Meier curve of time from diagnosis to death by (C) MBL2 genotype 
and (D) MBL plasma level above or below 0.20 μg/ml.  
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MBL and survival time to relapse and death 

Time to first relapse was not associated with MBL2 genotype, but O/O patients appeared to 

relapse earlier (p=0.52, Figure 2A). Similarly, patients with MBL plasma levels <0.20 μg/ml 

relapsed significantly earlier (mean time: 42.0 months, 95% CI: 32.9-51.1 months) than the 

remaining patients (mean time: 58.5, 95% CI: 52.6-64.5 months, p=0.04, Figure 2B). After 

stratification for tumor type, MBL plasma levels <0.20 μg/ml were associated with earlier relapse 

in the lymphoma group (p=0.004), but not in the solid tumor group (p=0.15) or the leukemia group 

(p=0.88), even when only our largest subgroup of 58 acute lymphoblastic leukemia (ALL) patients 

was considered (p=0.43). Sex and age of diagnosis were not univariately associated with time to 

relapse. Therefore, multivariate Cox regression analysis was not feasible. 

Time from diagnosis to death was associated with MBL2 genotype (log rank test, p=0.03, 

Figure 2C), but not with MBL plasma levels <0.20 μg/ml (p=0.64, Figure 2D). The mean time to 

death was 84.8 months (95% CI: 59.3-110.3 months) in A/A patients, 56.8 months (95% CI: 49.8-

63.8 months) in A/O patients and 32.4 months (95% CI: 21.7-43.0 months) in O/O patients. When 

the occurrence of relapse was added in a Cox-regression model, the influence of MBL2 genotype 

disappeared and only relapse was associated with survival time to death (HR: 3.92, 95% CI: 2.16-

7.11, p<0.001).  

 

Discussion 

In this cohort of 222 pediatric oncology patients, MBL2 genotype was not associated with 

risk for, nor with severity of PICU admission. In contrast to our previous observation (13), 

children with wild-type MBL2 alleles and corresponding high MBL plasma levels, were not 

admitted more frequently to the PICU, whether they had febrile neutropenia, septic shock or 

neither. Since children with wild-type MBL2 alleles also do not have a more severe outcome 

during PICU admission, high MBL levels do not represent a risk factor under these circumstances. 

This is a very important observation, since plasma-derived and recombinant MBL are currently 

being investigated for clinical use in febrile neutropenic oncology patients (NCT00138736 and 

NCT00520325, www.clinicaltrials.gov) (19).  

 Our observations suggest that during their cancer treatment, O/O patients experience more 

PICU days than A/O or A/A children, especially PICU admissions associated with febrile 

neutropenia. This association may well be explained by increased infection frequency or severity 

of inflammation in the MBL-deficient children. In the past, MBL and MASP deficiency have been 

found to be associated with both an increased frequency and a longer duration of the febrile 

neutropenia in children (10, 12, 20, 21). Furthermore, MBL knockout mice that received cytostatic 

drugs were more susceptible to intraperitoneal Staphylococcus aureus infection than wild-type 

mice (22). 
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 In contrast to our observations, Fidler et al. reported an increased frequency of variant MBL2 

alleles in 50 children with systemic inflammatory response syndrome, sepsis and septic shock 

admitted to the PICU for various, not only cancer-related, reasons (23). The authors hypothesized 

that MBL plasma levels may influence cytokine production and consequently the host’s 

inflammatory response. There are several explanations for the lack of association between MBL 

deficiency and infectious complications during PICU admission, including sepsis and septic shock, 

in our group of 60 patients. First, 55% of our children were neutropenic, of which a third of the 

patients experienced severe neutropenia. In these children, phagocytosis as well as the 

hyperinflammatory reaction is impaired due to a lack of neutrophils, irrespective of MBL 

genotype. Previously, the lack of phagocytes was suggested to explain the absence of an increased 

severity in infectious disease in other pediatric and adult febrile neutropenic patients (14, 24). 

Second, the possible restoration of a wide range of plasma proteins including MBL and 

complement factors by the administration of fresh frozen plasma in a third of the children with 

variant MBL2 alleles may also explain the lack of a strong association with infection.  

 We are the first to find an association between MBL deficiency and cancer relapse in 

children. Previously, an increased incidence of ALL, particular with early age of onset, was 

reported in MBL-deficient children (25). Since MBL deficiency is generally suggested to be 

associated with more frequent infections, Schmiegelow et al. hypothesized that the consequent 

proliferative stress on the developing immune system would lead to critical leukemogenic DNA 

damages (25). Also, the association may be apoptosis-related. MBL can bind late necrotic and 

apoptotic cells, and has been shown to be a ligand for CD91 on phagocytes (26, 27). In mice, MBL 

deficiency proved to be associated with defective clearance of apoptotic cell material and a 

changed cancer-prone milieu (28). MBL-deficient children with cancer have thus ineffective 

clearance of apoptotic cells, which might be associated with early relapse. On the other hand, the 

primary incidence of cancer was unaffected by MBL2 genotype in our cohort. Another hypothesis 

is that prolonged activation of signaling pathways and inflammation may play a role in cancer 

development by promoting a favorable environment or by enhancing neovascularization (29). 

However, any definite or causative molecular mechanism remains unclear. Because the association 

was most pronounced in the lymphoma group, while absent in the leukemia or more homogeneous 

ALL subgroup, tumor type and stage of malignancy could account for this difference. Our cohort 

was too small to investigate this kind of association.   

 The increased MBL plasma levels in wild-type MBL2 patients, as compared to controls, may 

be explained by an ongoing acute-phase response. MBL levels can increase during an acute-phase 

response (30). Previously, we showed that MBL plasma levels increased during febrile 

neutropenia in wild-type MBL2 individuals (13). Because blood was sampled around or shortly 

after diagnosis in most patients, increased MBL synthesis by the liver may be present. CRP values 

at the time of MBL measurements, however, were unavailable. Increased MBL plasma levels, as 

compared to controls, have also been found in cystic fibrosis patients (31). As a result of the 
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Abstract 

 Purpose: Mannose-binding lectin (MBL) is a plasma protein that is part of innate 

immunity. MBL deficiency, i.e. genetically determined reduced MBL levels, is very common 

and has been associated with increased susceptibility to infections, especially in children and 

immunocompromized individuals. In a phase-I trial, MBL substitution has proven to be safe 

in healthy MBL-deficient adults. Data on MBL infusions in children are not yet available. 

Reasoning that children with cancer might benefit from MBL substitution during 

chemotherapy-induced neutropenia, we performed a phase-II study in MBL-deficient 

children with cancer. Here, we describe the safety and pharmacokinetics of MBL 

substitution in these children.  

 Patients and Methods: Twelve MBL-deficient children with cancer (aged 0-12 years) 

received infusions of plasma-derived MBL prepared by Statens Serum Institut (SSI, 

Copenhagen, Denmark), twice weekly during a chemotherapy-induced neutropenic episode 

(range: 1-4 weeks). Four patients received multiple (1-4) courses of MBL infusions. Target 

levels of 1.0 μg/ml were considered therapeutic.  

 Results: In total, 65 MBL infusions were given in 20 courses of MBL infusions. No 

MBL-related adverse reactions were observed and the trough level was 1.06 μg/ml (range: 

0.66-2.05 μg/ml) during the study period. According to allometric scaling, pharmacokinetics 

were not related to age after correction for body weight. The half-life of MBL, for a child of 

25 kg, was 36.4 hours (range: 23.7-66.6 hours). No anti-MBL antibodies were measured 4 

weeks after each MBL course.  

 Conclusion: Substitution therapy with MBL-SSI twice weekly is safe and results in 

trough levels considered protective. Trial registration number: NCT00138736. 

 

Introduction 

 Mannose-binding lectin (MBL) is a collagenous plasma protein that is part of the innate 

immune system. After binding to sugar residues on the surface of various micro-organisms, it 

activates the lectin pathway of the complement system through MBL-associated serine proteases 

(MASPs) (1).  

 MBL levels are genetically determined (2). MBL is encoded by the MBL2 gene (3). In 

general, individuals with a wild-type (denoted A) MBL2 gene have MBL levels above 1.0 g/ml 

(4). Three single nucleotide polymorphisms (SNPs) in codon 52, 54, and 57 of exon 1 of the MBL2 

gene (termed D, B, and C, respectively) induce reduced or deficient MBL levels (1). In addition, 

three polymorphisms at 550 (termed H/L), 221 (termed Y/X) and 66 (termed P/Q) in the 

promoter region influence MBL expression (2). The X variant is associated with reduced MBL 
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levels (5). Due to linkage disequilibrium only seven haplotypes are found: HYPA, LYPA, LYQA, 

LXPA, HYPD, LYPB and LYQC (6).   

 MBL deficiency is associated with increased infection susceptibility, particularly in children 

and immunocompromised patients (7, 8). Increased duration and severity of febrile neutropenia 

was seen in MBL-deficient children and adults with cancer (9-11). Neutropenic oncology patients 

were proposed to possibly benefit from MBL substitution, although infection susceptibility in 

MBL-deficient patients was not increased in more recent studies (12-14).  

 MBL substitution has proven to be safe in phase-I trials on both plasma-derived (n=20) and 

human recombinant MBL (n=40) in MBL-deficient adults (15-17) and a number (n=5) of 

additional patients (18-21). Therapeutic serum levels of > 1.0 μg/ml were reached after infusion of 

plasma-derived MBL. Peak levels were 1.2-4.5 μg/ml, but the half-life was highly variable with a 

mean of about three days (69.6 h; range: 14.6-114.9 h) (16, 21). Reanalysis of the pharmacokinetic 

data from this trial with a population pharmacokinetic approach enabled us to design a relatively 

small phase-II study to gather the data required for a future randomized placebo-controlled phase-

III efficacy study. We performed an open, uncontrolled phase-II clinical trial on MBL substitution 

in 12 MBL-deficient pediatric oncology patients with chemotherapy-induced neutropenia. In this 

report, we describe the safety, pharmacokinetics and clinical course of these patients. 

 

Material and Methods 

Study design and protocol 

 Between April 2004 and August 2006 a prospective, open, uncontrolled study was 

performed in 12 children admitted to the oncology unit of the Emma Children’s Hospital, 

Amsterdam, the Netherlands. All parents gave written informed consent in accordance with the 

Medical Research Involving Human Subjects Act (WMO). The study was conducted according to 

the declaration of Helsinki and Good Clinical Practice. The protocol was approved by the local 

ethics committee. Sanquin Plasmaproducts, Amsterdam, was responsible for monitoring the trial.  

 After the end of a chemotherapy course patients received a MBL infusion, which was 

repeated twice weekly until patients had recovered from chemotherapy-induced neutropenia 

(neutrophil count < 500 cells/μl) (Figure 1A). Dosages of 0.2 mg/kg alternated with dosages of 0.3 

mg/kg. To increase the number of participants, the last 5 patients only received a single infusion 

according to an amendment in the study protocol. They were observed for three or four days (see 

below and Figure 1A). Patients were allowed to participate more than once. 

Patient selection 

 Participants were children treated for cancer in the Emma Children’s Hospital, Amsterdam, 
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The Netherlands. Inclusion criteria were: 1)  12 years of age; 2) mutation in exon-1 of the MBL2 

gene or plasma MBL level <0.10 μg/ml; and 3) cancer for which they were treated with 

chemotherapy expected to induce neutropenia. Exclusion criteria consisted of known allergic 

reactions against human plasma products, participation in other investigational drug studies within 

the last month, and clinically relevant abnormalities in serum immunoglobulins (IgG, IgA, IgM) or 

complement factors (measured by AP50 and CH50).  

 The clinical condition of 9 out of 34 eligible children did not allow them to participate in this 

clinical trial, e.g. palliative treatment setting. Parents of ten patients gave informed consent. The 

remaining parents (n=15) refused consent because of the required twice weekly visits to the 

hospital or because their child had not yet experienced infections during neutropenia. 

 Furthermore, two MBL-deficient patients were treated despite violation of the inclusion 

criteria. One patient had a plasma MBL level of 0.35 μg/ml, but no concomitant exon-1 mutation. 

Another patient was 15-years old. He was treated on compassionate grounds during Glivec 

therapy, by an amendment in the protocol.  

Endpoints 

 The primary endpoints of our trial were 1). pharmacokinetics, i.e. determination of the half-

life of MBL-SSI and the achievement of plasma trough levels > 1.0 μg/ml, 2). safety, i.e. lack of 

adverse events, and 3) biological efficacy, i.e. reconstitution of MBL-dependent complement 

activation and opsonophagocytosis in vitro. Data on the occurrence and duration of fever and 

infections, the use of antibiotics/antifungal medication, oxygen and/or immediate circulatory 

support were recorded. Due to the small number of patients, clinical efficacy was not considered a 

realistic endpoint.  

Data collection 

 MBL levels were measured before infusion, 15 minutes (min), 2, 4, 6 and 16-24 hours (h.) 

after the first infusion, and before each following MBL infusion. All patients had a central venous 

catheter (port-a-cath), which was used for MBL infusions and blood sampling. Vital signs (blood 

pressure, temperature and heart rate) were measured before and after each MBL infusion. Full 

blood cell counts, creatinin, and liver enzymes were monitored before and 24 hours after infusion.  

Blood cell products and granulocyte colony-stimulating factor were permitted during the study 

period. Patients measured their temperature twice daily at home and were hospitalized when fever 

>38.5 C developed.  

MBL SSI production and dosage 

 Statens Serum Institut, Copenhagen, Denmark (SSI), produced MBL from a pool of plasma 

from non-remunerated voluntary Danish donors as described previously (22). Based on previously 
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collected data in MBL-deficient patients, adult volunteers and simulation studies, we calculated 

that administration of 0.2 mg/kg MBL-SSI for a 3-day interval between infusions and 0.3 mg/kg 

MBL SSI for a 4-day interval between infusions, would increase MBL serum level to the 

therapeutic level above 1.0 μg/ml (16).  

Assays 

 MBL measurements were performed at Sanquin Research and the Landsteiner Laboratory, 

AMC, Amsterdam. Genotyping was performed by a Taqman assay, as previously described (23). 

For screening purposes, MBL plasma levels were measured by enzyme-linked immunosorbent 

(ELISA) assay technique as previously described (23, 24). Briefly, mannan was coated to the solid 

phase and incubated with plasma. Afterwards, biotinylated mouse-anti-MBL (anti-MBL-1, 10 g/

ml, Sanquin) was used as detection antibody (24). During the trial, MBL serum levels were 

determined by the same ELISA at the Department of Immunochemistry, Sanquin Diagnostics, 

Amsterdam.  

