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Abstract Objective: To determine
whether pediatric PICU patients with
mannose-binding lectin (MBL) gene
polymorphisms associated with low
levels of the functional protein have
an increased risk of developing sepsis
and SIRS. Design and setting: A
prospective, observational cohort
study in a 22-bed PICU in a tertiary
referral centre. Patients: One hundred
consecutive admissions to a PICU
with at least one organ system failure
longer than 12 h. Patients were clas-
sified into those with infectious or
non-infectious insults as the primary
reason for intensive care admission.
Patients were followed to determine
which developed sepsis or non-in-
fection related SIRS using standard
criteria. Measurements and results:
Of the 100 patients 50 had infectious
and 50 had non-infectious insults as
the precipitant for admission. 42 pa-
tients had variant MBL alleles (de-
termined by MBL-2 gene exon 1
and promoter polymorphisms) and
were significantly over-represented
amongst the 59 patients that devel-
oped SIRS. This effect was not ex-
plained by differences in age, sex or
ethnicity and was seen in both the
infection and non-infection sub-
groups. In patients with infection,
variant MBL alleles were associated
with increased systemic response
(2/15 with localised infection, 10/19
with sepsis and 12/16 with septic
shock). MBL serum levels showed
close concordance with the genotype

and indicated that MBL levels less
than 1000 ng/ml are associated with
a greatly increased risk of SIRS.
Conclusions: MBL-2 exon 1 poly-
morphisms with low serum levels of
functional MBL protein are associat-
ed with a greatly increased risk of
developing SIRS and of progression
from infection to sepsis and septic
shock in paediatric ICU patients.
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Introduction

Multiple organ failure resulting from systemic inflamma-
tion remains the predominant cause of morbidity and
mortality on intensive care, irrespective of the initial ill-
ness or insult precipitating admission [1, 2]. Attempts to
attenuate the severity of the systemic inflammatory re-
sponse to infection by neutralising endotoxin or by se-
lective modulation of components of the inflammatory
response [3] have proved disappointing [4]. Recent studies
have indicated that success may be achieved by inter-
vening in a less specific fashion. Targeted early resusci-
tation [5], careful glycaemic regulation [6], judicious use
of steroids [7] and administration of activated protein C
[8] have all proven beneficial. However, the reasons for
the success of such strategies are unclear and suggest that
further improvements are likely to stem from a greater
understanding of the pathogenesis of critical illness.

Mannose-binding lectin (MBL) is a collectin found in
serum, which binds to mannose and N-acetyl glucosamine
residues found on micro-organisms. On binding, MBL
activates the complement system in an antibody-inde-
pendent manner (the lectin pathway) via an associated
serine protease, mannan-binding lectin-associated serine
protease 2, which cleaves C4 and then C2 to form the C3
convertase, C4b2a. This enzyme is able to generate sig-
nificant amounts of opsonic C3b fragments which coat
micro-organisms for phagocytosis [9]. There is also evi-
dence of direct interactions of MBL with phagocytic cells
to promote phagocytosis [10, 11] and modify cellular
activation [12].

Human deficiency of MBL [13] is caused predomi-
nantly by point mutations within exon 1 of the MBL-2
gene at codons 52, 54 or 57 resulting in amino acid sub-
stitutions which compromise assembly of functional oli-
gomers [9]. Heterozygotes have reduced serum concen-
trations of MBL, whilst functional multimeric protein is
almost absent from the serum of homozygotes and com-
pound heterozygotes [14]. In addition to exon 1 mutations,
there are three major polymorphisms in the promoter re-
gion of the MBL gene and one of these variants (X/Y) also
profoundly influences levels of the protein [15, 16]. More
than one-third of the population have haplotypes associ-
ated with reduced MBL levels, with very low levels ex-
pected in 12% [15]. Numerous studies have now shown
that individuals with MBL deficiency are more susceptible
to infection [17, 18, 19, 20]. MBL serum levels may also
influence cytokine production and therefore the host in-
flammatory response [12, 21].

