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Outline of this thesis

Mannose-binding lectin (MBL) is a liver protein that plays an important role in the innate 

immune response. This innate immune response is responsible for the first line of defense 

against infection, especially in children and immunocompromised individuals, where the 

adaptive immune response is immature or impaired. After binding of MBL to carbohydrate 

structures on the surface of various pathogens, the lectin pathway of the complement 

system is activated leading to enhanced opsonophagocytosis. MBL deficiency, as defined 

by decreased plasma levels of functional MBL, has been associated with increased infection 

susceptibility in a wide variety of diseases. 

The main objective of this thesis is to determine the clinical significance of MBL deficiency, 

especially in immunocompromized children. Chapter 1 systematically reviews all literature on 

MBL and infection in children. Chapter 2 and 3 describe the prevalence of MBL deficiency 

and its association with infection in neonates admitted to the neonatal intensive care unit. 

Chapter 4 addresses the role of MBL deficiency on infection (febrile neutropenia) in pediatric 

oncology patients. Chapter 5 studies whether MBL is a prognostic factor in pediatric cancer 

patients. In Chapter 6 a cohort of cystic fibrosis patients aged 0-54 years was studied. 

Chapter 7 addresses the possible role of MBL deficiency on susceptibility to and severity of 

juvenile rheumatoid arthritis.  Finally, the pharmacokinetics and safety (Chapter 8) as well as 

the biological efficacy (Chapter 9) of plasma-derived MBL substitution in 12 MBL-deficient 

pediatric oncology patients with chemotherapy-induced neutropenia are described. 

In Chapter 10 and 11 all studies presented in this thesis are summarized and future directions 

in MBL research are discussed. 
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Abstract

Objective

To evaluate the influence of mannose-binding lectin (MBL) deficiency on infection risk in 

children and to identify children that may possibly benefit from MBL therapy.

Patients and methods 

Medline, Embase, and Central were searched for articles reporting on MBL and infections 

in children and adolescents (<21 years), published between 1966 and December 2007. The 

validity of each included study was assessed. Information extracted from the article included 

study design, population, MBL genotype and phenotype, infectious outcome, follow-up and 

risk estimates. Of the 54 articles on MBL and infection in children, 33 were included in this 

review. Studies were divided in five study groups: children with general infections (n=4), upper 

and lower respiratory tract infections (n=16), neonates (n=6), pediatric patients with cancer 

(n=6) or cystic fibrosis (n=1). 

Results

Thirteen studies reported a significant association between MBL deficiency and infection, 

whereas 20 did not. MBL deficiency was associated with general infections in 3 studies. 

Neonates with low MBL levels, in contrast to genetically-defined MBL deficiency, appeared 

to have an increased chance for neonatal sepsis. The studies on respiratory infections and 

pediatric oncology patients were inconclusive. MBL-deficient children with CF did not have 

more frequent infections. Validity and definitions for MBL deficiency and outcome varied 

broadly between the studies. 

Conclusions

MBL deficiency is not a major risk factor for infection in the general population. However, in the 

co-existence of an underlying disease or immune deficiency, MBL deficiency clearly increases 

the susceptibility to infection. No patient groups that may benefit from MBL substitution could 

as yet be identified. Further research in pediatric oncology patients and children admitted to 

(neonatal) intensive care units is required in particular, but first, consensus should be achieved 

on the best definition of MBL deficiency. 
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Introduction

Mannose-binding lectin (MBL), also known as mannose-binding protein, is a serum protein that 

belongs to the collectins. It is synthesized by the liver and plays an essential role in the innate 

immune defense. MBL binds to repeating mannose and N-acetylglucosamine sugar motifs, 

which are characteristically displayed on the membranes of many different microorganisms, 

including bacteria, viruses, fungi and protozoa.1;2 Once bound, MBL-associated serine 

protease-2 (MASP-2) is activated, resulting in cleavage of C4 and C2 to form a C3 convertase. 

Finally, it results in opsonization of the pathogen or assembly of the ‘membrane attack 

complex’.3 This pathway of complement activation is called the lectin pathway.4 MBL consists 

of oligomers, and the ability to activate complement depends on the presence of higher-order 

oligomers (tetramers to hexamers) in serum.

The genetic code for MBL resides on chromosome 10 and contains a promoter region 

and four exons. Three different single-point gene mutations in the MBL2 gene are known to 

significantly reduce MBL plasma concentrations, probably by impairing oligomerization, which 

leads to functional deficiency. These mutations are located at codon 52 (D variant), codon 54 

(B variant) and codon 57 (C variant) of exon-1 of the MBL2 gene.5-7 Together the B, C and 

D mutations are called the O variant, whereas the wild-type is referred to as the A variant. 

In addition, several polymorphisms exist within the promoter region of the gene, which are 

known as the H/L, X/Y and P/Q variants at codon −550, −221 and +4, respectively.8;9 The 

structural exon-1 mutations are in linkage disequilibrium with the promoter polymorphisms 

and every individual will express two out of seven possible haplotypes: HYPA, LYQA, LYPA, 

LXPA, LYPB, LYQC, and HYPD. 

The two most important haplotypes are the HYP haplotype, which is associated with high 

MBL concentrations, and the LXP haplotype, which causes low MBL concentrations.8 Since 

the Y/X polymorphism most profoundly influences MBL plasma concentrations, six haplotype 

groups are often used for MBL2 genotype analysis (YA/YA, YA/XA, XA/XA, YA/O, XA/O, 

and O/O). The frequencies of these haplotypes with the corresponding median plasma levels 

in 194 healthy adult Caucasians are presented in Table 1. 

These six groups are associated with decreasing MBL concentrations, respectively. 

Individuals with two wild-type MBL2 alleles and high-expressing promoter activity (YA/YA 

and YA/XA) have normal or high MBL levels (median 1650 μg/L), whereas in the presence of 

two low-expressing promoter polymorphisms (XA/XA) or the YA/O haplotype, intermediately 

reduced MBL levels are seen (median level 520 μg/L, Table 1). Individuals with the O/O or 

XA/O haplotypes have very low or almost absent levels (<100 μg/L).10 In clinical studies, 

patients with the A/A, A/O and O/O genotypes are often compared. However, other studies 

divide individuals in three genotype expression groups with high, medium/intermediate or 

low MBL expression (Table 1).10 MBL concentrations can increase between 1.5- and 3-fold 

during an acute phase reaction, especially in wild-type MBL2 individuals.11 Definitions of MBL 
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deficiency vary. Some studies use a cut-off value (varying between 20 and 1000 μg/L) for MBL 

plasma or serum levels, whereas others merely determine MBL2 genotype. Mostly, the A/O, 

XA/O and O/O groups are said to be deficient, since they are associated with functionally 

reduced MBL concentrations. However, others only consider the XA/O and O/O haplotype 

truly deficient. Although genotype and phenotype correlate very well, it is probably best 

to measure both, since MBL levels may vary up to ten fold within individuals with identical 

genotypes (Table 1). We previously determined a cut-off value of 700 μg/L, to divide healthy 

individuals with the high-expressing YA/YA and YA/XA haplotypes from individuals with the 

medium and low-expressing haplotype combinations. In this way, MBL deficiency is present in 

about one third of the Dutch population (Table 1).

MBL is part of the innate immune system and plays an important role in the primary 

defense against infections. This part of the immune system is able to recognize foreign 

microorganisms, activate the adaptive immunity and initiate the fight against infection until 

the adaptive immunity is adequately activated. The innate immunity is especially important 

in children, because their acquired immunity is not fully developed yet.12 In 1989, a common 

opsonic defect in children with recurrent unexplained infections, was discovered to be caused 

by low MBL levels.13 Since then, MBL deficiency has been associated with an increased 

frequency and severity of many infections, especially in children and immunocompromised 

individuals.14;15 However, in the many association studies the definitions of MBL deficiency 

vary and, therefore, contrasting results were found. Recently, plasma-derived and recombinant 

human MBL have become available for therapy.16;17 and plasma-derived MBL has been shown 

the improve the clinical course in a cystic fibrosis patient.18 However, it is still debated which 

patient groups may benefit from MBL substitution therapy. In this systematic review we will 

evaluate whether MBL deficiency is associated with frequency and severity of infection in 

different pediatric populations and identify which patients may possibly benefit from MBL 

substitution.

Table 1. MBL plasma levels and MBL2 genotype frequencies in 194 healthy Caucasian blood donors.

MBL2 genotype: N (%) Median (range) MBL 
level (μg/L)

MBL genotype 
expression group:

N (%) Median (range) MBL 
level (μg/L)

A/A (wild-type): 120 (62) 1570 (40-1130) High: 110 (57) 1650 (40-1130)

    YA/YA   60 (31) 2260 (310-1130)     YA/YA   60 (31) 2260 (310-1130)

    YA/XA   50 (26) 1260 (40-6990)     YA/XA   50 (26) 1260 (40-6990)

    XA/XA   10 (5)   710 (230-1360) Intermediate/medium:   52 (26)   520 (150-2180)

A/O (variant):   65 (33)   410 (<20-2180)     XA/XA   10 (5)   710 (230-1360)

    YA/O   42 (21)   510 (150-2180)     YA/O   42 (21)   510 (150-2180)

    XA/O   23 (12)     40 (20-1210) Low:   32 (17)     80 (<20-1210)

O/O (variant):     9 (5)   <20 (20-40)     XA/O   23 (12)     40 (<20-1210)

    O/O     9 (5)   <20 (20-40)     O/O     9 (5)   <20 (20-40)

proefschrift.indb   12 23-5-2008   12:06:39
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Patients and methods

Search strategy

The objective of the literature search was to identify all studies reporting on the association 

between MBL and infections in children. A literature search was done using Medline from 

1966-Dec 2007, Embase from 1988- Dec 2007 and the Cochrane Central Register of 

controlled trials issue 4, 2007. The search strategy is presented in Table 2. No language 

restriction was used. Two reviewers (FF, JI) independently selected relevant articles on the 

basis of title and abstract, by the following criteria: 1) original report (all study designs), 2) 

human subjects, 3) children (age ≤ 21 yrs) included and pediatric data described separately 

from adult data if population consisted of adults and children 4) MBL2 genotype and/or MBL 

concentrations determined, 5) infectious event as outcome. Articles that did not violate these 

criteria were retrieved for more detailed information. All retrieved articles were screened 

for inclusion by two independent reviewers (FF, JI) on the above mentioned criteria. Studies 

that included less than 20 children were excluded. For the purpose of this thesis, studies 

on human immunodeficiency virus (HIV), meningitis, malaria and a miscellaneous group 

(cryptosporidiosis, dengue, sickle cell disease, hemolytic uremic syndrome) were excluded. 

We focused on general or respiratory infections in children and the patient groups we studied 

Retrieved articles (n=93)  
Unable  to retrieve (n=1)  
 

Articles included (n=33).  
-  General population (n=4)  
-  URTI and LRTI (n=16)  
-  Neonates (n=6)  
-  Oncology patients (n=6)  
-  Cystic fibrosis patients (n=1)  

 

Excluded on the basis of title and abstract 
(n=666).  

-  Review, comment or case report  
-  Not human, MBL or infection - related  
-  No children included  
-  Double article  

Potentially relevant articles  
(n=760)  

Excluded after review of the full article (n=40).  
-  < 20 children included (n=8)  
-  Not infection related (n=5)  
-  MBL status not determined (n=4)  
-  Children not separately described (n=21)  
-  Review or Double (n=2)  

Articles not included in this systematic 
review (n=20).  

-  HIV (n=7)  
-  Meningitis (n=4)  
-  Malaria (n=5)  
-  Miscellaneous (n=4)  

Figure 1. Flow-chart of the selection process. URTI=Upper respiratory tract infection, LRTI=Lower respiratory 
tract infection, HIV=human immunodeficiency virus.
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Table 2. Search strategy for child and MBL

Pubmed
(hits: 456)

infant OR infan* OR newborn OR newborn* OR new-born* OR baby OR baby* OR babies OR 
neonat* OR child OR child* OR schoolchild* OR schoolchild OR school child OR school child* 
OR kid OR kids OR toddler* OR adolescent OR adoles* OR teen* OR boy* OR girl* OR minors 
OR minors* OR underag* OR under ag* OR juvenil* OR youth* OR kindergar* OR puberty 
OR puber* OR pubescen* OR prepubescen* OR prepuberty* OR pediatrics OR pediatric* OR 
paediatric* OR peadiatric* OR schools OR nursery school* OR preschool* OR pre school* OR 
primary school* OR secondary school* OR elementary school* OR elementary school OR high 
school* OR highschool* OR school age OR schoolage OR school age* OR schoolage* OR infancy 
OR schools, nursery OR infant, newborn) OR (PICU OR NICU OR postneonat* OR intensive care 
units, pediatric OR intensive care units, neonatal OR neonatal intensive care units OR neonatal 
intensive care unit OR pediatric intensive care units OR pediatric intensive care unit OR newborn 
intensive care units OR newborn intensive care unit OR intensive care, neonatal OR neonatal 
intensive care

AND

MBL OR MBL* OR “Mannose Binding Lectin” OR “Mannose Binding Lectin*” OR Lectin, Mannose-
Binding OR Lectin*, Mannose-Binding OR “Mannose-Binding Protein” OR “Mannose-Binding 
Protein*” OR “Mannose Binding Protein” OR “Mannose Binding Protein*” OR “Mannan Binding 
Lectin” OR “Mannan Binding Lectin*” OR “Mannan-Binding Lectin” OR “Mannan-Binding Lectin*” 
OR “Lectin, Mannan-Binding” OR “Lectin*, Mannan-Binding” OR “Mannan-Binding Protein” OR 
“Mannan-Binding Protein*” OR “Mannan Binding Protein” OR “Mannan Binding Protein*”

Embase

(hits: 295)

infant/ or infancy/ or newborn/ or baby/ or child/ or preschool child/ or school child/ or adolescent/ 
or juvenile/ or boy/ or girl/ or puberty/ or prepuberty/ or pediatrics/ or primary school/ or high 
school/ or kindergarten/ or nursery school/ or school/ or (infant$ or (newborn$ or new born$) or 
(baby or baby$ or babies) or neonate$).mp. or (child$ or (school child$ or schoolchild$) or (school 
age$ or schoolage$) or (pre school$ or preschool$)).mp. or (kid or kids or toddler$ or adoles$ 
or teen$ or boy$ or girl$).mp. or (minors$ or (under ag$ or underage$) or juvenil$ or youth$).
mp. or(puber$ or pubescen$ or prepubescen$ or prepubert$).mp. or (pediatric$ or paediatric$ 
or peadiatric$).mp. or (school or schools or (high school$ or highschool$) or primary school$ or 
nursery school$ or elementary school or secondary school$ or kindergar$).mp. or (PICU or NICU 
or postneonat$).mp. or newborn intensive care/ or neonatal intensive care.mp. or newborn 
intensive care unit.mp. or newborn intensive care units.mp. or pediatric intensive care unit.mp. or 
pediatric intensive care units.mp. or neonatal intensive care unit.mp. or neonatal intensive care 
units.mp. 

AND

(MBL or MBL$).mp. or (mannose binding lectin or mannose binding lectin$).mp. or (mannose 
binding protein or mannose binding protein$).mp. or (mannan binding lectin or mannan binding 
lectin$).mp. or (mannan binding protein or mannan binding protein$).mp. or exp Mannose 
Binding Protein/ or exp Mannose Binding Lectin/ or exp Mannan Binding Lectin/

Central

(hits: 9)

(infant OR infan* OR newborn OR newborn* OR new-born* OR baby OR baby* OR babies OR 
neonat* OR child OR child* OR schoolchild* OR schoolchild OR school child OR school child* 
OR kid OR kids OR toddler* OR adolescent OR adoles* OR teen* OR boy* OR girl* OR minors 
OR minors* OR underag* OR under ag* OR juvenil* OR youth* OR kindergar* OR puberty 
OR puber* OR pubescen* OR prepubescen* OR prepuberty* OR pediatrics OR pediatric* OR 
paediatric* OR peadiatric* OR schools OR nursery school* OR preschool* OR pre school* 
OR primary school* OR secondary school* OR elementary school* OR elementary school OR 
high school* OR highschool* OR school age OR schoolage OR school age* OR schoolage* OR 
infancy OR schools, nursery OR infant, newborn OR PICU OR NICU OR postneonat* OR neonatal 
intensive care units OR neonatal intensive care unit OR pediatric intensive care units OR pediatric 
intensive care unit OR newborn intensive care units OR newborn intensive care unit OR neonatal 
intensive care):ti,ab,kw in Clinical Trials

AND 

(MBL OR MBL* OR Mannose Binding Lectin OR Mannose Binding Lectin* OR Mannose-Binding 
Protein OR Mannose-Binding Protein* OR Mannose Binding Protein OR Mannose Binding Protein* 
OR Mannan Binding Lectin OR Mannan Binding Lectin* OR Mannan-Binding Lectin OR Mannan-
Binding Lectin* OR Mannan-Binding Protein OR Mannan-Binding Protein* OR Mannan Binding 
Protein OR Mannan Binding Protein*):ti,ab,kw in Clinical Trials
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ourselves, i.e. neonates, pediatric oncology patients with chemotherapy-induced neutropenia, 

and children with CF. Inter-observer agreement was calculated for all steps of the selection 

process. Disagreements were either resolved in a consensus meeting or, if unresolved, after 

consult with a third reviewer (MvdW). 

Data extraction

The included studies were divided in five pediatric study populations: A) children with 

general, not specified, infection or hospital admission; B) patients with upper respiratory tract 

infections (URTI) and/or lower respiratory tract infections (LRTI); C) neonates; D) oncology 

patients receiving chemotherapy; E) cystic fibrosis (CF).  

Two reviewers (FF, JI) independently extracted information about study design, study 

population, descriptives of subjects and control group, MBL status (genotype or phenotype 

deficiency), infection definitions, method of detection, follow-up, risk assessment, and risk 

factors. Disagreements were either resolved in a consensus meeting or, if unresolved, after 

consult with a third reviewer (MvdW). 

Risk of infection

Risk estimates of infection, according to MBL status, were extracted from the articles, as 

described by the authors. Risks were expressed as odds ratio (OR) with 95% confidence 

interval (CI), relative risk (RR) with 95% CI, frequencies with Chi-square (X2) tests, and mean 

or median MBL concentration in infected and non-infected groups. P-values below 0.05 were 

considered statistically significant. 

Assessment of validity

To determine the validity of the selected studies, with regard to our research question, two 

reviewers (FF, JI) assessed the validity of each study with a set of specific criteria (Table 3). The 

validity assessment criteria were based on criteria for prognostic studies according to Evidence-

Based Medicine Criteria.19-21 MBL measurements were considered not to be representative 

when MBL levels were not measured at an identical point of time, since MBL levels may rise 

during the acute phase reaction of an infection. More details on the criteria are provided in 

Table 3. 

proefschrift.indb   15 23-5-2008   12:06:39
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Results

Selection of articles

The literature search presented 760 potentially relevant references from Medline, Embase and 

Central. After exclusion of 666 references for various reasons, 93 articles were retrieved for 

more detailed examination. A detailed flow-chart of the selection process is shown in Figure 

1. The inter-observer agreement for this step was 98%. One Chinese article on respiratory 

infections in children could not be found.22 Of the 93 retrieved articles, 54 satisfied all inclusion 

criteria.23-75 Twenty articles were excluded based on type of infection. The study populations 

of the 33 included studies were A) children with general, not specified, infection or hospital 

admission (n=4)23-26, B) patients with URTI and/or LRTI (n=16)27-42, C) neonates (n=6)43-48, D) 

oncology patients receiving chemotherapy (n=6)49-54, E) pediatric CF patients (n=1).55 

Table 3. Criteria of validity

1. Study group

l  Well-defined (1): If exclusion criteria, mean or median age, clinical characteristics and (if relevant) 
characteristics of underlying disease, were described.

l    Representative (1): If the studied population was comparable (based on age, exclusion criteria, underlying 
disease and type of infection) to the total population in which the risk of infections was assessed.

l    Similar entry-point (1) (cohort studies only): If the entire study population entered the study at a similar, well-
defined point.

2. MBL

l     Well-defined (1): If a precise definition of MBL deficiency, based on geno- and/or phenotype, was given 
in the introduction or material and methods section. 

l     Unrepresentative (1): If the MBL status was measured at a similar moment; i.e. blood for MBL concentration 
measurement should have been drawn at a comparable point in time in all individuals.

3. Follow up 

l    Well defined (1) (cohort studies only): If a minimal follow-up period was defined, sufficient for the group 
in which the risk of infections was assessed.

l    Assessment of follow-up (cohort studies only) complete (2): If outcome was assessed at the end-date of 
the study for more than 95% of the studied population. Adequate (1): if outcome was assessed for more 
than 80% of the studied population.

4. Outcome

l    Well defined (1): if an objective and precise definition of the type of infection and the method of detection 
were shown. Infections other than upper respiratory infections had to be proven by culture, polymerase 
chain reaction, serology measurements or radiology. 

·     Unbiased (1): if the outcome was measured by an observer who was blinded for MBL status.

5. Risk estimation

l    Well defined (1): if a relative risk or odds ratio with 95% confidence interval were given or if the results of 
a Chi-square, students t-test, ANOVA or their non-parametric equivalents were presented. 

l   Adjustment (1): if important identified risk factors for infection (e.g., birthweight and gestational age in 
neonates, severity of neutropenia or type of chemotherapy in oncology patients) were taken adequately 
into account in a multivariate analysis.
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Description of selected studies

General infection

In this group we combined studies on non-specified infections in population- or hospital-

based patients groups. Table 4A presents the descriptives of the four studies. Three studies 

were prospective and one was retrospective. One study described the prevalence of MBL 

deficiency in 266 children with a variety of repeated or severe infections23, one studied 

hospitalizations during 0-4 years of age in a birth cohort of 2104 children25, one compared 

345 patients hospitalized for infection with 146 controls hospitalized for other reasons26, 

and the last included 100 patients admitted to the pediatric intensive care unit (PICU).24 MBL 

deficiency was defined as A/O and O/O by two studies.24;26 In three studies MBL levels were 

determined, with cut-off levels of <20 μg/L23, <120 μg/L25 and <1000 μg/L.24 In the birth 

cohort, the main outcome was hospitalization for infection, but hospitalization for different 

kind of infections were reported as well (Table 5A).25 In the PICU study the outcomes were 

infection on admission, development of systemic inflammatory response syndrome (SIRS) and 

progression from localized infection to sepsis and septic shock.24 Follow-up varied considerably 

between the studies, from 48 hours 24 to 4 years.25

URTI and/or LRTI

Three out of sixteen studies on URTI and/or LRTI addressed only LRTI. Since these were all 

respiratory syncytial virus (RSV) infections, we will discuss them separately from the remaining 

respiratory infection studies. Eight case-control studies, 5 prospective studies, 2 retrospective 

cohort studies and one cross-sectional study were included (Table 4B). Three articles only 

studied RSV infections40-42 and are described below. Five studies included children with otitis 

media29;31;36;37;39, two described other URTIs30;34 and six studies combined patients with URTI 

and/or LRTI.27;28;32;33;35;38 Outcome was defined as recurrent bronchitis32, any respiratory 

infection35, otitis media or LRTI38, acute respiratory tract infection33, and recurrent URTI or 

LRTI.27;28 One study defined recurrent URTI and LRTI as ≥5 and ≥3 times a year, respectively 27, 

whereas another study defined it as ≥8 and ≥2 times a year, respectively.28 The total number 

of included patients ranged from 5234 to 749.35 Five studies included healthy children as 

controls27-30;32, but only one matched for age and sex.30 Two studies used healthy adults as 

control population.34;36 Three studies determined both MBL2 genotype and MBL levels.28;29;39 

MBL2 genotype was analyzed separately in seven other studies.27;30;31;33-36 Three studies 

only determined the B and D variants.29;34;36 Of the five studies that gave a definition for 

genetic MBL deficiency, only two used the same definition (A/O+O/O).31;34 The five out of 

six studies that measured MBL levels defined cut-off levels for MBL deficiency of <600 μg/

L29, <400 μg/L38, <250 μg/L29;37 and <40 μg/L32, respectively. Only three studies also used 

other then clinical criteria for infection diagnosis.27;35;38 Of the seven studies that defined 

follow-up27;28;33;35;37-39, the duration ranged from 6 months37 up to ten years.35 Completion 

of follow-up was low in two studies on otitis media.31;37 
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The RSV studies were all case-control studies.40-42 Ages ranged from 0-5 years. Controls 

were healthy children matched for age, sex, and geographic region.40-42 All studies measured 

MBL levels. MBL deficiency was not defined41, defined as <50μg/L42, or <500μg/L.40 One 

study also determined MBL2 genotype and defined MBL deficiency as XA/O+O/O.40

Neonates

Six prospective cohort studies on neonates, varying from 47 to 356 subjects, were included 

(Table 4C).43-48 One of them used 19 healthy control neonates.47 One study included very low 

birth weight neonates43, two included preterm neonates46;47 and three included neonates who 

were admitted to the neonatal intensive care unit (NICU), within 24 hours after birth44, for 

more than four days48, or ever.45 MBL genotype was determined in four studies43;45;46;48 with 

deficiency defined as A/O and O/O43;45 or not defined at all.46;48 Three studies determined 

MBL levels44;45;47, with deficiency defined as <700 μg/L in one study45 and not defined in 

two studies.44;47 Outcome was defined as hospital acquired sepsis by two studies46;47, as 

early-onset sepsis (EOS) by two studies44;48, and as either hospital-acquired sepsis or EOS 

by the remaining two studies.43;45 Blood culture was used for infection detection in four 

studies.43-45;48 Duration of follow-up was not reported in three studies.46-48

Pediatric oncology patients

Four prospective49-52 and two retrospective53;54 cohort studies on pediatric oncology patients 

receiving chemotherapy were included (Table 4D). Two studies included leukemia patients50;53, 

whereas the remaining four studies included patients with both solid and hematological 

tumors.49;51;52;54 The number of patients varied from 56 to 110. Outcome was defined as 

febrile neutropenia (FN) in five studies49;51-54, bacteremia/fungemia or disseminated fungal 

infection in five studies49-51;53;54, pneumonia in four studies50;51;53;54 and sepsis in one study.49 

In three studies49;50;52 MBL2 genotype and in five studies49;51-54 MBL levels were measured. 

The definition of MBL deficiency varied between all studies. Duration of follow-up ranged 

from 1.7 months50 to 46 months.49 One study defined neutropenia as <1000 cells/μL52 and 

four studies as <500 cells/μL.49-51;54 

CF

This cross-sectional study on MBL in pediatric CF patients included 260 children (Table 4E).55 

All variant MBL2 alleles (A/O and O/O genotypes) were considered MBL-deficient. MBL 

levels were determined but not described. Outcome was defined as a positive culture for 

Pseudomonas aeruginosa or Burkholderia cepacia, and ever having experienced a hospital 

admission for intravenous antibiotics.
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Risk estimation

General infection

Three studies on susceptibility to general infections reported an increased risk in MBL-deficient 

children, based on genotype24;26 and/or phenotype.24;25 All risk estimates are presented in 

Table 5A. MBL deficiency was associated with an increased risk of hospitalization for infection 

in two studies.25;26 A hazard ratio of 1.4 (95% CI: 1.0-1.8; p=0.026) in the total population25 

and an OR of 2.4 (95% CI: 1.7-3.4; p<0.0001) in hospitalized children with infection compared 

to children without infection26 were reported. The OR for development of SIRS was 7.1 (95% 

CI: 2.9-19; p<0.0001) in MBL-deficient children admitted to the PICU.24 Furthermore, localized 

infection progressed to sepsis and septic shock more often in these MBL-deficient children 

(p=0.002). 

URTI and LRTI

Risk estimates are described in Table 5B. MBL deficiency was not associated with otitis 

media29;31;36;37;39, but children with tonsillectomy or adenoidectomy for recurrent tonsillitis 

had the O/O genotype more frequently (14%) than the remaining children (5%; p=0.035) in 

one study30 and children with variant B and D alleles had an increased risk of recurrent URTI 

(OR 7.7, 95% CI: 2.0-20.4; p=0.001) in another study.34 In the large birth cohort study, MBL-

deficient children did not have more episodes of any respiratory tract infection as compared 

to MBL-sufficient children between 0 and 1 or 0 and 11 years of age.35 Also, 228 randomly 

selected newborns did not develop more recurrent otitis media or LRTI episodes between 

2 and 4 years of age.38 In contrast, the RR for acute infection before 2 years of age was 

2.08 (95% CI: 1.41-3.06; p<0.001) for children with variant MBL2 alleles, after adjustment for 

age, sex and ethnicity.33 Also, an increased frequency of O/O27 and O/O+A/O28 alleles was 

observed in two groups of children with recurrent URTI and LRTI, as compared to healthy 

controls (p=0.05 and p=0.03, respectively). 

The risk of RSV infection was not increased in children with MBL levels below 500 μg/L (or 

the XA/O or O/O genotype)40 and 600 μg/L41, in two out of three studies. The third reported 

an increased risk of RSV (RR: 1.49, 95% CI: not shown) for children with MBL levels <500 μg/L 

(p=0.004, Table 5B).42 

Neonates

Two out of six studies found significantly increased sepsis frequencies in MBL-deficient 

neonates (Table 5C).44;45 In one study, the median MBL level in neonates with confirmed 

hospital-acquired sepsis was lower than in those without (170 μg/L vs 1450 μg/L; p<0.001, 

Table 5C).44 In the other study an increased early- and late-onset infection risk was reported 

for neonates with MBL levels <700 μg/L.45 In the MBL-deficient neonates the OR for EOS was 

6.8 (95% CI: 1.5-31.6; p=0.01) and for culture-proven severe infection, i.e. pneumonia or 

sepsis, in the first month of life the OR was 15.0 (95% CI: 1.5-151.3; p=0.02). For neonates 
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with variant MBL2 alleles, these ORs were 14.8 (95% CI: 2.4-91.2; p<0.01) and 10.0 (95% CI: 

1.5-65.7; p=0.02), respectively. In both studies, the association between MBL deficiency and 

infection was also present after adjustment for gestational age (Table 5C).

Pediatric oncology patients

All risk estimates are presented in Table 5D. Four studies did not find association between 

MBL deficiency and febrile neutropenia or other infectious complications49-51;53, while two 

studies did report an association.52;54 Significant associations between MBL deficiency and 

sepsis, bacteremia/fungemia or disseminated fungal infection were not found by any of the 

included studies.49-54 In one study, the median total number of days of febrile neutropenia was 

increased in children with variant MBL2 alleles (20.5 days) as compared to wild-type children 

(10.0 days; p=0.014, Table 5D).52 A similar difference was observed for separate febrile 

neutropenic episodes and for children with MBL levels <1000 μg/L at cancer diagnosis. In the 

other study, patients with MBL levels <100 μg/L had an increased risk of febrile neutropenia 

(RR: 1.90, 95% CI: 1.12-3.20; p=0.017) and severe bacterial infections, i.e. pneumonia or 

bacteremia (RR: 4.49, 1.69-11.8; p=0.003), compared to patients with MBL levels between 

100 and 999 μg/L, after adjustment for intensity and duration of chemotherapy.54 The risk of 

bacteremia only was raised univariately (RR: 3.35, 95% CI: 1.10-10.1; p=0.032) but not in the 

multivariate analysis (p=0.086). 

Children with CF

Pediatric CF patients with variant MBL2 alleles did not have an increased frequency of infection 

with P. aeruginosa or B. cepacia or an increased occurrence of admissions for intravenous 

antibiotics compared to wild-type patients (Table 5E).55 

Validity of the selected studies

Detailed data on the validity are provided in Table 6. For each study population, the validity 

scores are described below. Overall, many studies did not state whether the outcome was 

unbiased, i.e. whether MBL measurements were performed independently of clinical data 

collection. Also, many studies did not define MBL deficiency clearly in the introduction or 

material and methods section, which was a criterion for well-defined MBL deficiency.