Detection of anti-MBL antibodies  

 MBL antibodies were assessed by ELISA (16). In brief, purified human MBL-coated 

microtitre plates (1 μg/well) were incubated for 2 h at RT with serial dilutions of the patient sera 

followed by a dilution series of rabbit anti-MBL. After washing, horseradish peroxidase-

conjugated rabbit anti-human IgG or swine anti-rabbit immunoglobulins (DakoCytomation, 

Denmark) were added to the wells and incubated for 1 h. Anti-serum from rabbits immunized with 

purified human MBL served as positive reference. If the response of the 1/10 dilution of the 

patient’s sample was below the response of the 1/163840 dilution of the rabbit anti-MBL serum 

(the highest dilution showing a positive response), the patient was considered free of anti-MBL 

activity. 

Pharmacokinetics 

 For the population pharmacokinetic analysis, NONMEM version VI (GloboMax LLC, 

Hanover MD, USA) was used, applying the first-order conditional estimation method with 

interaction throughout the analysis. An open, single-compartment model was used. 

Pharmacokinetic parameters estimated were: clearance, volume of distribution and baseline MBL 

level, which was assumed to be constant during the treatment period.  

 Precision of the parameters was estimated with the covariance step of NONMEM. Individual 

Bayesian parameter values were obtained with the posthoc step of NONMEM. Since data of 

several occasions were available from four patients, both interindividual and interoccasion 

variability was estimated with proportional models (25). Residual error was estimated with a 

proportional error model. 

 Weight was incorporated into the basic pharmacokinetic model according to allometric 



Chapter 8 

130  

P
at

ie
nt

 
T

ria
l  

S
ex

 
A

ge
 

M
B

L2
  

M
B

L 
le

ve
l  

In
fu

si
on

 
T

um
ou

r 
T

he
ra

py
 

ID
 

no
. 

ge
no

ty
pe

 
(

g/
m

l) 
am

ou
nt

 

A
 

1 
F

 
  2

.1
 

H
Y

P
A

/L
Y

P
B

 
0.

87
 

5 
A

M
L 

M
A

C
E

:  
m

et
ho

tr
ex

at
e 

(M
T

X
),

 a
m

sa
cr

in
e,

 c
yt

ar
ab

in
e,

 e
to

po
si

de
  

(M
R

C
12

/D
C

LS
G

-A
N

LL
-9

7)
 

B
 

2 
M

 
  8

.1
 

LY
Q

A
/H

Y
P

D
 

0.
66

 
2 

C
om

m
on

 A
LL

 
F

LA
G

-I
D

A
: f

lu
da

ra
bi

ne
, a

ra
-C

, M
T

X
, i

da
ru

bi
ci

ne
 

C
 

3 
M

 
12

.5
 

LY
Q

A
/ L

X
P

A
 

0.
35

 
2 

T
 c

el
l A

LL
 

In
du

ct
io

n:
 m

ito
xa

nt
ro

ne
, v

in
cr

is
tin

e,
 a

sp
ar

ag
in

as
e,

 M
T

X
, a

ra
-C

 (
T

-A
LL

 9
) 

D
 

4 
F

 
  1

.1
 

LY
Q

A
/L

Y
P

B
 

0.
51

 
3 

N
eu

ro
bl

as
to

m
a 

C
A

D
O

: c
yc

lo
ph

os
ph

am
id

e,
 d

ox
or

ub
ic

in
, v

in
cr

is
tin

e 
(A

M
R

O
 n

eu
ro

bl
as

to
m

a)
   

   
   

   
 

D
 

8 
=

 
  2

.0
 

=
 

=
 

4 
=

 
N

5:
 v

id
es

in
e,

 e
to

po
si

de
, c

is
pl

at
in

 (
H

ig
h 

ris
k 

ne
ur

ob
la

st
om

a)
   

   
   

   
 

D
 

9 
=

 
  2

.2
 

=
 

=
 

5 
=

 
N

5:
 v

id
es

in
e,

 e
to

po
si

de
, c

is
pl

at
in

 (
H

ig
h 

ris
k 

ne
ur

ob
la

st
om

a)
   

   
   

   
   

   
   

   
   

   
   

   

D
 

11
 

=
 

  2
.3

 
=

 
=

 
3 

=
 

N
6:

 u
ro

m
ite

xa
n,

 d
ox

or
ub

ic
in

e,
 v

in
cr

is
tin

e,
 d

ac
ar

ba
zi

ne
, i

fo
sf

am
id

e 
 

(H
ig

h 
ris

k 
ne

ur
ob

la
st

om
a)

   
   

   
   

  

E
 

5 
F

 
  9

.7
 

LX
P

A
 /L

Y
P

B
 

0.
48

 
4 

E
w

in
g 

sa
rc

om
a 

V
ID

E
: v

in
cr

is
tin

e,
 if

os
fa

m
id

e,
 d

ox
or

ub
ic

in
e,

 e
to

po
si

de
 (

E
U

R
O

 E
W

IN
G

 9
9)

 

F
 

6 
M

 
  1

.7
 

LX
P

A
/L

Y
P

B
 

0.
09

 
5 

B
-A

LL
 

C
O

P
A

D
M

: v
in

cr
is

tin
e,

 c
yc

lo
fo

sf
am

id
e,

 d
ox

or
ub

ic
in

e,
 M

T
X

 (
LM

B
 2

00
1)

 

G
 

7 
M

 
  0

.5
 H

Y
P

D
/H

Y
P

D
 

0.
08

 
8 

P
ro

 B
-A

LL
 

M
A

R
A

M
: M

T
X

, a
sp

ar
ag

in
as

e,
 6

-m
er

ca
pt

op
ur

in
e,

 c
yt

ar
ab

in
e 

(D
C

LS
G

 In
te

rf
an

t 9
9)

 

G
 

13
 

=
 

  1
.3

 
=

 
=

 
2+

5a    
   

   
   

   
   

   
   

   
   

=
 

F
O

S
F

E
T

O
: c

yc
lo

fo
sf

am
id

e,
 e

to
po

si
de

; T
H

IM
E

: 6
-t

hi
og

ua
ni

ne
, M

T
X

  

(S
N

W
LK

 A
LL

-r
el

ap
se

 9
8)

 

G
 

18
 

=
 

  1
.6

 
=

 
=

 
7 

=
 

F
LA

G
-I

D
A

: f
lu

da
ra

bi
ne

, a
ra

-C
, M

T
X

, i
da

ru
bi

ci
ne

 

H
 

10
 

M
 

10
.5

 
LX

P
A

 /L
Y

P
B

 
0.

09
 

1 
T

 c
el

l l
ym

ph
om

ab
 

V
in

cr
is

tin
e,

 d
ox

or
ub

ic
in

e 
(S

K
IO

N
 E

U
R

O
 L

B
 0

2)
 

I 
12

 
M

 
15

.4
 

LX
P

A
/H

Y
P

D
 

0.
47

 
1 

G
as

tr
o-

in
te

st
in

al
 

st
ro

m
al

 tu
m

ou
r 

G
liv

ec
 

J 
14

 
F

 
  7

.2
 L

X
P

A
 /H

Y
P

D
 

0.
38

 
1 

M
al

ig
n 

pe
rip

he
ra

l 
ne

rv
e 

sh
ea

th
 t

um
ou

r 
(M

P
N

S
T

) 

IC
E

: i
fo

sf
am

id
e,

 c
ar

bo
pl

at
in

, e
to

po
si

de
  

(M
P

N
S

T
 p

ro
to

co
l) 

J 
16

 
=

 
  7

.3
 

=
 

=
 

1 
=

 
IC

E
: i

fo
sf

am
id

e,
 c

ar
bo

pl
at

in
, e

to
po

si
de

(M
P

N
S

T
 p

ro
to

co
l)

 

K
 

15
 

F
 

11
.6

 
LX

P
A

 /L
Y

P
B

 
0.

13
 

1 
O

st
eo

sa
rc

om
a 

D
ox

or
ub

ic
in

e,
 c

is
pl

at
in

,c
ar

di
os

an
e 

(E
U

R
A

M
O

S
) 

K
 

17
 

=
 

11
.7

 
=

 
=

 
1 

=
 

D
ox

or
ub

ic
in

e,
 c

ar
di

ox
an

e 
(E

U
R

A
M

O
S

) 

K
 

19
 

=
 

11
.8

 
=

 
=

 
1+

2c    
   

   
   

   
   

   
   

   
   

=
 

D
ox

or
ub

ic
in

e,
 c

ar
di

ox
an

e 
(E

U
R

A
M

O
S

) 

L 
20

 
M

 
  9

.6
 

LY
P

A
/L

Y
P

B
 

0.
54

 
1 

E
w

in
g 

sa
rc

om
a 

V
A

I: 
vi

nc
ris

tin
e,

 a
ct

in
om

yc
in

e 
D

, i
fo

sf
am

id
e 

(E
U

R
O

 E
W

IN
G

 9
9)

 

T
ot

al
: 

  
7M

 
  

  
  

65
 

  
  

T
ab

le
 1

. P
at

ie
nt

 c
ha

ra
ct

er
is

tic
s 

F,
 f

em
al

e;
 M

, m
al

e;
  =

, s
am

e 
va

lu
e 

as
 a

bo
ve

; a  T
he

re
 w

as
 a

n 
in

te
rv

al
 o

f 
9 

da
ys

 b
et

w
ee

n 
th

e 
se

co
nd

 a
nd

 th
ir

d 
M

B
L

 in
fu

si
on

. T
H

IM
E

 w
as

 g
iv

en
 in

 
be

tw
ee

n;
 b 

T
-c

el
l l

ym
ph

ob
la

st
ic

 n
on

-h
od

gk
in

 ly
m

ph
om

a;
 c  s

ix
 d

ay
s 

af
te

r 
a 

si
ng

le
 M

B
L

 in
fu

si
on

, t
he

 p
at

ie
nt

 w
as

 a
dm

itt
ed

 w
ith

 n
eu

tr
op

en
ic

 f
ev

er
 a

nd
 

M
B

L
 in

fu
si

on
s 

w
er

e 
re

su
m

ed
; A

M
L

, a
cu

te
 m

ye
lo

id
 le

uk
em

ia
; A

L
L

, a
cu

te
 ly

m
ph

ob
la

st
ic

 le
uk

ae
m

ia
; M

R
C

, U
K

 M
ed

ic
al

 R
es

ea
rc

h 
C

ou
nc

il 
A

du
lt 

an
d 

C
hi

ld
re

n’
s 

L
eu

ka
em

ia
 W

or
ki

ng
 P

ar
tie

s;
 D

C
L

SG
: D

ut
ch

 C
hi

ld
ho

od
 L

eu
ke

m
ia

 S
tu

dy
; S

K
IO

N
: D

ut
ch

 S
oc

ie
ty

 o
n 

C
hi

ld
ho

od
 O

nc
ol

og
y;

 S
FO

P:
 F

re
nc

h 
So

ci
et

y 
fo

r 
Pe

di
at

ri
c 

O
nc

ol
og

y 



Safety and pharmacokinetics of plasma-derived MBL substitution in children  

 131 

12 patients enrolled 
(A-L) 

(20 MBL courses) 

Ten per protocol 
included patients 
(18 MBL courses) 

Repeated inclusion First inclusion 

Violation of inclusion criteria 

Pat. A-1  

Pat. B-2  

Pat. E-5  

Pat. F-6  

Pat. H-10  

Pat. K-15  

Pat. J-14  

Pat. L-20  

Pat. D-11 

Pat. D-9  

Pat. D-8  

Pat. G- 13  

Pat. G- 18 

Pat. K-19*  

Pat. K-17  

Pat. J-16  

Patients treated with repeated 
infusions during the entire 

neutropenic episode 

Patients receiving a single infusion 

Figure 1. Study protocol 
and inclusion of patients. 
(A) MBL treatment 
regimen. Each patient 
received a MBL infusion 
( ) on day 1. Seven 
patients received repeated 
MBL infusions afterwards 
(----).  
(B) Flowchart of included 
patients. Four patients 
were included multiple 
times. *Single infusion, 
followed by two extra 
infusions after 5 days. 

A 

B 

Pat. G-7  

Pat. D-4  
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scaling (26). Weight was scaled at 25 kg to provide a relevant estimate of clearance and volume of 

distribution for a child of 25 kg. For diagnostic purpose, we attempted to evaluate the power 

estimates of the allometric scaling functions. 

 Age and gender were included in the pharmacokinetic model on clearance and volume of 

distribution and significance was evaluated with the likelihood ratio test (p-value of <0.01). The 

half-life and mean residence time were estimated from the primary pharmacokinetic parameters. 

 Model evaluation was based on both numerical and graphical diagnostics. The R-based 

model building aid Xpose (version 4, Uppsala, Sweden) (27), was used for graphical model 

diagnostics. The model was evaluated with basic goodness-of-fit plots (e.g. predicted versus 

observed level and several residual based diagnostics). Furthermore, a case-deletion procedure was 

executed to evaluate whether the parameter values were driven by a single influential individual. 

Finally, a visual predictive check was performed (28). 

 Since not all patients received MBL infusion during the whole neutropenic period, the time 

above 1.0 μg/ml was estimated for each individual, assuming that patients received the twice-

weekly dosing strategy, by means of the individual pharmacokinetic parameters of each patient. 

Similarly, the trough level and the maximal level were estimated. 

 Based on the population pharmacokinetic model developed, a simulation study with >10,000 

individuals was conducted to investigate whether the proposed dosing strategy would yield 

adequate MBL substitution. The time above 1.0 μg/ml was estimated. 

Statistical analysis  

 Continuous variables were presented by descriptive statistics, whereas categorical variables 

were summarised by frequency counts. Because of the limited number of patients, data were 

analysed descriptively. The occurrence of (serious) adverse events possibly related to the study 

drug was described. 

 

Results 

Baseline characteristics 

 The median age of the 12 patients (7 males) was 8.8 years (range: 6 months-15.4 years). The 

underlying malignancy varied (Table I). Median baseline MBL plasma level was 0.40 μg/ml 

(range: <0.04-1.0 μg/ml).  

 Each patient received a unique identification letter, and each inclusion a unique 

identification number. Seven patients (A-G) received repeated MBL infusions, varying from 2 to 8 

infusions in total (Table I, Figure 1B). Five patients (H-L) received single MBL infusions (Figure 
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Figure 2. Observed 
MBL levels versus 
time after the first 
course of MBL 
infusion(s) of each 
patient. After day 4 
trough levels of 
alternate dosages are 
shown of patients A-
G, who received 
repeated infusions of 
MBL.  

