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Summary

Deficiency of both mannan-binding lectin (MBL) and complement compo-
nents C4 and C2 has been associated with increased risk of systemic lupus
erythematosus (SLE). MBL can activate the complement system either
through C4 and C2 or directly through C3. Circulating immune complexes
(CICs) are believed to play a pathogenic role in SLE and MBL has been shown
to bind certain forms of immunoglobulins, including IgM, IgG and IgA. Thus,
MBL might promote CIC clearance. In order to evaluate this, six individuals
with non-functional classical pathway due to the rare homozygous C2 defi-
ciency were chosen, as the classical pathway is known to have a fundamental
role in CIC clearance. Four of the six C2-deficient individuals had SLE, two of
whom also had MBL deficiency. MBL serum levels and genotypes were com-
pared with the serum levels of CICs, as measured by their content of kappa,
lambda, IgM, IgA, IgG and C3 opsonization. The C2-deficient individuals had
higher serum levels of CICs than 16 healthy controls (P < 0·0001). Further-
more, an inverse association was observed between MBL and CIC levels in the
C2-deficient individuals, which was strongest for IgM-CICs (r = - 0·84,
P = 0·037). Moreover, C3 opsonization of the CICs correlated positively with
MBL levels in the C2-deficient individuals (r = 0·89, P = 0·017). In conclusion,
individuals with C2 deficiency have increased levels of CICs and MBL may
facilitate their clearance. Defective CIC clearance might partly explain the
increased risk of SLE associated with low MBL.
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Introduction

Complement activation is a double-edged sword in systemic
lupus erythematosus (SLE). While complement activation
locally in tissues can be harmful, the complement system has
an important role in continuous non-inflammatory clear-
ance of circulating immune complexes (CICs). This has been
demonstrated in a C2-deficient SLE patient, who for many
years has shown a consistent clinical improvement and
lowered CIC levels after regular infusions of fresh frozen
plasma to resubstitute C2 [1,2]. However, complement-
mediated clearance of CICs in vivo has been analysed hith-
erto only in the context of the classical pathway, without
taking into account the possibility that the lectin pathway of
complement activation may also be involved. Little is known
about the significance of the lectin pathway when other com-
ponents of the complement system are impaired [3]. Both

C1q of the classical pathway and mannan-binding lectin
(MBL) of the lectin pathway can activate the complement
system through C4 and C2, but it has been shown recently
that MBL can also activate C3 directly [4]. MBL activates the
lectin pathway after binding to surface carbohydrate residues
on various microorganisms and outworn self-components,
including apoptotic debris [5]. MBL has also been reported
to bind agactosylated IgG [6] and IgG complexes from rheu-
matoid arthritis (RA) patients [7] and furthermore it has
been shown to bind polymeric IgA [8]. Recently, MBL was
also shown to bind around 20% of human IgM glycoforms
[9]. Thus, MBL might have a role in CIC clearance. Depend-
ing on definition, 10–30% of Caucasians have MBL defi-
ciency [10], which is a similar proportion to the C2-deficient
individuals who suffer from SLE [3]. We have recently
reported an association between low MBL and SLE in multi-
case SLE families [11], and low MBL together with partial C4
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deficiency may have an additive effect on the risk of SLE
[11,12]. Notably, the C2-deficient SLE patient mentioned
above [1,2] also has undetectable MBL levels (unpublished
observation). We hypothesized that if MBL is low, CICs may
accumulate to a threshold level that triggers or augments SLE
symptoms and flare-ups. This may be particularly important
in individuals who also have a deficiency of C2 and/or C4. As
the classical pathway is known to have a fundamental role in
CIC clearance, individuals with a non-functional classical
pathway due to C2 deficiency were chosen to evaluate
whether MBL might also have a role in CIC clearance.

Patients and methods

The study was carried out in accordance with the Helsinki
Declaration, and was approved by the Ethics Committee
of the University Hospital in Iceland and the Icelandic
Computer Database Committee. All participants provided
informed consent.

Subjects

The study subjects were six individuals with total C2
deficiency, of whom four had SLE. The remaining two had
recurrent infections without symptoms of SLE. Of the SLE
patients, two also had a history of recurrent or severe
infections. The SLE patients all had positive anti-nuclear
antibodies (ANA), malar rash and arthritis. In addition,
three had other antibodies included in the SLE classification
criteria (immunological disorder), two had photosensitivity
and the following criteria were fulfilled in one patient each:
serositis (pericarditis), discoid rash, oral ulcers and haema-
tological disorder (thrombocytopenia). All six C2-deficient
individuals had normal C4 levels. For comparison, sera were
used from 16 healthy controls with normal C2 and MBL.