General infections

Two out of four studies had a well-defined, representative study group that entered the study 

at a similar entry point. In these studies, follow-up and outcome were well-defined and well 

assessed.(24;25) MBL deficiency was well-defined in all studies 23-26 and in only one study the 

moment of determination of MBL level was not representative.23 The same study lacked a 

well-defined study group, follow-up, outcome or risk estimation.23 Risk estimates were well-

defined and properly adjusted in three studies.24-26 
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URTI and/or LRTI

Ten out of thirteen studies had a well-defined study group.27-31;33-35;37;39 and twelve a 

representative study population.27-30;32-39 Only three of six studies defined a similar entry-

point.35;37;38 MBL deficiency was well-defined in seven studies.27;32-35;38;39 The follow-up 

was well-defined in five out of six studies 33;35;37-39, and the assessment of follow-up was 

sufficient in four.31;33;35;39 The outcome was well-defined in eleven studies.27;29-31;33-39 Only 

three studies mentioned an unbiased outcome.30;32;33 

All RSV studies had a well-defined study population.40-42 However, the study population 

was not representative in one study.40 MBL deficiency was well-defined in two studies40;42, 

whereas the moment of MBL level measurement was only representative in the other study.41 

All studies defined outcome clearly and had a valid risk assessment, which was adjusted for 

other known risk factors.

Neonates

All studies on neonates had a well-defined study group43-48 and five study groups were 

considered representative.44-48 MBL deficiency and follow-up were well-defined in only one 

study.45, but MBL measurements were representative and assessment of follow-up was 

adequate in all six. One article received a full validity score.45 The outcome was well-defined 

in five studies.43-46;48 Risk estimates were well-defined in three studies44-46 and properly 

adjusted in five.44-48

Pediatric oncology patients

Of the six articles on pediatric oncology patients only one brief-report did not have a well-

defined or representative study group and well-defined outcome.53 All but one study had 

a similar entry-point.50-54 Five studies defined MBL deficiency well49;50;52-54 and MBL 

measurements were representative in all studies.49-54 Follow-up was well-defined in four 

studies50;52-54, but adequately-assessed in five.49;50;52-54 Four studies reported a well-defined 

risk-estimation49;50;52;54, but none of them adjusted properly for known risk factors for 

infection. 

CF

The study on CF55 is the only study on MBL and CF we found that described children and 

adults separately. It received validity points for a well-defined and representative study group, 

assessment of follow-up and well-defined outcome. 
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Discussion

This is the first evidence-based systematic review on infection risk in children with MBL 

deficiency. Studies were divided in five study populations, separated for cause and type of 

infection. A significant association between MBL deficiency and the risk of infection was 

reported in one third of the studies. Before we describe the different results, four issues that 

affect the outcome will be addressed.

First, many different diseases with a wide variety of infection definitions were studied. One 

way to overcome this problem was to describe the five study populations separately. Apart 

from the group with general infections, the main research question was quite similar within the 

different study populations. However, a comparison within the subpopulations remained difficult. 

Although many studies defined infection according to generally accepted criteria, in some studies 

infection was based only on clinical grounds or non-uniform criteria. Likewise, some studies 

pooled different infections in a ‘severe infection’ group, whereas others did not. Furthermore, 

the follow-up period differed considerably within comparable populations and many studies did 

not adjust for other known risk factors of infection by means of multivariate analysis.

A second major problem is the disagreement on the definition of MBL deficiency. MBL 

plasma level and MBL2 genotype are strongly correlated, but MBL plasma levels vary widely 

within individuals with identical genotypes.10 Apart from the debate on using MBL plasma levels 

instead of MBL2 genotype (or both), studies use different cut-off plasma levels and different 

haplotype combinations to define MBL deficiency. Some studies use cut-off levels of functional 

MBL necessary for complement activation and phagocytosis, whereas others calculate their own 

cut-off levels using receiver-operator characteristic (ROC) curves based on MBL2 genotype49;76 

or infection occurrence. This last method generates bias. In the early studies on MBL, genetic 

MBL deficiency was defined as the presence of variant MBL2 alleles (A/O and O/O) or of the 

O/O genotype alone. After the identification of the promoter polymorphisms, XA/XA and 

XA/O individuals were found to have decreased MBL levels as well, with even undetectable 

MBL levels in the XA/O individuals. Subsequently, studies started to compare patients with 

high-expressing genotypes (YA/YA+YA/XA) to patients with intermediate/medium (XA/

XA+YA/O) and/or low genotypes (XA/O+O/O). Besides, some only considered the low groups 

to be truly deficient, because these patients have almost absent MBL levels.

A third point of attention that should be addressed is age. Not only do MBL plasma levels 

differ according to age76;77, but the dependence on innate immunity, and thus MBL, is thought 

to vary according to age as well. Children are especially dependent on their innate immune 

system between 6 and 18 months of age, when maternal antibodies are disappearing and 

adaptive immunity is still immature.12;76;78 Koch et al. demonstrated that the increased risk of 

acute respiratory tract infections in MBL-deficient children was indeed most pronounced in 

this age group.33 Pooling children of different age groups, especially those under and over 1.5 

years of age, may result in a less pronounced effect of MBL deficiency on infection.
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The fourth issue concerns the validity of the studies. In this systematic review, we present 

all studies that reported on MBL and specific infections in children and adolescents up to 

21 years of age. We did not exclude studies that had low validity scores. As a consequence, 

the included studies varied considerably in their validity. Only two studies had all the validity 

points.24;45 Common problems resulting in low validity include an unclear score for blinded 

measurement of outcome, a missing risk adjustment, a not well-defined follow-up and a non-

similar entry point of the study group. These problems may all lead to invalid study results. 

Blinding for outcome is very important since it should prevent a biased judgment of outcome. 

This applies especially to studies that determine the presence of infection solely on clinical 

grounds. For prognostic studies risk adjustment for possible confounders is very important. 

Studies that do not correct for possible risk factors can easily over- or underestimate the 

effect of MBL deficiency on infection risk. However, the study populations were often too 

small to reliably perform multivariate analysis, which is a common problem in many pediatric 

studies. A well-defined and preferably equal follow-up is important to prevent differences in 

outcome, caused by the fact that a longer follow-up results in a higher chance for the patient 

to develop an infection. Likewise, invalid risk estimates can be obtained when patients do not 

enter the study at a similar entry point. Previous infections may be missed, the symptoms and 

severity of infection may differ in time and the possibility exists that the very severely infected 

individuals have already died before inclusion.

We will start discussing the results of the separate study populations with the studies on 

the more general non-specified infections. Two of the three studies that found significant 

associations between MBL deficiency and these infections were of high methodological 

quality.24;25 The risk for hospitalization for infection was not very impressive in the general 

population, but in the two hospital-based studies, MBL deficiency was associated with 

an increased risk of infection26 and severely increased risk of SIRS.24 These observations 

correspond with the assumption that MBL deficiency alone does not render children susceptible 

to infection per se, but that the occurrence of another immunocompromising condition is 

decisive. Clearly, when intermediately reduced MBL levels and heterozygous exon-1 mutations 

would be harmful to the general population, these mutations would not be expected to be 

present in one third of most populations throughout the world.10 

MBL deficiency is evidently not associated with otitis media alone. In the case-control 

studies, children with recurrent URTI and LRTI do appear to carry variant MBL2 genotypes, 

especially O/O, more often than controls.27;28;30;33 Moreover, an increased respiratory 

infection risk, especially in children between 6-17 months of age, was reported by a well-

designed prospective cohort study.33 In contrast, two prospective birth-cohort studies did 

not find an increased frequency of respiratory infections.35;38 Caution should be taken in 

comparing these studies, because especially in these studies both age and infection definitions 

differ considerably. Again, MBL deficiency does not seem to increase respiratory infection 

risk in the general population, but MBL deficiency was more prevalent among children with 

recurrent respiratory infections. Probably, concomitant (humoral) immunodeficiencies play a 
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role, as was reported by several studies.23;27;28 Also, the risk for acute respiratory infections 

appeared to be most pronounced between 6-18 months of age, which is in agreement with 

the hypothesis that children are especially dependent on MBL once maternal antibodies have 

gradually disappeared and adaptive immunity has not yet been fully developed.12 Only one42 

out of three40-42 RSV studies associated MBL deficiency with increased infection susceptibility. 

The two studies that did not find any association, had included younger patients (0-1 years41 

and 0-2 years40 as compared to 0-5 years).42 These studies had also used controls matched 

for age and sex, whereas the study that found an association between RSV infection and 

MBL deficiency did not. We conclude that it is unlikely that MBL deficiency is associated with 

increased RSV infection risk during the first 2 years of life, which is the age range that most of 

these respiratory tract infections occur. 

The neonatal studies are difficult to compare due to different infection definitions and the 

fact that MBL plasma levels, apart from MBL2 genotype, are also determined by gestational 

and postnatal age.44;45;47 Since prematures may have low levels despite wild-type genotypes, 

MBL level seems to be a better predictor of neonatal sepsis than MBL2 genotype. Indeed, the 

three genetic studies did not report an association43;46;48, whereas the two studies44;45 that 

found an increased infection risk in MBL-deficient neonates defined MBL deficiency according 

to plasma level. The remaining study investigated MBL levels, but only in 41 neonates and, 

moreover, sepsis was not the main outcome of the study.47 Both studies that reported an 

increased infection risk included neonates of all gestational ages, admitted to a NICU, but 

definitions for MBL deficiency and outcome differed between the two studies. Very recently, 

a third study reported an increased sepsis risk in MBL-deficient premature neonates, they 

also defined MBL deficiency as MBL levels <400 μg/L.79 Therefore, neonates with reduced 

MBL levels who are admitted to a NICU, appear to be more susceptible to (hospital-acquired) 

infections and sepsis. 

The role of MBL deficiency in neutropenic pediatric oncology patients is debated. Probably, 

phagocytosis is impaired irrespective of MBL deficiency, due to lack of phagocytes during 

neutropenia.49;80 However, studies including most or only patients with leukemia, who 

receive less aggressive chemotherapy, are contradicting.50;52 The study that adjusted for 

chemotherapy intensity found an increased risk of febrile neutropenia with severe bacterial 

infections in children with very low MBL levels (<100 μg/L) as compared to children with MBL 

levels of 100-999 μg/L.54 Interestingly, children with normal MBL levels (>1000 μg/L) also had 

an increased frequency of febrile neutropenia, but without microbiological etiology identified. 

Almost all studies defined MBL deficiency differently.

The single study on CF did not report an increased infection risk in MBL-deficient children. 

However, a very large cohort study of 1,019 children with CF recently reported an earlier age 

of colonization with P. aeruginosa in children with the low-expressing genotypes.81 This MBL2 

effect was amplified in patients with high-producing genotypes of transforming growth factor 

beta 1. Therefore, MBL deficiency does appear to be a CF modifier gene.

proefschrift.indb   24 23-5-2008   12:06:40



25

MBL and infection in children: a systematic review

In conclusion, this systematic review confirms the general view on MBL deficiency. MBL 

deficiency alone is not a major risk factor for infection in healthy children, with the possible 

exception for children between 6 and 18 months of age, who are very dependent on innate 

immunity.12;33 In the co-existence of another underlying condition or immune defect, MBL 

deficiency increases the infection susceptibility. In the near future, MBL may be available 

for therapy in these patients. We systematically reviewed all the available evidence on the 

different patient groups that have been suggested to benefit, but we cannot conclude 

that MBL-deficient individuals of one specific patient group evidently suffer from increased 

infection susceptibility. Therefore, we were not able to identify a specific patient group that 

might benefit from MBL substitution. Still, there was enough evidence for an increased 

infection risk in neonates, febrile neutropenic paediatric oncology patients and PICU patients 

to recommend further research in these patient groups. Large multicenter cohort studies in 

representative study populations, with clear outcome definitions, a well-defined follow-up 

period and adjustment for other known risk factors for infection are required. But first, it 

is very important to achieve consensus on the best definition of MBL deficiency. Until then, 

we recommend to always study both MBL levels and MBL2 genotype. A unique cut-off level 

should be defined. In our opinion, this should be the functional MBL level required for a 

minimal level of effective opsonophagocytosis of bacteria. For genotype comparisons, two 

options seem justified. The first is to compare variant MBL2 alleles with wild-type MBL2 

alleles, whereas one may also choose to compare the haplotypes with low-expressing activity 

(XA/O+O/O) with the remaining haplotypes. In this regard, thought should be given to the 

hypothesized pathophysiologic process, i.e. whether either the (almost) complete absence of 

MBL, or just suboptimal levels will render children more susceptible to disease. Possibly, these 

definitions will demand to be different for various disease entities. Until consensus has been 

reached, we advise to always report frequencies of the six different haplotype combinations 

(YA/YA, XA/YA, XA/XA, YA/O, XA/O and O/O), so that accurate calculations for systematic 

reviews can be performed in the future. 
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Table 4A. Data description summary pediatric patients with general infections.

Author (year) Summerfield (1997)26 Aittoniemi (1998)23 Kielgast (2003)25 Fidler (2004)24

Study characteristics:

Time period 1993-1995 1988-1992 1990-1991 2002

Country UK Finland Denmark UK

Design Controlled cohort. Retrospective cohort Prospective cohort Prospective cohort

Setting Single centre Single centre Single centre Single centre

Study group:

Total number of patients Cohort: 345 266 2104 100

Inclusion criteria Hospital admission for infection Repeated infections, episode 
of severe infection, prolonged 
symptoms of infection

All children born between 1990-1991 Admission to PICU 

Median (range) age (y) nm 4.9 (0.1-15.9) nm (0-3.8) 2.4 (0.7-9.3)

Control group: hospital admission, no infection; (n=272) none none none

MBL analysis:

MBL2 genotype alleles B,C,D na na B,C,D, X/Y

   Number of patients analyzed 345 na na 100

   A/A vs A/O+ O/O (n=) cases: 199 vs 133+13
controls: 208 vs 60+4

na na 58 vs 40+2

   High vs medium+low na na na 55 vs 32+13

   Definition MBL deficiency A/O + O/O na na A/O+O/O

   Sufficient vs deficient (n=) cases: 199 vs 146, controls: 208 vs 64 na na 58 vs 42

MBL level 

   Number of patients analyzed na 266 2104 100

   Definition MBL deficiency (<μg/L) na 20 120 1000

   Sufficient vs deficient (n=) na 257 vs 9 1799 vs 305 nm

Outcome: Infection

Description Any infection Prevalence MBL deficiency in 
infected patients

Hospitalization for infection. Infections 
specified in Table 5A 

Infection on admission;  SIRS development; localized 
infection vs  sepsis vs septic shock

Method of detection ICD criteria nm ICD criteria Clinical and according to ACCP/SCCM criteria

Follow-up:

Duration (months) nm nm 31 48 hours

Complete FU (n=) 345 nm 2104 100

Risk factor analysis:

MBL2 genotype deficiency Significantly increased infection 
susceptibility (OR: 2.4; p<0.0001)

na na Increased frequency of SIRS (p<0.0001) and increased 
development sepsis/septic shock (p=0.002)

MBL level deficiency na nm Significantly increased hazard ratio 
(p=0.026)

increased risk for SIRS

Statistical method (test) Χ2 nm Cox regression Χ2 

ACCP/SCCM, American College of Chest Physicians/Society of Critical Care Medicine ; ICD, International 
Statistical Classification of Diseases and Related Health Problems; Low: XA/O+O/O; Medium: XA/XA+YA/O; na, 
not applicable; nm, not mentioned; PICU, pediatric intensive care unit; SIRS, systemic inflammatory response 
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Table 4A. Data description summary pediatric patients with general infections.

Author (year) Summerfield (1997)26 Aittoniemi (1998)23 Kielgast (2003)25 Fidler (2004)24

Study characteristics:

Time period 1993-1995 1988-1992 1990-1991 2002

Country UK Finland Denmark UK

Design Controlled cohort. Retrospective cohort Prospective cohort Prospective cohort

Setting Single centre Single centre Single centre Single centre

Study group:

Total number of patients Cohort: 345 266 2104 100

Inclusion criteria Hospital admission for infection Repeated infections, episode 
of severe infection, prolonged 
symptoms of infection

All children born between 1990-1991 Admission to PICU 

Median (range) age (y) nm 4.9 (0.1-15.9) nm (0-3.8) 2.4 (0.7-9.3)

Control group: hospital admission, no infection; (n=272) none none none

MBL analysis:

MBL2 genotype alleles B,C,D na na B,C,D, X/Y

   Number of patients analyzed 345 na na 100

   A/A vs A/O+ O/O (n=) cases: 199 vs 133+13
controls: 208 vs 60+4

na na 58 vs 40+2

   High vs medium+low na na na 55 vs 32+13

   Definition MBL deficiency A/O + O/O na na A/O+O/O

   Sufficient vs deficient (n=) cases: 199 vs 146, controls: 208 vs 64 na na 58 vs 42

MBL level 

   Number of patients analyzed na 266 2104 100

   Definition MBL deficiency (<μg/L) na 20 120 1000

   Sufficient vs deficient (n=) na 257 vs 9 1799 vs 305 nm

Outcome: Infection

Description Any infection Prevalence MBL deficiency in 
infected patients

Hospitalization for infection. Infections 
specified in Table 5A 

Infection on admission;  SIRS development; localized 
infection vs  sepsis vs septic shock

Method of detection ICD criteria nm ICD criteria Clinical and according to ACCP/SCCM criteria

Follow-up:

Duration (months) nm nm 31 48 hours

Complete FU (n=) 345 nm 2104 100

Risk factor analysis:

MBL2 genotype deficiency Significantly increased infection 
susceptibility (OR: 2.4; p<0.0001)

na na Increased frequency of SIRS (p<0.0001) and increased 
development sepsis/septic shock (p=0.002)

MBL level deficiency na nm Significantly increased hazard ratio 
(p=0.026)

increased risk for SIRS

Statistical method (test) Χ2 nm Cox regression Χ2 

ACCP/SCCM, American College of Chest Physicians/Society of Critical Care Medicine ; ICD, International 
Statistical Classification of Diseases and Related Health Problems; Low: XA/O+O/O; Medium: XA/XA+YA/O; na, 
not applicable; nm, not mentioned; PICU, pediatric intensive care unit; SIRS, systemic inflammatory response 
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Table 4B. Data description summary upper and/or lower respiratory tract infections.

Author (year) Garred (1993)29 Homoe (1999)31 Koch (2001)33 Nielsen (2003)41 Ozbas-Gerceker (2003)36Cedzynski (2004)28 Kristensen (2004)40 Jonard (2005)32

Study characteristics:

Time period nm nm 1996-1998 1990-1994 nm 1999-2003 2001-2001 nm

Country Denmark Denmark Denmark Denmark Turkey Poland South Africa France

Design Retrospective cohort Cross-sectional Prospective cohort Case control Case control Controlled cohort Case control Case control

Setting Single centre Single centre Single centre Multicentre Single centre Single centre Single centre Single centre

Study group:

Total number of patients 165 73 252 163 69 335 55 88

Inclusion criteria OM prone, recurrent 
acute OM or secretory 
OM

Random sample of 
children from Greenland

Children under two years 
of age

All children under two 
years of age and RSV 
infected

Recurrent OM with no 
immunodeficiency

Recurrent infections of 
the respiratory system

RSV Suffering from 
recurrent bronchitis

Median (range) age (yrs) 4.3 (0.2-14.8) 5 (0-8) 0-2 years nm (<2) nm (0.5-3) mean(SD): 7.6 (+/-3.5) nm (0-1) nm (0.25-20)

Control group: Healthy children
Genotype: 89
Phenotype: 15

none none 163 matched healthy 
children

100 healthy adults 78 healthy children 113 matched healthy 
children

40 healthy children

Median (range) age (yrs) Genotype: nm
Phenotyp: 5.2

na na nm nm (25-40) mean(SD): 7.4 (+/-3.5) nm (0-1) nm (0.75-18)

MBL analysis:

MBL2 genotype alleles B,D B,C,D B,C,D, X/Y na B,D B,C,D, X/Y, H/L, P/Q B,C,D, X/Y, H/L, P/Q na

   Number of patients analyzed 89 73 252 na 69 335 cases: 55
controls: 113

na

   A/A vs A/O+ O/O (n=) cases: 64 vs 21 + 4
controls: 62 vs 24 + 1

57 vs 16 191 vs 55 + 6 na cases: 61 vs 7 + 1
controls: 76 vs 20 + 4

cases:  215 vs 103 + 17
controls:  62 vs 16 + 0

cases: 36 vs 19 + 0
controls: 73 vs 35 + 5

na

   High vs medium+low

   Definition MBL deficiency not defined A/O + O/O XA/O + O/O na not defined not defined XA/O + O/O na

   Sufficient vs deficient (n=) na 57 vs 16 239 vs 13 na na na cases: 49 vs 6
controls: 103 vs 10

na

MBL level

   Number of patients analyzed 76 na na 163 na cases: 291, controls: 75 55 88

   Definition MBL deficiency (<μg/L) 250 na na not defined na  1.<600 or 2.<117 500 40

   Sufficient vs deficient (n=) nm na na nm na cases: 174 vs 96 vs 21
controls: 63 vs 12 vs 0

cases: 41 vs 14
controls: 87 vs 26

cases: 81 vs 7
controls 39 vs 1

Outcome: Infection

Description Secretory OM in last 
3-6 months.

Acute OM and recurrent 
acute OM ( ≥5 episodes 
since birth)

Acute upper or lower 
respiratory tract infection

RSV Recurrent OM: (≥3 in a 
not defined period)

Recurrent URTI (≥8/year) 
and/or LRTI (≥2/year)

RSV chronic obstructive 
pulmonary disease

Method of detection clinical nm clinical Immunological nm clinical Immunological Clinical

Follow-up (FU):

Duration (months) nm nm 24 nm nm ≥12 1.5 nm

Complete FU (n=) cases: 165 67 252 cases: 163 cases: 69 cases: 335 cases: 43 88

Risk factor analysis:

MBL2 genotype deficiency no significant
 differences

no significant differences Increased risk of acute 
respiratory infection. 
Adjusted for age, sex and 
ethnicity (p<0.001)

na no significant
differences

Increased frequency of  
O/O and A/O genotype 
in patients (p=0.03 and 
0.01)

no significant 
differences

no significant 
differences

MBL level deficiency no significant 
differences

na na no significant 
differences

na Increased risk of 
infection

no significant 
differences

no significant 
differences

Statistical methods (test) Χ2,Kruskal-Wallis, 
Spearman rank

Fisher’s exact test, Χ2 Generalized estimating 
equation model

 Χ2  Χ2 Fisher’s exact test, 
Mann-Whitney U

Conditional logistic 
regression

nm

Low= XA/O+O/O; LRTI, lower respiratory tract infection; Medium=XA/XA+YA/O; na, not applicable; nm, not 
mentioned; OM, otitis media; RSV, Respiratory syncytial virus; URTI, upper respiratory tract infection. CF, cystic fibrosis; 
OME, otitis media with effusion; ICD, International Statistical Classification of Diseases and Related Health Problems;
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Table 4B. Data description summary upper and/or lower respiratory tract infections.

Author (year) Garred (1993)29 Homoe (1999)31 Koch (2001)33 Nielsen (2003)41 Ozbas-Gerceker (2003)36Cedzynski (2004)28 Kristensen (2004)40 Jonard (2005)32

Study characteristics:

Time period nm nm 1996-1998 1990-1994 nm 1999-2003 2001-2001 nm

Country Denmark Denmark Denmark Denmark Turkey Poland South Africa France

Design Retrospective cohort Cross-sectional Prospective cohort Case control Case control Controlled cohort Case control Case control

Setting Single centre Single centre Single centre Multicentre Single centre Single centre Single centre Single centre

Study group:

Total number of patients 165 73 252 163 69 335 55 88

Inclusion criteria OM prone, recurrent 
acute OM or secretory 
OM

Random sample of 
children from Greenland

Children under two years 
of age

All children under two 
years of age and RSV 
infected

Recurrent OM with no 
immunodeficiency

Recurrent infections of 
the respiratory system

RSV Suffering from 
recurrent bronchitis

Median (range) age (yrs) 4.3 (0.2-14.8) 5 (0-8) 0-2 years nm (<2) nm (0.5-3) mean(SD): 7.6 (+/-3.5) nm (0-1) nm (0.25-20)

Control group: Healthy children
Genotype: 89
Phenotype: 15

none none 163 matched healthy 
children

100 healthy adults 78 healthy children 113 matched healthy 
children

40 healthy children

Median (range) age (yrs) Genotype: nm
Phenotyp: 5.2

na na nm nm (25-40) mean(SD): 7.4 (+/-3.5) nm (0-1) nm (0.75-18)

MBL analysis:

MBL2 genotype alleles B,D B,C,D B,C,D, X/Y na B,D B,C,D, X/Y, H/L, P/Q B,C,D, X/Y, H/L, P/Q na

   Number of patients analyzed 89 73 252 na 69 335 cases: 55
controls: 113

na

   A/A vs A/O+ O/O (n=) cases: 64 vs 21 + 4
controls: 62 vs 24 + 1

57 vs 16 191 vs 55 + 6 na cases: 61 vs 7 + 1
controls: 76 vs 20 + 4

cases:  215 vs 103 + 17
controls:  62 vs 16 + 0

cases: 36 vs 19 + 0
controls: 73 vs 35 + 5

na

   High vs medium+low

   Definition MBL deficiency not defined A/O + O/O XA/O + O/O na not defined not defined XA/O + O/O na

   Sufficient vs deficient (n=) na 57 vs 16 239 vs 13 na na na cases: 49 vs 6
controls: 103 vs 10

na

MBL level

   Number of patients analyzed 76 na na 163 na cases: 291, controls: 75 55 88

   Definition MBL deficiency (<μg/L) 250 na na not defined na  1.<600 or 2.<117 500 40

   Sufficient vs deficient (n=) nm na na nm na cases: 174 vs 96 vs 21
controls: 63 vs 12 vs 0

cases: 41 vs 14
controls: 87 vs 26

cases: 81 vs 7
controls 39 vs 1

Outcome: Infection

Description Secretory OM in last 
3-6 months.

Acute OM and recurrent 
acute OM ( ≥5 episodes 
since birth)

Acute upper or lower 
respiratory tract infection

RSV Recurrent OM: (≥3 in a 
not defined period)

Recurrent URTI (≥8/year) 
and/or LRTI (≥2/year)

RSV chronic obstructive 
pulmonary disease

Method of detection clinical nm clinical Immunological nm clinical Immunological Clinical

Follow-up (FU):

Duration (months) nm nm 24 nm nm ≥12 1.5 nm

Complete FU (n=) cases: 165 67 252 cases: 163 cases: 69 cases: 335 cases: 43 88

Risk factor analysis:

MBL2 genotype deficiency no significant
 differences

no significant differences Increased risk of acute 
respiratory infection. 
Adjusted for age, sex and 
ethnicity (p<0.001)

na no significant
differences

Increased frequency of  
O/O and A/O genotype 
in patients (p=0.03 and 
0.01)

no significant 
differences

no significant 
differences

MBL level deficiency no significant 
differences

na na no significant 
differences

na Increased risk of 
infection

no significant 
differences

no significant 
differences

Statistical methods (test) Χ2,Kruskal-Wallis, 
Spearman rank

Fisher’s exact test, Χ2 Generalized estimating 
equation model

 Χ2  Χ2 Fisher’s exact test, 
Mann-Whitney U

Conditional logistic 
regression

nm

Low= XA/O+O/O; LRTI, lower respiratory tract infection; Medium=XA/XA+YA/O; na, not applicable; nm, not 
mentioned; OM, otitis media; RSV, Respiratory syncytial virus; URTI, upper respiratory tract infection. CF, cystic fibrosis; 
OME, otitis media with effusion; ICD, International Statistical Classification of Diseases and Related Health Problems;
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Table 4B. Data description summary upper and/or lower respiratory tract infections. continued

Author (year) Straetemans (2005)37 Thorarinsdottir (2005)38 Wiertsema (2006)39 Bossuyt (2007)27 Grasso (2007)30 Koturoglu (2007)34 Müller (2007)35 Ribeiro (2007)42

Study characteristics:

Time period 1999-2002 nm nm 2000-2003 2003-2005 2004-2005 1990-2001 2000-2004

Country The Netherlands Iceland The Netherlands Belgium Italy Turkey Germany Brazil

Design Prospective cohort Prospective cohort Retrospective cohort Case control Case control Case control Prospective cohort Case control

Setting Multicentre Single centre Multicentre nm Single centre Single centre Multicentre Single centre

Study group:

Total number of patients 127 180 244 55 191 52 <1 year: 749; 
<10 years: 429

82

Inclusion criteria OME for last three 
months

Children randomly 
selected at birth

Aged 1-7 years and ≥2 acute 
OM in last year

Recurrent URTI (≥5/y) 
and/or LRTI (≥3/y);
> 4 y. 

Undergoing tonsillectomy, 
adenoidectomy or 
adenotonsillectomy

Adenoidectomy and/or 
tonsillectomy resulting 
from recurrent URTI

Birth cohort All children under five 
years of age and RSV 
infected

Median (range) age (yrs) 5.3 (2.1-7.5) 4 (3.5-4.0) nm (1-7) 4-14 years old mean: 5 (3-11) Mean(SD): 7.5(+/-3.3) Included at birth nm (0-5)

Control group: none none none 43 healthy children 130 healthy children, 
matched for age, sex

50 healthy adults none 40 healthy children

Median (range) age (yrs) na na na nm (4-14) nm Mean(SD): 6.7(+/-2.7) na nm

MBL analysis:

MBL2 genotype alleles na na B,C,D, X/Y, H/L, P/Q B,C,D X/Y B,C,D B,D B,C,D, X/Y na

   Number of patients analyzed na na 244 55 191 52 <1yr:749;  <10yr:429 na

   A/A vs A/O+ O/O (n=) na na nm cases: 33 vs 14 + 8
controls: 23 vs 19 + 1

cases: 99 vs 65 + 27
controls: 78 vs 45 + 7

cases: 23 vs 20 + 9
controls: 43 vs 6 + 1

nm na

   High vs medium+low na na 423 vs 195+131

   Definition MBL deficiency na na not YA/YA A/O or O/O not defined A/O + O/O Medium or Low na

   Sufficient vs deficient (n=) na na 76 vs 168 na na na na na

MBL level

   Number of patients analyzed 90 158 244 na na na na cases: 81; controls: 40

   Definition MBL deficiency (<μg/L) 250 400 not defined na na na na medium: 50-499 μg/L; 
low: <50 μg/L 

   Sufficient vs deficient (n=) nm at 0 year: 97 vs 21; at 2 
year: 165 vs 12

nm na na na na cases: 27 vs 8 vs 47; 
controls: 24 vs 14 vs 2 

Outcome: Infection

Description Uni- or bilateral OME 
for ≥3 months.

Rec. otitis media; LRTI ≥2 episodes of acute OM in 
previous year

Recurrent URTI (≥5/y) 
and/or LRTI (≥3/y)

tonsillar hypertrophy or 
chronic recurrent 
tonsillitis (≥5/y)

Recurrent URTI: (≥7 in 
past y, ≥5/y in past 2 y 
or ≥3/y in past 3 y)

respiratory infection; 
tonsillitis or otitis

RSV

Method of detection clinical and 
tympanogram

clinical, LRTI: ‘confirmed’clinical clinical (both) & 
X-thorax (LRTI)

clinical clinical ICD-9 criteria Immunological or PCR

Follow-up (FU):

Duration (months) 6 48 12 ≥12 nm nm 12 and 120 nm

Complete FU (n=) 90 158 244 cases: 55 191 cases: 52 12 months: 749; 120 
months:429

cases: 81

Risk factor analysis:

MBL2 genotype deficiency na na no significant differences Increased frequency of  
O/O genotype in cases; 
(p=0.05).

Increased percentage 
with O/O genotype in 
cases vs controls (14% vs 
5%; p=0.035)

Increased odds for 
recurrent URTI (OR: 7.7; 
p=0.001).