1B). Patient C and I were excluded in the per-protocol analysis due to violation of the original 

inclusion criteria. Patient D was included four times, patient G and K three times and patient J two 

times. In total, 65 MBL infusions were given in 20 MBL courses (trial number 1-20) to 12 patients 

(A-L).  

Safety 

 No MBL-related serious adverse events were reported during 20 MBL courses. Two patients 

experienced serious adverse events considered unrelated to the study drug, both three days after 

the last MBL infusion. Patient C developed permanently disabling convulsions and aphasia. The 

MRI showed two infarctions, as a result of thrombosis, a possible complication of concomitant 

sepsis or chemotherapy. Patient G experienced an anaphylactic reaction to asparaginase. Two 

mild, one moderate and two severe MBL-unrelated adverse events (port-a-cath removal) occurred. 

Another mild adverse event was considered ‘possibly’ MBL-related. This patient developed a 

short-lasting temperature of 38°C without allergic reactions one hour after the second MBL 

infusion. No adverse events were suggestive of infusion reactions or resulted in either 

discontinuation or reduction in the dose of MBL. The MBL infusions did not affect vital signs or 

laboratory parameters in any of the patients. None of the patients withdrew from the study. No anti

-MBL antibodies were detected four weeks after each final MBL infusion. 

MBL concentrations  

 Figure 2 shows MBL level versus time after the first course of MBL infusions in 12 patients. 

Patients D, G, J, and K were included multiple times (Figure 3). Two of these patients received 
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multiple MBL courses with an interval of one year. Their peak levels were lower at younger age 

(Figure 3A and B, dotted versus straight lines).  

Pharmacokinetics  

 In the per-protocol pharmacokinetic analysis, data on all occasions (multiple inclusions) of 

10 patients (A-B, D-G, J-L) were simultaneously included. Table II shows the final parameter 

estimates of the basic model. Estimation of the power coefficients of the allometric scaling did not 

improve the model. The final estimates of the power coefficients were near the expected values of 

0.7 and 1 for clearance and volume of distribution, respectively. Inclusion of interoccasion 

variability on clearance did not improve the fit, and the estimate of interoccasion variability was 

not significantly different from 0. Basic goodness-of-fit plots did not reveal any relevant structural 

model misspecification (data not shown).  

 As calculated from the primary pharmacokinetic parameters, the half-life of MBL for a 

typical child of 25 kg was 36.4 h (range: 23.7-66.6 h). Variability was moderate for clearance and 

volume of distribution (up to 27%). The alternate dosing strategy resulted in an adequate 

substitution of MBL in the included patients, since the median fraction of time above the threshold 

of 1.0 μg/ml was 1 (range 0.8-1.0) for a two-week treatment period (Table II). Only patient G had 

a somewhat lower fraction of time above 1.0 μg/ml, but this patient was still above this threshold 

for 80% of the time. Median trough and maximum MBL levels were 1.1 and 5.8 μg/ml, 

respectively (Table II). No significant relation between pharmacokinetics of MBL and sex or age 

was demonstrated. In the simulation study, the median time above 1.0 μg/ml MBL was over 99%, 

indicating adequate MBL substitution with the dosing strategy as proposed in the study protocol. 

After inclusion of patient C and I the half-life remained similar: 34.0 h (range: 22.2-62.9 h).  

PK parameter Value IIV (%) IOV (%) RSE (%)d Ranged 

Clearance (L/h)a 0.0329 22.1  8.39 0.0122 0.0513 
V (L)a 1.73 27.5 27.0 14.1 0.736 4.35 
Baseline MBL (μg/ml) 3.29 85.7  28.8 0.07 1.12 
Weight (kg) 29.8  7.6 43.2 
Length (cm) 129  66 152 
Mean residence time b (h) 52.6  34.1 96.1 
t1/2

b (h) 36.4  23.7 66.6 
Fraction of time above 1.0 μg/mlc 1  0.804 1 
Maximal MBL level (μg/ml) 5.75  4.89 7.59 
Trough MBL level (μg/ml) 1.06   0.66 2.05 

Table II. Final parameter estimates of the basic pharmacokinetic model of MBL 

IIV=interindividual variability, IOV=interoccasion variability, RSE=relative standard error of estimate,  
V=volume of distribution, t1/2=half life 
aTypical values reported for a patient with a body weight of 25 kg, bSecondary parameters are calculated 
from primary parameters, therefore, no parameter precision can be reported,  cMedian value of individual 
estimates provided, dRange of individual values as obtained from Bayesian estimation 
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patient D

patient G

patient J

patient K

Repeated infusions:

Single infusion:

 Start dosage 0.2 mg/kg
 Start dosage 0.3 mg/kg

A

B

C

D Figure 3.  
Repeated inclusions of four 
patients.  
(A) Patient D (n=4). D-9/ D-
11: no MBL levels measured 
at time points 15 min. 
through 6 h. 
(B) Patient G (n=3). 
(C) Patient J (n=2). J-16: no 
MBL levels measured at time 
points 2 h. through 6 h. 
(D) Patient K (n=3). K-19: 
Two repeated MBL infusions 
five days after single MBL 
infusion. 
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Clinical parameters 

 Clinical parameters were evaluated in 11 MBL courses of 6 patients (A-B, D-G) who 

received repeated infusions during a neutropenic episode (Figure 1B). In 8 out of 11 MBL courses 

(73%), neutropenic fever occurred (Table III). In 4 patients fever resolved within 72 hours after 

starting antibiotics and 4 needed prolongation or change of antibiotic therapy after persistence of 

fever. Two patients (A-1 and G-18) had positive blood cultures (Comamonas acidovorans and 

Streptococcus mitis) and persistent fever, for which their port-a-cath was removed. For the latter 

infection immediate circulatory support was required. None of the patients needed oxygen support 

or intensive care during the study. All patients used oral prophylactic antibiotic and antifungal 

medication (selective gut decontamination consisting of co-trimoxazole, amphotericin or nystatine 

and colistine or ciprofloxacine).  

 None of the four patients with one or more single MBL infusions developed fever or 

infection within three or four days after the MBL infusion.  

 

Discussion 

 We demonstrated that twice-weekly infusions of plasma-derived MBL resulted in 

therapeutic MBL trough levels in neutropenic children with cancer. The results of our population 

Patient Trial Infection description 
Duration 

fever Antibiotics Duration CRP 
ID no.   (days) Type (days) (mg/L) 
A 1 Neutropenic fever: Comamonas acidovorans 

sepsis 
2+1* V/G/

fortum 
12 54 

  PAC removal     
B 2 Neutropenic fever e.c.i., sputum culture: 

acinetobacter 
3 V/G/broxil 5 85 

D 4 Neutropenic fever e.c.i. 4 V/G 7 15 
E 5 Neutropenic fever e.c.i. 3 V/G 6 41 
F 6 No fever 0 none 0 x 
G 7 No fever 0 none 0 x 
D 8 Neutropenic fever e.c.i. 7 V/G 9 68 
D 9 Neutropenic fever e.c.i. 1 V/fortum 6 94 
D 11 Neutropenic fever e.c.i.+ 1 V/G 6 60 
  superficial skin candida infection  daktarin   

G 13 No fever 0 none 0 x 
G 18 Neutropenic fever: Streptococcus mitis sepsis,  3 V/G 19 158 

    PAC removal, circulatory support required         

Table III. Infectious outcome of the 6 patients with 11 cycles of repeated MBL infusions.  

*This patient had 2 days of fever, for which the port-a-cath (PAC) was removed 6 days later. After the 
surgery, fever was observed once, probably due to reactive bacteremia. Nr, number; V, vancomycin; G, 
gentamycin; e.c.i., e causa ignota; x, not measured. 
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pharmacokinetic analyses are in agreement with the retrospective population pharmacokinetic 

analysis of MBL in 20 healthy MBL-deficient adults (16, 21). The clearance we reported for a 

patient of 25 kg translates into a clearance of 0.071 L/h for a 75 kg patient, which is close to the 

estimate we obtained from adults (0.052 L/h), keeping in mind that both study populations were 

relatively small. The half-life of 36 hours is also close to the half-life in adults of 45 hours, as 

calculated from the results of our pharmacokinetic analysis. According to allometric scaling, 

pharmacokinetics were not related to age after correction for body weight. This indicates that 

calculation of the optimal dose based on body weight is a reasonable strategy for MBL substitution 

in MBL-deficient patients. In the simulation study the proposed dosing strategy led to adequate 

MBL substitution.  

 The half-life range (23.7-66.6 h) in our trial is smaller than that observed in the phase-I trial 

in healthy adults and closer to that observed with recombinant MBL, i.e. approximately 30 hours 

(16, 17), which can be explained by weight-adjusted dosing. Plasma-derived MBL differs from 

recombinant MBL because it contains MASPs and a higher degree of oligomerization (22, 29).  

 In agreement with the experience in adults (15-19), the infusion of plasma-derived MBL 

appears to be safe in children. Dosages up to 14 mg can be injected within 10 minutes without any 

adverse effects. The only adverse event possibly related to the study drug was probably caused by 

a viral upper respiratory tract infection. The absence of anti-MBL antibodies up to one year after 

MBL substitution suggests that no immune response against the plasma-derived MBL was 

initiated. 

 MBL substitution appeared to be beneficial in case reports and pre-clinical studies in knock-

out mice (18, 30). Although MBL infusion in vivo resulted in complement activation and 

opsonophagocytosis in vitro (31), the number of patients included is too small to demonstrate 

clinical benefit. Moreover, MBL substitution in pediatric oncology patients is debated because of 

the variable results with respect to infection risk and severity in MBL-deficient neutropenic 

children (9, 23, 32). This variation may be related to the depth and duration of chemotherapy-

induced bone-marrow suppression (14, 3), disabling an optimal phagocytic function in the host, as 

affirmed to be necessary for MBL-induced opsonophagocytosis (9, 23, 34). MBL substitution 

therapy may be more suitable in other pediatric patient groups, such as neonates or children with 

sepsis or recurrent (airway) infections (19, 35-38).  

 In sum, we have demonstrated that therapeutic MBL trough levels can be predicted and 

attained with twice-weekly infusions with plasma-derived MBL in children with cancer. Repeated 

MBL substitution treatment appears to be safe. The pharmacokinetics of MBL in MBL-deficient 

children are comparable to adults, after correction for body weight. The half-life of MBL was 

estimated to be 36 hours, with a smaller range than in adults. After definition of a suitable target 

patient group, clinical efficacy of MBL should be investigated in multicenter phase-III clinical 

trials. 
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Abstract 

 Mannose-binding lectin (MBL) deficiency is associated with increased infection risk or 

more severe disease outcome in immunocompromized individuals. An open, uncontrolled 

safety and pharmacokinetic MBL-substitution study was conducted in 12 pediatric oncology 

patients with chemotherapy-induced neutropenia. Twice weekly MBL infusions, with plasma

-derived MBL, proved safe, and the desired MBL trough levels above 1.0 μg/ml were 

reached (median 1.06 μg/ml). In these patients, we tested whether in vivo MBL substitution 

increased MBL-dependent in vitro complement activation and opsonophagocytosis of 

zymosan. 

 Upon MBL substitution, opsonophagocytosis of zymosan by human neutrophils 

increased significantly from 24% before MBL infusion to 75% directly after MBL infusion 

(compared to positive control serum set at 100%, p<0.001), and to 45% prior to the second 

infusion (p<0.025). MBL-mediated complement C3 and C4 activation showed an increase 

comparable to that of the opsonophagocytosis. Repeated MBL infusions resulted in an 

increase in opsonophagocytosis over time. During the first 24 hours after MBL substitution, 

MASP-2 activation as well as alternative pathway complement activation was suboptimal. 

 This MBL-substitution study demonstrates that twice weekly infusions with plasma-

derived MBL increase MBL-mediated C3 and C4 activation and opsonophagocytosis of 

zymosan, but efficacy in chemotherapy-induced neutropenic patients can be debated. A 

phase-II/III MBL-substitution study should demonstrate clinical efficacy.  

 

Introduction 

 Mannose-binding lectin (MBL) is a serum protein that belongs to the collectin family of 

proteins. MBL molecules are large macromolecules with a bouquet-like structure, similar to that of 

C1q. Both MBL and C1q are innate immune proteins that can initiate the complement cascade. 

C1q initiates the classical pathway of complement activation after binding to antibodies, while 

MBL initiates the lectin pathway of complement activation after binding to repeating sugar 

structures on micro-organisms (1, 2). The binding of MBL leads to opsonization of the micro-

organisms and a more efficient clearance by neutrophils. Around 1970, a defect in the 

opsonization of baker’s yeast (Saccharomycis cerevisiae) or its major capsular constituent 

zymosan, was described for the first time (3, 4). In 1989 it was shown that the lack of opsonization 

in these sera was caused by MBL deficiency (5). Since then, many associations between MBL 

deficiency and increased susceptibility to infection with various micro-organisms have been 

published. MBL-deficient pediatric patients show a higher incidence of recurrent infections, 

mainly in the upper respiratory tract (6, 7). MBL deficiency is associated with a higher 

susceptibility to HIV (8, 9), reduced life expectancy in cystic fibrosis patients due to more frequent 
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and more severe infections (10), and an increased risk of developing sepsis (11, 12). Currently, it 

is believed that most individuals with MBL deficiency remain healthy, but that it leads to an 

increased risk to infections in immunocompromised individuals, i.e. neonates lacking adaptive 

immunity (13, 14), oncology patients receiving chemotherapy (15, 16), or patients suffering from 

other immune deficiencies. Associations between MBL deficiency and longer episodes of febrile 

neutropenia in children and more severe infections in adults with cancer have been described (17-

19). 

 MBL levels are largely genetically determined, but can differ up to ten-fold in individuals 

with identical genotypes for the six known variants (20). Three structural point mutations in exon 

1 of the MBL2 gene, at codon 52, 54 and 57 (D, B and C variant, respectively) prevent formation 

of MBL oligomer complexes and drastically reduce the MBL level. In addition, three promoter 

polymorphisms (X/Y, H/L and P/Q) exist that influence the MBL plasma level. Due to linkage 

disequilibrium only seven haplotypes are found, i.e. HYPA, LYPA, LYQA, LXPA, HYPD, LYPB 

and LYQC (21). Apart from the B, C and D exon 1 variants, the LXPA haplotype is also 

associated with reduced or deficient MBL levels (22). Very low or undetectable levels (<0.05 g/

ml) are found in individuals with homozygous exon 1 mutations, intermediately reduced levels are 

seen in individuals with a heterozygous exon 1 mutation or with the LXPA/LXPA haplotype. In 

general, the remaining individuals with the homozygous wild-type allele (A) show MBL levels 

above 1.0 g/ml, up to more than 10 g/ml. 