MBL serum levels and genotypes

MBL serum levels were measured by a sandwich enzyme-
linked immunosorbent assay (ELISA) system, as described
previously [11], and MBL was genotyped by a real-time–
polymerase chain reaction (RT–PCR) technique performed
with the LightCyclerTM Instrument (Roche Diagnostics,
Mannheim, Germany), as described previously by Steffensen
et al. [13]. Using temperature curve analysis, the wild-type A
allele and the three mutant structural alleles [at codons
54(B), 57(C) and 52(D)] within exon 1, that are associated
with low MBL serum levels, were detected in a single
reaction.

Levels of CICs

CICs were measured in serum by a novel ELISA system that
does not require an initial isolation step (ProceptorTM,
ProgenBiologics, Wildwood, MO, USA). The ELISA plates

were precoated with ProGen’s Proprietary ReceptorsTM iso-
lated from lymphoid cell lines. These purified receptors
selectively bind complexed immunoglobulins. Briefly, sera
diluted 1/200 in a washing buffer were incubated for
90 min at room temperature (RT). A serial dilution of
aggregated human IgG (30 mg/ml) was used as a standard
for the IgG content of the CICs as recommended by the
manufacturer. For IgM and IgA content of the CICs,
control samples containing CICs with high levels of IgM or
IgA isotypes were also provided by the manufacturer. These
undiluted control samples were given a value of 100 arbi-
trary units (AU) and standard curves were obtained by
serial dilutions. Horseradish peroxidase (HRP)-conjugated
polyclonal antibody to kappa and lambda and to each of
the three Ig isotypes (m, ã, a) was added for 60–90 min at
RT in order to estimate the total amount of CICs and their
relative content of IgM, IgG and IgA, respectively. The
degree of complement C3 opsonization of the complexes
was also assessed using other ELISA plates containing the
same ProceptorTM coating but HRP-conjugated detection
antibodies against C3. An attempt was also made to detect
MBL in the complexes that bound to the Proceptor plates
by adopting the monoclonal antibodies (clone 131–1,
Statens Serum Institute, Copenhagen, Denmark) used in the
sandwich ELISA system for measuring serum MBL [11].

After incubation with tetramethylbenzidine (approxi-
mately 7 min for C3-, IgM- and IgG-CIC; 20 min for IgA-
CIC), the reaction was stopped with 0·5 N sulphuric acid and
the absorbance read at 450 nm. The microtitre wells were
washed three times with phosphate-buffered saline (PBS)/
Tween-20 after each step. The total CIC levels measured by
this novel assay were also compared to two more cumber-
some assay systems that have previously been used exten-
sively in our laboratory [1].

Statistical analysis

Unpaired t-test was used to compare two groups, analysis
of variance (anova) for comparison of three groups and
repeated-measures anova for changes in continuous vari-
ables over time. Pearson’s correlation was used for com-
parison of two continuous variables. Statistical analysis was
performed using Prism 4 (GraphPad) software. All tests
were two-sided and the level of significance was set at
P < 0·05.

Results

In order to validate the ProceptorTM ELISA system, CICs
were measured in serial serum samples taken during an infu-
sion of fresh frozen plasma to a SLE patient with both C2 and
MBL deficiency, thus reconstituting both C2 and MBL. As
seen in Fig. 1, the serum CIC levels in this patient were
lowered following the infusions in a very similar fashion, as
had been reported previously after infusion of fresh frozen
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plasma into the same patient using other, more cumber-
some, CIC detection methods. These assay systems, referred
to as the complement consumption assay and the immune
complex red cell binding assay, have been described previ-
ously [1]. The CIC levels in the C2-deficient subjects, and
also in the patient after plasma infusion measured by the
novel ProceptorTM system, were compared to CIC levels mea-
sured by these methods and showed a very good correlation.
The levels of kappa and lambda chains were assumed to
reflect the total CIC levels. Based on these findings, we

decided to use this simple assay for measurement of CICs in
this study.

The levels of CICs, as judged by their content of kappa and
lambda chains and the three main immunoglobulin isotypes
(IgG, IgM and IgA) in the six individuals with a complete C2
deficiency, were compared to the healthy controls (Fig. 2).
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Fig. 1. Changes in the total level of circulating immune complexes

(CICs) and their relative contents of the IgG, IgA and IgM isotypes,

before and after infusions of fresh frozen plasma to one systemic

lupus erythematosus (SLE) patient who is both C2- and

mannan-binding lectin (MBL)-deficient. Arrows indicate timing of

the plasma infusions (4 units on day 1 and 3 units on day 2). The

MBL concentration in the patient’s blood rose from < 20 mg/l before

the infusion to 174 mg/l after the infusion on day 2, and then fell to

63 mg/l on day 4 and was < 20 mg/l on day 6 after the infusion.
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Fig. 2. Comparison of the levels of circulating immune complexes

(CICs) measured by their content of kappa (a) and lambda (b) chains

and also the individual Ig isotypes (c–e: IgM, IgG and IgA) in the six

C2-deficient patients (black triangles) compared to controls with

normal C2 and mannan-binding lectin (MBL) (open circles).
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The C2-deficient patients had higher levels of CICs than the
controls, as judged both by the amount of kappa and lambda
light chains (P = 0·001 and P < 0·0001, respectively,
Fig. 2a,b), and their content of IgM, IgG and IgA (P = 0·032,
P = 0·010 and P = 0·0065, respectively, Fig. 2c–e). Notably,
the two C2-deficient individuals who had the highest levels
of IgG-CIC both had SLE. Moreover, two of the six
C2-deficient individuals did not have a history of recurrent
infections and they had the lowest IgM-CIC levels.