No significant 
differences

na

MBL level deficiency no significant 
differences

no sign. differences no analysis comparing MBL 
level with infection

na na na na Increased risk of 
infection. 
RR raised for MBL 
levels <500μg/L 
(p=0.004)

Statistical methods (test) Kruskall-Wallis, Fisher’s 
exact test

Mann-Whitney U Mann-Whitney U Χ2 Fisher’s test  Χ2 nm Mann-Whitney U,  Χ2

CF, cystic fibrosis; ICD, International Statistical Classification of Diseases and Related Health Problems; Low= XA/
O+O/O; LRTI, lower respiratory tract infection; Medium=XA/XA+YA/O; na, not applicable; nm, not mentioned; 
OM(E), otitis media (with effusion); PCR, polymerase chain reaction; RSV, Respiratory syncytial virus; URTI, upper 
respiratory tract infection.
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Table 4B. Data description summary upper and/or lower respiratory tract infections. continued

Author (year) Straetemans (2005)37 Thorarinsdottir (2005)38 Wiertsema (2006)39 Bossuyt (2007)27 Grasso (2007)30 Koturoglu (2007)34 Müller (2007)35 Ribeiro (2007)42

Study characteristics:

Time period 1999-2002 nm nm 2000-2003 2003-2005 2004-2005 1990-2001 2000-2004

Country The Netherlands Iceland The Netherlands Belgium Italy Turkey Germany Brazil

Design Prospective cohort Prospective cohort Retrospective cohort Case control Case control Case control Prospective cohort Case control

Setting Multicentre Single centre Multicentre nm Single centre Single centre Multicentre Single centre

Study group:

Total number of patients 127 180 244 55 191 52 <1 year: 749; 
<10 years: 429

82

Inclusion criteria OME for last three 
months

Children randomly 
selected at birth

Aged 1-7 years and ≥2 acute 
OM in last year

Recurrent URTI (≥5/y) 
and/or LRTI (≥3/y);
> 4 y. 

Undergoing tonsillectomy, 
adenoidectomy or 
adenotonsillectomy

Adenoidectomy and/or 
tonsillectomy resulting 
from recurrent URTI

Birth cohort All children under five 
years of age and RSV 
infected

Median (range) age (yrs) 5.3 (2.1-7.5) 4 (3.5-4.0) nm (1-7) 4-14 years old mean: 5 (3-11) Mean(SD): 7.5(+/-3.3) Included at birth nm (0-5)

Control group: none none none 43 healthy children 130 healthy children, 
matched for age, sex

50 healthy adults none 40 healthy children

Median (range) age (yrs) na na na nm (4-14) nm Mean(SD): 6.7(+/-2.7) na nm

MBL analysis:

MBL2 genotype alleles na na B,C,D, X/Y, H/L, P/Q B,C,D X/Y B,C,D B,D B,C,D, X/Y na

   Number of patients analyzed na na 244 55 191 52 <1yr:749;  <10yr:429 na

   A/A vs A/O+ O/O (n=) na na nm cases: 33 vs 14 + 8
controls: 23 vs 19 + 1

cases: 99 vs 65 + 27
controls: 78 vs 45 + 7

cases: 23 vs 20 + 9
controls: 43 vs 6 + 1

nm na

   High vs medium+low na na 423 vs 195+131

   Definition MBL deficiency na na not YA/YA A/O or O/O not defined A/O + O/O Medium or Low na

   Sufficient vs deficient (n=) na na 76 vs 168 na na na na na

MBL level

   Number of patients analyzed 90 158 244 na na na na cases: 81; controls: 40

   Definition MBL deficiency (<μg/L) 250 400 not defined na na na na medium: 50-499 μg/L; 
low: <50 μg/L 

   Sufficient vs deficient (n=) nm at 0 year: 97 vs 21; at 2 
year: 165 vs 12

nm na na na na cases: 27 vs 8 vs 47; 
controls: 24 vs 14 vs 2 

Outcome: Infection

Description Uni- or bilateral OME 
for ≥3 months.

Rec. otitis media; LRTI ≥2 episodes of acute OM in 
previous year

Recurrent URTI (≥5/y) 
and/or LRTI (≥3/y)

tonsillar hypertrophy or 
chronic recurrent 
tonsillitis (≥5/y)

Recurrent URTI: (≥7 in 
past y, ≥5/y in past 2 y 
or ≥3/y in past 3 y)

respiratory infection; 
tonsillitis or otitis

RSV

Method of detection clinical and 
tympanogram

clinical, LRTI: ‘confirmed’clinical clinical (both) & 
X-thorax (LRTI)

clinical clinical ICD-9 criteria Immunological or PCR

Follow-up (FU):

Duration (months) 6 48 12 ≥12 nm nm 12 and 120 nm

Complete FU (n=) 90 158 244 cases: 55 191 cases: 52 12 months: 749; 120 
months:429

cases: 81

Risk factor analysis:

MBL2 genotype deficiency na na no significant differences Increased frequency of  
O/O genotype in cases; 
(p=0.05).

Increased percentage 
with O/O genotype in 
cases vs controls (14% vs 
5%; p=0.035)

Increased odds for 
recurrent URTI (OR: 7.7; 
p=0.001).

No significant 
differences

na

MBL level deficiency no significant 
differences

no sign. differences no analysis comparing MBL 
level with infection

na na na na Increased risk of 
infection. 
RR raised for MBL 
levels <500μg/L 
(p=0.004)

Statistical methods (test) Kruskall-Wallis, Fisher’s 
exact test

Mann-Whitney U Mann-Whitney U Χ2 Fisher’s test  Χ2 nm Mann-Whitney U,  Χ2

CF, cystic fibrosis; ICD, International Statistical Classification of Diseases and Related Health Problems; Low= XA/
O+O/O; LRTI, lower respiratory tract infection; Medium=XA/XA+YA/O; na, not applicable; nm, not mentioned; 
OM(E), otitis media (with effusion); PCR, polymerase chain reaction; RSV, Respiratory syncytial virus; URTI, upper 
respiratory tract infection.
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Table 4C. Data description summary neonates

Author (year) Ahrens (2004)43 Hilgendorff (2005)47 De Benedetti (2007)44 Frakking (2007)45 Hilgendorff (2007)46 van der Zwet (2007)48

Study characteristics:

Time period 1999-2002 2002-2003 nm 2002-2003 nm 1998-2000

Country Germany Germany Italy Netherlands Germany Netherlands

Design Prospective cohort Controlled cohort Prospective cohort Prospective cohort Prospective cohort Prospective cohort

Setting Multicentre nm Multicentre Single centre nm Single centre

Study group:

Number of patients 356 47 206 88 283 188

Inclusion criteria VLBW Preterms (<32 wks) NICU adm. within <24h NICU admission Preterms (<32 wks) > 4 days in the NICU

Median (range) age (weeks) nm 28 (24-31) nm 32 (27-42) 28.7 (+/-2.3)* nm

Control group: none 19 healthy neonates none none none none

Median (range) age (weeks) na 39 (36-41) na na na na

MBL analysis:

MBL2 genotype alleles B,C,D na na B,C,D, X/Y, H/L, P/Q B,C,D, X/Y B,C,D, X/Y, H/L, P/Q

   Number of patients analyzed 356 na na 70 260 186

   A/A vs A/O+ O/O (n=) 240 vs 116 na na 47 vs 18+5 162 vs 84+14 125 vs 47+14

   Definition MBL deficiency A/O + O/O na na A/O + O/O Not defined Not defined

   Sufficient vs deficient (n=) 240 vs 116 na na 47 vs 23

MBL level

   Number of patients analyzed na 47 206 88 na na

   Definition MBL deficiency (<μg/L) na not defined not defined 700 na na

   Sufficient vs deficient (n=) na na na 53 vs 35 na na

Outcome: Infection

Description Confirmed sepsis during 
hospital stay

Clinical sepsis <72h Hospital-acquired sepsis 
(>48h after NICU 
admission). Confirmed 
vs suspected

Clinical sepsis <72h (n=11) 
Severe infection 1th 
month=pneumonia (n=5) + 
culture-proven sepsis >72h

clinical early-onset 
(<72h) infection

Nosocomial bloodstream 
infection; Pneumonia; Both

Method of detection BC clinical clinical, BC clinical, BC, X-ray clinical clinical, BC, X-ray

Follow-up (FU):

Duration (range in days) Entire hospital stay nm jun-24 30-31 nm nm

Complete FU (n=) nm 47 206 88 260 186

Risk factor analysis:

MBL2 genotype deficiency no influence na na increased EOS frequency 
(p<0.01) and pneumonia 
(p=0.05)

no influence of separate 
genotype alleles

no influence on infection.

MBL level deficiency na no influence on sepsis Decreased median MBL 
level in confirmed sepsis 
patients <0.001

increased frequency of 
EOS, (p=0.01), pneumonia 
(p=0.04) and culture-proven 
sepsis >72h (p=0.02)

na na

Statistical methods (test)  Χ2 Mann-Whitney U Mann-Whitney U  Χ2 , multinominal logistic 
regression

Logistic regression Multiple logistic regression

* mean (SD); BC, bloodculture; EOS: early-onset sepsis; na, not applicable; NICU, neonatal intensive care unit; 
nm, not mentioned; VLBW, very low birth weight.
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Table 4C. Data description summary neonates

Author (year) Ahrens (2004)43 Hilgendorff (2005)47 De Benedetti (2007)44 Frakking (2007)45 Hilgendorff (2007)46 van der Zwet (2007)48

Study characteristics:

Time period 1999-2002 2002-2003 nm 2002-2003 nm 1998-2000

Country Germany Germany Italy Netherlands Germany Netherlands

Design Prospective cohort Controlled cohort Prospective cohort Prospective cohort Prospective cohort Prospective cohort

Setting Multicentre nm Multicentre Single centre nm Single centre

Study group:

Number of patients 356 47 206 88 283 188

Inclusion criteria VLBW Preterms (<32 wks) NICU adm. within <24h NICU admission Preterms (<32 wks) > 4 days in the NICU

Median (range) age (weeks) nm 28 (24-31) nm 32 (27-42) 28.7 (+/-2.3)* nm

Control group: none 19 healthy neonates none none none none

Median (range) age (weeks) na 39 (36-41) na na na na

MBL analysis:

MBL2 genotype alleles B,C,D na na B,C,D, X/Y, H/L, P/Q B,C,D, X/Y B,C,D, X/Y, H/L, P/Q

   Number of patients analyzed 356 na na 70 260 186

   A/A vs A/O+ O/O (n=) 240 vs 116 na na 47 vs 18+5 162 vs 84+14 125 vs 47+14

   Definition MBL deficiency A/O + O/O na na A/O + O/O Not defined Not defined

   Sufficient vs deficient (n=) 240 vs 116 na na 47 vs 23

MBL level

   Number of patients analyzed na 47 206 88 na na

   Definition MBL deficiency (<μg/L) na not defined not defined 700 na na

   Sufficient vs deficient (n=) na na na 53 vs 35 na na

Outcome: Infection

Description Confirmed sepsis during 
hospital stay

Clinical sepsis <72h Hospital-acquired sepsis 
(>48h after NICU 
admission). Confirmed 
vs suspected

Clinical sepsis <72h (n=11) 
Severe infection 1th 
month=pneumonia (n=5) + 
culture-proven sepsis >72h

clinical early-onset 
(<72h) infection

Nosocomial bloodstream 
infection; Pneumonia; Both

Method of detection BC clinical clinical, BC clinical, BC, X-ray clinical clinical, BC, X-ray

Follow-up (FU):

Duration (range in days) Entire hospital stay nm jun-24 30-31 nm nm

Complete FU (n=) nm 47 206 88 260 186

Risk factor analysis:

MBL2 genotype deficiency no influence na na increased EOS frequency 
(p<0.01) and pneumonia 
(p=0.05)

no influence of separate 
genotype alleles

no influence on infection.

MBL level deficiency na no influence on sepsis Decreased median MBL 
level in confirmed sepsis 
patients <0.001

increased frequency of 
EOS, (p=0.01), pneumonia 
(p=0.04) and culture-proven 
sepsis >72h (p=0.02)

na na

Statistical methods (test)  Χ2 Mann-Whitney U Mann-Whitney U  Χ2 , multinominal logistic 
regression

Logistic regression Multiple logistic regression

* mean (SD); BC, bloodculture; EOS: early-onset sepsis; na, not applicable; NICU, neonatal intensive care unit; 
nm, not mentioned; VLBW, very low birth weight.
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Table 4D. Data description summary pediatric oncology patients with chemotherapy

Author (year) Lehrnbecher (1999)51 Neth (2001)52 Frakking (2006)49 Lausen (2006)50 Schlapbach (2006)54 Rubnitz (2007)53

Study characteristics:

Time period nm 1997-1999 2003-2005 1992-2000 2002-2005 nm

Country Germany UK Netherlands Denmark Switzerland USA

Design Prospective cohort Prospective cohort Prospective cohort Prospective cohort Retrospective cohort Retrospective cohort

Setting Single centre Single centre Single centre Single centre Single centre Single centre

Study group:

Total number of patients 56 100 110 137 94 91

Inclusion criteria Chemotherapy-induced 
neutropenia

All cancer patients Expected neutropenia Non-B ALL Chemotherapy AML and ALL patients

Hematological / solid tumor 29 /27 85 / 15 58 / 52 137 / 0 55 /39 91 / 0

Median (range) age (y) 8.0* (0.25-20) 5.4* (0.1-17) 5.8 (0-18) 4.8 (1.0-14.9) nm (0-16) nm

MBL analysis:

MBL2 genotype alleles na B,C,D,X/Y,H/L,P/Q B,C,D, X/Y,H/L,P/Q B,C,D, X/Y na na

   Number of patients analyzed na 96 109 136 na na

   A/A vs A/O+ O/O (n=) na 60 vs 36 69 vs 35+5 nm na na

   High vs medium+low na nm 64 vs 30+15 62 vs 44+30 na na

   Definition MBL deficiency na A/O + O/O Medium + Low Medium or low na na

   MBL-sufficient vs MBL-deficient na 60 vs 36 69 vs 45 62 vs 74 (44+33) na na

MBL level 

   Number of patients analyzed 56 62 110 na 94 91

   Definition MBL deficiency   (<μg/L) not defined 1000 1000 na 100 compared to 100-999 500

   MBL-sufficient vs MBL-deficient na  38 vs 24 72 vs38 na 25 vs 10

Outcome: Infection

Description FNE episodes; bacteremia/
fungemia; pneumonia

Total duration FN (days); amount 
of FNE

Febrile neutropenia; 
bacteremia/fungemia; 
sepsis

Infectious event= 
symptoms+ 
antibiotics;bacteremia; 
pneumonia; fungemia

FN and FNE; bacteremia; 
fungemia; severe bacterial 
infection=pneumonia + 
bacteremia

FN; disseminated fungal 
infection; bacterial 
infection= bacteremia + 
pneumonia + cellulitis

Method of detection clinical, culture clinical clinical and/or proven clinical, BC or X-ray clinical, culture, X-ray culture, X-ray

Neutropenia (<cells/μL) 500 1000 500 500 500 nm

Follow-up:

Duration (months) median,range nm 6 for every patient 13 (2-46) 1.7 for every patient 6.5 (0.7-31) entire chemotherapy for 
every patient

Complete FU (n=) nm Genotype: 93  Phenotype: 62 110 136 nm nm

Risk factor analysis:

MBL2 genotype deficiency na longer duration FN (p=0.014) no sign. differences no sign. differences na na

MBL level deficiency no sign. differences longer duration FN
(p=0.012)

no sign. differences na More FNEs (p=0.014) and 
severe bacterial infections 
(p= 0.003) 

no sign. differences

Statistical method (test) Wilcoxon rank sum Mann-Whitney U Kruskal-Wallis+ Χ2 Kruskal-Wallis+ Χ2 Poisson regression Wilcoxon rank sum

*mean; BC, bloodculture; FN, febrile neutropenia; FNE, febrile neutropenic episode; low = XA/O + O/O; 
Medium = XA/XA+YA/O; nm, not mentioned; na, not applicable; sign, significant.
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Table 4D. Data description summary pediatric oncology patients with chemotherapy

Author (year) Lehrnbecher (1999)51 Neth (2001)52 Frakking (2006)49 Lausen (2006)50 Schlapbach (2006)54 Rubnitz (2007)53

Study characteristics:

Time period nm 1997-1999 2003-2005 1992-2000 2002-2005 nm

Country Germany UK Netherlands Denmark Switzerland USA

Design Prospective cohort Prospective cohort Prospective cohort Prospective cohort Retrospective cohort Retrospective cohort

Setting Single centre Single centre Single centre Single centre Single centre Single centre

Study group:

Total number of patients 56 100 110 137 94 91

Inclusion criteria Chemotherapy-induced 
neutropenia

All cancer patients Expected neutropenia Non-B ALL Chemotherapy AML and ALL patients

Hematological / solid tumor 29 /27 85 / 15 58 / 52 137 / 0 55 /39 91 / 0

Median (range) age (y) 8.0* (0.25-20) 5.4* (0.1-17) 5.8 (0-18) 4.8 (1.0-14.9) nm (0-16) nm

MBL analysis:

MBL2 genotype alleles na B,C,D,X/Y,H/L,P/Q B,C,D, X/Y,H/L,P/Q B,C,D, X/Y na na

   Number of patients analyzed na 96 109 136 na na

   A/A vs A/O+ O/O (n=) na 60 vs 36 69 vs 35+5 nm na na

   High vs medium+low na nm 64 vs 30+15 62 vs 44+30 na na

   Definition MBL deficiency na A/O + O/O Medium + Low Medium or low na na

   MBL-sufficient vs MBL-deficient na 60 vs 36 69 vs 45 62 vs 74 (44+33) na na

MBL level 

   Number of patients analyzed 56 62 110 na 94 91

   Definition MBL deficiency   (<μg/L) not defined 1000 1000 na 100 compared to 100-999 500

   MBL-sufficient vs MBL-deficient na  38 vs 24 72 vs38 na 25 vs 10

Outcome: Infection

Description FNE episodes; bacteremia/
fungemia; pneumonia

Total duration FN (days); amount 
of FNE

Febrile neutropenia; 
bacteremia/fungemia; 
sepsis

Infectious event= 
symptoms+ 
antibiotics;bacteremia; 
pneumonia; fungemia

FN and FNE; bacteremia; 
fungemia; severe bacterial 
infection=pneumonia + 
bacteremia

FN; disseminated fungal 
infection; bacterial 
infection= bacteremia + 
pneumonia + cellulitis

Method of detection clinical, culture clinical clinical and/or proven clinical, BC or X-ray clinical, culture, X-ray culture, X-ray

Neutropenia (<cells/μL) 500 1000 500 500 500 nm

Follow-up:

Duration (months) median,range nm 6 for every patient 13 (2-46) 1.7 for every patient 6.5 (0.7-31) entire chemotherapy for 
every patient

Complete FU (n=) nm Genotype: 93  Phenotype: 62 110 136 nm nm

Risk factor analysis:

MBL2 genotype deficiency na longer duration FN (p=0.014) no sign. differences no sign. differences na na

MBL level deficiency no sign. differences longer duration FN
(p=0.012)

no sign. differences na More FNEs (p=0.014) and 
severe bacterial infections 
(p= 0.003) 

no sign. differences

Statistical method (test) Wilcoxon rank sum Mann-Whitney U Kruskal-Wallis+ Χ2 Kruskal-Wallis+ Χ2 Poisson regression Wilcoxon rank sum

*mean; BC, bloodculture; FN, febrile neutropenia; FNE, febrile neutropenic episode; low = XA/O + O/O; 
Medium = XA/XA+YA/O; nm, not mentioned; na, not applicable; sign, significant.
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Table 4E. Data description summary cystic fibrosis patients.

Author (year) Davies (2004)55

Study characteristics:

Time period 2000-2002

Country UK

Design Cross-sectional

Setting Single centre

Study group:

Total number of patients 260

Inclusion criteria Cystic fibrosis

Mean (±SD) age (yrs) 8.3 (±0.3)

MBL analysis:

MBL2 genotype alleles B,C,D, X/Y

   Number of patients analyzed nm

   A/A vs A/O+ O/O (%) 63% vs 34%+3%

   Definition MBL deficiency A/O or O/O

   Sufficient vs deficient (%) 63% vs 34% vs 3%

MBL level

   Number of patients analyzed nm

   Definition MBL deficiency (<μg/L) not defined

   Sufficient vs deficient (n=)

Outcome: Infection

Description One positive Pseudomonas aeruginosa culture;
Chronic P. aeruginosa;
One positive Burkholderia cepacia culture;

Method of detection culture

Follow-up (FU):

Duration (months) nm

Complete FU (n=) nm

Risk factor analysis:

MBL2 genotype deficiency no influence on infection.

MBL level deficiency nm

Statistical methods (test) Χ2,one-way ANOVA with Tukey post hoc, Fisher’s exact test.

na, not applicable; nm, not mentioned; SD, standard deviation
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Table 5A. Risk estimates general infection

Author (year) Type of analysis;
Statistical method

MBL 
deficiency

Type of outcome;
subgroups
(adjusted for)

Risk estimate

OR (95% CI):

Summerfield (1997)26 Univariate:
Chi-square

genotype Hospital admission for 
infection

2.4 (1.7-3.4); p<0.0001

Aittoniemi (1998)23 Univariate:
No statistical test

level Repeated infection or 
1 severe infection

nm; nm

Kielgast (2003)25 Multivariate: level Hospitalization for: Hazard ratio* (95% CI):

Cox regression All infections 1.4 (1.0-1.8); p=0.026

Gastro-intestinal 1.0 (0.4-2.3); p=0.93

Bacterial pneumonia 1.5 (0.7-3.5); p=0.329

Other airway infections 1.1 (0.4-1.8); p=0.781

Otitis media 1.0 (0.4-2.5); p=0.920

Febrile convulsions 2.0 (1.2-3.3); p=0.013

Viral infections 1.9 (1.0-3.7); p=0.069

Other infections 1.2 (0.3-4.1); p=0.80

Viral infection, 
excluding pneumonia

2.8 (1.3-5.9); p=0.007

OR (95% CI):

Fidler (2004)24 Univariate: genotype Infection 1.7 (0.7-3.9); p= 0.233

Χ2 SIRS 7.1 (2.7-18.6); p<0.0001

% deficient:

Χ2 Localized infection vs 
sepsis vs septic shock 

13 vs 53 vs 75; p=0.002

Χ2 level SIRS

% infected suf. vs % 
infected def.: 
42 vs 80; nm

Multivariate:
Multiple logistic  
regression

genotype SIRS; (age, sex, 
ethnicity)

8.2 (3.0-22.7); p<0.0005

SIRS; (PIM score) 8.0 (0.3-22.0); p<0.0005

CI, confidence interval; def, deficient; nm, not mentioned; PIM, pediatric index of mortality; SIRS, systemic 
inflammatory response syndrome; suf, sufficient.
*adjusted for preterm birth, number of siblings, mother’s smoking habits, alcohol and coffee consumption, 
educational and marital status and number of previous spontaneous abortions and stillbirths.
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Table 5B. Risk estimates URTI and/or LRTI infections

Author (year) Type of analysis;
Statistical method

MBL 
deficiency

Type of outcome;
subgroups
(adjusted for)

Risk estimate

Garred (1993)29 Univariate:
Chi-square#

genotype
any form of recurrent 
OM

% def. cases vs % def. co:
A/O: 23.5 vs 22.8
O/O: 4.5 vs 1.6
p=0.65

Univariate:
Kruskal-Wallis & 
Spearman rank

level
any form of recurrent 
OM

median (range) cases vs co:
nm (29-9658) μg/L vs 
1900 (250-8250) μg/L; 
p>0.30

Homoe (1999)31 Chi-square# genotype

AOM and recurrent 
OM

% infected of deficient: 
recurrent AOM vs AOM+ vs 
AOM-:
6.25 vs 56.3 vs 43.8
p=not significant

Koch (2001)33 Univariate:
GEE method

genotype
Acute URTI or LRTI

RR (95% CI):
2.08 (1.41-3.06); p<0.001

Multivariate:
(corrected for age,
sex, ethnicity,
calendar period)

0-5 months:

6-17 months:
18-23 months:

1.47 (0.45-4.82); p=not 
significant
2.92 (1.78-4.79); p=0.04
1.00 (0.42-2.37); p=not 
significant

Nielsen (2003)41 Univariate:
Chi-square

level RSV Mean (IQR) MBL µg/L; 
cases vs controls:
1876 (599-2824) vs 1587 
(524-2688); p=nm

Multivariate:
not shown <600:

600-1850:

1850-2800: 

>2800:

OR (95% CI):
1.40 (0.61-3.18); p=not 
significant 
0.89 (0.39-2.03); p=not 
significant
1.05 (0.45-2.43); p=not 
significant
1.0 (1.0-1.0)

Ozbas-Gerceker 
(2003)36

Univariate:
Chi-square#

genotype

Recurrent OM

% deficient ca. vs % 
deficient controls:
A/O+O/O: 8 vs 24; p=0.068
A/O; O/O: 7.1 vs 20.4
3 groups: p=0.125

(A)OM(E), (acute) otitis media (with effusion); ca, cases; CI, confidence interval; co, controls; GEE, generalized 
estimating equation method; IQR, inter quartile range; LRTI, lower respiratory tract infection; nm, not mentioned; 
OR, odds ratio; RR, risk ratio; RSV, respiratory syncytial virus; SD, standard deviation; URTI, upper respiratory 
tract infection. # comparison of ≥3 groups
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Author (year) Type of analysis;
Statistical method

MBL 
deficiency

Type of outcome;
subgroups
(adjusted for)

Risk estimate

Cedzynski (2004)28 Univariate:
Fisher’s exact test

genotype

Recurrent URTI and/
or LRTI

% deficient ca. vs % 
deficient co.:
deficient=not AA
35.8 vs 20.5; p=0.01

Univariate:
Not shown

level
Recurrent URTI and/
or LRTI

cases vs controls:
<600 μg/L 33 vs 16; p=0.004
≤117 μg/L: 7 vs 1; p=0.01

Kristensen (2004)40 Multivariate:
logistic regression

genotype
RSV;
(age, sex)

OR (95% CI):
XA/O+O/O: 1.37 (0.41-4.57); 
p=not significant

Multivariate:
logistic regression

level
RSV;
(age, sex)

OR (95% CI):
<500 μg/L: 1.20 (0.51-2.80); 
p=not significant

Jonard (2005)32 Univariate:
nm

level

Chronic obstructive 
pulmonary disease

median (range) cases vs 
controls:
1790 (not shown) vs 1550 
(40-10000); p=nm

Univariate: 
nm

% deficient ca. vs % 
deficient controls:
<400 μg/L: 8 vs 2.5; p= nm

Straetemans 
(2005)37

Univariate:
Kruskal-Wallis

level

Unilateral OME

Bilateral OME

Median (IQR) µg/L in cases. 
vs controls:
1880 (190-7980) vs 2480 
(210-7320); p=not significant
1380 (70-1158) vs 2480 
(210-7320); p=not significant

Univariate:
Fisher’s exact test

Uni or bilateral OME

% deficient cases vs % 
deficient controls:
<100μg/L: 33 vs 24; p=0.48

Thorarinsdottir 
(2005)38

Univariate:
Mann-Whitney U

level 

LRTI
(2-4 years)
recurrent OM 
(2-4 years)

Mean(±SD) MBL µg/L; 
infected vs non-infected:
3980(±1810) vs 2590(±1830); 
p=0.01
3050(±2180) vs 2590(±1830); 
p=not significant

Table 5B-continued.
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Author (year) Type of analysis;
Statistical method

MBL 
deficiency

Type of outcome;
subgroups
(adjusted for)

Risk estimate

Wiertsema (2006)39 Univariate:
Mann-Whitney U

genotype

Acute OM

Acute OM, 
(12-24 months)
Acute OM 
(>24 months)

Mean (95% CI) AOM 
episodes; YA/YA vs rest:
4.3(3.7-4.9) vs 4.7(4.3-5.1); 
p=0.12
4.1(3.2-5.0) vs 5.1(4.5-5.6); 
p=0.027
4.4 (3.6-5.2) vs 4.4 (3.8-5.0);
p=0.89

level Acute OM nm; nm

Bossuyt (2007)27 Univariate:
Chi-square#

genotype

Recurrent URTI or LRTI

% deficient ca. vs % 
deficient co.:
A/O: 25.5 vs 44.1; nm
O/O: 14.2 vs 2.3; p=0.05
ca vs co (all groups): p=0.026

Grasso (2007)30 Univariate:
Fisher’s exact test

genotype Chronic recurrent 
tonsillitis or tonsillar 
hypertrophy

A/O: 34 vs 35; nm
O/O: 14 vs 5; p=0.035

Koturoglu (2007)34 Univariate:
Chi-square

genotype
Recurrent URTI

OR (95% CI):
AO: 6.2 (2.2-17.7); p=0.001
OO: 16.8 (2.0-141.0); p=0.009
AO+OO: 7.7 (2.0-20.4); 
p=0.001

Müller (2007)35 Univariate:
nm#

genotype

Any respiratory 
infection (0-1 years)
Tonsillitis 
(0-1 years)
Otitis media 
(0-1 years)
Any resp. infection 
(0-11 years)
Tonsillitis 
(0-11 years)
Otitis media 
(0-11 years)

Mean(±SD) episodes; 
high vs med vs low:
3.1(±2.1) vs 3.5(±2.3) vs 
3.2(±2.2); p=not significant
0.04(±0.2) vs 0.04(±0.2) vs 
0.04(±0.2); p=not significant
0.3(±0.7) vs 0.3(±0.9) vs 
0.3(±0.7); p=not significant
19.5(±8.1) vs 19.7(±9.1) vs 
19.9(±8.0); p=not significant
0.9(±1.6) vs 0.9(±1.6) vs 
1.1(±1.9); p=not significant
2.0(±2.7) vs 2.2(±2.8) vs 
2.2(±2.8); p=not significant

Ribeiro (2007)42 Univariate:
Chi-square

Level
RSV

RR (95% CI:
<500μg/L: 1.49 (nm); 
p=0.004

Mann-Whitney U Median MBL (µg/L); ca. vs 
co.:
300.2 vs 817.5; p=0.018

(A)OM, (acute) otitis media ca, cases; CI, confidence interval; co, controls; high, YA/YA or YA/XA; IQR, inter 
quartile range; low, XA/O or O/O; LRTI: lower respiratory tract infection; medium, XA/XA or YA/O; nm, not 
mentioned; OR, odds ratio ; RR, risk ratio; RSV, respiratory syncytial virus; SD, standard deviation; URTI, upper 
respiratory tract infection. # comparison of 3 groups

Table 5B-continued.
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Table 5C. Risk estimates neonates

Author (year) Type of analysis;
Statistical method

MBL 
deficiency

Type of outcome;
subgroups
(adjusted for)

Risk estimate

Ahrens (2004)43 Univariate:
Chi-square

genotype

sepsis

% infected suf. vs % 
infected def.:
15% vs 15%; p=0.97

Hilgendorff (2005)47 Univariate:
Mann-Whitney U

level clinical sepsis, <72h nm; not significant

De Benedetti (2007)44Univariate:
Logistic regression

level
confirmed sepsis

OR (95% CI):
0.58 (0.42-0.80); p=0.001

Multivariate:
Logistic regression

level confirmed sepsis
(gestational age)

0.52 (0.36-0.75); p=0.001

Frakking (2007)45 Univariate: genotype OR (95% CI):

Multinominal 
logistic regression

EOS
Sepsis first month
Severe infection

14.8 (2.4-91.2); p<0.01
12.0 (0.8-177.4); p=0.07
10.0 (1.5-65.7); p=0.02

Univariate:
Multinominal 
logistic regression

level EOS
Sepsis first month
Severe infection

6.8 (1.5-31.6); p=0.01
15.0 (1.5-151.3); p=0.02
13.5 (2.3-78.1); p<0.01

Multivariate:
Adjustment for
gestational age

genotype
level

EOS
EOS

14.9 (2.4-92.3); p<0.01
7.0 (1.5-32.9); p=0.01

Hilgendorff (2007)46 Univariate:
Logistic regression

genotype clinical early-onset 
infection, <72h

nm; not significant

Van der Zwet 

(2007)48

Univariate:
nm#

genotype

Bacteremia
Pneumonia
Both

% of infected;
AA vs AO vs OO:
23 vs 19 vs 21; not sign.
16 vs 13 vs 29; not sign.
34 vs 30 vs 43; not sign.