 Previously, we found that in vitro addition of plasma-derived MBL (1.0-5.0 μg/ml) to MBL-

deficient control sera completely restored the opsonic function of these sera, as measured by the 

phagocytosis of opsonized zymosan by human neutrophils (23). Therefore, MBL-deficient patients 

with increased infection susceptibility might benefit from MBL substitution therapy. MBL was 

purified from plasma of Danish blood donors by the Statens Serum Institute (SSI) in Copenhagen, 

Denmark (24, 25). In a phase-I trial, carried out in 20 MBL-deficient but healthy adult volunteers, 

MBL-SSI substitution appeared to be safe, because no adverse clinical or laboratory changes were 

observed (26). Serum levels increased up to normal levels, but the half-life of the infused MBL 

was variable. A few patients with recurrent debilitating infections clinically improved after MBL 

replacement therapy (27, 28).  

 We performed an open, uncontrolled safety and pharmacokinetic MBL-substitution study in 

12 pediatric oncology patients with chemotherapy-induced neutropenia. In a cohort of 194 healthy 

Caucasian blood bank donors an optimal receiver-operator curve (ROC) cut-off value of 0.7 μg/ml 

MBL was calculated to divide individuals with a wild-type MBL2 genotype versus individuals 

with genetic variants (23). To achieve sufficient MBL-mediated complement activation and 

opsonophagocytosis, we aimed at a trough level MBL of 1.0 μg/ml. With twice weekly MBL 

infusions of 0.2 mg/kg (3-day interval) and 0.3 mg/kg (4-day interval), the median MBL through 

level was 1.06 μg/ml. The half-life of the infused MBL was 36.4 hours (range 23.7-66.6 hours). 

Therefore, the pharmacokinetics were similar to those found in adults after adjustment for 
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bodyweight. None of the participating patients showed any adverse effect to the infused MBL and 

no anti-MBL antibodies were found four weeks after the last MBL infusion (29).  

 We investigated whether in vivo MBL substitution increased concomitant MBL-mediated in 

vitro complement activation, as measured by MBL-associated serine protease-2 (MASP-2), C3 

and C4 activation, and opsonophagocytosis of zymosan as biological surrogate endpoints for the 

MBL serum reconstitution. 

 

Material and Methods 

Study design and protocol 

 A prospective, open, uncontrolled study was performed in 12 children (A-L) admitted to the 

pediatric oncology unit of the Emma Children’s Hospital, Amsterdam, the Netherlands for 

chemotherapy expected to induce neutropenia (<500 cells/μl). All children were  12 years of age 

and had a mutation in exon 1 of the MBL-2 gene. The study was conducted according to the 

declaration of Helsinki and Good Clinical Practice. The protocol was approved by the local ethics 

committee. All parents gave written informed consent in accordance with the Medical Research 

Involving Human Subjects Act (WMO). Twenty-four hours after the end of a chemotherapy 

course, patients received an MBL infusion (visit 1), which was repeated twice weekly (visit 2-6) 

until patients had recovered from chemotherapy-induced neutropenia (Figure 1). Patients were 

allowed to participate more than once. The dosage was 0.2 mg/kg MBL-SSI for a 3-day interval 

between infusions and 0.3 mg/kg MBL-SSI for a 4-day interval between infusions. We calculated 

the doses from a pharmacokinetic model based on the data from the phase-I study of Valdimarsson 

et al. (26). This was expected to increase the MBL serum concentration to  1.0 μg/ml, with a 

normalization of MBL-mediated opsonization. The study design and protocol, the MBL status and 

clinical characteristics of the 12 patients, as well as the pharmacokinetics and data on safety of the 

infused MBL-SSI are described in detail by Frakking et al. (29). 

 For this study, blood was sampled at several time points: before infusion, after 15 minutes, 

after 2, 4, 6, 16-24 hours, after 3-4 days (visit 2), before each next MBL infusion (visit 3-6) and 4 

weeks after the last infusion. At all time points, MBL serum levels, MBL-mediated complement 

C3 and C4 activation and opsonophagocytosis (in the absence or presence of a blocking 

monoclonal antibody against C1q) were analyzed.  

MBL genotype and serum level 

 MBL levels and genotypes were determined at Sanquin Research, Amsterdam. Four ml of 

EDTA blood of all eligible patients was centrifuged for 10 minutes at 3400 rpm to separate plasma 

and buffycoat. DNA was isolated from white blood cells, by means of the QiAmp blood mini kit 

(Qiagen, Hilden, Germany). Twenty ng of DNA was used for the genotyping of each of the three 
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exon-1 point mutations and for the three promoter polymorphisms by a Taqman assay with 

specific primers and minor-groove-binding probes as described by Brouwer et al.(23).  

 During the MBL-substitution study, blood was drawn, left to coagulate at room temperature 

and aliquots of serum were immediately stored at -80ºC until tested. MBL serum levels were 

measured by ELISA technique as previously described (30). Briefly, mannan was coated to the 

solid phase and incubated with different dilutions of the sera. After washing, biotinylated 

monoclonal antibody MBL-1 (10 g/ml, Sanquin, Amsterdam, the Netherlands) was used as 

detection antibody. After washing, plates were incubated with 1:10,000 diluted polymerized 

streptavidin-Horse Radish Peroxidase (HRP) for 30 minutes. The assay was developed with 100 

μg/ml 3,3’,5,5’-tetramethylbenzidine (TMB) and the absorbance was measured at 450 nm. 

MBL production from human plasma 

 The plasma-purified MBL used in this study was the first generation MBL-SSI, of which the 

purification has been described by Laursen et al. (24, 25). In short, the starting material for MBL 

purification was fraction II+III from the ethanol fractionation of plasma. Immunoglobulins were 

extracted from this product prior to MBL extraction, and an ultra-filtration performed to 

concentrate the extract. This was followed by affinity chromatography on Sepharose CL-4B and 

virus inactivation. Anion exchange chromatography on a Q Sepharose matrix and finally gel 

filtration on Superose 6 to exchange the buffer leading to the final MBL product. The purity of the 

product was about 70% and the major contaminants were IgM, serum amyloid P component, 2-

macroglobulin and IgA. At 4°C the product is stable up to 3 years. 

Complement activation assays 

 MBL-induced endogenous C3b and C4b deposition on mannan was assessed as described by 

Bultink et al. (31). Plates were coated overnight with 50 μg/ml of mannan. Dilutions of patient 

sera were incubated on the coated plates for 30 minutes at 37ºC. After washing, the plates were 

incubated for 1 hour with 0.25 μg/ml biotinylated monoclonal antibody C3-19 (32) to measure 

C3b deposition or with 0.25 μg/ml biotinylated monoclonal antibody C4-10 (31) to measure C4b 

deposition. After washing, the plates were incubated with 1:10,000 diluted polymerized 

streptavidin-HRP for 30 minutes. The assay was developed with 100 μg/ml TMB and absorbance 

was measured at 450 nm. The results are presented in arbitrary units (AU), as compared to the 

mean C3 or C4 activation found in a poolserum of 3000 healthy control sera (MBL level 1.5 μg/

ml), which was set at 100 AU. The assays are developed as very sensitive tools for MBL-

dependent complement activation and are not sensitive for reduced C3 or C4 concentration in the 

sera (10% of the normal C4 / C3 concentration in serum is sufficient to detect normal C4 / C3 

activation). 

 A C4b depositing activity assay to measure MASP-2 activation was performed with 

exogenous C4 at the department of Medical Microbiology and Immunology, University of Aarhus, 



Chapter 9 

146  

Denmark. In this assay, as described by Petersen et al. (33), the specific C4b-depositing capacity 

of the MBL pathway was determined by incubating serum diluted in buffer containing 2 mM 

CaCl2 and 1 M NaCl in mannan-coated microtiter wells overnight at 4ºC. After washing, wells 

were incubated with 0.1 μg of purified human C4 (34) for 1.5 hour, at 37ºC to allow for the 

activation of C4 and the deposition of C4b onto the surfaces. Following a wash, deposited C4b 

was detected by adding 100 ng of biotinylated rabbit–antihuman C4c. C4b depositing activity was 

expressed as mU/ml, read from dilutions of standard plasma. 

 The activities of the classical, lectin and alternative pathways of complement were analyzed 

with the Wielisa kit (Wieslab, Lund, Sweden). This ELISA system is based on three different 

coatings (C1q, mannan and LPS, respectively). The read-out is determination of C5-C9 (35, 36). 

MASP-2 assays 

 MASP-2 serum levels and MASP-2 binding capacity to MBL were determined at the 

department of Medical Microbiology and Immunology, University of Aarhus, Denmark. Due to 

limited patient material, only the samples before MBL infusion, 15 minutes after MBL infusion 

and at visit 2 were analyzed for MASP-2.  Assays were performed as described by Møller-

Kristensen et al. (37). Serum was incubated over night at 4°C, on anti-MASP-2 antibody (MAb 

8B5, subclass IgG1)-coated microtiter wells to determine MASP-2 serum levels or on mannan-

coated microtiter wells to determine MASP-2 binding capacity. MASP-2/Map19 binding was 

detected with 0.1 μg of biotinylated mouse-antihuman MASP-2/Map19 (6G12). MASP-2 serum 

levels are expressed in ng MASP-2/ml serum, MASP-2/Map19 binding capacity to MBL is 

expressed as mU/ml, both read from dilutions of standard plasma. 

Opsonophagocytosis assay 

 The opsonophagocytosis assay has been described in detail by Brouwer et al. (23). Fresh 

isolates of neutrophils from healthy donors were purified from whole blood by centrifugation over 

a Percoll gradient as described by Roos and de Boer (38). After lysis of the erythrocytes, the 

neutrophils were washed in PBS and adjusted to 107 cells/ml in HEPES medium (132 mM NaCl, 6 

mM KCl, 1 mM MgSO4, 1.2 mM KH2PO4, 20 mM HEPES), 2 mM CaCl2, 5.5 mM glucose and 

0.5% (w/v) human serum albumin (HEPES complete).  

 Zymosan, a mannan-rich insoluble cell-wall polysaccharide of Saccharomyces cerevisiae 

(lot no. 1389F, MP Biochemicals, Solon, OH, USA) was suspended in PBS at a concentration of 

10 mg/ml and labeled for 30 minutes at 37ºC with 10 μg/ml of FITC in the dark. After washing, 

the FITC-labeled zymosan was resuspended in PBS to 10 mg/ml. FITC-labeled zymosan (250 μg) 

was opsonized in 250 μl of 3% (v/v) human serum in HEPES complete, during 30 min of 

incubation at 37ºC while shaking. Thereafter, the opsonized zymosan was washed twice and 

resuspended in 25 μl of HEPES complete. The classical pathway of complement was blocked with 

F(ab’)2 fragments of a monoclonal antibody against C1q (20 μg/ml C1q-85, Sanquin (39, 40)).  
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 Phagocytosis was initiated by mixing the opsonized FITC-labeled zymosan (25 μl) with 

neutrophils (0.5x106 cells) in HEPES complete to a final volume of 250 μl. Incubation was 

performed shaking, at 37ºC. At different times (0, 2, 5, 10 and 20 minutes) 50-μl samples were 

taken and added directly to 150 μl of ice-cold stop buffer containing 0.5% (w/v) paraformaldehyde 

to stop phagocytosis.  

 Phagocytosis was determined by flow cytometry. Green Fluorescence (FL1) of FITC was 

plotted against the cellular forward scatter (FSC). Phagocytosis was measured as the mean 

fluorescence intensity (MFI) multiplied by the percentage of the neutrophils gated in R2 (FITC-

positive neutrophils). Non-phagocytized zymosan was excluded from analysis by gate R1. Results 

of the opsonophagocytosis assay are expressed as percentage of phagocytosis compared to a 

positive control (zymosan opsonized with MBL-sufficient serum), which was set at 100%. All 

samples were tested on three different days (n=3), with freshly isolated neutrophils. 

Complement deposition on zymosan  

 Oligomerization of the infused MBL and the binding of MBL and C3 to zymosan during 

opsonization with serum taken before and after MBL infusion, was investigated by Western blot 

analysis. Serum samples were prepared with 1% (v/v) serum in sample buffer (125 mM Tris, 20 % 

(v/v) glycerol 5% (w/v) SDS and 0.02% (w/v) Coomassie blue) without 2-mercapto-ethanol or 

dithiotreitol. Zymosan was opsonized as described above, washed and resolved in HEPES medium 

without albumin and boiled at 95ºC for 5 minutes in sample buffer. SDS-PAGE was performed on 

5% (w/v) acrylamide gels with Precision Plus ProteinTM standard (Biorad) as molecular marker. 

Proteins from the SDS-PAGE gel were transferred to a polyvinylidene difluoride membrane. 

Membranes were blocked with 5% (w/v) milk in 10 mM Tris, 150 mM NaCl, 0.02% (v/v) Tween-

20, pH 7.4 (TBST). After washing, the membranes were incubated in milk/TBST containing the 

primary monoclonal antibody (1:1000) anti-MBL-6 (Sanquin) or anti-iC3b (Quidel). After 

washing, the membranes were transferred to a 1:2500 secondary antibody dilution (goat-anti-

mouse, GE Healthcare) in milk/TBST. Before detection with ECL Western blot reagent kit 

(Pierce), membranes were washed thoroughly with TBST and PBS.  

Statistical analysis 

 Changes in MBL levels and opsonophagocytosis of zymosan before and after MBL infusion 

were calculated with a non-parametric Wilcoxon signed-rank test for all 18 included observations. 

Calculation of only the first observation of the 10 included patients revealed similar data, but with 

less statistical power. The MBL level, opsonization of zymosan and MBL-mediated C3- and C4 

activation were calculated for all visits (1-6). Data are expressed as mean ± standard error of the 

mean (SEM) in case of normally distributed data, unless otherwise mentioned, and as median 

(range) for not normally distributed data. Because of the limited number of patients, continuous 

variables were mainly presented by descriptive statistics.  
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Results 

Patient inclusions 

 The baseline patient characteristics are summarized in Table 1. Two patients did not meet all 

inclusion criteria and were excluded from statistical analysis (although inclusion of these two did 

not change the conclusions of the current dataset). Of the remaining 10 patients, six received MBL 

infusions repeatedly during one neutropenic episode and four received only a single MBL 

infusion, as schematically shown in Figure 1. Patient D was included four times, patient G and K 

three times and patient J two times. Each patient received a unique identification letter, and each 

inclusion a unique identification number. In total, 18 observations were included for analysis 

during this study (A01-L20). 

