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SUMMARY

The collectins mannan-binding lectin (MBL) and lung surfactant protein D (SP-D) play a

significant role in innate immunity. Structural as wells as promoter variants are known for

MBL and different alleles correlate with low MBL concentrations in serum and predispose to

infectious diseases. Structural variants are also known for SP-D but these have not been

linked to disease states. The aim of the present study was to provide heritability estimates for

the constitutional levels of MBL and SP-D in children. A population of 26 monozygotic (MZ)

and 36 dizygotic (DZ) like-sexed twin pairs aged 6–9 years was studied. Intraclass correlations

were significantly higher in MZ than in DZ twins, indicating substantial genetic influence on

both MBL and SP-D levels. Biometric model fitting showed that the estimated heritability

was 0.96 (95% CI 0.92–0.97) for MBL with the presence of non-additive genetic factors and

non-shared environmental factors and 0.91 (95% CI 0.83–0.95) for SP-D with additive genetic

and non-shared environmental factors. The data indicate quantitatively very strong genetic

dependence for the serum levels of both MBL and SP-D.

INTRODUCTION

Collectins are a family of proteins composed of C-type

carbohydrate recognition domains linked to collagen regions

via an alpha-helical coil.1 The trimeric subunits oligomerize

through conserved cysteines located N-terminally of the

collagen region. Four members of the collectins are known

in man. Mannan-binding lectin (MBL) and the recently

described human collectin liver (CL-L1) are mainly

synthesized in the liver2 while lung surfactant proteins A

(SP-A) and D (SP-D) are mainly produced by the type II

cells of the lung.3 However, recent results indicate that SP-D

in humans is widely distributed at mucosal surfaces.4

The collectins take part in first-line immune defence

by binding to distinct carbohydrate determinants on the

surface of pathogenic micro-organisms and this binding

induces different effector mechanisms. After binding to

carbohydrate MBL activates the complement system

through a specific pathway.5 Low levels of MBL in serum

have been recognized as a major cause of immunodeficiency

associated with impaired opsonizing activity.6 The gene for

MBL is located on the long arm of chromosome 10q25, as

are the genes for SP-A and SP-D.7,8 Three point mutations

found in the region coding for the collagen part of MBL

have been shown to correlate with low MBL concentrations

in serum6,9,10 and polymorphisms in the promoter region

have also been found to influence the level of MBL.11

Mutations in the MBL gene may be of particular

importance in patients with deranged local immunity, such

as those with cystic fibrosis,12 in patients with acquired

immune-deficiency syndrome (AIDS)13 and in children with

infections such as meningococcal disease14 but also have

an impact on susceptibility to infections in the general

populations such as in Greenlandic children at 5–17 months

of age.15

SP-D binds to microbial surfaces and induces effector

mechanisms, such as aggregation and virus neutralization,

attracting and activating phagocytes and promoting
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phagocytosis.16 SP-D also plays a role in phospholipid

homeostasis.17,18 Polymorphisms have been described in the

SP-D gene,19 and a recent study on patients with tuber-

culosis has indicated that variations at the SP-D allele DA11

may increase the susceptibility to tuberculosis.20

Quantitative studies of twins have been used to estimate

the relative genetic influence expressed as the heritability

estimate versus the environmental pressure on the quanti-

tative trait in question.21 In recent years novel statistical

methodologies with model-fitting approaches22 have made

it feasible to obtain more exact heritability estimates and

confidence intervals.23 In the present study the heritability

of serum concentrations of the collectins MBL and SP-D

was calculated in an unselected population of like-sexed

twins in the age range 6–9 years. This information may have

a bearing on the usefulness of MBL and SP-D serum levels

in clinical practice, as well as on the importance of genetic

variation of these proteins.

MATERIALS AND METHODS

Study population

The study included 198 like-sexed twins in the age range 6–9

years who had been enrolled at birth in a study of cord-

blood immunoglobulin E and allergy. The families of the

twins were invited to participate in the present study. Out

of the 198 twins 122 individuals participated in the study

on MBL and 124 took part in the study on SP-D. Table 1

describes the study population in detail. The study was

conducted according to the Helsinki recommendations and

was approved by the Regional Committee for Research

on Human Subjects (Review Board) in the Counties of

Funen and Vejle and the corresponding board of Aarhus

County.