Multivariate:
Multiple logistic 
regression

genotype
Bacteremia
(birth weight category)

Pneumonia
(birth weight category)

Both
(birth weight category)

OR (95% CI):
AO: 0.89 (0.35-2.23); not 
sign. 
OO: 0.68 (0.16-2.97); not 
sign.
AO: 0.85 (0.31-2.34); not 
sign.
OO: 1.92 (0.51-7.23); not 
sign.
AO: 0.94 (0.41-2.14); not 
sign. OO: 1.24 (0.34-4.57); 
not sign.

CI, confidence interval; def, deficient; EOS, early-onset sepsis; nm, not mentioned; OR, odds ratio; suf, 
sufficient, sign, significant
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Table 5D. Risk estimates pediatric oncology patients

Author (year) Type of analysis;
Statistical method

MBL 
deficiency

Type of outcome;
subgroups
(adjusted for)

Risk estimate

Lehrnbecher 
(1999)51

Univariate:
Wilcoxon rank#

level Febrile episode nm; no significant difference

Neth (2001)52 Univariate:
Mann-whitney U

genotype

Total duration FN
Duration single FNE
First FNE

Median duration suf. vs 
def.:
10.0 vs 20.5 days; p=0.014 
4.5 vs 6.0 days; p=0.013
4.0 vs 6.5 days; p=0.018

Univariate:
Mann-whitney U

level Total duration of FN <1000μg/L: nm vs nm; 
p=0.012

Frakking (2006)49 Univariate:
Chi-square

genotype

FN
Bacteremia
Sepsis

% infected suf. vs % 
infected def.:
60% vs 58%; not significant
33% vs 19%; not significant
18% vs 12%; not significant

Univariate:
Chi-square

level FN
Bacteremia
Sepsis

nm; not significant
nm; not significant
nm; not significant

Lausen (2006)50 Univariate:
Chi-square#

genotype

Infectious event
Pneumonia
Bacteremia

% infected, high vs 
medium vs low:
61% vs 66% vs 57%; p=0.62
11% vs 7% vs 17%; p=0.43
29% vs 34% vs 33%; p=0.77

Schlapbach 

(2006)54 

Univariate:
Poisson regression

level
FNE
Bacteremia
Severe bacterial infection

RR (95% CI):
1.93 (1.14-3.28); p=0.014
3.35 (1.10-10.1); p=0.032
4.49(1.69-11.8); p=0.003

Multivariate:
Poisson
regression

level FNE
Bacteremia
Severe bacterial infection
(chemotherapy intensity 
and exposure time)

1.90(1.12-3.20); p=0.017
2.62(0.88-7.84); p=0.086
4.49(1.69-11.8); p=0.003

Rubnitz (2007)53 Univariate:
Wilcoxon rank

level nm; no significant differences

def, deficient; FN, febrile neutropenia; FNE, febrile neutropenic episode; high= YA/YA+YA/XA; low = XA/
O+O/O; medium= XA/XA+YA/O; nm, not mentioned; RR, risk ratio; suf, sufficient. # comparison of 3 groups
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Table 5E. Risk estimates cystic fibrosis patients

Author (year) Type of analysis;
Statistical method

MBL deficiency Type of outcome Risk estimate

Davies (2004)55 Univariate:
Chi-square

Pseudomonas 
aeruginosa cultured

nm; not significant

Chronic P. aeruginosa nm; not significant

Burkholderia cepacia 
cultured

nm; not significant

Ever admitted for 
intravenous antibiotics

nm; not significant
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Table 6. Validity of the included studies.

Author Study group MBL Follow-up Outcome Risk estimation

Well
defined

Repre-
sentative

Entry-
point

Well
defined

Repre-
sentative

Well
defined

Assess-
ment

Well
defined

Unbiased Well
defined

Adjust-
ment

General infections:

Summerfield (1997)26 0 Unclear 1 1 1 0 1 1 1 1 1

Aittoniemi (1998)23 0 1 0 1 0 0 2 0 Unclear 0 0

Kielgast (2003)25 1 1 1 1 1 1 2 1 Unclear 1 1

Fidler (2004)24 1 1 1 1 1 1 2 1 1 1 1

Combined upper and lower respiratory tract infections:

Garred (1993)29 1 1 na 0 0 na na 1 Unclear 0 0

Homoe (1999)31 1 0 0 0 1 0 1 1 Unclear 0 0

Koch (2001)33 1 1 0 1 1 1 1 1 1 1 1

Nielsen (2003)41 1 1 na 0 1 na na 1 Unclear 1 1

Ozbas-Gerceker (2003)36 0 1 na 0 1 na na 0 Unclear 1 0

Cedzynski (2004)28 1 1 na 0 1 na na 1 Unclear 0 1

Kristensen (2004)40 1 0 na 1 0 na na 1 Unclear 1 1

Jonard (2005)32 0 1 na 1 0 na na 0 1 1 0

Straetemans (2005)37 1 1 1 0 1 1 0 1 Unclear 1 1

Thorarinsdottir (2005)38 0 1 1 1 1 1 0 1 Unclear 0 0

Wiertsema (2006)39 1 1 0 1 0 1 2 1 Unclear 1 1

Bossuyt (2007)27 1 1 na 1 1 na na 1 Unclear 1 1

Grasso (2007)30 1 1 na 0 1 na na 1 1 1 0

Koturoglu (2007)34 1 1 na 1 1 na na 1 Unclear 1 0

Müller (2007)35 1 1 1 1 1 1 1 1 Unclear 0 1

Ribeiro (2007)42 1 1 na 1 0 na na 1 Unclear 1 1

Neonates:

Ahrens (2004)43 1 1 0 0 1 0 2 1 1 0 0

Hilgendorff (2005)47 1 1 1 0 1 0 2 0 Unclear 0 1

De Benedetti (2007)44 1 1 1 0 1 0 2 1 Unclear 1 1

Frakking (2007)45 1 1 1 1 1 1 2 1 1 1 1

Hilgendorff (2007)46 1 1 1 0 1 0 1 1 Unclear 1 1

van der Zwet (2007)48 1 0 0 0 1 0 1 1 Unclear 0 1

Oncology patients receiving chemotherapy:

Lehrnbecher (1999)51 1 1 1 0 1 0 0 1 Unclear 0 0

Neth (2001)52 1 1 1 1 1 1 1 1 Unclear 1 0

Frakking (2006)49 1 1 0 1 1 0 2 1 1 1 0

Lausen (2006)50 1 1 1 1 1 1 2 1 Unclear 1 0

Schlapbach (2006)54 1 1 1 1 1 1 1 1 Unclear 1 0

Rubnitz (2007)53 0 0 1 1 1 1 1 0 Unclear 0 0

Cystic Fibrosis patients:

Davies (2004)55 1 1 0 0 0 0 1 1 Unclear 0 0

na, not applicable
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Table 6. Validity of the included studies.

Author Study group MBL Follow-up Outcome Risk estimation

Well
defined

Repre-
sentative

Entry-
point

Well
defined

Repre-
sentative

Well
defined

Assess-
ment

Well
defined

Unbiased Well
defined

Adjust-
ment

General infections:

Summerfield (1997)26 0 Unclear 1 1 1 0 1 1 1 1 1

Aittoniemi (1998)23 0 1 0 1 0 0 2 0 Unclear 0 0

Kielgast (2003)25 1 1 1 1 1 1 2 1 Unclear 1 1

Fidler (2004)24 1 1 1 1 1 1 2 1 1 1 1

Combined upper and lower respiratory tract infections:

Garred (1993)29 1 1 na 0 0 na na 1 Unclear 0 0

Homoe (1999)31 1 0 0 0 1 0 1 1 Unclear 0 0

Koch (2001)33 1 1 0 1 1 1 1 1 1 1 1

Nielsen (2003)41 1 1 na 0 1 na na 1 Unclear 1 1

Ozbas-Gerceker (2003)36 0 1 na 0 1 na na 0 Unclear 1 0

Cedzynski (2004)28 1 1 na 0 1 na na 1 Unclear 0 1

Kristensen (2004)40 1 0 na 1 0 na na 1 Unclear 1 1

Jonard (2005)32 0 1 na 1 0 na na 0 1 1 0

Straetemans (2005)37 1 1 1 0 1 1 0 1 Unclear 1 1

Thorarinsdottir (2005)38 0 1 1 1 1 1 0 1 Unclear 0 0

Wiertsema (2006)39 1 1 0 1 0 1 2 1 Unclear 1 1

Bossuyt (2007)27 1 1 na 1 1 na na 1 Unclear 1 1

Grasso (2007)30 1 1 na 0 1 na na 1 1 1 0

Koturoglu (2007)34 1 1 na 1 1 na na 1 Unclear 1 0

Müller (2007)35 1 1 1 1 1 1 1 1 Unclear 0 1

Ribeiro (2007)42 1 1 na 1 0 na na 1 Unclear 1 1

Neonates:

Ahrens (2004)43 1 1 0 0 1 0 2 1 1 0 0

Hilgendorff (2005)47 1 1 1 0 1 0 2 0 Unclear 0 1

De Benedetti (2007)44 1 1 1 0 1 0 2 1 Unclear 1 1

Frakking (2007)45 1 1 1 1 1 1 2 1 1 1 1

Hilgendorff (2007)46 1 1 1 0 1 0 1 1 Unclear 1 1

van der Zwet (2007)48 1 0 0 0 1 0 1 1 Unclear 0 1

Oncology patients receiving chemotherapy:

Lehrnbecher (1999)51 1 1 1 0 1 0 0 1 Unclear 0 0

Neth (2001)52 1 1 1 1 1 1 1 1 Unclear 1 0

Frakking (2006)49 1 1 0 1 1 0 2 1 1 1 0

Lausen (2006)50 1 1 1 1 1 1 2 1 Unclear 1 0

Schlapbach (2006)54 1 1 1 1 1 1 1 1 Unclear 1 0

Rubnitz (2007)53 0 0 1 1 1 1 1 0 Unclear 0 0

Cystic Fibrosis patients:

Davies (2004)55 1 1 0 0 0 0 1 1 Unclear 0 0

na, not applicable
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Abstract

Introduction

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). 

Patients and Methods

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. 

 

Results

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. 

Conclusions

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. 
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Prevalence of MBL deficiency in neonates

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, 

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.9 Variant MBL2 haplotypes and 

deficient MBL concentrations are seen in approximately one third of the European Caucasian 

population.9-10 

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.18 Neonatal MBL 

concentration increases during the first weeks after birth, both in premature and term 

neonates.16,18-20 Low MBL concentrations have been related to lower gestational age.18,19,21 

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.19-21,22 However, paired MBL plasma concentrations in 
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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. 

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 1). 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.
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Table 1. Clinical characteristics (n=85)

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 24 (28)

     PROM 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)

PROM, Prolonged rupture of membranes >24 h
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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.8 Briefly, mannan was coated to the solid phase and after 

incubation with plasma, biotinylated mouse-anti-MBL IgG 5E12, (Sanquin, 10 μg/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.8 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 

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 Spearmań 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. 
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Results

Clinical characteristics

Sixty-nine (81%) premature and 16 (29%) term neonates were included. Their clinical 

characteristics are presented in Table 1. 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 1). Patients 

were classified into three MBL genotype expression groups, i.e. high, medium, and low, as 

described before.5,7-9 

Table 2 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-expressing 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.9

Median first day MBL plasma concentrations were associated with the MBL genotype 

expression groups in the premature and term neonates (P < 0.001) (Fig. 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 0.09 (0.02-1.10) μg/ml, respectively (Table 2). 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-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).9 Furthermore, the concentrations were skewed to the lower values (data 
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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): 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 2). The neonate (genotype HYPA/LYQA) 

Table 2. Overview of first day MBL concentrations and MBL2 genotype. 

MBL deficiency groups Premature Term

n (%) MBL (μg/mL)
Median (range)

n (%) MBL (μg/mL)
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)

* 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. n, number of subjects;
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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). 

Fig. 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 (l). Median is illustrated (P < 
0.001 between genotype groups). 

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, Fig. 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 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.
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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 3) 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 3). 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, Fig. 3a). However, a Bland-Altman plot revealed that umbilical cord values 

were systematically higher than neonatal values (Fig. 3b). The difference increased with 

higher average MBL concentrations, but all neonates with neonatal values ≤0.7 μg/ml had 

umbilical cord 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. 
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Fig. 2. Sequential changes in neonatal MBL 
plasma concentration during the first 3 weeks 
after birth, determined for neonates of the high 
(l 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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Table 3. Univariate and multivariate associations between clinical characteristics and first day MBL 
concentrations. 

Univariate analysis Multivariate analysis

Clinical characteristics n
MBL (μg/mL)
Median (IQR) R P n B 95% CI R2 P

Gestational age 84 0.14   0.22 84 0.09 0.03- 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) 41 1 - -

   Medium 15 0.35 (0.11-0.56) 15 - 1.22 -  1.82 to -0.63 <0.001

   Low 10 0.10 (0.05-0.33) 10 - 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. 
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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.5,18,20,21 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 
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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. showed that binding 

of MBL to S. aureus was markedly impaired at concentrations <0.6 μg/ml.28 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 

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 (Fig. 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 
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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 

Objective

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. 

Patients and methods

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. 

Results

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. 

Conclusion

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.
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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 

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 population6;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 
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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.

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.

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 (<37.0oC 

or >38.5oC); 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 

> 38.00C) 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. 
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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 sepsis20;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 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, 10 μg/mL, Amsterdam) was used as detection antibody.27 A receiver-operator 

characteristic curve yielded an optimal cut-off MBL plasma level of 0.7 μg/mL to discriminate 

between neonates with wild-type versus variant MBL2 genotypes. MBL plasma levels ≤ 0.7 

μg/mL will hereafter be referred to as low MBL plasma levels.

Genotyping was performed independently of the clinical data collection, as previously 

described.10 
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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 μg/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 μg/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 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 1. 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 2). 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 1,2). 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 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).
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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).

Table 1. Clinical characteristics of 88 neonates.

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)
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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 2). A cut-off MBL plasma level 

of 0.20 μg/mL yielded similar results (Table 2). 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, Fig. 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 2).

Table 2. 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 0.9-1.1   NS 11 1.0 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 μg/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 18.0 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

OR, odds ratio; CI, confidence interval; Ref, reference; NS, not significant. Multinominal logistic regression was 
used.  
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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 2). 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 3). The association between 

variant MBL2 genotypes and EOS was also 

maintained after adjustment for GA and 

mode of delivery, respectively (Table 3).

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 Staphylo-

coccus epidermidis (CNS), Ureaplasma 

urealyticum, Klebsiella pneumoniae and 

Stenothrophomonas maltophilia. CNS was 

cultured in the blood of the five neonates 

with late-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 4). Four out of five neonates with pneumonia and five 

out of six neonates with culture-proven sepsis had low MBL levels at birth (Fig 1). A cut-off 
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Fig. 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 μg/mL. *, P-value < 
0.01 compared to reference (no EOS or no infection) 
group; Mann-Whitney U test, adjusted for multiple 
comparisons. 
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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 (Fig. 1). 

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; 

Table 3. Multivariate analysis of the association between early-onset sepsis (EOS) and low MBL levels and 
variant structural MBL2 genotypes, respectively.

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

OR, odds ratio; CI, confidence interval; NS, not significant. Multinominal logistic regression was used.  
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P = 0.02), compared to neonates with wild-type MBL2 genotypes (Table 4). 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 4).

Table 4. A. Risks of infectious outcome during the first month of life, according to MBL plasma level (n=88). 

             MBL plasma level

Outcome measure Normal
(> 0.7 μg/mL)

n

Low
(≤ 0.7 μg/mL)

n 

Odds ratio 95% confidence 
interval

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 -

B. Risks of infectious outcome during the first month of life, according to MBL2 genotype (n=70).

             MBL2 genotype

Outcome measure Wild-type
n

Variant
n

Odds ratio 95% confidence 
interval

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 -

Multinominal logistic regression was used. The odds ratio can be interpreted as an estimation of the relative risk 
for the infectious outcome category compared to the “no infection” category. NS, not significant

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.11;29;30 Low MBL 
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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. 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;19 However, 

our genetic analyses support the findings of de Benedetti et al. 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. 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. 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. and De Benedetti et al. 

used culture-proven sepsis at any time during hospital stay, while Hilgendorff et al. studied 

congenital sepsis diagnosed clinically within 72 hours of life.4;20 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.20-23 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.20-23 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 infection10;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.
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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

Introduction

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.

Patients and methods

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. 

Results

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).

Conclusions

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.
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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 

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 μg/mL, 0.67-1.57 μg/mL, and 0.10-0.69 

μg/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 1). 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

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.
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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 eartemperature > 38.50 C. The definition for neutropenia 

was an absolute neutrophil count < 500 cells/μL1; for severe neutropenia <100 cells/μL. Sepsis 

was defined as the presence of clinical signs and symptoms of infection (tachypnea: mean 

respiratory rate > +2sd 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

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 
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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 60°C. Thermocycling conditions for all assays were 2 minutes 50°C, 10 minutes 

95°C, 50 cycli of 30 seconds 92°C and 1 minute 60°C (except for AB, which was performed 

at 62°C), followed by 10 minutes 60°C. 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 100μl (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, 1.87 μg/mL 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 αMBL-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. 

Table 1. Literature summary on mannose-binding lectin (MBL) and infections in cancer and transplant 
patients.

Trial Patient Malignancy Duration febrile 
neutropenia

Frequency 
infections

Severity infections

Neth12 Prospect Child n=100 Various Sign.longer 
duration

= =

Horiuchi13 Retrospect Adult n=113 Haematologic; 
Autologous PBSCT

= = Sign. more severe 
infections

Mullighan14 Retrospect Adult n=97 Allogeneic BMT = = Sign. more severe 
infections

Peterslund15 Retrospect Adult n=54 Haematologic = = Sign. more severe 
infections

Bergmann16 Prospect Adult n=80 ANLL = = =

Kilpatrick17 Prospect Adult n=128 Haematologic = = =

Rocha18 Retrospect Adult n=107 Haematologic; 
Allogeneic BMT

= = =

Sign, significantly; BMT, bone marrow transplantation; PBSCT, peripheral blood stem cell transplantation; 
ANLL, acute non-lymphoblastic leukaemia; (=): no influence of MBL deficiency
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Statistical analysis

Frequencies between groups were compared by the Mann-Whitney U, Kruskal-Wallis, and χ2 

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.

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 2). 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 2). 

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 before5;8;9, i.e. high, medium, and low genotype expression groups of 64 (58%), 

30 (27%), and 15 (14%) patients, respectively (Table 2). The median MBL concentrations of 

patients in the high, medium, and low genotype expression groups were 3.33 μg/mL (IQR 

1.98-4.90 μg/mL), 0.71 μg/mL (IQR 0.37-1.87 μg/mL), and 0.08 μg/mL (IQR 0.04-0.21 μg/

mL), respectively (Fig. 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 1.00 μg/mL. Because the MBL concentrations 

of the patient without determined genotype were repeatedly > 1.00 μg/mL, this patient 

was allocated to the MBL-sufficient group. Thirty-eight patients (35%) had concentrations 
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under 1.00 μg/mL, defining MBL deficiency in further analysis. The remaining 65% had 

concentrations > 1.00 μg/mL (Table 2).

Table 2. Patient characteristics

Total group
n=110

Non-febrile 
group (I)
n=44

Febrile neutropenic 
group (II)
n=66

P-value between
I and II

Median (IQR) age (y) 5.8 (3.4-11.8) 5.4 (3.3-12.3) 6.3 (3.4-11.3) 0.98

Sex: 0.32

    Male 71 (65%) 31 (71%) 40 (61%)

    Female 39 (35%) 13 (29%) 26 (39%)

Malignancy: 0.87

    Haematological 41 (37%) 16 (36%) 25 (38%)

    Solid 52 (47%) 22 (50%) 30 (45%)

    Lymphoma 17 (16%)   6 (14%) 11 (17%)

Relapse patients 16 (14%)   4 (9%) 12 (18%) 0.27

Mortality: 0.25

    Infection-related   1 (1%)   0 (  0%)   1 (1%)

    Other cause 13 (12%)   3 (  7%) 10 (15%)

MBL genotype expression groups:

  High 64 (58%) 25 (57%) 39 (59%) 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: 1.00

     >1.0 μg/mL 72 (65%) 29 (66%) 43 (65%)

     <1.0 μg/mL 38 (35%) 15 (34%) 23 (35%)

IQR, interquartile range; 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 2). 

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 (< 1.00 μg/mL) day 0 MBL 

concentrations (Table 2).

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 μg/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 3). In the medium expression group median MBL concentrations were 

0.48 μg/mL (IQR 0.15-0.74 μg/mL), 0.83 μg/mL (IQR 0.33-2.32 μg/mL), and 1.24 μg/mL (IQR 

0.53-2.01 μg/mL), on day 1, 3, and 5, respectively (non significant). MBL concentrations in 

Fig. 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.

Fig. 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 μg/mL, 
defining MBL deficiency.
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the high genotype expression group increased statistically significant from 2.21 μg/mL (IQR 

1.50-3.80 μg/mL) to 2.96 μg/mL (IQR 1.71-5.59 μg/mL) and 3.81 μg/mL (IQR 2.10-6.98 μg/

mL) between day 1 and 5 (P = 0.03) (Fig. 2). 

Clinical outcome during febrile neutropenia

The median number of febrile neutropenic episodes was similar in the three expression groups 

(non significant) (Table 4). In 55 patients the first febrile episode was studied, the other 11 

patients already 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 = one), or were admitted to 

the ICU (n = four) for other reasons. Of these four, one child was admitted after surgery for 

Table 3: The association between MBL2 haplotypes and the course of mannose-binding lectin (MBL) 
concentrations during the febrile neutropenic episode.

Increasing MBL 
concentrations
(n=26)

Stable MBL
concentrations
(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
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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 4). The most frequent organisms were: nine 

coagulase-negative staphylococci, four Streptococcus spp and, three Escherischia coli. Eight 

patients recovered quickly (although one had pneumonia); the other ten developed sepsis (six 

Gram-positive, four Gram-negative organisms) (Table 4). 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 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 (P = 0.27, P = 0.73, P = 0.23, respectively) (Table 4). Furthermore, comparing 

patients with sufficient and insufficient MBL plasma concentrations (at the cut-off MBL value 

of 1.00 μg/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 = seven) had MBL concentrations > 1.00 μg/mL 

(corresponding to six high and one medium MBL genotype expression group patients) (Table 

4). 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 3). No significant 

association between increasing MBL concentrations and infection was found in the high or 

medium group (data not shown). 
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Table 4. Comparison of MBL genotype expression groups and (infectious) clinical and laboratory parameters in 
the febrile neutropenic episode (FNE) group.

High group (I) Medium/low group (II) P-value 

High n = 39 Medium n = 15 Low n = 11

Median (range) time from diagnosis to 
FNE (m)

2.5 (0-23.2) 2.4 (0-14.4) 3.4 (0-14.6) 0.41

Median (range) number of FNEs   2 (1-7)   2 (1-4)   1 (1-3) 0.53

Neutrophil count: 1.00

     <100 cells/μL 23 (59%) 11 (73%)   5 (45%)

     >100 cells/μL 16 (41%)   4 (27%)   6 (55%)

Duration neutropenia: 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 (n=64): 0.58

     <150 mg/L 26 (68%) 11 (73%)   9 (82%)

     >150 mg/L 12 (32%)   4 (27%)   2 (18%)

Duration of fever: 0.96

     1-3 days 26 (67%)   8 (53%) 10 (91%)

     3-7 days 11 (28%)   7 (47%)   0 (0%)

     >7 days   2 (5%)   0 (0%)   1 (9%)

Fever pattern: 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: 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: 0.73

     Yes   7 (18%)   2 (13%)   1 (9%)

     No 32 (82%) 13 (87%) 10 (91%)

Intensive care unit admission: 0.23

     Yes   6 (15%)   1 (7%)   0 (0%)

     No 33 (85%) 14 (93%) 11 (100%)

P-values represent the difference between the high (I) versus the combined medium/low (II) group (n=65 as 1 
genotype is missing); * P-value between bacterial growth versus no growth. 
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Discussion

In contrast to Neth and colleagues12, 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 (< 1.00 μg/mL) did not show more severe 

infections either. Because several studies including that of Neth and colleagues12  used, 

although arbitrarily chosen, the same cut-off value (1.00 μg/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 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 > 1.00 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 
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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 Kilpatrick30, 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, 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 cumulative 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).

Conclusions

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. 
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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 a pediatric intensive care unit 

(PICU).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 

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/O9, 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 
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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 

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 

who were admitted to the PICU, 83 patients were admitted for surveillance after diagnostic 

procedures or uncomplicated surgery and 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 occurrence 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 length of stay, requirement of 

mechanical ventilation, fluid resuscitation or inotropes, and the presence of disseminated 

intravascular coagulation (DIC), multiple organ failure (MOF), and by death following PICU 

admission. The results of chest X-ray and blood, sputum, tracheal aspirate, cerebral spinal 

fluid, and other tissues cultures were collected. In all patients, white blood cell count (x 106 

cells/mL), neutrophils (x 106 cells/mL) and C-reactive protein (CRP, mg/L) were measured on 

admission. Finally, the duration of neutropenia was determined. 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. 
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The definition for fever was a single temperature >38.50 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.16 A diagnosis of pneumonia required combined clinical and radiological findings. 

Invasive fungal infection required clinical symptoms, radiologic evidence and/or a positive 

culture. 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 μg/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% confidence interval [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 
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95% 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 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 

1. The 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 2.

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 3). 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 3). 

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 3). 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 
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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 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 3). 

Table 1. Patient characteristics by MBL2 genotype

Variable Total (n=222) A/A (n=138) A/O (n=70) O/O (n=14) P-value

General characteristics     n (%)     n (%)   n (%)   n (%)  

Age at diagnosis (years)a  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: 0.44

     Ongoing therapy   31 (14)   17 (12) 13 (19)   1 (7)

     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 0.55 

     0 162 (73) 100 (73) 52 (74) 10 (71)

     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 admission with 
febrile neutropenia (days)

    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

a median time (interquartile range) in the patients with the event. P-values between MBL groups
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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 1). The median plasma MBL level was 1.66 μg/mL (IQR: 0.51-4.06 μg/mL) in 

Table 2. Tumor type, relapse and mortality

Children (n=222)
n (% of total)

Relapse (n=61)
n (% within group)

Mortality (n=48)
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
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Table 3. MBL2 genotype and extended haplotypes

Controls Patients MBL plasma level 
(μg/mL) patients

Patients with PICU 
admission

MBL2 genotype     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 (0.05-0.09)    4 (7)

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.
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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 1). 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 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). 

Severity of first PICU admissions (n=60)

As mentioned earlier, of the total cohort of 222 patients 60 patients (27%) were admitted 

to the PICU for reasons other than surveillance or uncomplicated surgery (Table 1). Table 

4 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 4). 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). 
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Table 4. Parameters of 60 pediatric intensive care unit (PICU) admissions by MBL2 genotype

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

Length of stay PICU (days)b   4 (3-10)   4 (2-9)   6 (3-11)     7 (4-16) 0.54
a P-values between MBL groups; b Median (interquartile range). Adm, admission; DIC, disseminated intravascular 
coagulation.
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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). 

Figure 2. Kaplan-Meier curve of time to first relapse by MBL2 genotype (A) and MBL plasma level above or 
below 0.20 μg/mL (B). Kaplan-Meier curve of time from diagnosis to death by MBL2 genotype (C) and MBL 
plasma level above or below 0.20 μg/mL (D).
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Discussion

In this cohort of 222 pediatric oncology patients, MBL2 genotype was not associated with risk 

for, nor with disease severity during PICU admission. In contrast to our previous observation13, 

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 course 

of disease 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, cumulative number of PICU 

days are higher in O/O patients than in A/O or A/A patients, especially concerning 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

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 
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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 increased liver production, XA/XA patients had normal MBL plasma levels, 

instead of the low MBL plasma levels normally found in XA/XA individuals.11 Therefore, we 

advocate, in contrast to our previous report13, not to classify these patients as MBL-deficient 

but as MBL-sufficient. Because XA/O patients do not have higher MBL plasma levels than O/O 

patients, both groups can be considered to be truly MBL-deficient. To optimize sensitivity, the 

corresponding optimal cut-off value proposed here is an MBL plasma level of <0.20 μg/mL. 

A limitation of this study was that the controls were adults who may have lower MBL plasma 

levels than patients due to age differences. However, MBL levels were not correlated with age 

in the A/A patients with ages ranging from 1-18 years. 

In sum, MBL2 genotype was neither associated with risk of, nor with severity of disease 

during PICU admission. Thus, in contrast to our previous observation13, high MBL levels are no 

risk factor of importance for PICU admission during febrile neutropenia This is an important 

result, considering the ongoing clinical trials on MBL substitution in these patients. On the 

other hand, febrile neutropenic children with the O/O MBL2 genotype may experience more 

cumulative PICU days than A/O and A/A children − in the absence of any association with 

microbiological findings. Also, MBL deficiency may be associated with earlier relapse in specific 

childhood cancer groups. Others found contrasting results regarding the infection risk of 

MBL-deficient neutropenic children as well.10;12;14 Although phase-II trials on MBL substitution 

therapy are currently being performed in these patients, the specific target group and/or the 

conditions in which oncology patients may benefit most from MBL replacement, has yet to 

be identified. 
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Abstract

Background 

Mannose-binding lectin (MBL) gene polymorphisms have been suggested to influence the 

clinical outcome of cystic fibrosis (CF) patients. Our aim was to investigate whether MBL 

deficiency is associated with lung function, (onset of) pulmonary colonization of bacteria, and 

lung transplantation in CF patients.

Methods

In a cross-sectional study MBL plasma levels and MBL2 genotypes were determined in 247 

CF patients (139 children ≤18 years) and 194 healthy adults. Collected clinical data were 

correlated to MBL genotype (A/A versus A/O versus O/O) or MBL deficiency, i.e. XA/O and 

O/O haplotypes.

Results

Especially in children, MBL2 genotype was associated with more frequent colonization of the 

respiratory tract by Stenotrophomonas maltophilia (p=0.01), but not with an earlier age at 

the time of first colonization with Pseudomonas aeruginosa (p=0.45). Variant MBL2 alleles 

were not overrepresented in the largest group of CF patients (n=46) tested thus far, who 

required lung transplantation. MBL-deficient patients had 10% better lung function than MBL-

sufficient patients (p=0.05), as a consequence of the very good lung function in MBL-deficient 

children, while lung function appeared to be severely decreased in both MBL-deficient and 

MBL-sufficient adults. 

Conclusions

Although we did not find an earlier age of onset of P. aeruginosa infection in MBL-deficient 

children, low MBL levels appear to render CF patients more susceptible to S. maltophilia 

infection. The divergent lung function results in MBL-deficient children as compared to adults 

confirm an age- or treatment-dependent role of MBL deficiency in CF patients. Overall, MBL-

deficient CF patients did not require lung transplantation more often, therefore to date, the 

impact of MBL2 as an important CF modifier gene remains debated.

 

proefschrift.indb   114 23-5-2008   12:06:53



115

MBL in CF patients

Introduction

Cystic Fibrosis (CF) is an inherited lethal disease that is caused by mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene. Mutations in the CFTR gene lead to a 

defective expression of the epithelial chloride channel, resulting in thick, viscous, secretions in, 

lungs, pancreas and intestines.1 Colonization with bacteria leads to chronic inflammation of 

the lungs, which ultimately results in respiratory insufficiency and, when lung transplantation 

is not possible, death.2 Severity of pulmonary disease and survival vary within subjects with 

the same CFTR mutation.3 This variety in the course of CF has resulted in the search for so 

called CF modifier genes.

One of the modifier genes that are thought to play a role in CF is the MBL2 gene on 

chromosome 10, which produces the protein mannose-binding lectin (MBL). This protein 

can bind to many different microorganisms, leading to activation of the complement system, 

which results in opsonization and phagocytosis of the microorganisms.4 Mutations in the 

MBL2 gene modify the MBL plasma concentration. Three mutations in exon-1 of the MBL2 

gene reduce MBL plasma concentrations significantly.5;6 These mutations are located at codon 

52 (D variant), codon 54 (B variant) and codon 57 (C variant) of the MBL2 gene. Together, 

the B, C and D mutations are called the O variant, whereas the wild-type is referred to as the 

A variant. In addition, three polymorphisms within the promoter region (H/L, X/Y and P/Q 

variants) of the gene influence MBL plasma concentration. The structural exon-1 mutations are 

in linkage disequilibrium with the promoter polymorphisms and every individual will express 

two out of seven possible haplotypes: HYPA, LYQA, LYPA, LXPA, LYPB, LYQC, and HYPD. 