We hypothesised that MBL deficiency would increase
the risk of the systemic inflammatory response syndrome
(SIRS) and severity of sepsis in children admitted to in-
tensive care after a systemic insult. The results from this
study indicate that MBL plays a critical role in deter-
mining which children develop systemic inflammation

and influences the clinical severity of that response irre-
spective of the underlying illness.

Patients and methods

Consecutive admissions to our tertiary multi-disciplinary paediatric
intensive care unit (PICU) were recruited over a 6-month period in
2002. Inclusion criteria were: age up to 17 years and the presence of
at least one organ system failure longer than 12 h (or death within
the first 12 h). The following exclusions were applied: multiple
congenital abnormalities; known congenital immunodeficiency;
known central neurological or neuromuscular disease (all consid-
ered to represent major risk factors for ICU admission resulting
from infection); persistent pulmonary hypertension of the newborn;
weight under 2.2 kg; informed consent not available; suspected
non-accidental injury; repeat PICU admission during the study
period; lack of intravenous or intra-arterial access and anticipated
short stay (<24 h) on the PICU.

Of the 211 suitable cases an informed consent discussion was
not possible in 101 cases (on-going resuscitation, parents not in
attendance, translator not available) and consent was refused in a
further 7 cases. Of the 103 remaining cases no blood was available
for genotyping in 3 individuals, leaving 100 for full analysis. Of
these, serum was also available for MBL determination in 98 pa-
tients. Ninety-four children were ventilated for more than 12 h and
two died within 12 h of admission. The remaining four were not
ventilated but had at least one organ failure. The characteristics of
the patients studied in relation to MBL exon 1 polymorphisms are
shown in Table 1.

On enrolment, cases were assigned to one of two groups ac-
cording to the principal reason for ICU admission by ICU physi-
cians not involved in the study. The groups were: (a) infection
(presumed or proven), (b) non-infection (trauma, postoperative or
‘other’). Within each group, patients were subdivided into those
who did or did not develop SIRS within 48 h of admission by age-
adjusted criteria.

Infection was defined as ‘proven’ if a causative organism was
isolated and ‘presumed’ in those with a history and examination
consistent with infection, for example, fever, cough and coryza
combined with chest radiological changes consistent with pneu-
monia. Diagnoses of SIRS, sepsis and septic shock were made
according to the 1992 ACCP/SCCM guidelines modified for age
[22, 23]. In brief, SIRS was determined by the presence of at least
two of the following: central temperature higher than 38.0�C or
lower than 36.0�C, white cell count higher than 12�109/l or lower
than 4�109/l and a heart rate outside age-specific ranges. Respira-
tory rate was not included as a diagnostic criterion because of the
high proportion of cases receiving mechanical ventilation. Cases
meeting SIRS criteria with ‘proven’ or ‘presumed’ infection were
classified as ‘sepsis’. Septic shock was diagnosed in cases of sepsis
who were hypotensive, defined against age-specific values for
mean blood pressure after fluid resuscitation requiring treatment
with inotropic and/or vasopressor therapy (dopamine at 5 �g/kg or
more per minute, any dose of epinephrine, norepinephrine or va-
sopressin).

Patient diagnoses among the 50 patients with infection were: 15
(30%) localised infection only, 19 (38%) sepsis and 16 (32%) septic
shock. Among the 50 patients without infections the diagnoses were:
trauma (n=25), post-surgical (n=22) and other (n=3; 2 with necro-
tising enterocolitis and 1 with Stevens-Johnson syndrome). Patients
were also divided into those with (n=59, 59%) and those without
(n=41, 41%) SIRS, irrespective of aetiology. Infective diagnoses in-
cluded pneumonia (n=16), bacteraemia (n=10), meningoencephalitis
(n=8), central line infection (n=6), tracheitis/epiglottitis (n=4),
myocarditis (n=3),), bronchiolitis (n=1), other (n=2). Presumptive
causative agents were Gram-negative organisms (n=13), Gram-
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positive organisms (n=11), viruses (n=7) and mycoplasma (n=2).
The remaining 17 patients had ‘presumed’ infection with negative
microbiological cultures.