Measurement of serum MBL concentrations

MBL levels were determined by time resolved immuno-

fluorometric assay as previously described.24 In brief,

microwells were coated with monoclonal anti-MBL anti-

body, reacted with dilutions of test serum, and developed

with europium-labelled monoclonal anti-MBL antibody.

The within-assay coefficient of variation was 1.5% over

a concentration range of 20–4056 mg/l (n=25) and the

interassay coefficient of variation was 11.9% (n=25) at

39 mg/l (mean), 8.3% (n=50) at 260 mg/l (mean) and 8.9%

(n=50) at 1135 mg/l (mean). All samples in the study were

analysed within two runs and twin pairs were always

analysed within the same run.

Measurement of serum SP-D concentrations

SP-D concentrations in serum were measured by enzyme-

linked immunosorbent assay (ELISA). Briefly, microtitre

wells were coated with F(abk)2 prepared from rabbit anti-

SP-D antibody, by overnight incubation at 1 mg/ml in

bicarbonate buffer, pH 9.6. This incubation and all the

following steps were carried out in a volume of 100 ml per

well at room temperature with rotary shaking. Unless

otherwise stated, washes and incubations were carried out

with Tris-buffered saline (TBS), 0.05% (v/v) Tween-20 and

5 mM CaCl2 (assay buffer). The coated plates were washed

and incubated with 200 ml assay buffer for 15 min. After

washing, the plates were incubated overnight at 4u with

dilutions of serum, calibrator and control samples and

washed. They were then incubated for 1 hr with 0.5 mg
biotinylated monoclonal antibody anti-human SP-D

(Hyb246-4) per ml assay buffer. After washing, the plates

were incubated for 30 min with horseradish peroxidase-

labelled streptavidin (DAKO A/S, Glostrup, Denmark)

diluted 1/5000. After a final wash, the bound enzyme was

estimated by adding H2O2/orthophenyl diamin substrate

solution. The colour reaction was stopped by the addition of

150 ml of 1 M H2SO4. The absorbance was read at 492 nm

using a multichannel spectrophotometer. The ELISA was

set up with a serum calibrator and two quality controls. The

dynamic range of the assay was between 8 and 519 ng/ml.

The calibrator was a dilution series of a pool of sera from

four healthy humans. The quality controls were sera from

two donors with low (349 ng/ml) and high (2235 ng/ml)

serum concentrations of SP-D, respectively. The interassay

coefficients of variation were 6.2% and 9.2% (n=18),

respectively, and the intra-assay coefficients of variation

were 1.7% for both quality controls (n=7). The assay was

not subject to interference from rheumatoid factors. All

serum samples were diluted 10-fold in washing buffer and

tested in duplicate. All twin pairs were analysed within the

same run.

Genetic analysis

The effect of sex and zygosity on MBL and SP-D,

respectively, was determined using analysis of variance.

Proportions of variance attributable to genetic and

environmental factors were then assessed from variance–

covariance matrices using the structural equation model

approach22 with MX as statistical software.23

The path diagram in Fig. 1 illustrates the univariate

model for decomposing variance for the levels of MBL or

SP-D. The total phenotypic variance can be decomposed

into two genetic and two environmental components.

Additive genetic factors (A) are the effects of genes taken

singly and added over multiple loci, whereas genetic

dominance (D) represents genetic interaction (within loci).

Shared environmental effects (C) are those shared by family

members, and non-shared environmental effects (E) are the

Table 1. Mannan-binding lectin (MBL) and surfactant protein-D

(SP-D); study population divided by zygosity

Zygosity N (pairs) Mean (mg/l) SD (mg/l) Correlation

MBL

MZ 25 1662.8 1336.9 0.97*

DZ 36 1289 1325.2 0.22*

SP-D

MZ 26 621.9 255.1 0.87*

DZ 36 826.3 507.3 0.66*

*Correlations significant at 0.01 level.
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environmental influences that are unique to each individual.