Both the X variant and the exon-1 mutations (O) are associated with reduced or deficient 

MBL concentrations7, therefore six MBL extended haplotype groups are described: YA/YA, 

YA/XA, XA/XA, YA/O, XA/O and O/O. Individuals with two mutations in exon-1 (O/O) or 

with the XA/O haplotype have very low or absent MBL levels and are therefore considered 

to be truly MBL-deficient. Healthy individuals with the XA/XA and YA/O haplotypes have 

intermediately decreased MBL concentrations, whereas YA/YA and YA/XA individuals have 

normal MBL plasma concentrations. In the Netherlands, about 15% of the population is truly 

MBL-deficient.8 MBL-deficiency is associated with an increased risk of infections, especially in 

children and immunocompromized individuals.9

In CF cohorts studied thus far, MBL deficiency has been associated with decreased 

pulmonary function10-14, increased frequency of pulmonary infection with Pseudomonas 

aeruginosa11;15, and reduced survival.12;16 However, three other studies did not demonstrate 

any of these associations.17-19 In contrast, Olesen et al reported increased lung functions for 

MBL-deficient patients in a cohort of 76 children and 33 adults.18 These contrasting results 

have been suggested to be age-dependent.16 In a similar way, the association has been 

proposed to depend on bacterial colonization of the respiratory tract.17
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In a cohort of 247 CF patients covering all ages ranging from birth until 54 years of age, we 

investigated whether MBL deficiency is associated with effects on lung function (FEV1, FVC), 

(onset of) pulmonary colonization of bacteria, hospital admission and lung transplantation.

Patients and methods

Patients 

Between January 2005 and December 2007, all CF patients who were treated in the University 

Medical Center Groningen (UMCG) and the CF Center North West Netherlands, a consortium 

of Emma Children’s Hospital (ECH), the Academic Medical Center (AMC), the Medical Center 

Alkmaar (MCA) and the VU Medical Center (VUMC), were asked to participate in a cross-

sectional survey. 

All patients in whom CF was diagnosed, either with a genetic analysis or with a positive 

sweat test, were eligible. Blood was collected in 257 patients. Two patients were excluded 

because clinical data were unavailable and eight patients because MBL2 genotyping failed. 

In total, 247 CF patients (139 children ≤18 years) were included. We used 194 healthy Dutch 

Caucasian blood donors as controls.8 The study protocol was approved by all local ethics 

committees and written informed consent was given by patients or their parents.

Outcome

Outcome parameters of severity of CF were: lung function (FEV1 and FVC), pulmonary 

colonization with microorganisms , onset of pulmonary colonization with P. aeruginosa, and 

lung transplantation.

Data collection

Blood was drawn for MBL measurements during a routine out-patient visit between January 

2005 and December 2007. Between September 2006 and December 2007, clinical and 

laboratory data of this visit, or otherwise the most recent visit, were collected. This visit will 

further be announced as the reference visit. The data comprised lung function test results, 

microbiology reports of routinely collected sputum secretions and laboratory measurements 

of leukocyte counts, C-reactive protein (CRP) levels and erythrocyte sedimentation rate (ESR). 

Forced expiratory volume in one second (FEV1) and forced vital capacity (FVC) values are 

presented as percentage of predicted normal values, corrected for sex, age, height and race. Of 

the patients with lung transplantation, lung function test results prior to lung transplantation 

were used. 

Microorganisms of interest were Staphylococcus aureus, Haemophilus influenzae, 

Aspergillus fumigatus, Stenotrophomonas maltophilia, Burkholderia cepacia and P. aeruginosa. 
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Chronic colonization at the reference visit was defined as growth of bacteria in at least three 

consecutive cultures during a six-month period.20 The date of onset of chronic colonization 

with the above mentioned micro-organisms, the age at first colonization with P. aeruginosa, 

as well as the eradication of previous colonization with P. aeruginosa were recorded. 

At the end of the study period, we collected data on lung transplantation and death of 

each patient. Clinical data were collected by investigators blinded for MBL measurements.

MBL analysis

Blood samples were obtained during routine visits. MBL measurements were performed at 

Sanquin Research and Landsteiner Laboratory, AMC, Amsterdam, the Netherlands. Genotyping 

of the promoter polymorphisms and the B, C & D exon-1 polymorphisms was performed by a 

Taqman assay with specific primers and minor groove binding probes for each single nucleotide 

polymorphism. In this technique, alleles with each of the coding polymorphisms are directly 

amplified using forward and reverse allele-specific primers.21 Extended haplotypes (YA/YA, 

YA/XA, XA/XA, YA/O, XA/O, or O/O) were constructed from the Taqman results.

To determine the MBL concentration in plasma, a solid-phase ELISA was used, as previously 

described.22 Briefly, mannose was coated to the solid phase and after incubation with 

plasma, biotinylated mouse-anti-MBL-1 IgG 5E12, (Sanquin, 10 μg/mL) was used as detection 

antibody. 

Statistical analysis

Patients with wild-type MBL2 (A/A) were compared to patients with a heterozygous variant 

allele (A/O) and patients with homozygous variant alleles (O/O). Since not only O/O patients 

but also patients with the XA/O haplotype have almost absent MBL levels, patients were 

considered MBL-deficient upon carrying the XA/O or O/O variant alleles. Therefore, we also 

compared MBL-deficient patients to MBL-sufficient patients, i.e. genotypes A/A and YA/O, 

where appropriate.

Data are presented as median and interquartile range (IQR). The association between MBL2 

genotypes (A/A, A/O, and O/O) or MBL deficiency and the severity of CF was analyzed using 

SPSS version 14.0. Frequencies between groups were compared with the Mann-Whitney U, 

Kruskal-Wallis, and χ2 tests, where appropriate. Children and adults were analyzed separately 

or the entire cohort was analyzed with adjustment for age. For this adjustment, odds ratios 

(ORs) with 95% confidence interval (CI) were determined by binominal logistic regression.

Survival analysis with a Kaplan-Meier plot, assessed by a log-rank test, was used to 

compare the age at onset of P. aeruginosa colonization between the MBL2 genotype groups 

in children. Children that did not get colonized were censored. We did not include adults since 

their clinical history regarding colonization was not always complete. The null hypothesis was 

rejected at p<0.05. 
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The univariate association between FEV1 as indicator of lung function in CF patients at the 

reference visit and MBL2 genotype (or MBL deficiency) was further analyzed by multiple linear 

regression (with a stepwise forward selection strategy), using the F-statistics with p=0.05 on 

the criterion level for selection. The influence of MBL2 genotype on the association between 

age and FEV1 was graphically explored by a scatterplot depicting FEV1 values at the reference 

visit against age at the time of lung function measurements. 

Results

Patient characteristics

Out of 247 patients, 243 (98%) patients were Caucasian. Patient characteristics, according 

to CFTR genotype, are shown in  Table 1. At the reference visit, the median age was 16.3 

years (IQR: 9.0-28.1 years, range: 0.5-54.4 years). In the 139 (56%) children, the median 

age was 10.7 years (IQR: 5.3-14.5 years) and in the 108 (44%) adults it was 30.6 years (IQR: 

23.9-38.0 years). Eighty-six children (61%) were homozygous for the ΔF508 CFTR mutation, 

47 (34%) were heterozygous for this mutation and 4 (3%) were homozygous for other known 

CFTR gene mutations. Forty adults (37%) had the ΔF508/ΔF508 mutation, 38 (35%) had 

a heterozygous ΔF508 mutation and 4 (4%) had two other known mutations. Thirty-one 

children had an affected sib. One triplet was included. Thirty-four adults (14%) underwent 

lung transplantation and twelve others (5%) required a lung transplantation. One patient died 

during the study period. 

MBL analysis

MBL concentrations were missing in two adults. Overall, MBL plasma concentrations were 

associated with extended MBL2 haplotypes and MBL2 genotype in healthy adults as well as 

in children and in adults with CF (p<0.01, Figure 1). However, the median MBL concentration 

was higher in CF patients (2.41 μg/mL, range: 0.04–16.85 μg/mL), as compared to healthy 

controls (1.14 μg/mL, range 0.02-11.30, p<0.01). In particular, CF patients (children and adults) 

with the A/A and YA/O MBL haplotype had significantly increased MBL plasma concentrations 

as compared with controls (p<0.01). Within all CF patients, MBL plasma concentrations were 

not associated with age. MBL plasma concentrations were similar in children and adults with 

CF (all p-values ≥0. 61), except for the XA/XA patients. The median XA/XA MBL plasma level 

was 2.73 μg/mL (IQR: 1.14-8.24 μg/mL) in children and 1.16 μg/mL (1.09-1.85 μg/mL) in 

adults (p=0.04).

Frequencies of MBL2 genotype groups and extended haplotypes did not differ between 

247 CF patients and 194 controls (p=0.85 and p=0.95, respectively,  Table 2). Seventy-seven 

patients were heterozygous for the exon-1 mutation (A/O), 13 (5%) were heterozygous for 
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this mutation (O/O) and 157 (64%) were homozygous for wild-type exon-1 (A/A). Children 

with CF had A/A MBL2 alleles less frequently (58%) than adults (70%), but this was not 

statistically significant (p=0.11). This was explained by a significantly higher frequency of B 

variant alleles in children (data not shown). These frequencies did not change significantly 

when only one sib per family was included (20 patients excluded, data not shown). 

The median age at the reference visit was slightly higher in O/O children (15.0 years, 

IQR: 8.6-16.3 years, range: 5.1-17.8 years) as compared to the A/O children (10.1 years, IQR: 

7.4-13.6 years, range: 0.8-17.7 years), and A/A children (10.7 years, IQR: 15.3-10.6 years, 

range: 5.1-17.8 years, Kruskal-Wallis test, p=0.17). The median age in MBL-deficient children 

was 15.0 years (IQR: 8.6-16.3 years, range: 5.1-17.8 years). In adults, median ages in the 

different MBL2 genotype groups were similar (p=0.66). 

Table 1. Clinical characteristics of 247 CF patients. 

All patients By CFTR mutation

ΔF508/ ΔF508 ΔF508/other
Other/other

Unknown Pa

Number of patients 247 126 93 28

Median (IQR) age (years) 16.3 (9.0-28.1) 14.3 (7.6-22.8) 16.3 (9.1-28.1) 32.6 (25.8-40.6) 0.09

Child 139 (56%)   86 (68%) 51 (55%)   2 (7%) 0.05

Adult 108 (44%)   40 (32%) 42 (45%) 26 (93%)

Median FEV1 % predicted (IQR)   77 (11-130)   79 (42-96) 77 (46-93) 32 (23-41) 0.77

Median FVC % predicted (IQR)   84 (22-142)    88 (64-98) 83 (62-98) 56 (47-81) 0.78

Colonization:

     Pseudomonas aeruginosa 105 (43%)   47 (37%) 37 (40%) 22 (79%) 0.89

     Staphylococcus aureus 140 (56%)   67 (53%) 48 (52%) 19 (68%) 0.89

     Haemophilus influenzaee   76 (31%)   35 (28%) 29 (31%) 12 (43%) 0.65

     Aspergillus fumigatus   37 (15%)   20 (16%) 13 (14%)   4 (14%) 0.71

     Burkholderia cepacia     5 (2%)     3 (2%)   1 (1%)   1 (4%) 0.64

     Stenotrophomonas maltophilia   10 (4%)     3 (2%)   6 (7%)   1 (4%) 0.57

Median (IQR) age at first 
colonization with P. aeruginosa 
in children (years)

 7.1 (3.3-9.9)  7.8 (2.9-10.6) 5.7 (3.3-9.5) missing 0.52

Pancreatic Insufficiency 140 (60%)   81 (70%) 46 (52%) 13 (48%) <0.01

Lung transplantation: 0.80

    Yes   34 (14%)   14 (11%)   8 (9%) 12 (43%)

    No 201 (84%) 108 (86%) 80 (86%) 13 (47%)

    Waiting list     9 (4%)     3 (2%)   4 (4%)   2 (7%)

    Refusal     3 (1%)     1 (1%)   1 (1%)   1 (4%)

Death     1 (1)     0   1 (1%)   0 0.43

FEV1, forced expiratory volume in 1 second; FVC, forced vital volume. a P-value between ΔF508/ ΔF508 group 
and patients with two other CFTR mutations or a heterozygous ΔF508 mutation.
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MBL2 genotype groups and MBL deficiency were not univariately associated with frequency 

of colonization of the respiratory tract by S. aureus, P. aeruginosa, H. influenzae, A. 

fumigatus, or B. cepacia, at the reference date (Table 3). Children with CF and the O/O 

genotype were colonized by S. maltophilia more frequently than those with the A/O or A/A 

genotype (p=0.01). The same association was observed in the total cohort (p=0.03). After 

adjustment for age, A/O CF patients had an increased risk of 3.6 (95% CI: 0.8-15.5, p=0.09) 

and O/O patients an increased risk of 9.2 (95% CI: 1.4-60.7, p=0.02) for colonization with S. 

Figure 1. MBL concentrations 
according to MBL2 haplotypes in 
children with CF (N=139) , adults 
with CF (N=106) and healthy adults 
(N=194). Line represents median 
value. *, p < 0.01 as compared to all 
CF patients. 

Table 2. MBL2 haplotypes and MBL concentrations in CF patients and healthy controls.

MBL2 genotype Control 
    n (%)

All CF patients
    n (%)

Adult CF patient 
    n (%)

Child CF patients
    n (%)

Sum A/A 120 (62) 157 (64)   76 (70)   81 (58)

YA/YA   60 (31)   75 (30)   40 (37)   35 (25)

 YA/XA   50 (26)   65 (26)   29 (27)   36 (26)

XA/XA   10 (5)   17 (7)     7 (6)   10 (7)

Sum A/O   65 (33)   77 (31)   28 (26)   49 (35)

 YA/O   42 (21)   53 (22)   20 (19)   33 (24)

 XA/O   23 (12)   24 (10)     8 (7)   16 (12)

Sum O/O O/O     9 (5)   13 (5)     4 (4)     9 (6)

Total 194 (100) 247 (100) 108 (100) 139 (100)

Frequencies of MBL2 genotypes and extended haplotypes were similar in healthy controls and all CF patients 
(p=0.85 and p=0.95, respectively). P-values of comparison of MBL2 genotype and extended haplotypes between 
children and adults with CF were 0.14 and 0.35, respectively.
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maltophilia. A similar trend was observed in MBL-deficient children (p=0.07). Eleven children 

participated in a randomized clinical trial, for which they received placebo or prophylactic 

treatment for P. aeruginosa. None of them were colonized with P. aeruginosa at the reference 

date, so they were excluded from P. aeruginosa colonization analysis. P. aeruginosa had been 

previously eradicated in 61 patients (6 from the P. aeruginosa prophylaxis trial), so they were 

not colonized anymore at the reference visit. Eradication was not associated with MBL2 

genotype (p=0.17). 

MBL2 genotype and MBL deficiency were not associated with colonization of P. aeruginosa 

ever in children (p=0.45). Also time to first colonization ever with P. aeruginosa, registered 

in 109 children, was not associated with MBL2 genotype (p=0.89, Figure 2) or with MBL 

deficiency in children (p=0.64). This association was not assessed in adults since many 

visited multiple hospitals in the course of their life, which resulted in incomplete clinical data 

reports.

Lung function

Lung function values (percentage predicted FEV1 and FVC) at reference visit or just before 

lung transplantation were available in 107 out of 139 (77%) children and in 99 out of 108 

(92%) adults. Thirty-two children were too young for a reliable measurement. In 9 adults 

(6 A/A and 3 YA/O) no lung function values prior to lung transplantation were available. 

Median FEV1 and FVC values were not associated with MBL2 genotype in the entire cohort, 

or in children and adults separately ( Table 4). However, median FEV1 values were 10% higher 

(103%) in O/O children than in A/O (92%) or A/A (87%) children (p=0.33). The same trend 

Table 3. Bacterial colonization of the respiratory tract in children and adults with CF, according to MBL2 
genotype.

Children Adults

n A/A 
n (%)

A/O
n (%)

O/O
n (%)

Pa n A/A 
n (%)

A/O
n (%)

O/O
n (%)

Pa

All patients 81 49 9 73 27 4

S. aureus 139 41 (51) 22 (45) 7 (78) 0.29 104 48 (66) 15 (56) 1 (25) 0.20

P. aeruginosab 128 17 (23) 11 (24) 3 (33) 0.80 104 49 (67) 22 (82) 4 (100) 0.16

P. aeruginosa everc 134 48 (62) 27 (56) 7 (78) 0.45 na na na na na

H. Influenzae 139 26 (32) 10 (20) 5 (56) 0.08 104 24 (33) 10 (37) 1 (25) 0.86

B. cepacia 139   1 (1)   0 0 0.70 104   1 (1)   3 (11) 0 0.07

A. fumigatus 138 14 (18)   2 (4) 1 (11) 0.08 104 16 (22)   3 (11) 1 (25) 0.46

S. maltophilia 139   1 (1)   3 (6) 2 (22) 0.01 104   2 (3)   2 (7) 0 0.52

Any microorganism 139 58 (73) 32 (65) 9 (100) 0.10 105 67 (91) 26 (96) 4 (100) 0.53

a Comparison of MBL2 genotype groups.b 11 and c 5 children participating in P. aeruginosa prophylaxis trial 
were excluded. Na, not applicable

proefschrift.indb   121 23-5-2008   12:06:54



Chapter  6

122

was observed for FVC ( Table 4). Median FEV1 and FVC values were comparable in adults with 

different MBL2 genotypes (p=0.81). 

In the entire cohort, FEV1 values were significantly higher in MBL-deficient as compared 

to MBL-sufficient patients (p=0.05). This association disappeared when adults were analyzed 

separately (p=0.91), but the median FEV1 was still 9% higher (96%, IQR: 76-101%) in MBL-

deficient children as compared to the 87% (IQR: 85-103%) in MBL-sufficient children (p=0.14). 

Figure 2. Kaplan Meier plot of age at first 
colonization with P. aeruginosa in children, 
according to MBL2 genotype (p=0.89).

Figure 3. FEV1 values and age at the 
reference visit, according to MBL2 genotype. 
Linear regression lines are shown. 
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Because lung function values were found to decrease with age in CF patients and the 

median age in children of the three genotype groups differed, we plotted FEV1 values of the 

three genotype groups against age (Figure 3). At young age, patients with the O/O genotype 

had higher FEV1 values than A/O and A/A patients, but as age increased, FEV1 values showed 

a steeper drop in O/O as compared to A/O and A/A patients. The same trend was observed for 

MBL-deficient as compared to MBL-sufficient patients (data not shown). However, multivariate 

linear regression analysis did not reveal a statistically significant influence of MBL2 genotype 

on the association between FEV1 and age (data not shown). 

MBL, lung transplantation and death

Of the 247 patients, 34 (14%) were transplanted, 9 (4%) were waiting for a donor, and 

3 (1%) had refused lung transplantation. Their median age was 29.3 years (IQR: 22.4-36.0 

years). The remaining 201 patients (81%) did not yet require lung transplantation. Of the 

46 patients requiring transplantation, 31 (68%) had the A/A genotype, 12 (26%) the YA/O 

haplotype, 1 (2%) the XA/O haplotype and 2 (4%) the O/O haplotype. Only two children 

(both A/A) received a lung transplantation. Three out of 46 patients were MBL-deficient. Of 

the adults who did not require a lung transplantation, 47 (74%) had the A/A genotype, 15 

(23%) had the A/O genotype and 2 (3%) had the O/O genotype. These frequencies did not 

differ from adults who did require a lung transplantation (p=0.70). The fatal case carried the 

YA/O genotype.

Table 4. Lung function values in children and adults with CF

A/A A/O O/O Pa

n % predicted n % predicted n % predicted

Median (IQR) Median (IQR) Median (IQR)

Entire cohort:

FEV1 128 69 (35-88) 66 79 (16-130) 12 89 (39-106) 0.10

FVC 128 80 (58-95) 66 86 (67-99) 12 94 (73-112) 0.09

Children:

FEV1 58 87 (74-99) 41 92 (79-101) 8 103 (75-113) 0.33

FVC 58  91 (78-104) 41 94 (86-100) 8 102 (88-112) 0.23

Adults:

FEV1 70 39 (24-70) 25 32 (24-48) 4 32 (26-64) 0.81

FVC 70 62 (46-86) 25 59 (51-76) 4 56 (47-89) 0.99

a Comparison between MBL2 genotype groups. IQR, interquartile range; FEV1, forced expiratory volume in 1 
second; FVC, forced vital volume
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Discussion

In this cohort of 247 CF patients (aged 0.5 – 54 years), variant MBL2 genotypes were associated 

with increased frequency of colonization with S. maltophilia, but not with other microorganisms 

commonly seen in CF patients, nor with decreased lung function, or lung transplantation. 

Apparently, low MBL plasma levels did not facilitate (early-onset of) colonization with P. 

aeruginosa due to ineffective activation of the lectin pathway of complement activation 

after encountering the microorganism. The lack of association between MBL deficiency and 

decreased lung function is in line with this finding. Thus, in this regard, the MBL2 gene does 

not appear to be an independent CF modifier gene in our patients.

Variant MBL2 alleles were found to be associated with early colonization by S. malthophilia. 

This inherently antibiotic-resistant gram-negative microorganism may not be present 

in CF patients as frequently as P. aeruginosa or S. aureus, but is being recognized as an 

emerging opportunistic pathogen, isolated with increasing frequency from the airways of CF 

patients.23;24 There may be a role for MBL in clearing S. maltophilia from the respiratory tract. 

Direct binding of MBL to S. maltophilia has not been studied thus far, but our observations 

may suggest such an interaction. MBL has been shown to bind P. aeruginosa.25;26 and B. 

cepacia.27 In addition, bactericidal activity of human serum against P. aeruginosa and B. 

cepacia strains of CF patients was complement-mediated.28 Despite the lack of invasiveness 

of S. maltophilia, the immunostimulatory properties of this organism indicate that it is likely to 

contribute significantly to airway inflammation29, suggesting that it can be more harmful in 

MBL-deficient CF patients than in sufficient CF patients. 

The MBL-deficient children of our cohort were not colonized by P. aeruginosa at younger 

age than MBL-sufficient children, which is in contrast to the recent cohort study in 1,019 

pancreatic insufficient children with CF.14 Twenty-one children were excluded from this 

analysis because the date of first colonization could not be retrieved. When we selected only 

our pancreatic insufficient children (n=74), we still did not find an earlier age of onset in MBL-

deficient children (p=0.67). Since our median age of onset of all children was comparable 

to the median age of onset in the study of Dorfman et al. and patients were recruited in 

the same period, different therapeutic approaches probably do not explain these contrasting 

observations. Possibly, our study group was too small to find an association. 

Variant MBL2 alleles were not associated with decreased lung function values in our entire 

cohort, but MBL-deficient CF patients had higher FEV1 values as compared to MBL-sufficient 

patients. Explorative analysis of FEV1 values, age and MBL2 genotype revealed that young 

O/O or MBL-deficient patients indeed had very high FEV1 values compared to A/O and O/O 

patients, whereas O/O patients of 30-40 years of age had very low FEV1 values, comparable 

to A/O, A/A patients. These observations are in agreement with two previous studies. 

Muhlebach et al. also found that lung function of MBL-deficient (i.e. MBL levels < 0.20 μg/

mL) patients below 15 years of age was better than MBL-sufficient patients of the same age, 
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whereas MBL-deficient patients above 15 years had decreased lung function as compared to 

MBL-sufficient patients above 15 years of age.30 Olesen et al., who included two times more 

children than adults, reported a significantly better lung function in MBL-deficient patients, 

i.e. those with XA/O and O/O genotypes.18 An explanation for these observations may be 

the dual role that has been proposed for MBL. High MBL levels have been related to an 

increased risk for ischemia/reperfusion injury and vascular disease in children with Kawasaki 

and in patients with diabetes.31-33 Low MBL plasma concentrations have been associated with 

increased susceptibility to infection. Colonization of the respiratory tract with bacteria, such 

as P. aeruginosa and S. maltophilia, may be more prominent in MBL-deficient CF patients, 

and their chronic presence may explain the decreased lung function in adults. On the other 

hand, these low MBL concentrations may limit the innate host response at the first encounter 

with these microorganisms, while MBL-sufficient children react with excessive complement 

activation and inflammation, leading to an early initial decrease in lung function. 

We did not find an overrepresentation of variant MBL alleles or MBL deficiency in patients 

with a lung transplantation, which is considered to be the end-point of lung disease in CF 

patients. This is in agreement with Carlsson et al but in contrast to two other studies.12;16;17 

The strength of our study is that we included more than twice as many patients with lung 

transplantation compared to all previous studies on CF and MBL. Therefore, we question 

whether MBL deficiency is currently associated with decreased survival of CF patients, as was 

reported for the first time almost ten years ago.12 Antibiotic treatment of CF patients has 

improved significantly over the past decade, no matter which bacteria infected the airways. 

The improved treatment may explain the lack of association between MBL deficiency and 

end-stage lung disease in our cohort. It may also explain the slight skewing in the frequency 

of the A/O and O/O genotypes in children with CF compared to adults in our cohort.

In agreement with other studies, MBL plasma concentrations in CF patients were higher 

than MBL plasma concentrations in 194 healthy adults.14;17;18 Since MBL is a weak acute 

phase protein34, this is probably caused by chronic inflammation of the lung in these patients. 

In healthy individuals, MBL plasma concentrations are higher in children than in adults.35 

However, MBL plasma levels in children and adults in our cohort were comparable, except for 

the few XA/XA patients. Probably, the ongoing inflammation leads to maximal MBL synthesis 

by the liver in both age groups. 

When MBL2 indeed proves to be a strong CF modifier gene, it will have both diagnostic 

and therapeutic implications. Although MBL deficiency does not appear to be a risk factor 

for lung transplantation, i.e. end-stage lung disease, an earlier age of onset of P. aeruginosa 

infection seems influenced by MBL-deficiency, as was recently reported by Dorfman et al.14 

In our cohort,  we found an increased frequency of colonization with S. maltophilia in MBL-

deficient CF patients. Thus, MBL-deficient patients with CF require frequent sputum cultures 

to diagnose microorganisms and they may benefit from aggressive treatment, including non-

CF-specific opportunistic microorganisms such as S. maltophilia. Previously, MBL substitution 

therapy appeared to stabilize the clinical course and improve the lung function of a single 
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CF patient.36 We recently finalized the first clinical trial on human plasma-derived MBL 

substitution in children (F.N. Frakking et al, unpublished results). MBL substitution appeared to 

be safe in these pediatric oncology patients and the desired trough levels of 1.0 μg/mL were 

reached with the dosing schedule used. In the future, CF patients may prove –under certain 

conditions– to be another target group for MBL substitution when conclusive evidence for a 

role of MBL in CF will further accumulate. 

In conclusion, we demonstrated that variant MBL2 alleles were associated with more 

frequent colonization of the respiratory tract of CF patients with S. maltophilia. In contrast, 

P. aeruginosa infection did not occur at an earlier age in MBL-deficient children in our study 

cohort. The divergent lung function results in MBL-deficient children as compared to adults 

confirm an age- or treatment-dependent role of MBL deficiency in CF patients. Finally, MBL-

deficient CF patients did not require lung transplantation more often than MBL-sufficient 

patients. To date, the impact of MBL2 as an important CF modifier gene remains debated.
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Abstract

Introduction 

Mannose-binding lectin (MBL) is in innate immune protein. The aim of our study was to 

determine whether 1. genetically-determined MBL deficiency is associated with susceptibility 

to juvenile rheumatoid arthritis (JRA) and 2. MBL2 genotypes are associated with JRA 

severity. 

Patients and methods

In a retrospective cohort study of 218 patients with polyarthritis (n=67) and oligoarthritis 

(n=151), clinical and laboratory disease variables were obtained by clinical examination and 

chart reviews. Healthy Caucasian adults (n=194) served as controls. MBL2 gene mutations 

were determined by Taqman analysis to identify genotypes with high, medium and low 

MBL expression. Functional MBL plasma concentrations were measured by enzyme-linked 

immunosorbent assay. Associations between clinical and laboratory variables and MBL2 

genotypes were determined by Kruskal-Wallis and Chi-square tests.

Results

MBL2 genotype frequencies were similar in polyarthritis and oligoarthritis patients as 

compared to controls. MBL plasma concentrations were associated with the high, medium 

and low MBL genotype expression groups (p<0.01). In polyarthritis patients, the presence of 

low-expressing (deficient) MBL2 genotypes was associated with early age of onset of disease 

(p=0.03). In oligoarthritis patients, patients with low-expressing MBL2 genotypes were more 

often in remission (81%) than patients in the medium (54%) and high (56%) genotype groups 

(p=0.02). The remaining clinical and laboratory variables, such as arthritis severity index, 

presence of radiographic erosions and antinuclear antibody positivity, were not associated 

with MBL2 genotypes.

Conclusions

Genetically determined MBL deficiency does not increase susceptibility to JRA, but MBL-

deficiency is associated with a younger age of onset of juvenile polyarthritis. On the other 

hand, MBL-deficient children with juvenile oligoarthritis are more often in remission. Therefore, 

MBL appears to play a dual role in JRA. 

proefschrift.indb   130 23-5-2008   12:06:55



131

MBL in JRA patients

Introduction

Juvenile rheumatoid arthritis (JRA), also known as juvenile idiopathic arthritis (JIA), is a 

rheumatic disease of childhood, and includes a heterogeneous group of patients with different 

characteristics, clinical manifestations, serological parameters, and genetic background. 

Although the etiology of JRA is still unknown, it appears to be a combined action of 

environmental, hormonal, and genetic factors.1-3 It is generally believed that infections play an 

important role in the pathogenesis of JRA.4 

Mannose-binding lectin (MBL) is a serum protein, produced in the liver, that plays an 

important role in innate immunity and functions as an opsonin, recognizing sugar structures 

on a wide variety of microorganisms.5 Serum MBL can directly opsonize microorganisms and 

enhance the uptake by phagocytic cells via activation of the lectin pathway of the complement 

system.6;7 Genetically-determined functional MBL serum levels vary within the population. Six 

single nucleotide polymorphisms (SNPs) in the MBL2 gene on chromosome 10 are known to 

influence MBL plasma levels. Reduced or deficient MBL plasma levels are seen in individuals 

with heterozygous or homozygous SNPs in codons 54 (B mutation), 52 (D mutation), or 57 

(C mutation) of exon-1 of the MBL2 gene.5;8;9 The variant alleles occur with a combined 

phenotype frequency of about 25-30% in the Caucasian population.10;11 The wild-type is 

called A, while the common designation for the variant alleles is O. In addition, MBL plasma 

concentrations fluctuate in the presence or absence of three SNPs (position -550: H and L 

allele, position -221: X and Y allele, and position +4: P and Q allele) in the promoter region of 

the MBL2 gene.12;13 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. 

Subsequently, intermediately decreased MBL serum levels are seen in individuals with the 

genotypes XA/XA and YA/O, while very low or undetectable serum MBL levels are seen in 

individuals with genotypes XA/O and O/O. Individuals with YA/YA and YA/XA haplotypes have 

high or normal MBL levels. Therefore, patients can be classified into high (YA/YA, YA/XA), 

medium (XA/XA, YA/O), and low (XA/O and O/O) MBL genotype expression groups.10;14

MBL deficiency has been associated with increased susceptibility and severity of 

infections, especially in children.15;16 In addition, MBL is suggested to modulate inflammation 

and autoimmune disease, e.g variant MBL alleles are risk factors for systemic lupus 

erythematosus.17;18 MBL deficiency is also suggested to be associated with joint erosions and 

early disease onset of adult rheumatoid arthritis (RA)19-23, although other investigators have 

not confirmed this association.24;25 Moreover, MBL is thought to play an important role in 

innate immunity. Although unproven, it has been hypothesized that infection may trigger 

JRA in genetically susceptible patients.26 In this view, this implication might suggest that 

MBL deficiency predisposes to JRA. In a recently published study, there was no significant 

difference in the genotypic frequencies of MBL2 codon 54 SNPs between 93 patients with JIA 

and 48 healthy controls.27 Codon 57 SNPs were not found. The other MBL2 SNPs have not 
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been investigated in this study. In addition, no association was found between the subgroups 

of patients with JIA and control individuals. 