MBL levels, complement activation and opsonophagocytosis: first 24 hours after infusion. 

 From 17 out of 18 included observations we followed the first 24 hours after the first MBL 

infusion. MBL levels, C3 and C4 activation were determined on solid-phase mannan to quantify 

the MBL binding and MBL/MASP-mediated complement activation. Zymosan opsonized with 

patient sera was phagocytized by control neutrophils to determine the opsonization capacity in the 

same blood samples, as biological read-out and in vitro surrogate marker for in vivo MBL 

reconstitution. The median MBL level, C3 and C4 activation and opsonophagocytosis of zymosan 

during the first 24 hours after MBL infusion are shown in Figure 2A.  

 MBL levels increased in all patients after the first infusion. Median MBL levels increased 

more than 10-fold from 0.38 μg/ml (range 0.03-1.69 μg/ml) before infusion (visit 1), to a peak 

level of 5.10 μg/ml (range 2.10-9.50 μg/ml) 15 minutes after infusion (Wilcoxon signed-rank, 

ID  Sex Age  MBL2 MBL level Tumour Reason for exclusion 

    (years) genotype ( g/ml)     
A F 2.1 HYPA/LYPB 0.87 AML   
B M 8.1 LYQA/HYPD 0.66 Common ALL   
C M 12.5 LYQA/ LXPA 0.35 T cell ALL no exon 1 mutation 
D F 1.1 LYQA/LYPB 0.51 Neuroblastoma   
E F 9.7 LXPA /LYPB 0.48 Ewing sarcoma   
F M 1.7 LXPA/LYPB 0.09 B-ALL   
G M 0.5 HYPD/HYPD 0.08 Pro B-ALL   
H M 10.5 LXPA /LYPB 0.09 T cell lymphomaa   
I M 15.4 LXPA/HYPD 0.47 GIST patient too old 
J F 7.2 LXPA /HYPD 0.38 PNST   
K F 11.6 LXPA /LYPB 0.13 Osteosarcoma   
L M 9.6 LYPA/LYPB 0.54 Ewing sarcoma   

Table I. Patient characteristics  

ID, identification letter; F, female; M, male; Age at the time of first MBL infusion; MBL level at the time 
of screening for inclusion; Tumor: AML, acute myeloid leukemia; ALL, acute lymphoblastic leukemia; 
GIST, gastro-intestinal stromal tumor; PNST, peripheral nerve sheath tumor; a T-cell lymphoblastic non-
hodgkin lymphoma. 
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p<0.0001), declining to 2.50 μg/ml (range 1.23-4.00 μg/ml) in 24 hours (Fig. 2A, upper left panel).  

 The median MBL-mediated C3 and C4 activation and opsonophagocytosis of zymosan are 

also shown in Figure 2A. MBL-mediated C3 and C4 activation as well as the opsonophagocytosis 

increased after MBL infusion. MBL-dependent endogenous C4 activation showed an almost 4-fold 

increase directly after MBL infusion, whereas C3 activation was doubled. In contrast to the drastic 

increase in MBL, opsonophagocytosis of zymosan increased from 24% (range 1-61%) before to 

75% (range 8-130%) directly after MBL infusion (Wilcoxon signed-rank, p<0.0003). 

Opsonization was also performed in the presence of F(ab)2 fragments of the inhibitory anti-C1q 

monoclonal antibody to block the classical pathway of complement activation (data not shown). 

This reduced the median opsonophagocytosis of zymosan before MBL infusion drastically to 6%, 

which is in accordance with the fact that zymosan opsonization is largely MBL-dependent (23) 

and to some extent defined by endogenous anti-yeast/zymosan antibodies in the serum. After MBL 

infusion, there was only a 10-20% reduction by the anti-C1q antibody compared to the 

opsonophagocytosis without these blocking antibodies (55% opsonophagocytosis). The increase in 

opsonophagocytosis upon (repeated) MBL infusion showed an equal pattern with or without 

blocking anti-C1q antibodies and followed the pattern of the MBL level. MASP-2 serum levels 

remained equal before and after MBL infusions in all patients (supplemented Figure 1). 

Complement activation and opsonophagocytosis: cumulative data after repeated infusion. 

 At visit 2, just before the second infusion, the median MBL trough level was 0.90 μg/ml 

(0.26-1.84 μg/ml), significantly higher as compared with visit 1, before the first infusion of MBL 

(Wilcoxon signed-rank, p<0.0001). In the 12 patients who received repeated MBL infusions every 

3 or 4 days (visit 2-6) during one neutropenic episode, we observed a cumulative effect of the 

repeated MBL infusions as MBL trough levels increased during the treatment (Figure 2B, upper 

Figure 1. MBL substitution regimen. Repetitive MBL infusions were given following a neutropenia-
inducing chemotherapy course. The first MBL infusion was given 24 hours after the neutropenia-inducing 
chemotherapy, followed by MBL infusions every 3 or 4 days (each arrow represents one MBL infusion) 
until the patient was no longer neutropenic. Five patients received only a single infusion.  



Chapter 9 

150  

panel). Although a similar increase was seen in the trough levels of C3  and C4 activation (Figure 

2B, middle panels), the median trough levels in C3 and C4 activation remained below the levels 

achieved with a pool serum of 3000 healthy control sera (set at 100 AU; dotted line in Figure 2B).  

Figure 2.  
MBL level, C3 and C4 
activation and opsono-
phagocytosis of zymosan. 
Scatter plots of all included 
observation with the median 
(line). The upper scatter plots 
show the MBL level, the 
central boxes the MBL/
MASP-mediated C4 and C3 
activation and the lower 
scatter plots the 
opsonophagocytosis of 
zymosan. Target MBL level 
of 1.0 μg/ml, 100 AU C4 or 
C3 activation and 100% 
phagocytosis are depicted 
with a dotted line in the 
upper, middle and lower box 
plots, respectively. (A) 
samples taken during the first 
24 hours after the first MBL 
infusion. The first sample 
was drawn prior to MBL 
infusion (pre) and the other 
samples at 15 minutes, 2, 4, 
6 and 24 hours after the 
MBL infusion. Sample size 
varies from 15-17 samples. 
(B) samples taken prior to 
every MBL infusion to 
determine the trough levels. 
Visit 1 is the sample drawn 
before the first MBL 
infusion, the other visits took 
place every 3-4 days. Sample 
size varies, due to 
differences in neutropenic 
periods among patients.   
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 Opsonization was significantly higher at visit 2 as compared with opsonization at visit 1 

(Wilcoxon signed-rank, p<0.025). Also the opsonization of zymosan (whether anti-C1q antibodies 

were added or not) showed a similar pattern as did the MBL level in those patients who received 

repeated MBL infusions. The median opsonophagocytosis increased from 24% before the first 

MBL infusion, to 45% before the MBL gift at visit 2 and to 83% at visit 5 (compared to control 

serum set at 100%, see dotted line in the lower panel of Figure 2B).  

 Because opsonophagocytosis was lagging behind during both the early and late stages of 

MBL reconstitution, we performed additional experiments to elucidate the achieved results. Figure 

3 shows an in vitro titration of MBL-SSI to a serum of a healthy MBL-deficient control. This 

titration revealed that a higher level of MBL-SSI (3.3 μg/ml) was necessary to completely restore 

opsonophagocytosis of zymosan (to 100%) (figure 3A), compared to the serum MBL level (~ 1.3 

μg/ml) necessary to achieve this 100% phagocytosis, in MBL-sufficient controls (Figure 3B).  

MBL oligomerization and binding capacity 

 The MBL oligomerization and MBL binding to zymosan during the MBL substitution were 

determined with Western blot in the patient samples. As a representative for the study population, 

the longitudinal series of patient D04 are shown. The functional MBL levels, determined by 

binding to mannan-coated ELISA plates, peaked during the first 24 hours, followed by subsequent 

lower trough values for visits 2-5, as well as the normalized ‘four weeks after infusion’ sample 

(Figure 4A).  

 Not only the serum levels, but also the degree of MBL oligomerization in the sera (Figure 

4B) showed a vast increase upon substitution during the peak phase and a dramatic shift from low-

oligomeric MBL to high-oligomeric MBL, which remained consistently present during the whole 

substitution period. Prior to the MBL substitution, only very little MBL binding to zymosan was 

found, whereas the high-oligomeric MBL forms were detected after substitution (Figure 4B, lower 

Western blot). The ‘four weeks after infusion’ sample showed similar results as the samples taken 

before the first MBL infusion.  

 The response to repeated MBL infusions as assessed by trough levels of MBL, MBL-

mediated C3 and C4 activation, and opsonophagocytosis of zymosan, of patient D and G with 

different inclusion periods, remained very similar within each patient, but varied considerably 

among these patients (Figure 5). Patient D showed in each of the courses of MBL substitution an 

increase in C3 activation and opsonophagocytosis, whereas patient G did not. 

MBL, complement activation and opsonophagocytosis before and after MBL substitution. 

 Median levels of MBL-mediated endogenous C3 and C4 activation were above 100 AU 

during the first 24 hours after infusion, but these levels were not maintained in trough levels 

during repeated infusions. Although a significant increase in opsonophagocytosis was seen in all 
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patients 15 minutes after MBL infusion, compared to before infusion (Figure 6A), this increase 

was lower than expected based on the achieved MBL concentrations. MASP-2 binding to MBL on 

mannan-coated microtiter wells was increased upon MBL substitution and correlated (r2 = 0.8631, 

p<0.0001) with the MBL levels achieved in the patients (Figure 6B). The MASP-2 activation, as 

measured by MBL-dependent C4b depositing activity with exogenous C4, did not correlate with 

MBL concentrations 15 minutes after MBL substitution (Figure 6C). Furthermore, compared to 

the correlation coefficient of MBL levels and MASP-2 activation in 100 control samples, the 

MASP-2 activation was suboptimal in the neutropenic patients both before and 15 minutes after 

MBL infusion, even though MASP-binding to MBL was not impaired in these samples. 

 To further investigate the suboptimal complement activation and the inter-individual 

variations detected for MBL-mediated C3 activation and opsonophagocytosis, the samples drawn 

at visit 1 (before the first MBL infusion) and 15 minutes after the MBL infusion from the patients 

were further analyzed. Western blots with eluates from opsonized zymosan visualized that MBL 

infusion in all ‘15 minutes after’ samples led to a reconstitution of functionally active high-

oligomeric MBL molecules (trimer-pentamer) compared to the mainly low-oligomeric (dimer-

trimer) MBL present in the eluates of zymosan incubated with serum drawn directly before the 

first MBL infusion (Figure 7A). The MBL levels, C3 deposition on zymosan analyzed with flow 

cytometry and opsonophagocytosis of these samples can be found in Figure 7B. The C3 deposition 

on zymosan showed variation before MBL infusion, but MBL infusion led to an increase in C3 

deposition on zymosan in all cases. Upon MBL infusion, opsonophagocytosis of zymosan was 

increased, and opsonophagocytosis of zymosan in the samples 15 minutes after MBL infusion 

showed the same tendency as MBL-mediated C3 deposition in all but patient J14.  

Figure 3. Phagocytosis of zymosan opsonized with increasing concentrations MBL. 
(A) Phagocytosis by neutrophils of zymosan opsonized with an MBL-deficient serum, supplemented by a 
titration series of MBL-SSI in vitro. (B) Phagocytosis by neutrophils of zymosan opsonized with a series of 
MBL-sufficient sera, with the MBL concentration of each serum at the X-axis. Each bar represents the 
mean ± SEM of 3 independent measurements.  

A B 
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 Although CH50 and AP50 levels of the patients had been determined before participation to 

the MBL-substitution study, we reanalyzed all samples taken at visit 1, 15 minutes after MBL 

infusion and at visit 2 for the activation of the three complement pathways in a Wielisa and 

compared them with the positive control serum supplied with the Wielisa (Figure 7C). The mean 

activation of the classical pathway of complement in all samples was 90 ± 4% before and 84 ± 4% 

after MBL infusion. The mean lectin pathway activation was 33 ±7% in the samples drawn before 

MBL infusion. In the samples taken 15 minutes after MBL infusion an increase in the lectin 

pathway activation was seen but only up to 69 ± 6% of the positive control supplied with the kit, at 

a median MBL level of 5.1 μg/ml, and at visit 2 the lectin pathway activation was 27 ± 8%. This 

reduced lectin pathway activation can be well explained by the reduced MASP activation found in 

these patients. Although inter-individual variations were present, the alternative pathway was 

reduced (51 ±14% - 57 ± 6%) compared to the supplied control serum in almost all samples. G07, 

J14 and J16 showed no alternative pathway activation (3 ± 3% - 12 ± 2%) in the samples taken 

during the MBL substitution. However, in the samples taken from these patients 4 weeks after the 

study the alternative pathway activation was 54 ± 10% (Supplemented figure 2). These 3 

observations with low alternative pathway activity also showed low C3 deposition on zymosan 

and low opsonophagocytosis by human neutrophils 15 minutes after MBL substitution. The 

opsonophagocytosis in patient J14 could be restored by mixing (1:1) this serum sample (15 min 

Figure 4. MBL levels, oligomeric forms, and MBL and C3 
deposition on zymosan. 
(A) Representative MBL levels of patient D during the first 24 
hours after MBL substitution, before every MBL gift (visit 1-
5) and in the sample taken 4 weeks after the last MBL 
infusion., determined with ELISA. (B) The upper Western blot 
shows the oligomeric forms of the infused MBL, while the 
lower Western blot shows the MBL binding capacity to 
zymosan. (C) C3 deposition on zymosan as % of MBL-
sufficient control sera.  
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after MBL infusion) with MBL-deficient serum from homozygous MBL-deficient controls having 

MBL levels under the detection limit of < 0.05 μg/ml. The exact nature of the temporary defects in 

this and the other patients has remained unidentified. Nonetheless, factor D deficiency was 

formally excluded, because purified factor D did not restore the alternative pathway activation in 

this patient, whereas the purified factor did do so when added to a control serum deficient for 

factor D (23).  

 

Discussion 

 In this MBL-substitution study we demonstrate that the in vitro measured C3 complement 

activation and opsonophagocytosis of zymosan increased in all patients after in vivo administration 

of plasma-purified MBL. However, the recovery of opsonic function was suboptimal, both at the 

peak values of MBL during the first 24 hours and at the trough values before the next MBL 

infusion, although improvement was seen after repeated infusions. 