Our electronic patient charting system (Care Vue, Hewlett-
Packard) was reviewed daily, and maximum and minimum venti-
lator and physiological parameters for each 24-h period were
recorded prospectively onto a database. Microbiological, biochem-
ical and haematological information was recorded from our PICU
and the referring hospital. Paediatric Index of Mortality (PIM) was
assessed on first contact with the PICU team [24] and the Paedi-
atric Logistic Organ Dysfunction (PELOD) score [25] was calcu-
lated daily. EDTA blood and serum samples were taken within
48 h of admission. Whole blood in EDTA was stored at �20�C
until DNA extraction was performed. Serum samples were spun,
separated and the serum stored in aliquots at �80�C until analysed.
The investigator performing the MBL genotype and serum levels
(K.F.) was blinded to the diagnosis of SIRS/non-SIRS. Likewise
the clinician acquiring the clinical data (P.W.) was blinded to the
MBL data. Local research ethics committee approval was ob-
tained.

DNA extraction

DNA was extracted from 200 �l whole blood using a commercial
kit (QIAamp DNA blood mini kit, Qiagen, Crawley, UK) accord-
ing to the manufacturer’s instructions. The final product was re-
suspended in 200 �l sterile water (approx. 10 ng/�l) and stored at
�20�C until further use.

PCR amplification of genomic DNA and universal
hereroduplex generator

Separate polymerase chain reaction (PCR) reactions were per-
formed on the genomic DNA samples, one to amplify the region of
the gene containing the exon 1 mutations and one spanning the
region of the X/Y promoter polymorphism as previously described
[26, 27]. Universal heteroduplex generators (UHGs; synthetic DNA
molecules spanning either the exon 1 region, or the X/Y locus of
the promoter region) were kindly provided by Dr. N. Wood, Uni-
versity of Bristol, UK, and permitted the detection of all possible
known mutations. Separate, similar PCR reactions were performed
for each UHG as previously described [26, 27]. The PCR product
was confirmed on a 2% agarose gel containing ethidium bromide.
Gels were visualised under UV light.

MBL-2 heteroduplexing and genotyping

We added 10 �l UHG PCR product and 5 �l loading dye to 15 �l of
each sample. Samples were heteroduplexed by heating at 95�C for
10 min and then cooled to room temperature over 20 min. We
loaded 15 �l heteroduplex product onto 20% polyacrylamide gels
and run for 16 h at 140 V in Tris-borate-EDTA buffer at 16�C. Gels
were stained using 0.5 �g/ml ethidium bromide in Tris-borate-
EDTA buffer for 10 min before photography under UV light.
Different genotypes produce characteristic patterns [26].

MBL-2 haplotyping

The three MBL-2 structural gene mutations B, C and D are in
linkage disequilibrium with the promoter region polymorphism
X/Y, and only Y associates with each of the mutations [15]. The
data from heteroduplexing procedures were combined to give hap-
lotypes comprising one of the three structural gene mutations (O) or
wild-type (A) together with the X/Y promoter polymorphism.

MBL protein levels

MBL levels in serum were determined by a symmetrical sandwich
enzyme-linked immunosorbent assay using commercial kits from
Antibody Shop (Copenhagen, Denmark) according to the manu-
facturer’s instructions.

Statistical analysis

Comparisons of the proportions of MBL-deficient genotypes be-
tween clinical groups were performed using exact tests (StatXact
version 4.0.1). Differences between MBL serum levels were anal-
ysed by the Mann-Whitney U test (for two groups) or Kruskal-
Wallis test (three or more groups). Multiple logistic regression was
used to investigate the association of SIRS with MBL serum level
and genotype after adjusting for differences in age, sex and eth-
nicity and PIM score.

