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Introduction

Summary

Mannan-binding lectin (MBL) is a plasma protein implicated in innate
immune defence against a broad range of microorganisms, including
viruses. It is also thought that MBL plays a role in the recruitment of the
specific clonal immune response. This was studied by injecting soluble
hepatitis B surface antigen (HBsAg) intravenously into mice deficient in
both MBL-A and MBL-C (MBL DKO mice). The MBL DKO animals on
mixed genetic background (SV129EvSv x C57BL/6) produced higher anti-
body titres than the wild-type littermates. After primary challenge with
the antigen the immunoglobulin M anti-HBsAg antibody titres were
threefold higher in the MBL DKO mice than in the wild-type mice. Fol-
lowing the boost, the immunoglobulin G anti-HBsAg antibody titres were
10-fold higher in the MBL DKO mice, suggesting that MBL plays a role
in a negative feedback regulation of adaptive immunity. However, the
modulating effect of MBL was dependent on the genetic environment.
The MBL DKO mice backcrossed on a C57BL/6 background showed the
opposite response with the MBL DKO mice now producing fewer anti-
bodies than the wild-type animals, whereas MBL deficiency in mice with
the SV129EvSv background did not show any effect in antibody produc-
tion. These findings indicate that the modifying effect of MBL on the
humoral immune response is influenced by the genetic environment.

Keywords: complement; hepatitis B surface antigen; immune response;
mannan-binding lectin; mannan-binding lectin double knock-out mice

enveloped virus surface glycoproteins triggers complement
activation via the MBL pathway independently of Clq or

Mannan-binding lectin (MBL) binds to patterns of carbo-
hydrates with terminal non-reducing mannose, N-acetyl-
glucosamine or fucose,' and so recognizes a number of
viruses, e.g. herpes simplex virus (HSV), human immuno-
deficiency virus (HIV), severe acute respiratory syndrome
virus and influenza A virus.>’> The binding of MBL to

antibodies.* In plasma, MBL is associated with the MBL-
associated serine proteases (MASPs): MASP-1,> MASP-2°
and MASP-3,” as well as a 19 000 molecular weight
protein (MAp19).” After binding of MBL to its ligands,
autoactivation of MASP-2 occurs, followed by MASP-2-
mediated cleavage of complement factors C4 and C2,

Abbreviations: DKO, double knockout; EDTA, ethylenediaminetetraacetic acid; FCS, fetal calf serum; HBsAg, hepatitis B surface
antigen; HBV, hepatitis B virus; HIV, human immunodeficiency virus; HSA, human serum albumin; HSV, herpes simplex virus;
IgM, immunoglobulin M; i.p., intraperitoneal; i.v., intravenous; mAb, monoclonal antibody; MASP, mannan-binding lectin
associated serine protease; MBL, mannan-binding lectin, MBL DKO, MBL double knockout; PBS, phosphate-buffered saline;
rMBL, recombinant MBL; SNP, single nucleotide polymorphism; TBS, Tris-buffered saline; WT, wild-type.
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leading to formation of the C3 convertase, C4bC2b, and
triggering of the complement cascade.*® Complement
activation will provide an initial barrier for viral prolifera-
tion and spread via several mechanisms: complement acti-
vation contributes to viral neutralization, and activated
complement products modulate humoral immunity to
infectious hepatitis B virus (HBV) by facilitating immu-
noglobulin class-switching and promoting the formation
of neutralizing antibodies.'"!

In humans the MBL level in blood is strongly influ-
enced by single nucleotide polymorphisms (SNPs) in the
MBL gene (MBL2)."> The polymorphisms are located
within the promoter region and in exon 1 encoding parts
of a collagen-like region of MBL. The mutations lead to
disruption of the Gly-Xaa-Yaa pattern of this region and
result in decreased circulating levels of MBL. Low MBL
levels correlate with low lectin pathway activity. Con-
versely, high MBL levels ensure high levels of lectin path-
way activation as established by an in vitro C4 fixation
assay.”” In mice, the MBL is encoded by two different
unlinked genes, MBL-A and MBL-C, and polymorphisms
that may modulate the MBL levels have not been
described. While the individual MBL levels in humans
remain virtually constant after a rise until 1 month of
age, the levels show a modest and sluggish acute-phase
response in mice and man."*

Polymorphisms in MBL reportedly influence the clini-
cal manifestations of HBV infections in humans.'’
Mutant MBL allotypes were found at a higher frequency
among HBV-infected Vietnamese patients than in con-
trols, and carriage of MBL2 mutant alleles was increased
among patients with fulminant liver failure caused by
HBV infection.'® Patients infected with HBV who were
homozygous for the combination of promoter and exon 1
genotypes that produce low amounts of functional MBL
had decreased chances of recovering from the HBV infec-
tion."”” Low MBL genotypes are associated with the occur-
rence of cirrhosis and hepatocellular carcinoma in
progressed Hong Kong Chinese hepatitis B surface anti-
gen (HBsAg) carriers.'® In contrast, studies on German
and Korean HBV-infected patients revealed no difference
in the frequency of the mutant MBL alleles and disease
progression.'”*® Therefore, the modulatory role of MBL
on the clinical course of HBV infection is still an open
question requiring analysis of larger patient groups.