 Median MBL levels ranged from 5.1 μg/ml, 15 minutes after MBL infusion, to 2.5 μg/ml 24 

hours after MBL infusion. On average, MBL-mediated endogenous C3 activation seemed to be 

above the normal 100 AU. However, this assay was only sensitive for low MBL levels and not for 

Figure 5. Repeated inclusion of two patients during different neutropenic episodes. 
From left to right: average MBL level, MBL/MASP-mediated C3 activation and opsonophagocytosis of 
zymosan (all measured 3 times at three different days) from patient D (upper panel: D04, D08 and D09) 
and patient G (lower panel: G07, G13 and G18) who received MBL infusions during 3 different 
neutropenic episodes.  
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reduced C3 levels. C3 deposition on zymosan and 

the opsonophagocytosis of zymosan by normal 

control neutrophils did not reach the optimal 100% 

during this phase early after MBL infusion. 

 Several explanations for the suboptimal 

complement activation seen during the first 24 hours 

after MBL reconstitution were considered. First, we 

hypothesized that the 40% reduction in the 

complement-activating ability of MBL-SSI as a 

result of the purification process (24) could have 

limited opsonic activity. However, MBL levels are 5

-10 times higher than the endogenous levels in MBL

-sufficient individuals, and therefore this 40% 

reduction in MBL function cannot explain the low 

opsonization during the peak phase. This was further 

supported in the samples taken 15 minutes after 

MBL infusion, where in vitro addition of MBL-SSI 

did not lead to an increase in opsonophagocytosis of 

zymosan (data not shown). Secondly, we considered 

the possibility that MASP-2 binding and activation 

during the first 24 hours might be suboptimal or 

impaired. MASP-2, the most relevant MASP for 

complement-mediated opsonization, accounted for 

approximately 2.5% of the proteins present in the 

MBL-SSI product only (24, 25); thus, the MASP-2 

necessary for lectin pathway activation is recruited 

from the circulation of the patients. MASP-2 binding 

to mannan-bound MBL highly correlated with MBL 

levels reached upon MBL substitution. However, the 

MASP-2 activation as analyzed by C4b depositing 

activity did not correlate with the achieved MBL 

levels and was much lower compared to MASP-2 

Figure 6. The association between MBL levels and opsonophagocytosis of zymosan, MASP-2/Map19 
binding capacity, and MASP-2 activation capacity determined as C4b depositing activity, in the patient sera 
before MBL infusion (visit 1) and 15 minutes after MBL infusion. Each symbol represents one sample.  
(A) Association between MBL level and opsonophagocytosis of zymosan. * Sera with low alternative 
pathway activation in the Wielisa. (B) Association between MBL level and MASP-2/Map19-binding to 
mannan-bound MBL. (C) Association between MBL level and MASP-2 activation (measured as C4b 
depositing activity) of the patient sera before (visit 1) and after MBL infusion (15 min), and 100 control 
sera (33, 43). Linear regression of  the 100 control sera , r=0.98 (43).  
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activation in 100 control samples. Thus, although MASP-2 binding capacity was unimpaired, the 

proteolytic activity of MASP-2 may have been lost upon binding to C1 inhibitor or to 2-

macroglobulin, some of the major impurities in the product. Malignancy-related or chemotherapy-

Figure 7. MBL and complement activation directly before and after the first MBL infusion.  
Samples from patient F, I, J, K and L drawn directly before (no mark) and 15 minutes after (*) the first 
MBL infusion were analyzed for MBL binding and complement activation. (A) Eluates from opsonized 
zymosan analysed by SDS-page and immuno-blotting with anti-MBL antibodies. As a control, eluates from 
zymosan opsonized with PBS (-) and with plasma-purified MBL alone (MBL-SSI), were also run on the 
gel. (B) MBL level (upper panel), MBL-mediated C3 deposition on zymosan (middle panel) and 
opsonophagocytosis of zymosan (lower panel). (C) Complement pathway activation screened by Wielisa, 
read-out C5b-9 (n=16). Specific activation via the classical, lectin and alternative pathway of complement 
at visit 1, 15 minutes after MBL infusion and at visit 2 is given as means in % (+SD) of the positive control 
serum supplied with the Wielisa kit.  
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induced reduction of MASP-2 proteolytic activity can also not be excluded. Finally, besides 

reduced proteolytic activity of MASP-2, we found a reduction of alternative pathway activation in 

the samples taken during the MBL substitution, when patients were neutropenic as a consequence 

of the chemotherapy. Although the reduction of alternative pathway activation varied among 

patients, alternative pathway activation seemed to be correlated with opsonophagocytosis of 

zymosan. We therefore conclude that the suboptimal opsonophagocytosis of zymosan was due to a 

temporary alternative pathway deficiency, possibly caused by reduced synthesis of complement 

proteins or increased consumption due to the severe neutropenia in these patients. 

 The doses of MBL had been predicted to yield trough levels of 1.0 μg/ml MBL, a level 

sufficient for opsonization in healthy control sera (29). Although this MBL trough level was 

reached, the levels of opsonophagocytosis were lower than expected. The loss of 40% of the 

complement-activating ability of MBL as described by Laursen (24) may provide (part of) the 

explanation for the suboptimal results of MBL-mediated C3 activation and opsonophagocytosis of 

zymosan at these sufficient MBL trough values. As was confirmed by dose-response curves of in 

vitro addition of MBL-SSI to MBL-deficient serum, a higher level of MBL is necessary to achieve 

the same opsonophagocytosis levels as compared to MBL in the circulation of normal MBL-

sufficient donors. Taken into account this 40% reduction of complement-activation by plasma-

purification of MBL, the calculated trough level of 1.0 μg/ml was apparently not sufficient for 

optimal complement activation and a higher dose may be considered to achieve sufficient activity 

of the infused MBL. 

 The inter-individual variations in opsonophagocytosis of zymosan after MBL substitution to 

similar trough levels are most likely caused by variations in other complement proteins rather than 

as a difference in effectiveness of the infused MBL-SSI. This can be concluded because the  

MASP-2 binding correlated well with the MBL concentration achieved after suppletion of MBL, 

and because of the very consistent complement activation between the different inclusions of the 

same individual (patients D, G, J and K). In the some of the patients included in this study, the 

alternative complement pathway activity seemed to be affected following chemotherapy, which 

can be rate-limiting in zymosan opsonization (23). Due to the limited amount of patient serum we 

have not been able to determine the limiting alternative pathway protein, but the defect was be 

restored by mixing of patient serum (1:1, v/v) with MBL-deficient control serum. Thus, the 

infused MBL-SSI from the patients’ serum could opsonize zymosan. 

 We studied whether MBL substitution increased MBL-mediated in vitro complement 

activation and opsonophagocytosis of zymosan as biological surrogate endpoint for the MBL 

serum reconstitution. Restoration of complement activation and opsonophagocytosis will be 

necessary to prevent infections in the neutropenic oncology patients. Because of the small number 

of patients, clinical efficacy could not be determined in this trial. However, MBL substitution has 

shown to be clinically beneficial in case reports (27, 41), and in pre-clinical studies with knock-out 

mice (42). A phase-II/III randomized controlled clinical trial is necessary to determine the clinical 
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effects of the MBL substitution in vivo.  

 In conclusion, this MBL-substitution study demonstrates that MBL substitution therapy with 

plasma-derived MBL not only restores MBL levels in vivo, but also increases MBL-mediated 

complement C3 activation and opsonophagocytosis of zymosan. However, the calculated trough 

level of 1.0 μg/ml MBL may not be sufficient to reach optimal opsonic function, due to the 40% 

loss of complement-activating ability during the purification of MBL. A higher trough level MBL 

may be necessary for in vivo efficacy. Despite the high MBL levels directly after MBL infusion, 

we found suboptimal complement activation and opsonophagocytosis of zymosan in this hemato-

oncology cohort. This might be caused by defective MASP-2-mediated lectin pathway activation 

as well as the decrease in alternative pathway activity at the time of the MBL infusions in these 

patients. However, the decrease in alternative pathway activity and altered MASP-2 activity may 

not exist in other patient cohorts that may still potentially benefit from MBL suppletion. Because 

of the lack of phagocytes following the cycles of chemotherapy, the efficacy of MBL substitution 

therapy in this patient cohort may already be debated in the first place. According to our findings 

in a pediatric oncology cohort, other, preferably pediatric, patient cohorts should be targeted to 

demonstrate a therapeutic effect of MBL substitution in a phase-II/III randomized clinical trial. 

Premature neonates at the neonatal intensive care unit (NICU) may be a suitable target group. In 

these patients, MBL substitution may result in reduction of nosocomial infectious episodes, and in 

fewer admission days at the NICU.  
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levels. Box plots represent the median 
(line), the 25-75% value (box) and the 
minimum and maximum values (error 
bars). The dotted line represents 100 
AU of C4 activation. MASP-2 
concentrations in the sera at visit 1, 15 
min. after MBL infusion and at 
through level before the next infusion 
(visit 2). Sample size varies from 15-
17 samples.  

Supplemented Figure 2. Complement pathway activation and 
opsonophagocytosis of zymosan of the patient sera with low 
alternative pathway activation (n=3). Specific activation via the 
classical, lectin and alternative pathway of complement at visit 1, 
15 minutes after MBL infusion, at visit 2 and in the sample drawn 
4 weeks after the last MBL infusion, screened by Wielisa, read-out 
C5b-9, as means in % of the positive control serum supplied with 
the Wielisa kit and opsonophagocytosis of zymosan expressed as 
% (± SEM) of the positive control, set at 100%.  
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 Mannose-binding lectin (MBL) is a component of the innate immune system that activates 

the complement system upon binding to repeating sugar residues on the surface of micro-

organisms or altered host cells. This first line of defense against micro-organisms is of importance 

to prevent or clear infections in young children who have not yet developed their immunoglobulin 

repertoire, and in later life during the first days after infection with a new micro-organism before 

the adaptive immune response has been induced. MBL-mediated activation of the lectin pathway 

of the complement system leads to opsonization of invading micro-organisms (C3b and iC3b 

deposition) and promotes their phagocytosis and thereby the clearance of micro-organisms from 

the body. Besides opsonization, complement activation also promotes chemotaxis (C5a) and lysis 

of the micro-organisms (C5b-9, MAC). MBL2 variant alleles lead to reduced or deficient levels of 

MBL in the circulation and are very common (about 30% of the Caucasian population carries a 

variant allele). MBL deficiency might cause an increased risk of infections or infectious 

complications concomitant with other disease. 

 In this thesis the role of MBL in complement activation and opsonophagocytosis in vitro 

(chapter 2 and 3) and MBL deficiency as a risk factor for clinical complications in vivo (chapter 4-

7) is discussed. The last two chapters (chapter 8 and 9) focus on the potential of plasma-purified 

MBL as a therapeutic agent. 

 

In vitro MBL-mediated complement activation and opsonophagocytosis. 

 To study the MBL-mediated opsonization and phagocytosis of different micro-organisms, 

we developed an in vitro flow cytometry assay. Micro-organisms were opsonized with serum from 

either MBL-sufficient or MBL-deficient donors, after which the opsonized micro-organisms were 

phagocytized by isolated human neutrophils from an unrelated healthy donor. By the use of this 

assay we found that zymosan particles (Saccharomyces cerevisiae cell-wall fragments) are mainly 

opsonized via the lectin pathway of complement activation. Opsonization of zymosan with MBL-

deficient serum led to a 3-fold reduction of phagocytosis compared to zymosan opsonized with 

MBL-sufficient serum. We further found that the lectin pathway-mediated opsonization of 

zymosan was enhanced by the alternative pathway amplification loop, even at low (3% v/v) serum 

concentrations. Opsonophagocytosis of zymosan opsonized with MBL-deficient serum or 

combined MBL- and alternative pathway-deficient serum was restored by addition of purified 

MBL or purified alternative pathway proteins to the opsonization step. In conclusion, the C4b2a-

complex, formed upon activation of the lectin pathway, and the C3bBb-complex, formed by 

activation of the amplification loop of the alternative pathway, act together for optimal C3 

convertase activity and optimal MBL-mediated opsonization of zymosan. 

 The binding of MBL to various micro-organisms (gram+ / gram- bacteria, fungi, viruses and 

protozoa) has been widely studied, but usually in the absence of a complement source (serum / 
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plasma), whereas we showed that the lectin pathway-mediated opsonization is highly amplified by 

the alternative pathway. Furthermore, MBL binding alone is not sufficient for optimal 

opsonization, because complement activation is essential as well. We found that although MBL 

binds to various bacterial strains, the role of attached MBL in complement-mediated opsonization 

of these bacteria is limited. The bacterial strains were opsonized mainly via the classical pathway 

of complement (antibody-mediated), and this opsonization was also highly amplified by the 

alternative pathway. This is in contrast to yeast opsonization, where MBL binding and subsequent 

complement activation strongly enhanced phagocytosis of the opsonized yeasts. 

 The discrepancy between MBL binding to bacteria and MBL-mediated phagocytosis of these 

bacteria suggest another role for MBL-binding to bacteria. Binding of MBL-C3b/d complexes to 

complement receptor-1 present on the surface of neutrophils has been described (1). It has also 

been suggested that there are specific collectin receptors on the surface of phagocytes (2). These 

receptors could provide a means for MBL-IgG-mediated phagocytosis of opsonized bacteria 

without contribution of the complement system. MBL binding to micro-organisms may induce 

other innate (or adaptive) immune systems, besides the complement system, which may contribute 

to clearance of the micro-organisms from the circulation. Cytokines are signaling proteins used in 

cellular communication and are produced by macrophages, monocytes and dendritic cells. Several 

studies have reported a role for MBL in cytokine production and secretion. Most reports describe 

an increase in the anti-inflammatory cytokines IL-6, IL-8, IL-10 and RANTES (5), and a 

suppression of the pro-inflammatory cytokines IL-1 , IL-1 , TNF  (3, 4). These data suggest that 

MBL bound to bacteria may enhance phagocyte recruitment to the site of infection, while down-

regulating macrophage-mediated inflammation in a complement-independent manner. 

 A disadvantage of the in vitro MBL binding and complement activation assays is that the 

binding characteristics of MBL to several micro-organisms might change with the growth phase of 

the organism (2). We tried to standardize our opsonophagocytosis assay, by harvesting the 

bacterial and yeast cultures in the log phase. Apart from the growth phase, it has been found that 

the binding capacity of MBL to different strains of one species may vary considerably (6, 7). 