Results

Overall allele frequencies were as follows; wild-type (A)
0.78, codon 54 (variant B) mutation 0.095, codon 57
(variant C) and 52 (variant D) mutations both 0.06. In the

Table 1 Characteristics of patients studied and MBL exon-1 gen-
otype. There are no significant differences in demographics or
severity of illness on presentation. There is a trend towards a higher
estimated risk of mortality (derived from the maximum Pediatric
Logistic Organ Dysfunction Score observed throughout the ICU
admission), amongst those homozygous or heterozygous for an

MBL variant allele (p=0.07). Data are presented as absolute num-
bers and percentages or medians and interquartile ranges (IQR) and
compared by the Mann-Whitney U test for continuous variables and
Fisher’s exact test for proportions. (PIM Paediatric Index of Mor-
tality, calculated from first contact with ICU)

All cases (n=100) Wild-type MBL alleles
(A/A) (n=58)

Hetero/homozygous variant
MBL alleles (A/O, O/O) (n=42)

p

Male 66 (66%) 39 (66%) 27 (64%) 1.0
Age, median (months; IQR) 29 (9–111) 33 (12–111) 23 (7.8–120) 0.62
White:non-white 68:32 38:20 30:12 0.67
Non-survivors 9 (9%) 5 (9%) 4 (10%) 1.0
PIM risk of mortality, median (IQR) 0.11 (0.05–0.31) 0.09 (0.05–0.28) 0.13 (0.05–0.38) 0.28
PELOD max. risk of mortality, median
(IQR)

0.12 (0.01–0.21) 0.02 (0.01–0.21) 0.16 (0.02–0.26) 0.07
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non-infection group with a non-white population of 36%,
allele frequencies were A 0.82, B 0.05, C 0.06, D 0.07. As
expected, these frequencies differ from those published in
a recent United Kingdom population of well children,
with a non-white component of 2.4% (A 0.775, B 0.144,
C 0.015 and D 0.066) [28], reflecting the ethnically di-
verse population served by our PICU. Figure 1 presents an
analysis of the proportion of cases with MBL-2 exon 1
mutations by infection or non-infective reason for ad-
mission to PICU (Fig. 1A), the development of SIRS
(Fig. 1B), and severity of the systemic response to in-
fection (Fig. 1C). A higher percentage of children who
were admitted with infection carried a variant allele (48%
vs.36%) but this was not significant (p=0.233, Fisher’s ex-
act test; odds ratio, OR, 1.7; 95% CI 0.68–3.93; Fig. 1A).
There was, however, a significant difference in the pro-

portion of children with a variant allele who developed
SIRS compared to those who did not (p<0.0001; OR 7.1;
95% CI 2.7–18.6; Fig. 1B). This relationship remained
after age, sex and ethnicity were accounted for (adjusted
OR 8.2; 95% CI 3.0–22.7; p<0.0005). Addition of the
risk of mortality, estimated from admission severity of
illness (PIM score), to the prediction model had no effect
on this relationship (adjusted OR 8.0; 95% CI 0.28–22;
p<0.0005).

A significant association was seen between the sever-
ity of the systemic response to infection and the presence
of an MBL variant allele (localised infection 2/15 vs.
sepsis 10/19 vs. septic shock 12/16; p=0.0007, Kruskal-
Wallis test Fig. 1C). Further analyses of groups revealed
that in both the ‘non-infection’(Fig. 1D) and ‘infection’
groups (Fig. 1E) the significantly increased odds of de-

Fig. 1 MBL exon 1 polymorphisms in children requiring intensive
care. A The proportion of cases with a variant allele is not signif-
icantly greater in cases with infection as the precipitant to PICU
admission than in those with non-infective (trauma, post-operative)
reasons for admission. B However, the odds of developing SIRS are
greatly increased in the presence of a variant allele. C In patients

with infection (n=50) as the reason for ICU admission there was a
significant association between clinical severity of the systemic
response to infection and the presence of a variant allele (c2=12.1,
d.f. 2, p=0.002). D, E Interestingly, the relationship between MBL
variant alleles and the development of SIRS remained significant in
both the non-infection (D) and infection (E) groups
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veloping SIRS in association with an MBL variant allele
remained.