The aim of the present study was to determine whether 1. genetically-determined MBL 

deficiency is associated with susceptibility to JRA and 2. MBL2 genotypes are associated with 

the severity of JRA, as measured by patient characteristics and disease variables. 

Patients and methods

Patients and samples

The patients who were eligible participated in a larger cohort study of Caucasian Norwegian 

children with JRA and visited the Department of Rheumatology, Rikshospitalet University 

Hospital, Oslo, Norway, for the first time between January 1980 and September 1985.28;29 

JRA was defined as meeting the American College of Rheumatology criteria of JRA.30 The 

236 patients of whom blood was drawn were stratified according to JRA subgroup, since 

disease variables vary within these groups. Patients with systemic arthritis (n=2), and juvenile 

spondylarthropathy (juvenile ankylosing spondylitis (n=3), seronegative enthesopathy (n=4), 

juvenile psoriatic arthritis (n=11), or inflammatory bowel disease associated arthritis (n=1)) 

were excluded since these subgroups consisted of too little individuals for reliable statistic 

analysis. Of the 218 remaining patients, 151 had oligoarthritis and 67 had polyarthritis. 

The patients were examined and interviewed after a median disease duration of 14.8 years 

(interquartile range (IQR): 13.5 – 16.2 years) and their medical records were reviewed for 

variables associated with the onset and course of disease.

Plasma samples were immediately frozen at -80°C. Genomic DNA was isolated from 

heparinized/EDTA blood according to standard procedures. The study is in compliance with the 

Helsinki Declaration. It was approved by the Regional Ethics Committee for Medical Research 

and written informed consent was given by the parents. Routine laboratory investigations 

included C-reactive protein (CRP) level, erythrocyte sedimentation rate (ESR), and the detection 

of IgM-rheumatoid factor (RF) and anti-nuclear-anitbodies (ANA). In addition, MBL plasma 

concentrations and genotypes were determined in 194 healthy adult volunteers, who served 

as controls.10

Clinical data

Demographic and clinical outcome variables were collected from the charts at the follow-up 

visit. Onset of disease was defined as the date that arthritis was documented by a physician 

for the first time. The clinical examination included a physician’s global assessment (PGA) 

of overall disease activity (ranging from 0-5), as well as assessment of numbers of actively 

involved (swollen or tender and mobility-restricted) and affected (swollen or mobility-restricted) 

proefschrift.indb   132 23-5-2008   12:06:55



133

MBL in JRA patients

joints, disease remission status (current remission, active disease after previous remission or 

continuously active disease), and presence of uveitis. Furthermore, the number of cumulative 

affected joints and the arthritis severity index score were registered. The Childhood Health 

Assessment Questionnaire (CHAQ) was used to measure physical disability at follow-up.31 It 

measures physical functioning in the following areas: dressing and grooming, arising, eating, 

walking, hygiene, reaching, gripping, and activities. The mean CHAQ score ranges from 0-3, 

where 0 represents no disability and values >1.5 represent severe disability. 

Radiographic examinations

Radiographs of the sacroiliac joints, hips, ankles, and tarsi were obtained at follow-up of 

all patients, and examined by two radiologists, blinded to patient information and without 

access to earlier radiographic, clinical, or laboratory data. Radiographs of other affected joints 

were obtained when clinically indicated. The radiographic changes were classified as joint 

erosions (grade III-V) or no joint erosions (grade 0-II).

MBL 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.14;32 Briefly, mannose was coated to the 

solid phase and after incubation with plasma, biotinylated mouse-anti-human MBL IgG (Tacx 

et al, 10 μg/mL, Amsterdam) was used as detection antibody.32

Genotyping of the promoter polymorphisms and exon-1 single nucleotide polymorphisms 

was performed by allelic discrimination with a Taqman assay, using specific primers and 

minor groove binding probes for each single nucleotide polymorphism.14;33 Genotyping was 

performed independently of the clinical data collection and MBL plasma level measurements. 

Patients were classified into three MBL2 genotype groups with high, medium, and low 

expression of MBL, respectively. The influence of the X/Y allele was also shown by studying 

six ‘extended’ genotype groups: YA/YA, YA/XA, XA/XA, YA/O, XA/O, and O/O. 

Statistical analysis

Data are presented as median and IQR because clinical and laboratory variables were not 

normally distributed. Consequently, the non-parametric Kruskal-Wallis and Mann-Whitney 

U tests were used for comparison of these variables. Frequencies between groups were 

compared by the Chi-square or Fisher’s exact test, where appropriate. Multivariate binominal 

logistic regression was used to study the association between MBL2 genotype and remission 

status (active/remission) after adjustment for disease duration. The odds ratio and 95% 

confidence interval were calculated. P-values less than 0.05 were considered statistically 
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significant. Patients were stratified according to remission status (active/remission) to further 

explore the association between CRP levels and MBL2 genotype in oligoarthritis patients. For 

statistical analysis SPSS 12.0.1 software was used.  

Results

Demographics

The patient group consisted of 59 boys (27%) and 159 girls (73%), with a median age at 

diagnosis of 8.0 years (range 0.8-15.4, Table 1). The median (IQR) follow-up time was 14.8 

(13.6-16.2) years. Table 1 shows that most patient characteristics differ between polyarthritis 

and oligoarthritis patients (P-values <0.05). Therefore, the association between MBL2 

genotype and disease was analyzed in both JRA subsets separately (see below).

Table 1. Demographic, clinical, and laboratory characteristics of juvenile rheumatoid arthritis (JRA) patients, 
according to disease onset subtype. Continuous variables are presented as median (interquartile range, IQR). 

Characteristic All JRA patients JRA subgroups P-value

Polyarthritis Oligoarthritis

    n=218   n=67   n=151

Demographic variables

No. of males (%)   59 (27%) 19 (28%) 40 (27%)   0.87

Age (yrs) at onset   8.0 (3.7-11.6)   9.4 (5.5 – 12.9)   7.3 (3.1 – 11.5) <0.01

Disease duration (yrs) at follow up 14.8 (13.6-16.2) 14.6 (13.4 – 16.3) 15.0 (13.8 – 16.2)   0.68

Clinical variables

No of cumulative affected joints     5 (2-15) 20 (11 – 34)   4 (2 – 6) <0.01

Arthritis severity index     2 (0-11) 12 (2 – 37)   2 (0 – 5) <0.01

Physician global assessment     1 (1-2)   2 (1 – 3)   1 (1 – 2) <0.01

Childhood health assessment 
questionnaire score (CHAQ)

    0 (0-0.4)   0.1 (0 - 0.6)   0 (0 - 0.3) <0.01

No. of patients with uveitis (%)   42 (19%) 10 (15%) 34 (23%)   0.27

Remission status at follow-up:

     Current remission 122 (56%) 32 (48%) 90 (60%) <0.01

     Active, but previous remission   55 (25%) 14 (21%) 41 (27%)

     Continuously active   41 (19%) 21 (31%) 20 (13%)

Radiographic erosions grade III-IV   51 (23%) 30 (45%) 21 (14%) <0.01

Laboratory variables

Erythrocyte sedimentation rate (mm/hr)     6 (4-13)   7 (4 – 22)   6 (4 – 11)   0.19

C-reactive protein  (mg/L)     5 (3-6)   5 (3 – 14)   5 (1 – 5) <0.01

Antinuclear antibody (ANA) positivity   79 (36%) 17 (26%) 62 (41%)   0.03

IgM-rheumatoid factor (RF) positivity   11 (5%) 11 (16%)    0 (0%)  <0.01
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MBL genotype and functional MBL levels in relationship to disease

The median (range) MBL plasma concentration was 1.23 (0.01-7.59) μg/mL in the 218 JRA 

patients. Frequencies of the B, C, and D exon-1 mutations in these JRA patients did not differ 

from controls (p=0.89, p=1.00, p=0.37, respectively, Table 2). No deviation from the Hardy-

Weinberg equilibrium was found in JRA patients or healthy controls (data not shown). Of the 

218 JRA patients, 113 (52%) were in the high genotype expression group, 71 (33%) were 

in the medium genotype group and 34 (16%) were in the low genotype expression group 

(Table 2). The frequency of MBL deficiency was similar in JRA patients and controls (OR: 1.1, 

95% CI: 0.9-1.4, p=0.37). The distribution of the extended MBL2 haplotypes in the 218 JRA 

patients was as follows: 62 (28%) YA/YA haplotype, 51 (23%) YA/XA haplotype, 15 (7%) 

XA/XA haplotype, 56 (26%) YA/O haplotype, 25 (12%) XA/O haplotype and 9 (4%) O/O 

haplotype. These frequencies did not differ from controls (p=0.89) or between the two JRA 

subgroups (p=0.69). MBL plasma concentrations were highest in the YA/YA genotype group 

and almost absent in XA/O and O/O groups (Figure 1). In JRA patients with high, medium and 

low-expressing haplotypes, the median (IQR) MBL plasma level was 1.86 (1.23-3.26) μg/mL, 

0.77 (0.38-1.41) μg/mL and 0.07 (0.04-0.15) μg/mL, respectively (p<0.01, Table 2). The MBL 

plasma concentrations of the 6 extended genotype groups did not differ between polyarthritis 

and oligoarthritis patients (p>0.46). 

Figure 1. Mannose-binding lectin (MBL) level according to (extended) MBL2 haplotypes in patients with juvenile 
polyarthritis and oligoarthritis. Median MBL plasma levels, represented by horizontal lines, differ between 
extended haplotype groups (p<0.01), but not between patients with oligoarthritis (n=151) and polyarthritis 
(n=67) that had similar haplotypes (p>0.46). 
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Table 2. MBL concentrations and MBL2 genotypes. Norwegian Caucasian children with juvenile polyarthritis 
(n=67) and oligoarthritis (n=151) are compared to 194 healthy Dutch Caucasian adult control

Controls All JRA patients JRA subgroups

Polyarthritis Oligoarthritis

n (%) n (%) n (%) n (%)

Exon-1 mutations

Sum A/A 120 (62) 128 (59)  43(64)   85 (56)

Sum A/O   65 (33)   81 (37)  22 (33)   59 (39)

A/B   40 (21)   43 (20)  14 (21)   29 (19)

A/C     5 (3)     7 (3)    0 (0)     7 (5)

A/D   20 (10)   31 (14)    8 (12)   23 (15)

Sum O/O     9 (5)     9 (4)    2 (2)     7 (5)

B/B     4 (2)     4 (2)    1 (1)     3 (2)

B/C     1 (0)     0 (0)    0 (0)     0 (0)

B/D     2 (1)     3 (1)    1 (1)     2 (1)

C/D     0 (0)     1 (0)    0 (0)     1 (1)

D/D     2 (1)     1 (0)    0 (0)     1 (1)

Total 194 (100) 218 (100) 67 (100) 151 (100)

Genotype groups

Sum High 110 (57) 113 (52)  36 (54)   77 (51)

YA/YA   60 (31)   62 (28)  21 (31)   41 (27)

YA/XA   50 (26)   51 (23)  15 (22)   36 (24)

Sum Medium   52 (27)   71 (33)  23 (34)   48 (32)

XA/XA   10 (5)   15 (7)    7 (10)     8 (5)

YA/O   42 (22)   56 (26)  16 (24)   40 (27)

Sum Low   32 (16)   34 (16)    8 (12)   26 (17)

XA/O   23 (12)   25 (12)    6 (9)   19 (13)

O/O     9 (4)     9 (4)    2 (3)     7 (5)

Total 194 (100) 218 (100)  67 (100) 151 (100)

MBL concentrations

Median (IQR) Median (IQR) Median (IQR) Median (IQR)

High genotype group 1.65 (1.20-2.69) 1.86 (1.23-3.26) 1.87 (1.14-3.15) 1.85 (1.32-3.67)

Medium genotype group 0.52 (0.40-0.92) 0.77 (0.38-1.41) 0.89 (0.32-1.79) 0.73 (0.38-1.43)

Low genotype group 0.04 (0.02-0.13) 0.07 (0.04-0.15) 0.10 (0.05-0.15) 0.07 (0.04-0.17)

Median MBL concentrations and frequencies of exon-1 mutations and MBL2 genotype groups did not differ 
between all JRA patients and healthy controls or within the polyarthritis and oligoarthritis patients (P-values>0.05).
IQR, interquartile range
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MBL association with disease parameters

Polyarthritis group

In the 67 patients with polyarthritis, patients in the low MBL2 genotype group were younger 

(4.4 years, IQR: 3.6-7.0 years) at onset of disease than the patients in the medium (10.1 years, 

IQR: 8.4-13.0 years) or high (9.5, IQR: 5.6-13.0 years) genotype groups (p=0.05, Table 3a). This 

association was even stronger after exclusion of the 11 IgM-RF positive patients (p=0.02, data 

not shown). The same association was found in the ANA negative (p<0.01), but not in de ANA 

positive patients (p=0.47, data not shown). In the high genotype expression group, 4 patients 

(11%) were IgM-RF positive, compared to 7 patients (30%) in the medium genotype group 

and none in the low genotype group (p=0.06). We did not find any association between MBL 

Table 3a. Demographic, clinical, laboratory characteristics and MBL genotype expression groups in patients 
with polyarthritis. Continuous variables are presented as median (interquartile range, IQR).

Polyarthritis (n=67)

MBL genotype expression groups

High n=36 Medium n=23 Low n=8 P* P‡

Demographic variables

No. of males 10 (28%)   4 (17%)   5 (63%) 0.05   0.04

Age (yrs) at onset 9.5 (5.6-13.0) 10.1 (8.4-13.0) 4.4 (3.6-7.0) 0.03 <0.01

Disease duration (yrs) at follow up 14.6 (13.5-16.3) 14.5 (13.2-16.4) 15.8 (13.4-16.6) NS NS

Clinical variables NS NS

No of cumulative affected joints 18 (10-32) 22  (10-36) 23 (12-39) NS NS

No of actively involved joints   1 (0-4)   2 (0-8)   0 (0-2) NS NS

No of affected joints   6 (2-18)   8 (0-20)   8 (1-27) NS NS

Arthritis severity index 10 (2-31) 17 (0-46) 19 (2-54) NS NS

Physician global assessment   2 (1-3)   2 (1-4)   1 (1-2) NS NS

CHAQ   0.1 (0.0-0.6)   0.3 (0.0-1.2)   0 (0.0-0.3) NS NS

No. of patients with uveitis   5 (14%)   4 (17%)   1 (13%) NS NS

Remission status at follow-up: NS NS

     Current remission 18 (50%) 10 (44%)   4 (50%)

     Active, but previous remission   8 (22%)   4 (17%)   2 (25%)

     Continuously active 10 (28%)   9 (39%)   2 (25%)

Radiographic erosions grade III-IV 16 (44%) 10 (44%)   4 (50%) NS NS

Laboratory variables NS NS

Erythrocyte sedimentation rate (mm/h)   8 (4-20)   8 (5-25)   3 (0-23) NS NS

C-reactive protein  (mg/L)   5 (3-9)   7 (3-18)   5 (4-17) NS NS

Antinuclear antibody (ANA) positivity 10 (28%)   6 (27%)   1 (13%) NS NS

IgM-rheumatoid factor (RF) positivity   4 (11%)   7 (30%)   0 (0%) NS NS

CHAQ, Childhood health assessment questionnaire score; NS, not significant *Comparison of the high, medium, 
and low groups.‡Comparison of the high and medium group versus the low group.
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genotype groups and other clinical features, such as number of cumulative affected joints, 

arthritis severity index, PGA, CHAQ scores, number of patients with uveitis, remission, or 

severe radiographic erosions, nor with laboratory tests such as ANA, ESR, and IgM-RF (Table 

3a). CRP levels were similar in the high, medium, and low MBL2 genotype group (Table 3a), 

even after stratification for remission status (p>0.10, Figure 2). No differences in clinical or 

laboratory variables were found between patients with the A/A, the A/O and the O/O MBL2 

genotypes as well (data not shown). 

Oligoarthritis group

In the 151 oligoarthritis patients, age of onset was similar in the high, medium, and low 

genotype expression groups (p=0.66, Table 3b). Patients with oligoarthritis carrying the low 

MBL expression genotype were more often in remission (81%) than patients in the medium 

(54%) and high (56%) genotype groups (p=0.02, Table 3b). Multivariate analysis revealed 

that, after adjustment for disease duration, patients in the low genotype groups had an 

odds ratio of 2.5 (95% CI: 1.1-5.7) of being in remission at follow up, compared to patients 

in the high genotype group (p=0.04, data not shown). The median CRP level was 5 mg/L 

at follow up in the 3 genotype groups, but the CRP value distribution differed statistically 

significantly (p<0.01, Table 3b) between these three groups. Figure 2 shows CRP levels and 

MBL2 genotypes in patients with a current remission and patients with active disease with 

or without a previous remission. When the patients were stratified according to remission 

status (remission versus active), median CRP levels remained statistically significantly different 

Figure 2. Serum CRP concentrations (mg/L) and MBL genotype in patients with a current remission versus active 
disease (either active disease with a previous remission or continuously active disease). *Only CRP values of 
oligoarthritis patients with active disease (as compared to patients with a current remission) differed statistically 
significantly (p<0.01).
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in patients with active disease as compared to patients with a current remission. In these, 

patients, the median (IQR) CRP level was 4 (1-5) mg/L in the high genotype group compared 

to 5 (4-10) mg/L in the medium and 5 (5-9) mg/L in the low genotype groups (p<0.01). 

The remaining clinical and laboratory variables did not differ between the patients in the 

high, medium, and low MBL2 genotype groups (Table 3b). The differences found in CRP level 

and remission status were also present in patients with the A/A, the A/O and the O/O MBL2 

genotype. Other clinical and laboratory variables did not differ between these patients (data 

not shown).

Table 3b. Demographic, clinical, laboratory characteristics and MBL genotype expression groups in patients 
with oligoarthritis. Continuous variables are presented as median (interquartile range, IQR).

Oligoarthritis (n=151)

MBL genotype expression groups

High n=77 Medium n=48 Low n=26 P* P‡

Demographic variables

No. of males 22 (29%) 10 (21%)   8 (31%) NS NS

Age (yrs) at onset 6.6 (3.4-10.6) 8.7 (2.6-12.1) 6.6 (2.9-12.6) NS NS

Disease duration (yrs) at follow up 14.5 (13.6-15.9) 15.1 (13.2-16.1) 15.3 (14.1-16.4) NS NS

Clinical variables NS NS

No of cumulative affected joints   3 (2-6)   4 (2-6)   2 (2-4) NS NS

No of actively involved joints   0 (0-1)   0 (0-1)   0 (0-0) NS NS

No of affected joints   1 (0-3)   1 (0-2)   1 (0-3) NS NS

Arthritis severity index   2 (0-6)   2 (0-5)   1.5 (0-5) NS NS

Physician global assessment   1 (1-2)   1 (1-2)   1 (1-2) NS NS

CHAQ   0.0 (0.0-0.3)   0.0 (0.0-0.1)   0.0 (0.0-0.4) NS NS

No. of patients with uveitis 12 (16%) 16 (33%)   6 (23%) NS NS

Remission status at follow-up: 0.02 0.01

     Current remission 43 (56%) 26 (54%) 21 (81%)

     Active, but previous remission 27 (35%) 13 (27%)   1 (4%)

     Continuously active   7 (9%)   9 (19%)   4 (15%)

Radiographic erosions grade III-IV 11 (14%)   8 (17%)   2 (8%) NS NS

Laboratory variables NS NS

Erythrocyte sedimentation rate (mm/hr)   6 (4-11)   8 (5-13)   5 (4-11) NS NS

C-reactive protein  (mg/L)   5 (1-5)   5 (3-6)   5 (5-9) <0.01 0.01

Antinuclear antibody (ANA) positivity 33 (43%) 18 (38%) 11 (42%) NS NS

IgM-rheumatoid factor (RF) positivity 0 0 0 - -

CHAQ, Childhood health assessment questionnaire score; NS, not significant *Comparison of the high, medium, 
and low groups.‡Comparison of the high and medium group versus the low group.
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Discussion

In this study we demonstrate that frequency of MBL deficiency is not increased in 218 Norwegian 

Caucasian children with JRA as compared to 194 Dutch Caucasian controls. Our observations 

are in agreement with the only study on MBL in JIA patients that was reported previously.27 

In this study, no association between MBL2 codon 54 mutations and JIA was found. Now, we 

show that JRA is also not associated with any of the other five known MBL2 SNPs. 

The frequency of these mutations also did not differ from previously published Danish 

Caucasian control populations.10;11 Over the past few years studies have been published that 

consistently reported similar frequencies in Caucasian populations of different countries.10;11;34 

Therefore, we assume that the frequencies of the MBL2 gene polymorphisms in the Caucasian 

Norwegian population do not differ from the frequencies in other Caucasian populations. 

Therefore, these observations suggest that genetically determined MBL deficiency is not 

associated with an increased susceptibility to JRA. Considering the number of included 

patients and controls, this study would have 80% power when an OR of ≥1.71 for MBL 

deficiency was found. 

Interestingly, children in the low MBL2 genotype group developed polyarthritis at a younger 

age compared to children in the medium or high genotype groups. Previously, Garred et al. 

showed that MBL2 exon-1 variant allele carrier status was associated with early age of onset 

of RA23, the adult counterpart of polyarthritis.26 Garred et al. hypothesized that MBL may 

delay the onset of RA, but that it does not prevent the disease. The mechanism by which 

MBL deficiency might promote inflammation in immune-mediated inflammatory diseases like 

RA and JRA is as yet unknown. MBL deficiency might lead to a diminished innate immunity, 

and subsequent increased risk of infections, as was shown before.15;16 These infections may 

trigger JRA, as has been hypothesized previously.26 Another possibility is that MBL is involved 

in the recognition of an infectious agent in the pathophysiology of JRA. Low or absent MBL 

plasma concentration leads to decreased complement activation and ineffective clearance of 

the pathogen or pathogen-derived antigens. The prolonged presence of infectious agents in 

the host may enhance synovial inflammation due to the pro-inflammatory effects of bacterial 

DNA and bacterial cell wall fragments.35;36 Anti-MBL autoantibodies may also play a role, 

since elevated levels of anti-MBL autoantibodies were found in the sera of RA patients.37 It 

is at present unclear whether MBL deficiency is indeed involved in the pathogenesis of RA or 

JRA, as the data have been variable. 

Furthermore, MBL deficiency does not seem to play a role once polyarthritis has developed, 

since no associations were found between MBL2 genotype and the laboratory variables or 

the remaining disease severity-related clinical variables, such as PGA, CHAQ score, number of 

actively involved or affected joints, number of patients with uveitis or remission. Consistent 

with the previous report of Barton et al. on RA and MBL polymorphisms, we did not find an 

association between erosive joint destruction and MBL polymorphisms in JRA patients.25 
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In the oligoarthritis group, patients in the low genotype group were in remission more 

often (81%) compared to the children in the medium or high genotype group (54-56%). In 

this regard, lack of the protein MBL in serum seems to be associated with a milder disease 

course or decreased inflammation. The possible explanation for these findings might be an 

immunomodulating effect of MBL. MBL is present in synovial fluid and can bind potential 

causative agents in JRA including microorganisms, cellular debris, and agalactosyl IgG 

(IgG-G0).38;39 Binding of MBL to agalactosyl IgG immune complexes, may result in local 

complement activation and subsequent increased inflammation and thus active disease, 

whereas this is absent in the presence of very low levels of MBL.40 Recently, Troelsen et al. found 

that high serum levels of MBL and agalactosyl IgG were a risk factor for ischemic heart disease 

in RA patients.41 Besides, RA patients had higher MBL levels than their relatives, implicating 

that high MBL may trigger RA.39 Harmful effects of high MBL levels have been shown in other 

disease entities as well. For instance, MBL deposits in the glomeruli can cause histological 

damage of kidneys and activation of the lectin pathway by MBL can induce vascular tissue 

damage in myocardial ischemia-reperfusion injury and diabetes.42-44 On the other hand, MBL 

deficiency might be associated with defective clearance of immune complexes and apoptotic 

cells, as seen in individuals with C1q deficiency. Since MBL and C1q are molecules with similar 

characteristics this might explain why during active disease CRP levels were increased in 

children in the low compared to the medium and high genotype groups. Remission rates were 

not associated with MBL2 genotype in patients with polyarthritis, possibly since more joints 

were affected. 

Conclusions

In conclusion, MBL seems to have a dual role in JRA. Genetically determined MBL deficiency 

does not increase susceptibility to JRA, but MBL does appear to have an immunomodulating 

effect. On the one hand, children with low levels of MBL develop polyarthritis at younger 

age. Increased susceptibility to infections as a potential trigger of polyarthritis, or ineffective 

clearance of infectious agents in the pathophysiology of JRA, may be the explanation in 

case of MBL deficiency. On the other hand, the low MBL2 expressing genotypes appear to 

be beneficial once oligoarthritis has developed, since they are associated with an increased 

frequency of remission. An explanation may be that the local MBL itself may lead to 

complement-mediated inflammation in the synovium, sustaining active disease. To discover 

the possible contribution of MBL to JRA disease severity, molecular mechanisms, such as the 

interaction of MBL with immune complexes, the presence of anti-MBL autoantibodies and the 

role of activation of the complement system, should be studied. 
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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 plasma-derived 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-SSI infusions. Target levels of 1.0 μg/mL were considered 

therapeutic. 

Results

In total, 65 MBL-SSI infusions were given in 20 courses of MBL-SSI 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-SSI, 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 plasma-derived MBL-SSI twice weekly is safe and results in trough 

levels considered protective. Trial registration number: NCT00138736.
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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 μg/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 

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 human recombinant MBL 

(n=40) and plasma-derived (n=20) MBL in MBL-deficient adults15-17 and a number (n=5) of 

additional patients.18-21 Plasma-derived MBL was produced by Statens Serum Institut (SSI, 

Copenhagen, Denmark).22 Therapeutic serum levels of > 1.0 μg/mL were reached after 

infusion of plasma-derived MBL-SSI. 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 plasma-derived 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 
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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, 

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 

Figure 1A. Study protocol of MBL infusions during neutropenic period after a chemotherapy course
MBL treatment regimen. Each patient received a MBL infusion (         ) on day 1. Seven patients received 
repeated MBL infusions afterwards (            ). 
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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, 2, 4, 6 and 16-24 hours (h) after the 

first infusion, and before each following MBL-SSI infusion. All patients had a central venous 

catheter (port-a-cath), which was used for MBL-SSI 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 0C developed. 

MBL SSI production and dosage

SSI (Copenhagen, Denmark) produced MBL from a pool of plasma from non-remunerated 

voluntary Danish donors as described previously.22 Based on previously 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, 

Academic Medical Center, Amsterdam. Genotyping was performed by a Taqman assay, as 

previously described.23 For screening purposes, MBL plasma levels were measured by enzyme-

linked immunosorbent assay (ELISA) technique as previously described.23;24 Briefly, mannan 

was coated to the solid phase and incubated with plasma. Afterwards, biotinylated mouse-
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anti-MBL (anti-MBL-1, 10 μg/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 room temperature 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 

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 
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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 as median and range, 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 1). 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 1, Figure 1B). Five patients (H-L) received single MBL infusions (Figure 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-
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Table 1. Patient characteristics

Pt Trial nrSex Age MBL2 
genotype

MBL level 
(μg/mL)

Infusion
amount

Tumour Therapy

A 1 F   2.1 HYPA/LYPB 0.87 5 acute non-lymphatic 
leukemia (ANLL)

MACE:  methotrexate (MTX), 
amsacrine, cytarabine, etoposide 
(MRC12/DCLSG-ANLL-97)

B 2 M   8.1 LYQA/HYPD 0.66 2 Common ALL FLAG-IDA: fludarabine, ara-C, 
MTX, idarubicine

C 3 M 12.5 LYQA/ LXPA 0.35 2 T cell ALL Induction: mitoxantrone, vincr, 
asparaginase, MTX, ara-C (T-ALL 9)

D 4 F   1.1 LYQA/LYPB 0.51 3 Neuroblastoma CADO: cyclophosphamide, doxo, 
vincr (AMRO neuroblastoma)            

D 8 =   2.0 = = 4 = N5: videsine, etoposide, cisplatin 
(High risk neuroblastoma)            

D 9 =   2.2 = = 5 = N5: videsine, etoposide, cisplatin 
(High risk neuroblastoma)                                   

D 11 =   2.3 = = 3 = N6: uromitexan, doxo, vincr, 
dacarbazine, ifosfamide (High risk 
neuroblastoma)             

E 5 F   9.7 LXPA /LYPB 0.48 4 Ewing sarcoma VIDE: vincr, ifosfamide, doxo, 
etoposide (EURO EWING 99)

F 6 M   1.7 LXPA/LYPB 0.09 5 B-ALL COPADM: vincr, cyclofosfamide, 
doxo, MTX (LMB 2001)

G 7 M   0.5 HYPD/HYPD 0.08 8 Pro B-ALL MARAM: MTX, asparaginase, 
6-mercaptopurine, cytarabine 
(DCLSG Interfant 99)

G 13 =   1.3 = = 2+5a = FOSFETO: cyclofosfamide, 
etoposide; THIME: 6-thioguanine, 
MTX (SNWLK ALL-relapse 98)

G 18 =   1.6 = = 7 = FLAG-IDA: fludarabine, ara-C, 
MTX, idarubicine

H 10 M 10.5 LXPA /LYPB 0.09 1 T cell lymphoma Vincr, doxo (SKION EURO LB 02)

I 12 M 15.4 LXPA/HYPD 0.47 1 Gastro-intestinal 
stromal tumour

Glivec

J 14 F   7.2 LXPA /HYPD 0.38 1 Malign peripheral 
nerve sheath tumour

ICE: ifosfamide, carboplatin, 
etoposide (MPNST protocol)

J 16 =   7.3 = = 1 = ICE: ifosfamide, carboplatin, 
etoposide(MPNST protocol)

K 15 F 11.6 LXPA /LYPB 0.13 1 Osteosarcoma Doxo, cisplatin,cardiosane 
(EURAMOS)

K 17 = 11.7 = = 1 = Doxo, cardioxane (EURAMOS)

K 19 = 11.8 = = 1+2b = Doxo, cardioxane (EURAMOS)

L 20 M   9.6 LYPA/LYPB 0.54 1 Ewing sarcoma VAI: vincr, actinomycine D, 
ifosfamide (EURO EWING 99)

Total: 7M 65

Pt, patient; Nr, number; F, female; M, male;  =, same value as above; a There was an interval of 9 days between 
the second and third MBL infusion. THIME was given in between; b 6 days after a single MBL infusion, the patient 
was admitted with neutropenic fever and MBL infusions were resumed; ALL, acute lymphoblastic leukaemia; 
doxo, doxorubicine, MRC, UK Medical Research Council Adult and Children’s Leukaemia Working Parties; 
DCLSG: Dutch Childhood Leukemia Study; SKION: Dutch Society on Childhood Oncology; Vincr, vincristine
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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 h 

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.

Figure 1B Flowchart of included patients. Four patients were included multiple times. *Single infusion, followed 
by two extra infusions after 5 days.
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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 

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). 
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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

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 2 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 
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Figure 3. Repeated inclusions of four patients. 
Patient D (n=4). D-9/D-11: no MBL levels measured at time points 15” through 6’. 
Patient G (n=3). 
Patient J (n=2). J-16: no MBL levels measured at time points 2’ through 6’. 
Patient K (n=3). K-19: Two repeated MBL infusions five days after single MBL infusion.
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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 2). 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 2). 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). 

Table 2. Final parameter estimates of the basic pharmacokinetic model of MBL-SSI

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

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

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 3). In 4 patients fever resolved within 72 h 

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). 
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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-SSI resulted in 

therapeutic MBL trough levels in neutropenic children with cancer. The results of our 

population 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 

Table 3. Infectious outcome of the 6 patients with 11 cycles of repeated MBL infusions.