Two of the C2-deficient individuals also had unmeasur-
able MBL levels. One was the SLE patient who has been
receiving plasma infusions for many years (Fig. 1), and
she is homozygous for the C variant structural MBL allele.
The other patient was heterozygous for the D variant struc-
tural MBL allele. Neither of the two C2-deficient individuals
who only had infections had low MBL levels and they were
both homozygous for the wild-type structural MBL alleles.

As the clearance of CICs from the circulation via the clas-
sical complement pathway is largely blocked in C2-deficient
individuals, it was of interest to study the association
between the levels of MBL and CICs in the context of C2
deficiency. An inverse association was observed between the
levels of MBL and the CICs (Fig. 3), as detected both by their
content of lambda (r = -0·80, P = 0·05) and kappa chains
(r = -0·74, P = 0·09). This also applied to the IgM content of
the CICs (r = -0·84, P = 0·037) and a similar trend was seen
for the IgA isotype (r = -0·72, P = 0·1) but not for IgG
(r = -0·32, P = 0·5).

Deposition of the complement component C3 (C3d) indi-
cates an ongoing complement activation. Supporting the
notion that MBL helps the clearance of CICs, the relative
amount of C3 deposited onto the CICs correlated fairly
strongly with the levels of MBL in the C2-deficient indivi-
duals (r = 0·89, P = 0·017 and r = 0·83, P = 0·037; Fig. 4).
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Fig. 3. On a background of total C2 deficiency, an inverse trend

association was observed between mannan-binding lectin (MBL) and

circulating immune complex (CIC) levels as measured by their

content of kappa (a) and lambda (b) chains and the IgM (c), IgG (d)

and IgA (e) isotypes.
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However, MBL could not be detected in the CICs captured
by the Proceptor plates.

Discussion

To our knowledge, this is the first study analysing MBL in
relation to CIC levels, thus addressing the question of
whether MBL may, like the classical complement pathway,
have a role in the clearance of immune complexes. Individu-
als with non-functional classical pathway due to comple-
ment C2 deficiency were chosen to evaluate independently
the role of MBL.

Not surprisingly, the C2-deficient individuals had mark-
edly higher CICs levels than the healthy controls, highlight-
ing the role of the classical pathway in CIC clearance.
However, an inverse association was observed between MBL
and CIC levels in the C2-deficient sera, and this was particu-
larly evident for CICs with a high IgM content. Furthermore,
we observed an inverse association between the relative
amount of C3 on the CICs and MBL levels in the individuals
with C2 deficiency. This is in accordance with the recent
finding that MBL can bypass C2 by directly activating C3 [4].
Taken together, these findings indicate that MBL may have a
role in the clearance of CICs at least in C2-deficient
individuals. This is in accordance with recent studies, where
MBL has been shown to bind certain immunoglobulin iso-
types in vitro [6–9]. Our study is the first attempt to evaluate
the potential effect of such MBL binding on the overall levels
of CICs in vivo. However, we were not able to detect MBL in
CICs bound to the ProceptorTM plates. This might be due to
steric hindrance or that MBL bound to CICs was below the
detection limit of the method we used. Furthermore, it can
be envisaged that CICs with relatively high MBL content are
cleared preferentially from the circulation. We are currently
studying whether MBL can bind CICs in vitro under condi-
tions that mimic the in vivo microenvironmental scenario as
far as possible.

The simple CIC detection assay used correlated well with
more complex assays that have been used for measuring CIC
levels [1]. It also distinguished well between patients and
controls and has a potential utility for routine application.
Thus, changes in serum levels of CIC during plasma infu-
sions to a C2-deficient SLE patient measured with the new
assay were very similar to those measured previously with
the more complex assays. A homozygous C2 deficiency is
rare, and this study is based on all the six individuals in
Iceland known to have C2 deficiency. However, the results
are significant despite the small size of this precious study
group, and the same mechanisms are likely to also apply to
individuals without C2 deficiency.

It is concluded that MBL may promote the clearance of
CICs in vivo, probably via direct activation of C3 [4]. Low
MBL levels or associated genotypes have been associated
with the risk of SLE both in multi-case family studies [11]
and a recent meta-analysis [12], and this might be due partly

to defective CIC clearance. A phase I clinical trial of MBL
infusion to healthy volunteers has now been conducted both
for purified [14] and recombinant MBL [15] without any
adverse effects. It remains to be elucidated whether infusions
of MBL may have a therapeutic role in patients with immune
complex mediated diseases such as SLE.
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