Similar results were seen when MBL levels were anal-
ysed. Serum levels according to infection/non-infection,
SIRS or non-SIRS, and severity of infection are shown in
Fig. 2 panels A, B and C, respectively. The results are
consistent with those seen with the genotype above in
that there is a non-significant trend for lower MBL levels
in patients with infection than in those without (p=0.09).
Patients with SIRS had significantly lower median MBL
levels than did patients without SIRS (p<0.0001; Fig. 2
B). The median level decreased with severity of infection
(infection vs. sepsis vs. septic shock, p<0.0001; Fig. 2 C).
Again consistent with the genotype results above, the
relationship between lower MBL levels and the devel-
opment of SIRS was seen in both the non-infection
(Fig. 2D) and infection (Fig. 2E) groups.

As expected, there was a clear relationship between
haplotype and MBL level (Fig. 3; Kruskal-Wallis non-
parametric analysis of variance, p<0.0001). SIRS oc-
curred more frequently in haplotypes associated with re-
duced MBL levels. Only two children were homozygous
for an MBL-2 exon 1 polymorphism, one D/D (52/52)
and one B/C (52/57), both of whom developed SIRS.
Interestingly, all 11 patients heterozygous for an MBL
exon 1 mutation associated with a low expression pro-
motor (XA/YO) developed SIRS, and the risk of SIRS
decreased with increasing prevalence of the A and Y al-
leles. Previously we have shown that children with MBL
levels below 1000 ng/ml are at greater risk of infection
than are those with higher levels [18]. Using this cut-off,
37 of 46 (80%) of children with the lower MBL levels
developed SIRS whereas only 22 of 52 (42%) with higher
MBL levels did so.

Fig. 2 MBL serum levels in children requiring intensive care. In-
dividual and median values are shown. A MBL serum levels were
available in 98 cases and were not significantly reduced in cases in
which infection precipitated admission to PICU (p=0.08, Mann-
Whitney). B In contrast, MBL levels were significantly lower in
cases that developed SIRS early in the ICU admission (p<0.0001,
Mann-Whitney). C In patients with infection (n=49) as the reason

for ICU admission there was a significant association between
clinical severity of the systemic response to infection and lower
serum MBL levels (Kruskal-Wallis, p<0.001). D, E The relation-
ship between reduced MBL serum levels and development of SIRS
remained significant in both the non-infection (D) and infection (E)
groups, confirming the genotype findings illustrated in Fig. 1
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Discussion

Critically ill children with variant alleles for the MBL
gene are at greatly (seven-fold) increased risk of devel-
oping SIRS within 48 h of presentation to PICU. Our data
show this effect to be independent of the patient’s un-
derlying condition, age, sex and ethnicity and not to be
confined to children with infection. The importance of
MBL genotype in the development of SIRS is underlined
by the observation that possession of the wild-type MBL
haplotype was associated with a 50% reduction in risk of
SIRS, whereas all 13 patients who were either homozy-
gous for a variant structural region allele or heterozygous
with a low expression promoter developed SIRS. We have
also shown that the presence of an MBL variant allele
significantly increases the severity of the systemic re-
sponse to infection.

Individuals differ considerably in their response to an
infectious or traumatic insult. This could be explained by
polymorphisms of the genes encoding proteins involved
in mediating the innate immune response and inflamma-
tory cascades. Most studies have concentrated on genetic

polymorphisms in the genes encoding inflammatory me-
diators or their receptors in sepsis/septic shock such as
tumor necrosis factor a [29, 30], although the influence of
these polymorphisms appears small or absent in relation
to the enormous spectrum of clinical severity [31]. Whilst
this present report was under review, Garred and col-
leagues [32] in Denmark published a similar study on the
role of MBL in critical illness in adults. Considering the
differences in the patients studied, there is remarkable
concordance between our essential findings and those of
the Danish group [32]. Both studies show an increasing
over-representation of variant MBL alleles with increased
severity of sepsis, although the ratio of WT/variant alleles
is more dramatic in children.