Taken together, the opsonophagocytosis assay has its limitations because strains cultured and 

tested in the lab do not have to be representative for the pathological strains found in patients. 

Nonetheless, the assay can be a helpful tool to investigate whether an MBL-deficient patient is 

suffering from an infection because of this lack of MBL, by isolation and culture of the patient’s 

pathogen itself and testing the opsonophagocytosis of this strain in vitro. 

 With blocking anti-C1q antibodies and properdin-deficient or factor D-deficient sera we 

were able to study the lectin pathway-mediated opsonization without interference of the classical 

or alternative complement pathways. Although ficolins and especially L-ficolin are thought to act 

on the lectin pathway of complement activation (8), we have not been able to detect L-ficolin-

mediated opsonophagocytosis of micro-organisms, even though we used concentrations of purified 

L-ficolin far above the median serum L-ficolin concentration. So far, L-ficolin-mediated 
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opsonophagocytosis has only been found for late apoptotic and necrotic host cells, in which L-

ficolin enhanced uptake of these altered host cells by macrophages, thereby participating in the 

maintenance of tissue homeostasis (9). We therefore presume that in our studies, the lectin 

pathway-mediated opsonophagocytosis of the different micro-organisms was MBL-mediated 

opsonophagocytosis. 

 

MBL deficiency as risk factor in immunocompromized individuals: in vivo cohort studies 

 To date, it is now generally accepted that MBL deficiency alone is not a risk factor for 

infection, morbidity or mortality in children or adults. But it may become a risk factor when MBL 

deficiency occurs concomitantly with: 1) another (humoral) immune deficiency, 2) immune 

suppression, 3) exposure to unusual infectious challenges. Many of the clinical association studies 

published in the last 10 years address these patient cohorts. MBL levels and MBL2 genotypes in 

the patient cohorts have been compared with healthy controls, and intra-cohort associations have 

been investigated in patients, e.g. prevalence of infections, clinical outcome, morbidity and 

mortality. Most studies focused on intra-cohort associations, because MBL deficiency is very 

common in healthy Caucasian controls, hindering the interpretation of clinical implications of 

increased prevalence of MBL deficiency in the investigated patient groups. 

 In this thesis we focused on association of MBL deficiency and the clinical outcome in two 

immuno-suppressed patient groups: (pre-)mature neonates admitted to the neonatal intensive care 

unit (NICU) and pediatric oncology patients with chemotherapy-induced neutropenia. 

 Preterm and term neonates are dependent on innate immunity and maternal antibodies and 

are considered to be prone to develop infections, especially in a NICU setting. MBL deficiency 

may further increase this risk of infections. We investigated MBL2 genotypes and MBL levels in 

both umbilical cord blood and neonatal blood. Reduced levels of MBL were found in neonates 

compared to adult controls, even in neonates expressing a wild-type MBL2 genotype. Reduced 

MBL levels were associated with younger gestational age, probably because the liver in premature 

neonates produced insufficient MBL due to immaturity. In neonates with wild-type MBL, or with 

a heterozygous exon 1 mutation, an increase in MBL levels was seen in the weeks after birth, due 

to the assumed maturation of the liver. An acute-phase reaction of MBL due to infection can only 

contribute to this phenomenon in the infected neonates but cannot explain the increase in the 

uninfected neonates. Although preterm neonates expressed lower levels of MBL, no difference in 

MBL genotype was found between preterm and term neonates. Thus, MBL2 variant alleles are not 

a risk factor for prematurity. Although MBL levels found in umbilical cord blood were 

systematically higher compared to levels in neonatal blood, the MBL levels were highly 

correlated. This implies that neonates can be investigated for MBL deficiency by the use of 

umbilical cord blood, thereby sparing the neonates from donating blood. 
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 In a follow-up of this study we associated low levels of MBL at birth with increased risk for 

early-onset sepsis (within 72 hours after birth), culture-proven sepsis and pneumonia during the 

first month of life. The association of low MBL levels with younger gestational age, and the 

association of low MBL levels and increased risk for (nosocomial) infection and sepsis or 

pneumonia were consistent throughout the several cohorts investigated (10-13). However, the 

definition of low MBL levels varied among the different cohorts. If the association between low 

MBL levels in (pre-)term neonates and the risk for developing sepsis in NICU can be confirmed in 

a multi-centre cohort, with one definition for low or deficient MBL levels (preferentially 

investigated together with MBL genotype), it will provide a rationale for a placebo-controlled 

phase-III clinical trial to evaluate the beneficial effects of MBL administration to neonates. 

 Pediatric oncology patients with chemotherapy-induced neutropenia are also considered to 

be immune suppressed because of the lack of almost all leukocytes. These patients often suffer 

from fever during neutropenic episodes (febrile neutropenia) and some patients develop serious 

infectious complications. MBL deficiency could increase infection susceptibility in neutropenic 

children and, in turn, administration of purified MBL may therefore reduce the risk of infections 

during chemotherapy treatment. In a pediatric oncology pilot cohort with chemotherapy-induced 

neutropenic patients, we did not find an association between MBL deficiency and prevalence or 

severity of infections. Severe neutropenia (<100 cells/μl) can explain why we did not find an 

effect of MBL deficiency, because the major effector function of MBL, i.e. enhancement of 

phagocytosis by opsonization of pathogens, was compromised by the absence of phagocytic cells. 

 In an extended oncology cohort we determined whether MBL deficiency is a bad prognostic 

factor in pediatric hematologic cancer and solid tumors for admission to the pediatric intensive 

care unit (PICU), the time to relapse of malignancy or death. MBL deficiency was associated with 

longer duration of PICU admissions with febrile neutropenia and with a shorter period to relapse. 

MBL can bind to late apoptotic and necrotic cells, enhancing their clearance from the body. In 

MBL-deficient individuals there is a defective clearance of apoptotic cells that may lead to 

malignancies (14). Therefore, the shorter period to relapse of the malignancy may be apoptosis 

related. Although we did not find a relation between MBL and risk of infection during febrile 

neutropenic episodes, we did observe an increase in MBL levels (in wild-type or heterozygous 

variant MBL patients) during a febrile neutropenic episode, due to the acute-phase response, 

suggesting lectin pathway activation of complement. 

 Our results are in agreement with those of others, contradicting the association as previously 

found between MBL deficiency and increased infection risk during febrile neutropenia (15-17). 

Differences in age of the patients (adults versus children), the variety in tumor types, 

chemotherapy regimens, severity of the neutropenia (mild neutropenia <500 cells/μl versus severe 

neutropenia <100 cells/μl) and the definition of MBL deficiency might all account for these 

contradicting results. To really establish the role of MBL in chemotherapy-induced neutropenic 

oncology patients a multi-centre study would be indicated with sufficient statistical power, to 
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determine the role of MBL levels in patients with similar tumors and / or chemotherapy regimen. 

 

MBL as a therapeutic agent in pediatric oncology patients 

 Substitution of MBL in MBL-deficient individuals with plasma-purified MBL (Statens 

Serum Institute, MBL-SSI) has proven to be a safe procedure in adults (18) and also in children as 

we have shown. No serious adverse events occurred and anti-MBL antibodies were not detected 4 

weeks to 1 year after the last infusion with MBL-SSI. Anti-MBL antibodies were not expected, 

because even in sera from donors with homozygous MBL2 variant alleles, containing an MBL 

level below the detection limit of the MBL ELISA, some residual monomeric or dimeric MBL was 

detected by Western blot analysis. In the MBL substitution study we demonstrated that twice 

weekly infusions with MBL-SSI in chemotherapy-induced neutropenic oncology patients resulted 

in MBL trough levels of minimally 1.0 μg/ml. The pharmacokinetic analysis revealed a half-life of 

36 hours of the infused MBL. Pharmacokinetics were not related to age after correction of body 

weight; thus, calculation of the optimal dose of MBL-SSI based on body weight is a reasonable 

strategy for MBL substitution in MBL-deficient patients. 

 We investigated the in vitro increase of MBL-mediated complement activation and 

opsonophagocytosis upon MBL substitution in vivo, as biological surrogate endpoints for MBL 

serum reconstitution. Although the desired trough level MBL was thought to be therapeutic at the 

start of the MBL substitution trial, it appeared that due to the purification process MBL-SSI had 

suffered a 40% loss of complement-activating capacity, which resulted in suboptimal complement 

activation and opsonophagocytosis at serum trough levels of 1.0 μg/ml MBL. 

 Apart from the suboptimal complement activation found at the trough levels, we observed a 

discrepancy between MBL levels, complement activation and opsonophagocytosis during the first 

24 hours after MBL substitution as well. Fifteen minutes after MBL infusion, when circulating 

MBL levels were at least 3-fold higher than normal circulating serum levels, suboptimal 

complement C3 activation and opsonophagocytosis of zymosan were detected, although these 

values were significantly increased compared to the complement activation and 

opsonophagocytosis before MBL infusion. Further analysis of these samples revealed two causes 

of this suboptimal result. 

 The first reason was the suboptimal MASP-2 activation after MBL binding to mannan 

compared to healthy controls. MASP-2 is a zymogen that becomes activated upon binding to 

MBL, and this process leads to complement activation to generate C3 convertases. Although we 

were able to pinpoint the reduced complement activating ability to MASP-2, due to limited patient 

material we were not able to further study the mechanism responsible for the decrease in MASP-2 

activity. There are several explanations possible, however. First, MASP-2 in the circulation is 

mainly complexed to ficolins and needs to be recruited to subsequently bind MBL, which takes 
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more than the 15 minutes after MBL infusion, when the earliest blood samples were drawn from 

the patients. 

 However, this seems unlikely because after in vitro addition of MBL to MBL-deficient sera 

we did see optimal reconstitution of complement activation and opsonophagocytosis, without any 

pre-incubation. Secondly, the MBL-SSI product may be in complex with either inactivated MASP-

2 or with inhibitors (C1-inhibitor or 2-macroglobulin), preventing MASP-2 binding to the MBL. 

But again, the optimal complement activating results obtained after in vitro reconstitution made 

this hypothesis not very likely either. Finally, the most likely explanation is that the MASP-2 of 

the patients is altered by the conditions in the patient, either by chemotherapy or MASP-2 

synthesis-related perturbations. This alteration could affect the the auto-activation of MASP-2 

upon binding to MBL. 

 The second reason why some patients hardly showed any increase in complement C3 

activation or opsonophagocytosis after MBL suppletion was the reduced ability to activate the 

alternative pathway. Although all patients were analyzed for CH50 and AP50 during screening 

procedures, apparently some patients became transiently deficient in alternative pathway capacity 

during chemotherapy. As shown before, the amplification loop of the alternative pathway is  

important to achieve optimal lectin pathway-mediated opsonization. The reduced or almost absent 

(in 2 patients) alternative pathway activation capacity seen in the patients participating in the MBL 

substitution study explains why we did not detect optimal opsonophagocytosis. Unfortunately, due 

to the limited availability of sera we were not able to investigate which alternative pathway protein 

was the limiting factor. Properdin is a candidate, because it is released by neutrophils, and the 

neutropenia in these patients might temporarily reduce the properdin production, resulting in 

insufficient circulating levels. 

 Two of the three ongoing phase-IB/-II clinical trials with rhMBL (19) are also being 

performed in chemotherapy-treated oncology patients, one study in adults, the other in children 

aged 2-17 years. When the functional efficacy of MBL substitution in these cohorts will be 

similarly impaired as in our MBL substitution study, not much can be expected of the beneficial 

effects of MBL substitution in these cohorts. 

 

Future patient cohorts for clinical studies: 

 (Pre-)mature neonates may benefit from MBL substitution, because several studies have 

shown an increased risk of infection, sepsis and pneumonia in this group of patients. The 

definition of MBL deficiency should be really strict, because neonates exhibit low MBL levels 

even with wild-type MBL2 alleles. In the first weeks after birth these levels rise to normal levels 

for the expressed MBL2 haplotypes. It needs to be further investigated what the exact cut-off level 

is for insufficient levels of MBL in this cohort and whether lectin pathway (MASP-2) activation 
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and alternative pathway activation in these patients are normal, to avoid suboptimal efficacy of 

MBL substitution. 

 Another patient cohort that will benefit from MBL substitution therapy might be transplant 

patients with immuno-suppressive therapy, although also in these patient cohorts some 

contradictory results have been found for the risk of MBL deficiency (20, 21). There are so many 

contradictory results from patient association studies that it can be doubted whether there will be 

one specific group of patients that will benefit from MBL as prophylactic therapeutic agent as a 

whole group. This consideration, in combination with the encountered difficulties in recruiting 

patients (because the, mainly (very) young, patients experience the twice-weekly MBL infusions 

as a burden), might implicate that we should not see MBL as prophylactic therapeutic agent, but 

rather as additional therapy in MBL-deficient patients with recurrent or debilitating infections, for 

whom regular IVIG or antibiotic treatment alone does not provide the desired effect. These 

patients might respond favorably to MBL, as was described already for some individual cases (22). 

 There is a point of concern for MBL substitution that needs to be discussed. Apparently, 

MBL is not a key component in our immune system, and only under extreme conditions the 

absence of sufficient levels of MBL will be a risk-factor for disease outcome. The high prevalence 

of heterozygous MBL2 variant alleles could also imply that there is an advantage to possess 

intermediate levels of MBL (heterosis). MBL heterozygosity may prevent an overshoot of the 

immune reaction upon infection, thereby preventing from systemic inflammation and poor disease 

outcome (23). Thus, before administration of MBL to patients with low MBL levels, it should not 

only be determined whether MBL substitution is beneficial, but it should also be excluded that it 

does not lead to over-activation of complement, worsening instead of improving the disease 

outcome. 