Patient Infection description Duration
fever (days)

Antibiotics CRP

ID trial nr Type duration (days) (mg/L)

A 1 Neutropenic fever:
Comamonas acidovorans sepsis, 
PAC removal

2+1* V/G/fortum 12 54

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.+ 
superficial skin candida infection

1 V/G
daktarin

6 60

G 13 No fever 0 none 0 x

G 18 Neutropenic fever: Streptococcus 
mitis sepsis, PAC removal, 
circulatory support required

3 V/G 19 158

*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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reasonable strategy for plasma-derived MBL-SSI 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 

hours16;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 adults15-19, 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-SSI infusion in vivo resulted in complement activation and 

opsonophagocytosis in vitro31, 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 suppression14;33, 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-SSI in children with cancer. 

Repeated MBL substitution treatment appears to be safe. The pharmacokinetics of MBL-SSI in 

MBL-deficient children are comparable to adults, after correction for body weight. The half-life 

of MBL-SSI was estimated to be 36 h, 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.

Acknowledgements

We greatly acknowledge the assistance of the nurses and oncologists of the department of 

pediatric oncology of the Emma and Sophia Children’s Hospital, especially of N. Langeveld. M. 

van Houdt and H. Nienhuis are acknowledged for their help in data analysis. 

References
 1  Turner MW. Mannose-binding lectin: the pluripotent molecule of the innate immune system. 

Immunol Today 1996; 17(11):532-540.

proefschrift.indb   158 23-5-2008   12:07:00



159

Plasma-derived MBL substitution in pediatric oncology patients

 2  Steffensen R, Thiel S, Varming K, Jersild C, Jensenius JC. Detection of structural gene mutations and 
promoter polymorphisms in the mannan-binding lectin (MBL) gene by polymerase chain reaction 
with sequence-specific primers. J Immunol Methods 2000; 241(1-2):33-42.

 3  Taylor ME, Brickell PM, Craig RK, Summerfield JA. Structure and evolutionary origin of the gene 
encoding a human serum mannose-binding protein. Biochem J 1989; 262(3):763-771.

 4  Brouwer N, Dolman KM, van ZR, Nieuwenhuys E, Hart M, Aarden LA et al. Mannan-binding lectin 
(MBL)-mediated opsonization is enhanced by the alternative pathway amplification loop. Mol 
Immunol 2006; 43(13):2051-2060.

 5  Madsen HO, Garred P, Thiel S, Kurtzhals JA, Lamm LU, Ryder LP et al. Interplay between promoter 
and structural gene variants control basal serum level of mannan-binding protein. J Immunol 1995; 
155(6):3013-3020.

 6  Jack DL, Klein NJ, Turner MW. Mannose-binding lectin: targeting the microbial world for complement 
attack and opsonophagocytosis. Immunol Rev 2001; 180:86-99.

 7  Turner MW, Hamvas RM. Mannose-binding lectin: structure, function, genetics and disease 
associations. Rev Immunogenet 2000; 2(3):305-322.

 8  Super M, Thiel S, Lu J, Levinsky RJ, Turner MW. Association of low levels of mannan-binding protein 
with a common defect of opsonisation. Lancet 1989; 2(8674):1236-1239.

 9  Neth O, Hann I, Turner MW, Klein NJ. Deficiency of mannose-binding lectin and burden of infection 
in children with malignancy: a prospective study. Lancet 2001; 358(9282):614-618.

 10  Mullighan CG, Heatley S, Doherty K, Szabo F, Grigg A, Hughes TP et al. Mannose-binding lectin 
gene polymorphisms are associated with major infection following allogeneic hemopoietic stem 
cell transplantation. Blood 2002; 99(10):3524-3529.

 11  Peterslund NA, Koch C, Jensenius JC, Thiel S. Association between deficiency of mannose-binding 
lectin and severe infections after chemotherapy. Lancet 2001; 358(9282):637-638.

 12  Bergmann OJ, Christiansen M, Laursen I, Bang P, Hansen NE, Ellegaard J et al. Low levels of 
mannose-binding lectin do not affect occurrence of severe infections or duration of fever in acute 
myeloid leukaemia during remission induction therapy. Eur J Haematol 2003; 70(2):91-97.

 13  Kilpatrick DC, McLintock LA, Allan EK, Copland M, Fujita T, Jordanides NE et al. No strong relationship 
between mannan binding lectin or plasma ficolins and chemotherapy-related infections. Clin Exp 
Immunol 2003; 134(2):279-284.

 14  Lausen B, Schmiegelow K, Andreassen B, Madsen HO, Garred P. Infections during induction therapy 
of childhood acute lymphoblastic leukemia--no association to mannose-binding lectin deficiency. 
Eur J Haematol 2006; 76(6):481-487.

 15  Valdimarsson H. Infusion of plasma-derived mannan-binding lectin (MBL) into MBL-deficient 
humans. Biochem Soc Trans 2003; 31(Pt 4):768-769.

 16  Valdimarsson H, Vikingsdottir T, Bang P, Saevarsdottir S, Gudjonsson JE, Oskarsson O et al. Human 
plasma-derived mannose-binding lectin: a phase I safety and pharmacokinetic study. Scand J 
Immunol 2004; 59(1):97-102.

 17  Petersen KA, Matthiesen F, Agger T, Kongerslev L, Thiel S, Cornelissen K et al. Phase I safety, 
tolerability, and pharmacokinetic study of recombinant human mannan-binding lectin. J Clin 
Immunol 2006; 26(5):465-475.

 18  Valdimarsson H, Stefansson M, Vikingsdottir T, Arason GJ, Koch C, Thiel S et al. Reconstitution of 
opsonizing activity by infusion of mannan-binding lectin (MBL) to MBL-deficient humans. Scand J 
Immunol 1998; 48(2):116-123.

 19  Garred P, Pressler T, Lanng S, Madsen HO, Moser C, Laursen I et al. Mannose-binding lectin (MBL) 
therapy in an MBL-deficient patient with severe cystic fibrosis lung disease. Pediatr Pulmonol 2002; 
33(3):201-207.

 20  Laursen I, Houen G, Hojrup P, Brouwer N, Krogsoe LB, Blou L et al. Second-generation nanofiltered 
plasma-derived mannan-binding lectin product: process and characteristics. Vox Sang 2007; 
92(4):338-350.

proefschrift.indb   159 23-5-2008   12:07:00



Chapter  8

160

 21  Bang P, Laursen I, Thornberg K, Schierbeck J, Nielsen B, Valdimarsson H et al. The pharmacokinetic 
profile of plasma-derived mannan-binding lectin in healthy adult volunteers and patients with 
Staphylococcus aureus septicaemia. Scand J Infect Dis 2007;1-5.

 22  Laursen I. Mannan-binding lectin (MBL) production from human plasma. Biochem Soc Trans 2003; 
31(Pt 4):758-762.

 23  Frakking FN, van de Wetering MD, Brouwer N, Dolman KM, Geissler J, Lemkes B et al. The role of 
mannose-binding lectin (MBL) in paediatric oncology patients with febrile neutropenia. Eur J Cancer 
2006; 42(7):909-916.

 24  Tacx AN, Groeneveld AB, Hart MH, Aarden LA, Hack CE. Mannan binding lectin in febrile 
adults: no correlation with microbial infection and complement activation. J Clin Pathol 2003; 
56(12):956-959.

 25  Karlsson MO, Sheiner LB. The importance of modeling interoccasion variability in population 
pharmacokinetic analyses. J Pharmacokinet Biopharm 1993; 21(6):735-750.

 26  Anderson BJ, Holford NH. Mechanism-Based Concepts of Size and Maturity in Pharmacokinetics. 
Annu Rev Pharmacol Toxicol 2007.

 27  Jonsson EN, Karlsson MO. Xpose--an S-PLUS based population pharmacokinetic/pharmacodynamic 
model building aid for NONMEM. Comput Methods Programs Biomed 1999; 58(1):51-64.

 28  Karlsson MO, Savic RM. Diagnosing model diagnostics. Clin Pharmacol Ther 2007; 82(1):17-20.

 29  Jensen PH, Weilguny D, Matthiesen F, McGuire KA, Shi L, Hojrup P. Characterization of the oligomer 
structure of recombinant human mannan-binding lectin. J Biol Chem 2005; 280(12):11043-11051.

 30  Shi L, Takahashi K, Dundee J, Shahroor-Karni S, Thiel S, Jensenius JC et al. Mannose-binding 
lectin-deficient mice are susceptible to infection with Staphylococcus aureus. J Exp Med 2004; 
199(10):1379-1390.

 31  Brouwer N, Frakking FN, van de Wetering MD, van Houdt M, Hart M, Kleine-Budde I et al. Mannose-
Binding Lectin (MBL) substitution trial: recovery of opsonic function lags behind MBL serum levels. 
This thesis, chapter 9. 2008.

 32  Schlapbach LJ, Aebi C, Otth M, Luethy AR, Leibundgut K, Hirt A et al. Serum levels of mannose-
binding lectin and the risk of fever in neutropenia pediatric cancer patients. Pediatr Blood Cancer 
2007; 49(1):11-16.

 33  Rubnitz JE, Howard SC, Willis J, Pui CH, Pounds S, Hayden RT. Baseline mannose binding lectin 
levels may not predict infection among children with leukemia. Pediatr Blood Cancer 2007.

 34  Klein NJ, Kilpatrick DC. Is there a role for mannan/mannose-binding lectin (MBL) in defence against 
infection following chemotherapy for cancer? Clin Exp Immunol 2004; 138(2):202-204.

 35  Garred P, Pressler T, Madsen HO, Frederiksen B, Svejgaard A, Hoiby N et al. Association of mannose-
binding lectin gene heterogeneity with severity of lung disease and survival in cystic fibrosis. J Clin 
Invest 1999; 104(4):431-437.

 36  Salaman MH. Immunodepression by mammalian viruses and plasmodia. Proc R Soc Med 1970; 
63(1):11-15.

 37  De Benedetti F, Auriti C, D’Urbano LE, Ronchetti MP, Rava L, Tozzi A et al. Low Serum Levels of 
Mannose Binding Lectin Are a Risk Factor for Neonatal Sepsis. Pediatr Res 2007; 61(3):325-328.

 38  Frakking FN, Brouwer N, van Eijkelenburg NK, Merkus MP, Kuijpers TW, Offringa M et al. Low 
mannose-binding lectin (MBL) levels in neonates with pneumonia and sepsis. Clin Exp Immunol 
2007; 150(2):255-262.

proefschrift.indb   160 23-5-2008   12:07:00



9C h a p t e r

Mannose-binding lectin (MBL) 
substitution trial: recovery of opsonic 
function lags behind MBL serum levels 

Nannette Brouwer, Florine N.J. Frakking, Marianne D. van de Wetering, 

Michel van Houdt, Margreet Hart, Ilona Kleine Budde, Paul F.W. Strengers, Inga Laursen, 

Gunnar Houen, Jens C. Jensenius, Huib N. Caron, Koert M. Dolman, Taco W. Kuijpers 

In preparation

proefschrift.indb   161 23-5-2008   12:07:00



Chapter  9

162

Abstract

Introduction and Material en Methods

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.

Results

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.

Conclusions

This MBL-substitution study demonstrated that twice weekly infusions with plasma-derived 

MBL increased MBL-mediated C3 and C4 activation and opsonophagocytosis of zymosan, but 

efficacy in chemotherapy-induced neutropenic patients could be debated. A phase-II/III MBL-

substitution study should demonstrate clinical efficacy. 
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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 HIV8;9, reduced life expectancy in cystic fibrosis patients due to more frequent and more 

severe infections10, and an increased risk of developing sepsis11;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 immunity13;14, 

oncology patients receiving chemotherapy15;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 

μg/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 μg/mL, up to more than 10 μg/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) 

proefschrift.indb   163 23-5-2008   12:07:00



Chapter  9

164

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 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 ethical 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 
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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 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 Frakking et al.15 

During the MBL-substitution study, blood was drawn, left to coagulate at room temperature 

and aliquots of serum were immediately stored at -80°C 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 μg/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

Laursen et al.24 25 have described the purification of MBL from plasma. In short, the starting 

material for MBL purification was fraction II+III from the ethanol fractionation for the generation 

of albumin. Immunoglobulins were extracted from this product and an ultra-filtration was 

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 followed by gel filtration on Superose 6 to exchange the buffer led to the final MBL 

product. The purity of the product was about 70% and the major contaminants were IgM, 

serum amyloid P component, α2-macroglobulin and IgA. At 4°C the product is stable up to 

3 years.
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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 37°C. After washing, 

the plates were incubated for 1 hour with 0.25 μg/mL biotinylated monoclonal antibody 

C3-1932 to measure C3b deposition or 0.25 μg/mL biotinylated monoclonal antibody C4-1031 

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 

(3,3’,5,5’-tetramethylbenzidine) 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, Denmark. In this assay, as described by Petersen et al33, 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 over night at 4°C. After washing, 

wells were incubated with 0.1 μg purified human C434 for 1.5 hour, at 37°C 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 is 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.
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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 37°C 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 37°C 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, Sanquin39 40). 

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 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 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 95°C for 5 minutes in sample buffer. SDS-PAGE 

was performed on 5% (w/v) acrylamide gels with Precision Plus ProteinTM standard (Biorad) 
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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 normal distributed data, unless otherwise mentioned, and 

as median (range) for not normal distributed data. Because of the limited number of patients, 

continuous variables were mainly presented by descriptive statistics. 

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 
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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, 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 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 

Table 1: Patient characteristics

ID Sex Age (years) MBL2 genotype MBL level (μg/ml) Tumour Reason for exclusion

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  

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.

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.
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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-dependent23 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).

Figure 2. MBL level, C3, C4 activation and opsonophagocytosis of zymosan.
Scatter plots of all included observations 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 mg/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.
  

Supplemented Figure 1. MASP-2 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. 

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 
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cumulative effect of the repeated MBL infusions as MBL trough levels increased during the 

treatment (Figure 2B, upper 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).

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 

Figure 3. Phagocytosis of zymosan opsonized with increasing concentrations MBL.
(a). shows the phagocytosis by neutrophils of zymosan opsonized with an MBL-deficient serum, supplemented 
by a titration series of MBL-SSI in vitro. (b). shows the 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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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 

Figure 4. MBL levels, oligomeric forms and MBL and 
C3 deposition on zymosan.
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. (a). shows the MBL level 
as determined with ELISA. The upper Western blot 
of (b). shows the oligomeric forms of the infused 
MBL, while the lower Western blot shows the 
MBL binding capacity to zymosan. (c). shows the 
C3 deposition on zymosan as % of MBL-sufficient 
control sera.

B

A C
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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 

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 

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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Figure 6. The association between MBL 
concentration 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 concentration (μg/
mL not mg/mL) and opsonophagocytosis of 
zymosan. * Sera with low alternative pathway 
activation in the Wielisa. 
(b). association between MBL concentration (μg/
mL not mg/mL) and MASP-2/Map19-binding to 
mannan-bound MBL. 
(c). association between MBL concentration (μg/
mL not mg/mL) 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).

A

B

C
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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 

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). shows 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. 

C

B
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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. 

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 ± 

Supplemented Figure 2. Complement pathway activation and opsonophagocytosis of zymosan of the patient 
sera with low alternative pathway activation. 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 % of the positive control, set at 100%. 
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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 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 2.5μg/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 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 process24 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 only24;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 

activation in 100 control samples. Thus although MASP-2 binding capacity was unimpaired, 
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the proteolytic activity of MASP-2 may have been lost upon binding to C1 inhibitor or to 

α2-macroglobulin, some of the major impurities in the product. Malignancy-related or 

chemotherapy-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 Laursen24 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 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 reports27;41, and in pre-clinical 
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studies with knock-out mice.42 A phase-II/III randomized controlled clinical trial is necessary to 

determine the clinical 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 found 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 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 

neonatal intensive care unit. 
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Objectives

The aim of this thesis was to study the clinical relevance of mannose-binding lectin (MBL) 

deficiency in immunocompromised children. In the first part we discussed the possible 

increased susceptibility to infection in neonates, pediatric oncology patients and cystic fibrosis 

(CF) patients. In chapter 1 we systematically reviewed all literature on MBL and infection in 

these children and in children with general, not-specified infections. Secondly, we studied the 

clinical relevance of MBL deficiency in a group of juvenile rheumatoid arthritis (JRA) patients, 

because MBL has been associated with autoimmune disease as well. The final part of this thesis 

addresses a clinical trial on plasma-derived MBL substitution in pediatric oncology patients 

with chemotherapy-induced neutropenia. One of the problems encountered in the systematic 

review was that definitions of MBL deficiency varied too much between studies. Since we 

also used different definitions of MBL in multiple chapters, we will start with discussing the 

definition of MBL deficiency.

MBL deficiency

Although the aim, studying the effect of functional reduced serum levels, is similar in most 

studies on MBL deficiency, there is no consensus on the best way to do this. From the moment 

that all three exon-1 gene mutations were identified1-3, patients were categorized according 

to the presence of A (wild-type) alleles versus O (B, C, and D, exon-1 variant) alleles. Individuals 

with a variant MBL2 allele (A/O or O/O) were considered MBL-deficient. Sometimes, however, 

only children with the O/O genotype were compared to the rest, since the O/O genotype is 

associated with almost absent MBL levels.4 A few years later, also the X variant of the X/Y 

promoter polymorphism was found to significantly reduce MBL serum levels.5;6 The P/Q and 

H/Y polymorphism have a less pronounced influence and are therefore often not included 

in genetic analyses of MBL deficiency. Due to linkage disequilibrium between the different 

variants, six haplotype combination groups with decreasing MBL plasma concentrations are 

often used to categorize patients: YA/YA, YA/XA, XA/XA, YA/O (=YA/YO), XA/O (=XA/

YO) and O/O (=YO/YO). Individuals with two wild-type MBL2 alleles and high-expressing 

promoter activity (YA/YA and YA/XA) have normal or high MBL levels (median 1.65 μg/

mL in healthy Dutch Caucasians), whereas in the presence of two low-expressing promoter 

polymorphisms (XA/XA) or the YA/O haplotype, intermediately reduced MBL levels are seen 

(median level 0.52 μg/mL). Individuals with the O/O or XA/O haplotypes have very low or 

almost absent levels (<0.10 μg/mL).4 Since then, studies started analyzing patients according 

to three genotype expression groups with ‘high’, ‘medium or intermediate’ and ‘low’ MBL 

expression.7 Usually, the medium and low group together were called deficient, but sometimes 
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only the low group (XA/O+O/O) is defined to be (truly) deficient. The different classifications 

are shown in Table 1 of Chapter 1. 

Other studies use functional MBL serum levels to define MBL deficiency.8-10 However, 

there is no agreement on the optimal cut-off value. Values between <0.05 and 1.00 μg/

mL are being used.11 An optimal receiver-operator characteristic (ROC) curve is one way to 

define a cut-off value.4;9 This statistical method calculates an optimal cut-off value to divide 

two groups. For instance, children with wild-type MBL2 alleles versus variant MBL2 alleles.9 

Some studies used this method to define a cut-off level that divides children with infection 

from children without infection12, similar to, for instance, C-reactive protein in clinical practice. 

In our opinion, this may generate bias though. Finally, studies also use the minimal MBL 

levels that are required for activation of complement and effective opsonophagocytosis.8;13 

Again, results may heavily depend on the test particle and assay conditions used, creating 

considerable confounding and bias. 

Although MBL2 genotype and MBL plasma levels correlate strongly, MBL levels have been 

shown to vary up to ten-fold in individuals with the same genotypes. Therefore, it is best 

to determine both, which we always did.7;9;14;15 In our first studies (chapter 4 and 7) we 

categorized children in high, medium, and low genotype expression groups, because these 

groups were considered to correspond with MBL plasma levels the best.7;14 We described the 

medium and low group separately to see whether reduced MBL levels or only almost absent 

MBL levels were associated with increased infection susceptibility. In neonates (chapter 2), we 

found MBL levels to be not only associated with MBL2 genotype, but also with gestational 

and postnatal age.9 Premature neonates with wild-type genotypes often had reduced MBL 

plasma levels and should therefore be considered deficient. Thus, genotype classifications are 

not representative in (premature) neonates and MBL levels should be used (chapter 2 and 

3). However, the determination of MBL2 genotype has additive value, because it predicts 

which premature neonates with reduced MBL levels will be able to produce sufficient MBL 

levels within the first weeks after life. Recently, we found that children with cancer or CF had 

significantly increased MBL levels as compared to healthy Caucasian adults (chapter 5 and 6). 

Although children have been shown to have higher MBL levels than adults previously16, we do 

not expect age to be the cause of the increased levels in these cohorts. Namely, age did not 

significantly influence MBL levels in children with CF and cancer who were between 0 and 18 

years of age. Moreover, adults with CF also had increased MBL levels as compared to these 

healthy adults. In Figure 1 we show the median MBL levels of the different cohorts that we 

studied. 

As expected, MBL levels were almost absent in the individuals with the XA/O and O/O 

haplotypes. In groups with higher MBL expression (YA/YA, YA/XA, XA/XA and YA/O), 

patients with cancer and CF had increased MBL levels as compared to healthy controls, 

whereas the JRA patients had almost similar levels. 

Neonatal MBL levels were measured in both premature and mature neonates, which may 

explain the observation that they are decreased in YA/YA and YA/O neonates as compared to 
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healthy adults, whereas they were higher in YA/XA neonates and the single XA/XA neonate. 

MBL plasma levels of premature and mature neonates are shown separately in Chapter 2. As a 

result of these observations, we decided that patients with cancer and CF who have the XA/

XA genotype should not be classified as MBL-deficient but as MBL-sufficient. Therefore, we 

used the MBL2 genotype classification (A/A vs A/O vs O/O) in Chapter 5 and 6. In addition, 

we defined truly MBL deficiency as the XA/O and O/O genotype (chapter 2, 4, 6, 7) or as 

MBL plasma levels <0.20 μg/mL (chapter 3 and 5). 

MBL in immunocompromized children

MBL in neonates

Although an increased susceptibility to infection in MBL-deficient neonates is debated8;12;15;17;18, 

we and others found an association between reduced MBL levels (i.e., < 0.40 or < 0.70 μg/mL 

for premature and mature neonates, respectively), and the increased prevalence of neonatal 

sepsis and/or pneumonia.8;12;15 We also demonstrated that MBL plasma levels are preferred 

above MBL2 genotype to define MBL deficiency in neonates, because neonates with wild-

type MBL2 may still have reduced and therefore deficient MBL levels due to prematurity 

and correspondingly low production in the liver. This may explain why others did not find 

Figure 1. MBL levels in healthy adults and patients with cystic fibrosis, cancer and juvenile rheumatoid arthritis 
(JRA), according to MBL2 genotype.
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an association between genetic MBL deficiency and neonatal sepsis.17;18 Since almost half 

of the neonatal intensive care unit (NICU) patients appears to be MBL-deficient, a possible 

relation of low MBL levels with neonatal infections might have widespread clinical and 

therapeutic implications. A large well-designed prospective multicenter study should confirm 

the association between low MBL plasma levels and neonatal infections, taking into account 

the complicated developmental profile of MBL in neonates. At birth, MBL deficiency can 

reliably be measured in umbilical cord blood, but we recommend to include serial neonatal 

MBL level measurements during the first weeks after birth and at the onset of and during 

infection as well. This way, the exact role of MBL in neonatal infections can be addressed the 

best. In addition, MBL2 genetic polymorphisms are required to validate these measurements. 

In the future, MBL measurements might be used to identify which neonates are prone for 

infections, which may be a life-threatening event in NICU patients. Furthermore, substitution 

of plasma-purified or recombinant MBL may protect MBL-deficient neonates that require a 

prolonged NICU stay from hospital-acquired sepsis or pneumonia. 

MBL in pediatric oncology patients

In the first 110 patients of the pediatric oncology cohort that we studied (n=222), MBL-deficient 

patients did not have more severe infections during febrile neutropenia. An explanation may 

be that 61% of our patients had a severe neutropenia (<100 cells/μL). Because neutrophils are 

required for opsonophagocytosis after MBL-mediated complement activation, the effector 

functions of MBL are likely to be severely compromised in these patients whatever their 

genotype or plasma level.19 Similarly, MBL2 genotype was neither associated with risk of, 

nor with the severity of disease during a first admission to the pediatric intensive care unit 

(PICU). This finding is in contrast to the observations recently published by Fidler et al20, who 

found an increased risk for systemic inflammatory response syndrome in children admitted 

to the PICU for various reasons. The number of cancer patients was not mentioned. Again, 

the severe neutropenia of our patients may explain our observations. On the other hand, in 

the presence of the O/O MBL2 genotype children experienced more cumulative PICU days 

associated with febrile neutropenia as compared to the A/O and A/A children − without any 

association with microbiological findings. 

This finding suggests that MBL deficiency may indeed play a role in pediatric oncology 

patients, but first, it should be confirmed in a larger trial. Also, MBL deficiency may be 

associated with earlier relapse, which may be in line with the finding of an earlier age of 

onset and increased frequency of acute lymphoblastic leukemia (ALL) in MBL-deficient 

patients. However, any definite or causative molecular mechanism remains unclear.21 Since 

this association was most pronounced in the lymphoma group, while absent in the leukemia 

or more homogenous ALL subgroup, tumor type and stage of malignancy may well account 

for this difference. However, our cohort was too small to investigate this kind of association. 

In conclusion, MBL deficiency does not increase infection susceptibility in a heterogeneous 
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group of pediatric cancer patients.7;22;23 Still, MBL-deficiency may be associated with a longer 

cumulative duration of PICU admission and patients with mildly intense chemotherapy treatment 

may suffer from more severe infection. In addition, a possible association between specific 

tumor types and earlier relapse should be further investigated. These three issues should be 

addressed in large multicenter studies with enough statistical power to adjust for important 

factors, such as tumor type, stage of disease and intensity of related chemotherapy. 

MBL in cystic fibrosis (CF) patients

We demonstrated that variant MBL2 alleles were associated with more frequent colonization 

of the respiratory tract of CF patients with Stenotrophomonas maltophilia, an emerging 

opportunistic infection, isolated with increasing frequency from the airways of CF 

patients.24;25 Since MBL deficiency has been associated with younger age at first colonization 

of Pseudomonas aeruginosa as well26;27, MBL-deficient CF patients may require frequent 

sputum cultures to diagnose microorganisms. In addition, they may benefit from aggressive 

treatment, including non-CF-specific opportunistic microorganisms such as S. maltophilia. 

In contrast to our expectations, MBL-deficient CF patients had better FEV1 values than 

MBL-sufficient patients. This finding was caused by the fact that young O/O patients had 

very high FEV1 values compared to A/O and A/A patients. In contrast, adults of 30-40 years 

of age had very low FEV1 values, irrespective of MBL2 genotype. Previously, a similar trend 

has been shown in MBL-deficient (i.e. MBL levels < 0.20 μg/mL) patients under and above 

15 years of age.28 An explanation for these observations may lay in the dual role that has 

been proposed for MBL before. High MBL levels have been related to an increased risk for 

ischemia/reperfusion injury and vascular disease in children with Kawasaki and in patients 

with diabetes.29-31 Low MBL concentrations may limit the innate host response at the first 

encounter with these microorganisms, while MBL-sufficient children react with excessive 

complement activation and inflammation, leading to an early initial decrease in lung function. 

On the other hand, bacterial colonization of the respiratory tract may be more prominent in 

MBL-deficient CF patients, resulting in decreased lung function over time. 

In contrast to the observations reported in other publications, reporting 12 and 17 patients 

with lung transplantation, respectively32;33, variant MBL2 genes were not overrepresented in 

the subgroup of 46 patients requiring lung transplantation in our cohort. Because our patients 

were included ten years later than the previously described patients, the improved treatment 

of CF patients during the last decades may well explain the lack of association between MBL 

deficiency and end-stage lung disease in our cohort. In conclusion, MBL deficiency may have 

an age- and treatment related effect in CF patients, but the role of the MBL2 gene as an 

important CF modifier gene remains debated. 
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MBL and autoimmunity in children

MBL in patients with juvenile rheumatoid arthritis

Genetically determined MBL deficiency does not increase susceptibility to JRA, but MBL 

does appear to have a dual immunomodulating effect. On the one hand, children with low-

expressing MBL2 genotypes developed polyarthritis at younger age. Increased susceptibility 

to infections as a potential trigger of polyarthritis, or ineffective clearance of infectious agents 

in the pathophysiology of JRA, may be the explanation.34 On the other hand, the XA/O and 

O/O MBL2 genotypes appear to be beneficial once oligoarthritis has developed, since they 

are associated with an increased frequency of remission. An explanation may be that the 

local MBL itself may lead to complement-mediated inflammation in the synovium, sustaining 

active disease. Harmful effects of high MBL levels have been shown in other disease entities 

as well. To discover the possible contribution of MBL to JRA disease severity, molecular 

mechanisms, such as the interaction of MBL with immune complexes, the presence of anti-

MBL autoantibodies and the role of activation of the complement system, should be studied. 

MBL substitution in children

Clinical trial in pediatric oncology patients

We demonstrated that MBL substitution in 12 pediatric oncology patients was safe and that 

therapeutic MBL trough levels were reached with our twice weekly dosing schedule. It also 

increases MBL-mediated complement activation and opsonophagocytosis of zymosan, but to 

a suboptimal level. In contrast to our expectations, the trough level of 1.00 μg/mL MBL, that 

was considered therapeutic, is apparently not sufficient for optimal complement activation and 

opsonophagocytosis in pediatric oncology patients. Several explanations, such as the 40% loss 

of complement-activating ability during the purification of MBL, defective MASP-2-mediated 

lectin pathway activation or decreased alternative pathway activity at the time of the MBL 

infusions in these oncology patients are possible. These findings may indicate that pediatric 

neutropenic oncology patients are not a suitable target group for MBL substitution. Currently, 

recombinant MBL is being administered to MBL-deficient children with febrile neutropenia 

following cancer treatment (www.clinicaltrials.gov, NCT00520325). The biological efficacy 

results of this trial will hopefully provide more insight regarding MBL substitution in pediatric 

oncology patients.
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Future target groups

The findings of our cohort study and our clinical trial indicate that pediatric oncology patients 

with chemotherapy-induced neutropenia may not be a suitable target group for MBL 

substitution. First, there is too much debate on the question whether MBL-deficient pediatric 

oncology patients suffer from more or more severe infections as compared to MBL-sufficient 

patients at all.7;22;23;35;36 Probably, optimal opsonophagocytosis is impossible due to the lack 

of neutrophils during severe neutropenia.19 When the lack of neutrophils would be the only 

problem, patients with mild chemotherapy courses and consequent less severe neutropenia 

would be able to benefit from MBL substitution. However, our in vitro data demonstrated 

a suboptimal increase in C3 activation and opsonophagocytosis after substitution with 

plasma-derived MBL in oncology patients. As yet, this seems to be a patient-related and 

not a product-related problem. One of the patient-related problems may be decreased 

alternative pathway activity during neutropenia. The product-related problem, a 40% loss of 

complement-activating ability during the purification process of MBL, may be overcome by 

dosages adjusted to obtain higher therapeutic levels. 

Other patient groups that have been suggested to possibly benefit from MBL substitution 

are premature neonates and CF patients.8;37 Previously, MBL substitution therapy appeared to 

stabilize the clinical course and improve the lung function of a single CF patient.37 However, 

to date, there is too much debate on the importance of MBL2 as a CF modifier gene to start 

MBL substitution trials in these patients. Since MBL deficiency in CF patients seems to be 

related to earlier colonization of the respiratory tract by P. aeruginosa and other CF-related 

bacteria26;27;38, MBL substitution may appear to be beneficial in these patients. However, 

timing, frequency and duration of MBL substitution in CF patients are as yet difficult to 

define. 

A target group that indeed may benefit from MBL substitution consists of premature 

neonates admitted to the NICU. In the presence of reduced MBL levels these premature 

patients have been repeatedly shown now to suffer more frequently from neonatal sepsis 

and pneumonia.8;12;15 Therefore, MBL substitution in premature neonates who are expected 

to stay at the NICU for a prolonged period may prevent hospital-acquired sepsis or other 

infections. 