We showed a strong relationship between MBL vari-
ants and the development of SIRS in the first 48 h on ICU.
These findings contrast with the Danish study in which
MBL variants occurred with the same frequency amongst
SIRS patients admitted to the ICU and healthy controls
[32]. Several explanations are possible for these differ-
ences. Our study captures the risk of developing early
SIRS whilst fully supported on intensive care, which in-
cludes more cases than those with established SIRS on
admission. The difference might also reflect the stringent
criteria that we applied for a diagnosis of SIRS (with ex-
clusion of the respiratory rate as a criterion) or differences
between the control populations in the two studies (our
ICU cases without SIRS and Danish healthy blood donors
and laboratory staff). A remaining possibility is that these
findings reflect differences in the pathogenesis of critical
illness between children and adults. One example of this is
the high proportion of critically ill children who have no
major pre-existing morbidity, a situation that will have
been refined by our exclusion criteria. In contrast, the
adult study reflects a typical pattern, with the majority of
cases having very significant pre-morbidity [32]. There
may also be differences in the referral patterns to ICU
between children and adults, with children being admit-
ted earlier in the course of their illness. Finally, perhaps
children and adults also differ in the contribution of the
various mechanisms leading to organ dysfunction in SIRS.
For example, MBL deficiency is known to be protective
against ischaemia-reperfusion injury, which may play a
greater role in adults [33]. The Danish study also dem-
onstrated an increased risk of death with MBL variants
and SIRS. This could not be directly investigated amongst
our cases because of the low numbers of deaths. Howev-
er, the trend for greater severity of illness with the MBL
variants, as assessed by the risk of mortality calculated
from the maximum PELOD score (Fig. 3) and the in-
creased risk of septic shock are likely to reflect similar
effects.

The high incidence of MBL variant alleles in the gen-
eral population is compatible with a view that MBL de-
ficiency can be advantageous in some circumstances.
MBL deficiency might protect individuals from intracel-

Fig. 3 Serum MBL levels, MBL short haplotype and development
of SIRS. Log10[MBL]serum is displayed against MBL haplotype
(exon 1 and promoter polymorphisms) from those associated with
the highest (YA/YA), to the lowest, serum levels (YO/YO). As
expected there was a clear relationship between Log10[MBL]serum
and genotype (one-way analysis of variance, p<0.0001 after cor-
rection for multiple comparisons). Filled circles Cases that devel-
oped SIRS; open circles cases that did not develop SIRS. The odds
ratios (95% confidence intervals) for the development of SIRS for
each haplotype are shown as is the risk of mortality derived from
the maximum calculated PELOD score. Note that all 13 cases with
XA/YO and YO/YO haplotypes developed SIRS
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servation could prove to be clinically important. Consid-
erable effort is currently being invested in analyses of risk
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severe patterns of illness. As this study indicates, it is
possible to evaluate the host MBL status by partial
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(Fig. 2). All three approaches showed remarkable con-
cordance, but, as indicated in Fig. 3, 37 of 46 patients
(80%) with MBL serum levels below 1000 ng/ml devel-
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1000 ng/ml developed the syndrome. Therefore a simple
serum test may provide an indicator of susceptibility to the
development of SIRS. MBL is currently being prepared
for clinical use and has been used in one patient with
cystic fibrosis and end-stage lung disease [36]. We need to
understand more clearly the costs and benefits of such
therapy during specific episodes of critical illness, but this
study raises the possibility that judicious use of MBL in
MBL-deficient patients will lead to a reduction in the
number that develop SIRS or severe sepsis/septic shock.
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