The diagram indicates how each factor contributes to the

covariance within a monozygotic (MZ) or a dizygotic (DZ)

twin pair. Additive genetic factors and genetic dominance

are perfectly correlated in MZ twins whereas DZ twins, like

ordinary siblings, share only half of the additive genetic

effects and one-quarter of the genetic dominance effects.

Shared environmental effects are assumed to be perfectly

correlated inMZ and DZ twins. Lower case letters represent

genetic and environmental loadings on the trait. The model

assumes negligible effects of assortative mating, epistasis,

genotype–environment interaction and/or correlation.

Model fitting was by maximum likelihood and the

selection of the best fitting model was based on the following

criteria:

(1) a non-significant P-value in the x2 goodness of fit test;
(2) minimizing the Akaike Information Criterion

(AIC=x2x2rd.f.);

(3) no parameter could be eliminated from the model

without a significant increase in the x2 goodness of fit

statistic.

This approach reflects a balance between goodness of

fit and parsimony.

Heritability was computed as genetic variance divided

by total phenotypic variance. Genetic and environmental

variances were derived from the best fitting model.

RESULTS

Analysis of variance was carried out to examine the

differences in the mean concentrations between sex and

zygosity groups. Sex accounted for a significant proportion

of the variance in MBL. Hence, the following analyses on

MBL were based upon sex-adjusted residual variances

for MBL. The model-fitting procedures assume a Gaussian

distribution which was not the case for the SP-D values.

These were logarithmically transformed before further

analysis and the Gaussian distribution was verified by

analysis for skewness and kurtosis.

Intraclass correlations for both MBL and SP-D levels

were significantly higher in MZ twins than in DZ twins,

indicating a substantial genetic contribution to MBL and

SP-D variation (Table 1). The correlation diagrams for

MBL and SP-D in MZ and DZ twins are given in Figs 2

and 3. In MZ twins a very clear clustering was seen at the

line of identity, particularly for the MBL values, whereas

DZ twins showed a scattered pattern. Comparison of MBL

1 (MZ); 1 (DZ)

1 (MZ); 0.25 (DZ)

1 (MZ); 0.5 (DZ)

D ECAC ADE

MBL/SP-D (twin 2)MBL/SP-D (twin 2)

e c d a a d c e

Figure 1. Path model for the influences on mannan-binding lectin

(MBL) or lung surfactant protein D (SP-D) in twins. The influences

are divided into additive factors (A), genetic dominance factors (D),

and shared (C) and non-shared (E) environmental factors. Additive

genetic factors and genetic dominance factors are both perfectly

correlated in monozygotic (MZ) twins, whereas in dizygotic (DZ)

twins the correlation between additive genetic factors equals

one-half and the correlation between genetic dominance factors

equals one-quarter.
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Figure 2. Correlation diagrams for mannan-binding lectin (MBL)

concentrations (mg/l) in monozygotic twins (a), and in dizygotic

twins (b). Line of identity is indicated.
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and SP-D concentrations in the same individuals disclosed

a very minor correlation (r2=0.159).

To find the most parsimonious explanation of the

observed pattern of resemblance for MBL and SP-D,

respectively, five biometric models were fitted to the

normalized data (Table 2). In the case of MBL the DE

model gave the best fit by AIC, indicating that genetic

dominance factors (D) and non-shared environmental

factors (E) were important. Pure environmental models

(CE and E) did not fit the data well. In the case of SP-D

the AE model gave the best fit (see the three criteria above,

which disfavour the ACE model) indicating that additive

genetic factors (A) and non-shared environmental factors

(E) were important.

Table 3 shows the genetic and environmental contribu-

tions to variation in MBL and SP-D for the best fitting

model. The estimated heritability for MBL was 0.96 (95%

CI 0.92–0.97) and for SP-D it was 0.91 (95% CI 0.83–0.95).

DISCUSSION

This twin study is, to our knowledge, the first investigation

of collectin levels to provide heritability estimates. Twin

studies may give information on the relative importance of

genetic versus environmental factors of diseases, as shown

in classical twin studies of presence of disease.25 Biometric

models have been employed in twin research for the last

decade.22 They allow for statistical analysis with the

assessment of CI. Such analysis disclosed for both MBL

and SP-D high heritability estimates with acceptable 95%

CI. For MBL the heritability was calculated to be 0.96

based on a DE model. For SP-D the heritability was

assessed to be 0.91 based on an AE model. Thus, for both

proteins the environmental influence was non-shared and

at a very limited level.