 

Conclusions 

 Together, the in vitro findings in this thesis describe that in particular yeasts are dependent 

on lectin pathway-mediated opsonization, more than various strains of bacteria. This implies that 

in patient studies about the effect of MBL deficiency on infection and infection parameters, a 

distinction ought to be made between bacterial and yeast infections. For optimal function of MBL 

in opsonophagocytosis, intact alternative pathway activity is of major importance. The in vivo 

neonatal MBL association studies showed that newborns have reduced levels of MBL, regardless 

of MBL2 haplotypes. Low MBL levels in these neonates are correlated with an increased risk of 

infection, pneumonia and sepsis during NICU uptake. However, in chemotherapy-induced 

neutropenic pediatric oncology patients, the relation between MBL deficiency and increased 

infection risk is less clear. Finally, with the MBL substitution study we have shown that MBL 

infusions are safe for children, and the optimal dose can be calculated from the body weight. 
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Unfortunately, MBL suppletion did not fully recover complement activation and 

opsonophagocytosis (in vitro), probably due to the severe neutropenia, causing altered MASP-2 

activation and reduced alternative pathway function. This suggests a minimal beneficial effect of 

MBL suppletion in chemotherapy-induced neutropenic patients. 
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Nederlandse samenvatting voor niet-ingewijden 

 Het menselijke afweersysteem is onder te verdelen in een aangeboren en een verworven deel 

(met onder andere antistoffen). Een belangrijk aangeboren immuunsysteem is het 

complementsysteem, dat bestaat uit meer dan 35 eiwitten in het bloed. Een van de eiwitten in het 

bloed is Mannose-Bindend Lectine (MBL), dat in staat is om aan lichaamsvreemde deeltjes, zoals 

micro-organismen, te binden. Als MBL eenmaal gebonden is, activeert het de zogeheten “lectine 

route” van het complementsysteem. Naast de lectine route kan het complementsysteem ook 

geactiveerd worden via de “klassieke route” (door antistoffen) en de “alternatieve route” (door 

spontane binding van complementfactor C3 aan micro-organismen). Als het complementsysteem 

geactiveerd wordt, ontstaat een cascade van reacties die er uiteindelijk voor zorgen dat 1. micro-

organismen gemakkelijker herkend worden door de witte bloedcellen (opsonisatie) en dat deze 

witte bloedcellen ze “opeten” (fagocytose) en vernietigen; 2. dat de celwand van de micro-

organismen lek raakt, zodat ze doodgaan (cellysis); en 3. dat er stoffen vrijkomen die de witte 

bloedcellen leiden naar de plaats waar de micro-organismen zich ophouden en vermenigvuldigen 

(chemotaxie). Als in een individu één van de eiwitten van het complementsysteem afwezig is of 

niet functioneert, kan dit leiden tot een verhoogd risico op infecties of complicaties bij ziekte. 

MBL is bij ongeveer 30% van de Nederlandse bevolking verlaagd of afwezig. Dit wordt 

veroorzaakt door een aantal veranderingen (puntmutaties) in het MBL2 gen dat codeert voor MBL 

eiwit. 

  Dit proefschrift beschrijft het onderzoek naar de rol van MBL bij complementactiviteit, 

opsonisatie en fagocytose. Ook is er onderzoek gedaan naar de rol van MBL in verschillende 

groepen patiënten en de mogelijkheid om MBL als geneesmiddel toe te dienen aan patiënten die 

zelf te weinig MBL produceren. 

 

MBL afhankelijke complementactiviteit, opsonisatie en fagocytose in vitro 

 Om complementactiviteit buiten het lichaam te meten (in vitro) werden de verschillende 

gisten en bacteriën fluorescerend gemaakt. Deze micro-organismen werden geöpsoniseerd met 

serum van gezonde donoren met MBL (MBL-sufficiënt) en zonder MBL (MBL-deficiënt). De 

geopsoniseerde, fluorescente micro-organismen werden gemengd met gezuiverde menselijke 

fagocyterende witte bloedcellen. De fagocytose van zymosan (extractiedeeltjes van bakkers gist) 

was veel minder na opsonisatie met MBL-deficiënt serum in vergelijking tot de fagocytose van 

zymosan geopsoniseerd met MBL-sufficiënt serum. Zymosan werd dus vooral via MBL en de 

lectine route van het complementsysteem geopsoniseerd en gefagocyteerd. De efficiëntie van 

lectine route-opsonisatie werd versterkt door de alternatieve route (amplificatielus). Door 

toevoeging van gezuiverd MBL aan MBL-deficiënt serum konden we de verlaagde opsonisatie 

van zymosan opheffen.  
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 Hoewel MBL ook bindt aan heel veel soorten bacteriën, waren het bij de bacteriën die wij 

getest hebben (Staphylococcus aureus, Streptococcus pneumoniae en Escherichia coli) vooral de 

antistoffen die via de klassieke complementroute ervoor zorgden dat de geopsoniseerde bacteriën 

gefagocyteerd werden. Zymosan en Candida albicans (beiden gisten) werden wel via de lectine 

route geopsoniseerd. Opsonisatie via zowel de klassieke route als de lectine route werd 

geoptimaliseerd door de amplificatielus van de alternatieve route. 

 

MBL deficiëntie als risicofactor in patiënten: in vivo cohort studies 

 MBL deficiëntie alleen leidt niet tot een verhoogd risico op infecties, ziekte of overlijden in 

kinderen of volwassenen. Maar samen met een ander immuunprobleem zou MBL deficiëntie wel 

een risicofactor kunnen worden voor infecties of een slechtere prognose van een ziekte. Er zijn in 

de afgelopen 10 jaar heel veel patiëntenstudies gedaan waarbij de klinische associatie tussen MBL 

deficiëntie en ziekteverloop is onderzocht. In dit proefschrift wordt MBL deficiëntie als 

risicofactor beschreven in een groep pasgeborenen (neonaten) die waren opgenomen op de 

neonatale intensive-care unit (NICU) en in kinderen met kanker die chemotherapie kregen. 

 Neonaten zijn volledig afhankelijk van hun aangeboren immuunsysteem en van moederlijke 

antistoffen, en zijn daarom vatbaar voor infecties, vooral op de NICU. MBL deficiëntie in 

neonaten zou het risico op infecties en dus complicaties tijdens de eerste weken na de geboorte 

kunnen verhogen. Wij hebben de MBL concentratie gemeten in het bloed van de baby en in het 

bloed uit de navelstreng, en in het DNA hebben we de mutaties in het MBL2 gen bepaald. 

Vergeleken met volwassenen waren de MBL concentraties verlaagd in alle neonaten, ook als ze 

geen mutaties in het MBL2 gen hadden; dit komt waarschijnlijk doordat de lever nog niet 

voldoende MBL produceerde net na de geboorte. De MBL concentratie was lager in baby’s 

geboren na een kortere zwangerschapsduur. In baby’s zonder mutaties in het MBL2 gen was een 

stijging in de MBL concentratie te zien in de weken na de geboorte. De MBL concentratie in het 

navelstrengbloed was vergelijkbaar met de concentratie MBL in het bloed van de baby. Dit 

betekent dat navelstrengbloed gebruikt kan worden voor onderzoek op MBL deficiëntie, en dat 

daar dus geen bloedafname bij de baby voor nodig is. In een vervolgstudie hebben we gevonden 

dat in pasgeborenen die opgenomen worden op de NICU een lage MBL concentratie bij de 

geboorte leidde tot een verhoogd risico op sepsis (bloedvergiftiging) in de eerst 72 uur na de 

geboorte en op longontsteking.  

 Bij kinderen met kanker kan door de chemotherapie een tekort aan fagocyterende witte 

bloedcellen ontstaan (neutropenie). Hierdoor zijn deze kinderen extra vatbaar voor infecties. Vaak 

gaat de periode van neutropenie dan ook gepaard met koorts, maar sommige kinderen ontwikkelen 

ernstige infectieuze complicaties. MBL deficiëntie zou de vatbaarheid voor infecties in deze groep 

patiënten verder kunnen verhogen. Toch vonden wij in onze studie niet meer of ernstiger infecties 
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in MBL-deficiënte kinderen met kanker tijdens een periode van neutropenie. De meeste van deze 

kinderen hadden een ernstige neutropenie (<100 cellen/μl), waardoor de fagocytose dusdanig 

verstoord was dat MBL deficiëntie niet leidde tot een verdere verslechtering van die functie. In een 

uitgebreider onderzoek hebben we onderzocht of MBL deficiëntie leidt tot een slechtere prognose 

in kinderen met leukemie, lymfklierkanker of andere vormen, zogeheten solide tumoren. We 

hebben daarbij de opname op een pediatrische intensive-care unit (PICU) en de tijd tot recidief van 

de kanker of overlijden onderzocht. Patiënten met MBL deficiëntie werden gemiddeld langer 

opgenomen op de PICU tijdens een neutropenie en koortsepisode, en kregen eerder een recidief 

van hun tumor in vergelijking tot patiënten die wel voldoende MBL hadden. Hoewel er geen 

verband gevonden werd tussen MBL en het risico op infecties tijdens koorts en neutropenie, zagen 

we in deze periode wel een stijging in de MBL concentratie door een acuutfase-respons. Dit 

suggereert dat de lectineroute van het complementsysteem geactiveerd wordt tijdens koorts en 

neutropenie. Hoewel onze bevindingen ook door andere onderzoekers beschreven zijn, zijn er ook 

onderzoekers die tegenstrijdige resultaten gepubliceerd hebben. Verschillen in ras, leeftijd, ziekte 

(soort kanker, ernst van de neutropenie) en behandeling van de patiënten, samen met de steeds 

wisselende definities van MBL deficiëntie zouden hieraan ten grondslag kunnen liggen.  

 

Gezuiverd MBL als geneesmiddel 

 MBL kan worden gezuiverd uit plasma van bloeddonors. Het Staten Serum Institute (SSI) in 

Denemarken produceert dit uit plasma gezuiverd MBL (MBL-SSI), en het toedienen via een 

infuus van dit gezuiverde MBL aan volwassenen en kinderen met een MBL deficiëntie is een 

veilige procedure. In dit proefschrift staat een klinische fase-II studie beschreven waarin we 

onderzoek hebben gedaan naar de farmacokinetiek en veiligheid van MBL-SSI in 12 kinderen met 

een neutropenie door een chemotherapie behandeling. Er waren geen ernstige bijwerkingen en er 

werden geen antistoffen gevormd tegen MBL tot 1 jaar na het laatste MBL infuus. In deze fase-II 

klinische studie resulteerde twee-wekelijkse infusies met MBL in een gemiddelde dalwaarde van 

1,06 μg/ml MBL. MBL-SSI had een halfwaardetijd van 36 uur, die niet aan de leeftijd gerelateerd 

was na correctie voor lichaamsgewicht. De berekening van de dosis MBL-SSI op basis van 

lichaamsgewicht is dus een goede methode om een optimale dalwaarde MBL te bereiken in MBL 

deficiënte patiënten. 

 Naast de veiligheid en farmacokinetiek hebben we ook onderzoek gedaan naar herstel van in 

vitro complementactiviteit, opsonisatie en fagocytose na MBL infusie, als biologische 

surrogaatmeting. Inderdaad stegen de MBL-afhankelijke C4 en C3 activiteiten en de opsonisatie 

en fagocytose van zymosan. Maar hoewel op voorhand gedacht werd dat een dalwaarde van 1,0 

μg/ml MBL voldoende zou zijn, vonden we suboptimale complementactiviteit en opsonisatie in de 

dalwaardemonsters. Dit werd waarschijnlijk voor een deel veroorzaakt door 40% verlies van de 

capaciteit om complement te activeren tijdens het zuiveringsproces van MBL-SSI. Met een 
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dalwaarde van 1,5 μg/ml MBL werd wel een volledig herstel van opsonisatie en fagocytose in 

vitro gevonden. Ook tijdens de piekwaarden tijdens de eerste 24 uur na het eerste MBL infuus 

werd een discrepantie tussen MBL concentratie en complementactiviteit waargenomen, hoewel 

overal een significante stijging te zien was ten opzichte van het monster dat genomen was voor de 

MBL toediening. Direct na een MBL infuus was de MBL concentratie in serum ongeveer 3 keer 

zo hoog als in MBL-sufficiënt serum, terwijl de MBL-afhankelijke C4 activiteit, opsonisatie en 

fagocytose van zymosan nog niet gelijk waren aan die van MBL-sufficiënte sera. Verdere analyse 

van deze monsters onthulde twee oorzaken voor deze discrepantie. Ten eerste werd suboptimale 

activiteit van ‘MBL-associated serine protease-2’ (MASP-2) gevonden, hoewel de binding van 

MASP-2 aan MBL wel normaal bleek. MASP-2 is het enzym dat de lectine route-activiteit kan 

initiëren en dus van groot belang is voor optimale complementactiviteit en opsonisatie. Of de 

MASP-2 activiteit veranderd was door de chemotherapie, of zelfs door de neutropenie in de 

patiënten, of door de zuiveringsprocedure van MBL-SSI hebben we niet kunnen achterhalen 

vanwege de kleine hoeveelheid beschikbaar bloed van deze kinderen. Ten tweede werd er in een 

aantal patiënten een vermindering in de alternatieve route-activiteit gevonden. Zoals hierboven 

beschreven is de alternatieve route-amplificatielus van groot belang voor optimale lectine route-

activiteit. Mogelijk werd dit (tijdelijke) alternatieve route-defect veroorzaakt door de neutropenie. 

 De uitkomst van onze MBL klinische fase-II studie, samen met variabele uitkomsten die 

gepubliceerd zijn over MBL als risicofactor in patiënten met neutropenie, suggereert dat er met 

MBL toediening in deze groep MBL-deficiënte patiënten geen optimaal resultaat bereikt zal 

worden. Het nut van MBL toediening aan MBL-deficiënte patiënten moet wel bewezen worden 

vóór MBL als therapeutisch product op de markt gebracht kan worden. Daarvoor is een MBL 

klinische fase-III studie noodzakelijk naar de klinische activiteit, met een zorgvuldig geselecteerde 

patiëntengroep.  

 Een groep patiënten die mogelijk in aanmerking komt voor de fase-III studie bestaat uit (te 

vroeg geboren) MBL-deficiënte neonaten die worden opgenomen op de NICU. Zoals beschreven 

in dit proefschrift lopen zij een verhoogd risico op infecties, sepsis en longontsteking, mede 

doordat ze nog geen verworven immuunsysteem hebben. Aan de andere kant blijft de vraag of 

MBL wel als profylactisch geneesmiddel gegeven zou moeten worden, aangezien er zoveel MBL-

deficiënte individuen zijn zonder klinische verschijnselen. Blijkbaar vervult MBL geen sleutelrol 

in ons immuunsysteem, en vormt de afwezigheid van MBL hooguit alleen in extreme situaties een 

risico voor de prognose van een ziekte. De hoge prevalentie van mutaties in het MBL2 gen zou 

zelfs kunnen wijzen op de mogelijkheid dat een lage concentratie MBL in de circulatie in 

sommige situaties voordelig zou kunnen zijn. Daarom zou dan ook overwogen moeten worden of 

gezuiverd MBL niet uitsluitend als additionele medicatie gegeven zou moeten worden aan MBL-

deficiënte patiënten met voortdurende infecties die niet goed reageren op de reguliere behandeling 

met bijvoorbeeld antibiotica.  
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