Conclusions

MBL deficiency appears to be clinically relevant in the different immunocompromised patient 

groups that we studied, as well as in JRA, an auto-inflammatory disease of childhood. 

However, the magnitude of its influence differs between patient groups and also within 

children with the same disease. Furthermore, MBL may have a dual role in certain diseases. 

Whereas MBL deficiency increases susceptibility to infection, low MBL levels may protect the 
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individual from damage as a result of excessive complement activation once infection has 

occurred. Large multicenter cohort studies are required in representative study populations, 

with clear outcome definitions, a well-defined follow-up period and adjustment for potential 

confounders. 

But first of all, it is very important to achieve consensus on the best definition of MBL 

deficiency. Until then, we recommend to always study both MBL levels and MBL2 genotype. 

In our opinion, phenotypic MBL deficiency should be defined by a robust opsonophagocytosis 

assay of a certain test particle (e.g. zymosan) and not solely by MBL plasma levels because 

MBL-mediated complement activation may be low despite sufficient MBL plasma levels. For 

genotype comparisons, two options seem justified. The first is to compare variant MBL2 

alleles with wild-type MBL2 alleles, whereas one may also choose to compare the haplotypes 

with low-expressing activity (XA/O+O/O) with the remaining haplotypes. 

Pediatric oncology patients have been proposed to benefit from MBL substitution, but 

our observations cast doubt on this. Premature neonates who are prone to hospital-acquired 

infections during their prolonged NICU stay may be a more suitable target group that may 

show most of the benefit ascribed to MBL to date. 
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General overview

Mannose-binding lectin (MBL) is a liver protein that plays an important role in the innate 

immune response. This innate immune response is responsible for the first line of defense 

against infection, especially in children and immunocompromised individuals, where the 

adaptive immune response is immature or impaired.1 After binding of MBL to carbohydrate 

structures on the surface of various pathogens, the lectin pathway of the complement 

system is activated leading to enhanced opsonophagocytosis.2;3 MBL deficiency, as defined 

by decreased plasma levels of functional MBL, has been associated with increased infection 

susceptibility in a wide variety of diseases.4 

The main objective of this thesis was to determine the clinical significance of MBL deficiency, 

especially in immunocompromized children. We studied a cohort of 88 neonates admitted to 

the neonatal intensive care unit, a cohort of 222 pediatric (≤18 years) oncology patients with 

chemotherapy-induced neutropenia, and a cohort of 247 cystic fibrosis patients aged 0-54 

years (139 children). 

Secondly, MBL has been suggested to be associated with autoimmunity, possibly by 

ineffective clearance of apoptotic cells. Therefore, we studied the possible role of MBL 

deficiency on susceptibility to and severity of juvenile rheumatoid arthritis (JRA) in a cohort of 

218 patients. 

Finally, we evaluated the possibilities of MBL substitution. In the literature, MBL-deficient 

children with chemotherapy-induced neutropenia were proposed to benefit from MBL-

substitution. MBL substitution with plasma-derived MBL has been shown to be safe in a phase 

I trial in 20 healthy MBL-deficient adults.5 Therefore, we performed an open, uncontrolled 

phase II clinical trial to study the pharmacokinetics, safety and biological efficacy of MBL 

substitution in 12 MBL-deficient pediatric oncology patients with chemotherapy-induced 

neutropenia. 

MBL and infection risk in children

In Chapter 1 we systematically reviewed all literature to evaluate whether MBL deficiency 

is associated with frequency and severity of infection in different pediatric populations and 

identify which patients may possibly benefit from MBL substitution. MEDLINE, EMBASE 

and CENTRAL were searched for articles reporting on MBL and infections in children and 

adolescents (<21 years) published between 1966 and December 2007. The validity of each 

included study was assessed. Information extracted from the article included study design, 

population, MBL genotype and phenotype, infectious outcome, follow-up and risk estimates. 

Studies were divided in five study groups: general infections (n=4), upper and/or lower 

respiratory tract infections (n=16), neonates (n=6), and patients with cancer (n=6) or cystic 
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fibrosis (n=1). Thirteen out of 33 studies reported a significant association between MBL 

deficiency and infection. An association between MBL deficiency and infection in hospitalized 

children was found as well as an association between MBL deficiency and recurrent respiratory 

infections, but not otitis media. Neonates with low MBL levels, in contrast to genetically-

defined MBL deficiency, appeared to have an increased risk for neonatal sepsis. The studies 

on pediatric oncology patients were inconclusive. Validity and definitions for MBL deficiency 

and outcome varied widely between the studies. We concluded that MBL deficiency was 

not a major risk factor for infection in the general population. However, in the presence or 

co-existence of another underlying disease or immune defect, MBL deficiency indeed appears 

to increase infection susceptibility. No patient group(s) that may definitely benefit from MBL 

substitution could as yet be identified in our systematic review. Further research in pediatric 

oncology patients and children admitted to (neonatal) intensive care units is required, but 

first, consensus should be achieved on the best definition of MBL deficiency. 

MBL in immunocompromised children

MBL in neonates

Neonates are considered to be immunocompromised because adaptive immunity has not yet 

been developed and their defense depends on maternal antibodies and innate immunity.6 

Consequently, they are prone to develop infections, especially premature neonates admitted 

to the neonatal intensive care unit (NICU).7;8 Chapter 2 describes the prevalence and the 

clinical and methodological difficulties of defining MBL deficiency in neonates. We determined 

all six known MBL2 single nucleotide polymorphisms (SNPs) in combination with MBL plasma 

levels. Low neonatal MBL levels appeared to be associated with MBL2 genotype and low 

gestational age. Probably, prematurity is associated with insufficient MBL production by the 

liver. As a consequence, plasma level measurements are more reliable than MBL2 genotype to 

predict low MBL plasma levels at birth. The prevalence of MBL deficiency with plasma levels 

below 0.70 μg/mL at birth was very high (41%) and increased as compared to healthy adult 

controls (≈30%).

In addition, we demonstrated that umbilical cord blood, which is more easily obtained 

than neonatal blood, can be used to detect possible MBL deficiency in neonates. Also, MBL 

plasma levels at birth were not likely to be influenced by an acute phase reaction. Since MBL 

plasma levels increased during the first weeks after birth in neonates with “MBL-sufficient” 

genotypes, analysis of MBL2 genotype has additive value to predict the likelihood of any 

increase of MBL plasma level in the first weeks of life. 

In conclusion, both MBL plasma level at birth and MBL2 genotype should be determined 

to assess MBL deficiency in neonates. Because almost half of the NICU patients appeared 
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to be MBL-deficient, a possible association with infection may have important clinical and 

therapeutic implications in neonates. 

In Chapter 3 we studied therefore whether low MBL levels or variant MBL2 genotypes 

were associated with the occurrence of clinical early-onset sepsis during the first 72 hours 

after birth, and with severe infections, i.e. culture-proven sepsis or pneumonia, during the 

first month of life. Our findings in 88 neonates suggested that MBL deficiency increased the 

susceptibility to infections in premature and term NICU-patients. Both the presence of low 

(≤ 0.70 μg/mL) MBL plasma levels at birth and variant MBL2 genotypes, i.e. the presence 

of exon-1 mutations, appeared to be associated with early-onset sepsis. The association 

between low MBL plasma levels and risk of early-onset sepsis was maintained after adjustment 

for gestational age in multivariate analyses. In addition, neonates with low MBL plasma levels 

showed an increased risk of severe infections during the first month of life compared to 

neonates with normal plasma levels. 

MBL in pediatric oncology patients

Infections during chemotherapy-induced neutropenic episodes are an important cause of 

morbidity and mortality in pediatric oncology patients.9;10 MBL deficiency has been proposed 

to increase infection susceptibility in these patients.11 In Chapter 4, we prospectively 

determined MBL2 genotype and MBL plasma levels in 110 children with cancer who were 

expected to become neutropenic due to their prior course of chemotherapy. Patients were 

divided in high (YA/YA+YA/XA), medium (XA/XA+YA/O) and low (XA/O+O/O) genotype 

expression groups, corresponding with high, intermediately reduced and almost absent MBL 

plasma levels, respectively. We did not find an association between MBL deficiency, defined as 

the medium and low genotype group, and severity of infection, as measured by the duration 

of fever and the presence of pneumonia, positive blood cultures, sepsis, or intensive care unit 

admissions. 

Individual MBL levels increased during the febrile episode in 36% and 70% of the patients 

in the medium and high expression group, respectively. The HYPA haplotype was associated 

with the highest increase in MBL levels, whereas most patients with exon-1 mutations did not 

show any rise in plasma level. As expected, also the MBL levels in the low genotype expression 

group (XA/O+O/O) remained below <0.10 μg/mL during the whole episode because of the 

inability to synthesize any functional MBL. 

Surprisingly, the seven children who were admitted to the pediatric intensive care unit 

(PICU) during febrile neutropenia all had MBL levels >1.00 μg/mL, septic shock being the 

main reason for admission. To further evaluate this possible association, we extended this 

pediatric oncology patient cohort to 222 patients. In Chapter 5, we investigated whether 

MBL is a prognostic factor for disease severity in childhood cancer looking at the need for 

and complications during PICU admission, relapse of malignancy or death. We studied the 

influence of heterozygous or homozygous variant exon-1 genotypes, i.e. A/O or O/O, and of 
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MBL deficiency, which was defined by plasma levels <0.20 μg/mL. Sixty out of a total of 222 

children 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 and in 

children with MBL deficiency. The median cumulative duration of all PICU admissions with 

febrile neutropenia was increased in children with the O/O genotype (18 days) as compared 

to the A/O and A/A children (6 days). 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 relapsed significantly earlier than the 

remaining patients. After stratification for tumor type, this association was most pronounced in 

the lymphoma group, while absent in the leukemia or more homogenous acute lymphoblastic 

leukemia subgroup. 

In 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 all 

PICU admissions associated with febrile neutropenia. Moreover, MBL deficiency was associated 

with earlier relapse, 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.

MBL in cystic fibrosis patients

Cystic Fibrosis (CF) is an inherited lethal disease that is caused by mutations in the cystic 

fibrosis transmembrane conductance regulator (CFTR) gene. Colonization with bacteria leads 

to chronic inflammation of the lungs, which ultimately leads to respiratory insufficiency and, 

when lung transplantation is not possible, death.12 MBL2 gene polymorphisms have been 

suggested to influence the clinical outcome of CF patients. In Chapter 6 we investigated 

whether MBL2 genotype (A/A versus A/O versus O/O) and MBL deficiency, i.e. the XA/O and 

O/O haplotypes, were associated with lung function, (onset of) pulmonary colonization of 

bacteria, and lung transplantation in 247 CF patients. Of these, 139 were children ≤ 18 years 

and 108 were adults. Especially in children, the O/O MBL2 genotype was associated with more 

frequent colonization of the respiratory tract by Stenotrophomonas maltophilia, an emerging 

opportunistic pathogen, but not with an earlier age at first colonization with Pseudomonas 

aeruginosa. Variant MBL2 alleles were not overrepresented in the largest group of CF patients 

(n=46) tested thus far, who required lung transplantation. MBL-deficient patients had 10% 

higher lung function than MBL-sufficient patients, as a consequence of the very good lung 

function in MBL-deficient children, whereas lung function was severely decreased in MBL-

deficient adults. 
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MBL and autoimmunity in children

MBL in patients with juvenile rheumatoid arthritis

Juvenile rheumatoid arthritis (JRA) is a rheumatic disease of childhood, and includes a 

heterogeneous group of patients with different characteristics, clinical manifestations, 

serological parameters, and genetic background. Although the etiology of JRA is still unknown, 

it appears to be a combined action of environmental, hormonal, and genetic factor.13-15 MBL 

is suggested to modulate inflammation and autoimmune disease.16;17 Although unproven, it 

has been hypothesized that infection may trigger JRA in genetically susceptible patients.18;19 

In this view, MBL deficiency may predispose to JRA. In chapter 7, we studied the association 

between MBL2 genotypes and clinical and laboratory variables in 218 patients with JRA. Of 

these, 151 had oligoarthritis and 67 had polyarthritis. MBL deficiency was defined as the 

presence of the XA/O and O/O haplotypes. MBL2 genotype frequencies of these patients did 

not differ from those of 194 healthy controls. Thus, susceptibility to JRA was not associated 

with MBL2 genotype. Instead, MBL seems to have a dual role in JRA. On the one hand, 

children with low levels of MBL develop polyarthritis at younger age. Increased susceptibility 

to infections as a potential trigger of polyarthritis, or ineffective clearance of infectious agents 

in the pathophysiology of JRA, may be the explanation in case of MBL deficiency. On the other 

hand, the MBL-deficient genotypes appear to be beneficial once oligoarthritis has developed, 

since they are associated with an increased frequency of remission. An explanation may be 

that the local MBL itself may lead to complement-mediated inflammation in the synovium, 

sustaining active disease. 

MBL substitution in children

In 2001, Neth et al. described that variant MBL2 genotypes and MBL levels below 1.00 μg/mL 

were associated with a longer duration of febrile neutropenia in 100 children with cancer.11 

Therefore, MBL-deficient pediatric oncology patients were proposed to benefit from MBL 

substitution. Plasma-derived MBL substitution had been previously proven to be safe in a 

phase I trial on MBL in 20 healthy MBL-deficient adult volunteers.5;20 

We have now performed an open, uncontrolled phase II clinical trial on plasma-derived 

MBL substitution in 12 MBL-deficient pediatric oncology patients with chemotherapy-induced 

neutropenia to study the pharmacokinetics, safety and biological efficacy, as a surrogate 

end-point, of MBL substitution. In addition, clinical infectious parameters and hospitalizations 

were recorded to monitor possible clinical efficacy. 

In Chapter 8, we describe the study design and protocol of the trial, as well as the 

pharmacokinetic, safety and clinical results. Twelve patients received infusions of plasma-derived 

MBL prepared by Statens Serum Institut (SSI), twice weekly during a chemotherapy-induced 
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neutropenic episode (range: 1-4 weeks). To increase the amount of participants, the last 5 

patients only received a single infusion according to an amendment in the study protocol. 

Four patients received multiple courses of MBL infusions, 8 courses in total. Therefore, 20 

episodes of MBL substitution were studied. Target levels of 1.00 μg/mL were considered 

therapeutic. 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, 

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 final MBL infusion. 

Chapter 9 describes the recovery of MBL-dependent in vitro complement activation and 

opsonophagocytosis of zymosan (a yeast-derived test particle) after in vivo MBL substitution in 

the 12 neutropenic pediatric oncology patients. 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%), 

and reduced to 45% prior to the second infusion. MBL-mediated complement C3 and C4 

activation increased comparable to opsonophagocytosis. Opsonophagocytosis increased over 

time after repeated MBL infusions. Suboptimal opsonophagocytosis results during the first 24 

hours after MBL substitution, could be explained by reduced MBL-associated serine protease 

(MASP)-2 activation as well as limited alternative pathway complement activation in some of 

the patients.

In this clinical trial, we 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. In addition, MBL 

substitution therapy not only restores MBL levels in vivo, but also increases MBL-mediated 

complement activation and opsonophagocytosis of zymosan. However, the calculated trough 

level of 1.00 μg/mL MBL may not be sufficient to reach optimal opsonic function in pediatric 

oncology patients. Also, it can be debated whether these patients will benefit the most from 

MBL substitution therapy at all. 

In Chapter 10 we discuss all studies described in this thesis. MBL deficiency appears to 

be clinically relevant in the different immunocompromised patient groups that we studied, 

as well as in JRA, an auto-inflammatory disease of childhood. However, the magnitude of its 

influence differs between patient groups and also within children with the same disease. It 

is very important to achieve consensus on the best definition of MBL deficiency. Until then, 

we recommend to always study both MBL levels and MBL2 genotype. Pediatric oncology 

patients have been proposed to benefit from MBL substitution, but our observations cast 

doubt on this. Premature neonates who are prone to hospital-acquired infections during their 

prolonged NICU stay may be a more suitable target group that may show most of the benefit 

ascribed to MBL to date. 
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Algemeen overzicht

Het immuunsysteem, oftewel afweersysteem, bestaat uit een verzameling van cellen en 

eiwitten die het lichaam beschermt tegen infecties met ziekteverwekkers (pathogenen), zoals 

virussen en bacteriën. Dit immuunsysteem kan onderverdeeld worden in een natuurlijke en 

een specifieke afweer. Het natuurlijke afweersysteem is aangeboren en kan direct in actie 

komen als het een nieuwe ziekteverwekker tegenkomt. Het specifieke afweersysteem heeft 

wat meer tijd nodig, maar dit systeem zorgt voor een versterkte reactie bij het herhaaldelijk 

tegenkomen van dezelfde ziekteverwekkers.

Mannose-bindind lectine (MBL) is een eiwit dat gemaakt wordt in de lever en dat een 

belangrijke rol speelt bij de natuurlijke afweer. Daarom speelt MBL vooral een rol bij kinderen, 

waarin de specifieke afweer zich nog niet volledig ontwikkeld heeft, en bij patiënten van 

wie de afweer verstoord is. MBL herkent suikerstructuren, zoals mannose, aan het oppervlak 

van verschillende ziekteverwekkers. Na binding hieraan wordt een onderdeel van het 

immuunsysteem (het complement systeem) geactiveerd. Dit leidt uiteindelijk tot opsonisatie 

(het omringen van de ziekteverwekker met eiwitten) en fagocytose, het ‘opeten’ van de 

ziekteverwekkers. Veranderingen (mutaties) in het MBL gen (de erfelijke aanleg) zorgen voor 

een MBL tekort in het bloed. Bij gezonde mensen heeft dit geen betekenis, maar in patiënten 

met bepaalde ziekten kan het voor een verhoogde infectie gevoeligheid zorgen. In medische 

artikelen worden veel verschillende definities voor MBL-deficiëntie gebruikt. Mensen hebben 

een normaal (sufficiënt) MBL gehalte, een verlaagd MBL gehalte of een bijna afwezig MBL 

gehalte. De laatste twee groepen worden vaak allebei MBL-deficiënt genoemd. Sommige 

studies gebruiken de aanwezigheid van mutaties in het erfelijk materiaal om MBL-deficiëntie 

te definiëren, anderen bepalen een afkapwaarde van de MBL concentratie in het bloed, 

alhoewel deze waarde per studie verschilt.

Het doel van het in dit proefschrift beschreven onderzoek was het bepalen van de 

invloed van MBL-deficiëntie, vooral bij kinderen met een verminderde afweer of verhoogde 

infectiegevoeligheid. We hebben vier groepen patiënten bestudeerd. Pasgeborenen (neonaten) 

die opgenomen waren op de intensive care afdeling, kinderen met chemotherapie (≤18 jaar), 

kinderen met jeugdreuma en patiënten (0-54 jaar) met taaislijmziekte. Tenslotte hebben we 

de mogelijkheden van het toedienen van MBL geëvalueerd bij 12 kinderen met kanker.

MBL en infectie risico in kinderen

In hoofdstuk 1 hebben we een systematisch literatuuronderzoek gedaan om te evalueren 

in welke groepen kinderen MBL-deficiëntie geassocieerd is met infectie en om patiënten die 

mogelijk baat hebben bij het toedienen van MBL te identificeren. De studies werden verdeeld 

in vijf studiegroepen: algemene infecties (n=4), bovenste en onderste luchtweg infecties 
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(n=16), pasgeborenen (n=6), en patiënten met kanker (n=6) of taaislijmziekte (n=1). In 13 

van de 33 studies was er een verband tussen MBL-deficiëntie en het optreden van infectie. 

De studies waren echter moeilijk te vergelijken omdat de definities voor MBL-deficiëntie 

en infectie erg varieerden. In een aantal studies leek er een duidelijke relatie te zijn tussen 

MBL-deficiëntie en infecties bij kinderen die waren opgenomen in het ziekenhuis en tussen 

MBL-deficiëntie en luchtweginfecties. Pasgeborenen met lage MBL waarden in het bloed, in 

tegenstelling tot neonaten met alleen mutaties in het MBL gen, bleken een verhoogd risico 

op bloedvergiftiging (sepsis) te hebben. De studies over kinderen met kanker spraken elkaar 

tegen. Samenvattend lijkt MBL-deficiëntie dus de vatbaarheid voor infectie te verhogen als er 

bepaalde onderliggende ziekten of afweerstoornissen zijn.

MBL in kinderen met verminderde afweer

MBL in pasgeborenen

Te vroeg geboren pasgeborenen (neonaten) die op de intensive care liggen hebben een 

grote kans op infecties omdat de specifieke afweer nog niet ontwikkeld is. Hierdoor zijn ze 

afhankelijk van de natuurlijke afweer en eiwitten van de moeder. 

Hoofdstuk 2 beschrijft dat verlaagde MBL concentraties voorkomen in 41% van deze 

pasgeborenen. Een verhoogde vatbaarheid voor infecties zou dus belangrijke klinische en 

therapeutische consequenties hebben.

Lage MBL waarden bleken niet alleen bepaald te worden door de genetische aanleg (het 

MBL genotype), maar ook met het te vroeg geboren zijn. Waarschijnlijk maakt de lever dan nog 

niet genoeg MBL aan. In de eerste weken na de geboorte herstelt dit zich. Voor het bepalen 

van MBL-deficiëntie bij pasgeborenen zijn MBL bloedconcentraties dus betrouwbaarder dan 

MBL genotypes. We toonden aan dat de beste afkapwaarde in pasgeborenen 0.70 μg/ml 

was, dat navelstrengbloed gebruikt kan worden voor deze metingen

In hoofdstuk 3 bestudeerden we de relatie tussen MBL en infectie in 88 pasgeborenen 

(zwangerschapsduur 28 tot 42 weken). We laten zien dat lage MBL waarden maar ook MBL 

mutaties geassocieerd waren met het optreden van bloedvergiftiging in de eerste 72 uur na 

de geboorte en met ernstige bewezen infecties in de eerste maand na de geboorte, d.w.z. 

bloedvergiftiging of pneumonie (longontsteking). De associatie met lage MBL concentraties 

was ook aanwezig na correctie voor zwangerschapsduur in een statistische analyse.

MBL in kinderen met kanker

Chemotherapie in kinderen met kanker zorgt voor een tekort aan witte bloedcellen 

(neutropenie), waardoor deze kinderen een vergrote kans op infecties hebben. Een 
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onderzoek in 100 engelse kinderen met chemotherapie had aangetoond dat MBL-deficiëntie 

de vatbaarheid voor infecties in deze patiënten nog meer verhoogt. 

In hoofdstuk 4 worden 110 kinderen met chemotherapie bestudeerd. Patiënten werden 

verdeeld groepen met hoge, medium (verlaagde) en lage (bijna afwezige) MBL concentraties 

op basis van het genotype. We vonden geen associatie tussen MBL-deficiëntie (medium en 

lage MBL groep) en infectie, gemeten als de duur van de koorts en de aanwezigheid van 

een longontsteking, aangetoonde bacteriën in het bloed, bloedvergiftiging of intensive care 

opname. In tegenstelling tot de eerdere studie leken de MBL-deficiënte kinderen dus niet 

vaker infecties te hebben. Het tekort aan witte bloedcellen dat neutropene kinderen hebben, 

zou dit kunnen verklaren. Deze witte bloedcellen zijn namelijk nodig zijn voor fagocytose, het 

opeten van ziekteverwekkers.

In tegenstelling tot onze verwachting hadden de zeven kinderen die werden opgenomen 

op een intensive care (IC) afdeling tijdens een infectie normale MBL concentraties (>1.00 μg/

ml). Om te onderzoeken of hoge MBL concentraties niet juist schadelijk zijn als er een infectie 

optreedt (en dus voor IC opname zorgen) hebben we de groep patiënten met chemotherapie 

uitgebreid naar 222 kinderen.

In hoofdstuk 5 onderzochten we vervolgens of MBL een prognostische factor is voor 

ernst van de ziekte bij deze kinderen. We bestudeerden de invloed van mutaties in het 

MBL gen en van hele lage MBL concentraties (<0.20 μg/ml). Zestig van de 222 kinderen 

werden 80 keer opgenomen op de IC. Het aantal IC opnames was onafhankelijk van MBL 

mutaties of lage concentraties. De gemiddelde cumulatieve duur van alle IC opnames met een 

infectie (koorts) tijdens neutropenie was verhoogd bij kinderen met een genotype dat voor 

bijna afwezige MBL concentraties zorgt (18 dagen) vergeleken bij kinderen met de andere 

genotypes (6 dagen). Tijdens de eerste IC opname van elke patiënt waren het genotype en 

de MBL concentratie echter niet geassocieerd met aanwezigheid van bacteriën in het lichaam, 

symptomen van infectie of laboratoriumuitslagen. Het MBL genotype is dus niet geassocieerd 

met de frequentie of ernst van aparte IC opnames, maar bijna afwezige concentraties zijn 

misschien wel een risicofactor voor de totale duur van alle infectie-gerelateerde IC opnames. 

Er wordt gesuggereerd dat kinderen met kanker en koorts bij neutropenie baat hebben 

bij MBL toediening (substitutie), maar de specifieke doelgroep en/of conditie waarin ze het 

meest baat hebben konden wij niet identificeren in deze twee studies.

MBL in patiënten met taaislijmziekte

Bij taaislijmziekte, oftewel cystic fibrosis (CF), raken de luchtwegen overwoekerd met bacteriën, 

waardoor de longen chronisch ontsteken. Dit leidt uiteindelijk tot een falende ademhaling 

(respiratoire insufficiëntie) en, als longtransplantatie niet mogelijk is, overlijden. Mutaties in 

het MBL gen lijken het ziektebeloop van CF patiënten te beïnvloeden. 

In hoofdstuk 6 onderzochten we in 247 CF patiënten of MBL mutaties geassocieerd 

waren met longfunctie, bacteriële overwoekering van de longen en longtransplantatie. 
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Deze groep bevatte 139 kinderen ≤ 18 jaar en 108 volwassenen. Vooral bij kinderen met het 

genotype met de bijna afwezige MBL concentraties waren de longer vaker overwoekerd met 

Stenotrophomonas maltophilia, een nieuw opkomende ziekteverwekker. De longen van deze 

kinderen raakten echter niet op jongere leeftijd vol met Pseudomonas aeruginosa, de bacterie 

die het meest voorkomt in de longen van CF patiënten. MBL-deficiënte patiënten hadden een 

10% betere longfunctie dan MBL-sufficiënte patiënten. Dat kwam door de erg goede (100%) 

longfunctie in MBL-deficiënte kinderen vergeleken met MBL-sufficiënte kinderen (90%). De 

longfunctie was erg laag in alle volwassenen en het MBL genotype was niet geassocieerd met 

longtransplantatie. 

MBL en reuma

MBL in patiënten met jeugdreuma

Alhoewel men niet precies weet hoe jeugdreuma ontstaat, lijken omgevings-, hormonale en 

genetische factoren een rol te spelen. MBL lijkt invloed te hebben op het ontstaan en beloop 

reuma bij volwassenen. Men denkt dat infecties jeugdreuma uit zouden kunnen lokken in 

vatbare patiënten. In dat geval zou MBL-deficiëntie ook een rol kunnen spelen. 

In hoofdstuk 7 hebben we de invloed van MBL op de vatbaarheid voor en het beloop van 

jeugdreuma onderzocht in 218 patiënten. Er deden kinderen met twee soorten jeugdreuma 

mee, 151 kinderen hadden oligoarthritis (enkele gewrichten aangedaan) en 67 kinderen 

hadden polyarthritis (meerdere gewrichten aangedaan). MBL-deficiëntie was gedefinieerd als 

het genotype met bijna afwezige MBL concentraties en kwam even vaak voor in patiënten 

als in gezonde volwassenen. MBL leek wel een, tweezijdige, rol te spelen bij patiënten met 

jeugdreuma. MBL-deficiënte kinderen ontwikkelden polyarthiritis op jongere leeftijd dan MBL-

sufficiënte kinderen. Verhoogde infectie gevoeligheid of het niet goed kunnen verwijderen 

van ziekteverwekkers die mogelijk een rol spelen in het ontstaan van jeugdreuma, zouden 

dit kunnen verklaren. Aan de andere kant herstelden de MBL-deficiënte kinderen vaker 

van oligoarthritis dan de MBL-sufficiënte kinderen. Mogelijk onderhoudt het MBL dat in de 

ontstoken gewrichten zit de ontsteking in de MBL-sufficiënte kinderen.

MBL substitutie in kinderen

Er wordt gesuggereerd dat MBL-deficiënte kinderen met chemotherapie baat zouden 

kunnen hebben bij het toedienen van MBL gedurende de periode dat het aantal witte 

bloedcellen verlaagd is (neutropenie). Gezuiverd MBL kan worden verkregen uit bloed van 

gezonde volwassen bloeddonoren. Het werd veilig toegediend aan MBL-deficiënte gezonde 

volwassenen (getest in een zogenaamde ‘fase-1’ studie). Als vervolg hierop hebben wij 
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gezuiverd MBL toegediend aan 12 MBL-deficiënte kinderen met chemotherapie in een ‘fase-2’ 

studie. Het doel was om 1). een sufficiënte MBL waarde van 1.00 μg/ml te bereiken, 2). 

de aanwezigheidsduur en uitscheiding van het medicijn in het lichaam (farmacokinetiek) te 

bestuderen, 3) de veiligheid te evalueren en 4). de biologische effectiviteit (het activeren van 

het afweersysteem door MBL) te bepalen. Tegelijkertijd werd gekeken of de kinderen wel of 

geen infectie kregen. 

In hoofdstuk 8 laten we zien dat sufficiënte MBL waarden (>1.00 μg/ml) voorspeld en 

bereikt werden met tweewekelijkse MBL toediening in 12 kinderen met kanker. Er traden 

geen MBL-gerelateerde bijwerkingen op bij herhaaldelijke MBL toediening. De farmacokinetiek 

van MBL in MBL-deficiënte kinderen is vergelijkbaar met volwassenen, na correctie voor 

lichaamsgewicht. Na 36 uur was de MBL concentratie in het bloed weer gehalveerd. Bij geen 

van de patiënten ontstonden antistoffen tegen MBL. 

In hoofdstuk 9 beschrijven we de biologische activiteit van het MBL in het bloed van de 12 

kinderen die MBL toegediend kregen. Daartoe werd in het laboratorium (in vitro) het herstel 

van de MBL-afhankelijke activering van een onderdeel van het afweersysteem (complement) 

en het opeten (opsonisatie) van een gistdeeltje in het bloed van deze patiënten gemeten. 

Na toediening van MBL verhoogde de opsonisatie van het gistdeeltje door bijgevoegde 

witte bloedcellen van 24% voor MBL infusie tot 75% direct na MBL infusie (vergeleken met 

controlewaarde van 100%). De MBL-gemedieerde activering van complement verhoogde 

vergelijkbaar. De gewenste MBL waarde van 1.00 μg/mL werd dus wel bereikt, maar deze 

waarde lijkt niet voldoende te zijn voor het bereiken van een optimale biologische effectiviteit 

in kinderen met kanker en chemotherapie. Omdat de MBL-deficiënte kinderen met kanker in 

hoofdstuk 4 ook niet vaker infecties kregen dan MBL-sufficiënte kinderen betwijfelen we of 

dit de goede doelgroep is voor MBL therapie.

Toekomst en aanbevelingen

In hoofdstuk 10 is een algemene discussie van dit proefschrift gegeven. MBL-deficiëntie 

lijkt vooral van betekenis (klinisch relevant) te zijn wat betreft de infectiegevoeligheid van 

pasgeborenen, maar ook bij kinderen met kanker, CF en jeugdreuma speelt MBL een rol. Om 

een betere vergelijking van de verschillende studies mogelijk te maken moet er consensus 

komen over de beste definitie van MBL-deficiëntie. Tot die tijd moet altijd de concentratie 

en het genotype gemeten worden. Toediening van gezuiverd MBL is veilig en het leidt tot 

verhoogde concentraties in het bloed, maar de biologische effectiviteit is niet optimaal. 

Vervolg onderzoek hiernaar lijkt het beste gedaan te kunnen worden in pasgeborenen. De 

studies in dit proefschrift hebben laten zien dat het eiwit MBL van belang is bij bepaalde 

groepen kinderen met een verlaagde afweer. Daarnaast is er meer bekend geworden over de 

mogelijkheden tot behandeling met MBL.
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