The genetic dominance model that gave the best fit for

the MBL data suggests that there is intra-locus interaction

between alleles. Extensive studies of the MBL gene show

several allelic variations, which depend on mutations in

codon 52, 54 and 57 encoding residues in the collagenous

region.6,9,10 Serum concentrations ofMBL have been shown
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Figure 3. Correlation diagrams for lung surfactant protein D

(SP-D) concentrations (mg/l) in monozygotic twins (a) and dizygotic

twins (b). Line of identity is indicated.

Table 2. Biometric models for mannan-binding lectin (MBL) and

surfactant protein-D (SP-D)

Model

Model fit index

x2 d.f. P AIC

MBL AE 3.73 2 0.16 x0.27

DE* 0.14 2 0.93 x3.83

ADE 0.14 1 0.71 x1.86

ACE 3.73 1 0.05 1.73

CE 44.81 2 0 40.81

E 61.9 3 0 55.9

SP-D AE* 4.38 2 0.11 0.38

DE 11.73 2 0 7.73

ADE 4.38 1 0.04 2.38

ACE 2.13 1 0.14 0.13

CE 15.66 2 0 11.66

E 60.08 3 0 54.08

*Best fitting model, Akaike Information Criterion

(AIC=x2x2rd.f.).

Table 3. Genetic and environmental contributions to variation in

mannan-binding lectin (MBL) and surfactant protein-D (SP-D)

Variance* due to:

dominant

genetic factors

additive

genetic factors

non-shared

environment

MBL 0.96 (0.92–0.97) 0.04 (0.02–0.07)

SP-D 0.91 (0.83–0.95) 0.09 (0.05–0.17)

*Variances are standardized.

Values in parentheses denote 95% CI.
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to depend on these allotypes as well as on non-structural

allotypes in the promotor region.11 The constitutional

(basal) serum concentration of MBL is quite stable but a

two- to threefold rise is observed in acute-phase response

situations.26

The structural allelic variants of MBL have a combined

prevalence of almost 20% in Caucasian populations.2 This

is reflected in MBL deficiency detected at a frequency

of about 10% in Denmark provided a cut-off level set at

50 ng/ml.24 Thus, MBL deficiency is by far the most

prevalent form of impaired immune defence in humans.

The frequency of mutant MBL allotypes is found to be

significantly associated with increased disease severity in

cystic fibrosis,12 with earlier and more severe course of

common variable immunodeficiency27 and rheumatoid

arthritis.28 Only a few MBL-deficient subjects show any

clinical symptoms. This is assumed to reflect the well-

recognized redundancy of immune defence mechanisms.

Presumably, one or more additional acquired or inherited

immune defects are required for symptoms to become

manifest. A striking example has been provided by

leukaemia patients with chemotherapy-induced leuko-

penia.29 Almost all the patients who developed serious

infections had low serum MBL concentrations in samples

taken before chemotherapy, whereas patients who did not

contract infections had normal MBL levels. Genetic MBL

variants and their effects on serum MBL concentrations

are clearly of importance in a variety of diseases.

Analysis of the SP-D data pointed to the AE model and

suggested that SP-D values were dependent on additive

genetic factors. Polymorphisms of the SP-D gene have been

observed with three allelic variants.7 However, it is not

known to what degree these variants influence basal con-

centrations of SP-D in serum. Serum levels of SP-D have

been proposed as a useful prognostic marker in idiopathic

pulmonary fibrosis,30 and the SP-D levels in serum change

during the course of adult respiratory distress syndrome31

and clinical pneumonia (R. Leth-Larsen et al., unpublished

results). Our data show that serum concentrations of SP-D

are largely determined genetically. Future studies will show

whether promoter or structural variations account for this

genetic influence.

In conclusion, the present study of twins at the age of

6–9 years shows a significant genetic influence of serum

levels of MBL and SP-D, with high heritability estimates at

0.96 and 0.91, respectively. The study provides a basis for

the further genetic analysis of genetic variations governing

the circulating concentrations of collectins in humans, of

which MBL is by far the best characterized.
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