A possible scenario for MBL in facilitating recovery
from HBV infection is clearance of virus-infected cells
through the activation of the complement system. Alter-
natively, the lectin pathway may modulate the adaptive
immune response to HBV. We focused on HBsAg as a
model glycoprotein because control over the HBV infec-
tion is currently achieved by vaccination with HBsAg
and the HBsAg contains N-linked glycosylation sites,
which makes the glycoprotein a potential ligand for
MBL.
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Materials and methods

Animals

Homozygous MBL-A- and MBL-C-deficient mice were
derived as described by Takahashi et al.*' and Shi et al.**
Homozygous double-deficient MBL-A™'~ MBL-C™'~ mice
(DKO) and wild-type (WT) littermates were derived by
inter-crossing heterozygous MBL-A and MBL-C mice
(of C57BL/6 X SV129EvSv mixed background). The
knock-out status was established by genotyping®' and
verified by sandwich immunoassays with rat anti-mouse
MBL-A and anti-mouse MBL-C monoclonal antibodies
(mAbs)."* To obtain double-deficient MBL-A™"" and
MBL-C™'~ mice on C57BL/6 and SVI29EvSv genetic
backgrounds, the MBL-A""~ and MBL-C"'~ mice were
backcrossed onto C57BL/6 or SV129EvSv mice respectively
for 12 generations and then intercrossed to establish an
MBL-A™"" MBL-C”'~ F,, strain. Male mice (6-8 weeks
old) were used throughout the experiments. All animals
had free access to food and water. Animal experiments
were approved by and were performed as required by
Danish national and institutional regulations.

MBL-A and MBL-C binding to HBsAg

Binding of MBL-A and MBL-C to HBsAg was analysed as
described” with minor modifications. Briefly, microtitre
plates (Maxisorb; Nunc, Kamstrup, Denmark) were
coated with 5 g HBsAg, subtype ad, purified (American
Research Products, Inc., Belmont, MA) per millilitre
phosphate-buffered serum (PBS), and blocked with 1 mg
human serum albumin (Statens Serum Institut, Copen-
hagen, Denmark) per millilitre Tris-buffered saline (TBS;
10 mm Tris—=HCI, 140 mm NaCl, 15 mm NaNj, pH 7-4).
The plates were washed with TBS, 0-05% (v/v) Tween-20
(TBS/Tween) and then incubated with sera from WT and
DKO animals diluted in TBS containing 5 mm CaCl, or
10 mm ethylenediaminetetraacetic acid (EDTA) or man-
nose. The plates were developed with biotinylated
anti-MBL-A or MBL-C mAbs, and europium-labelled
streptavidin ~ followed by measurement of bound
europium using time-resolved fluorometry.

Immunization protocol

The MBL DKO mice and WT littermates were immu-
nized intravenously (i.v.) in the tail with different doses
(8 or 20 pg per animal) of HBsAg in 0-1 ml 0-9% NaCl
at day 0 and boosted 4 weeks later with the same dose.
Serum samples were collected weekly. The MBL DKO Fé6
and C57BL/6 control animals were similarly immunized
and doses of 2 and 0-5 pg were also tested. Animals back-
crossed for 12 generation on C57BL/6 or SVI29EvSv
were immunized with dose of 0-5 ng HBsAg. The same
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procedure was applied for immunization with human
serum albumin (HSA) at various concentrations. Intra-
peritoneal (i.p.) immunizations were carried out in MBL
DKO and WT littermates with 8 ng of HBsAg. Reconsti-
tution experiments were carried out by immunizing MBL
DKO mice with 8 ng HBsAg in the presence of 100 pg/ml
recombinant MBL (rMBL) (kindly provided by
NatImmune, Copenhagen, Denmark).** Mice were immu-
nized at week 0, rested for 3 weeks, rechallenged at week
4 and rested for an additional 3 weeks. Serum samples
were collected weekly.

Measurement of immunoglobulin M (IgM) and 1gG
anti-HBsAg antibody

Microtitre plates (Maxisorb) were coated with 1 ug
HBsAg/ml PBS overnight, blocked with HSA (1 mg/ml)
TBS and incubated for 3 hr at room temperature with
preimmune or immune animal sera serially diluted in
TBS containing 5 mm EDTA and 1 mg HSA/ml. The
plates were washed with TBS/Tween and bound antibod-
ies were detected with either affinity isolated and biotiny-
lated goat anti-mouse IgG (whole molecule) (product
number: B6649; Sigma, St Louis, MI) or affinity-purified
and biotinylated rabbit anti-mouse IgM (Bethyl Laborato-
ries, Montgomery, TX). The assay was modified for analy-
sis by time-resolved immunofluorometry (TRIEMA).*®
The plates were developed with europium-labelled strep-
tavidin (Perkin Elmer, Waltham, MA) and, after addition
of enhancement solution, they were counted on a Victor
3 (Perkin Elmer) reader.

Measurement of preimmune IgM and 1gG titre

Microtitre plates were coated with 1 pg goat anti-mouse
immunoglobulin  (Southern Biotechnology Associates,
Inc., Birmingham, AL) per millilitre PBS overnight,
blocked with 1 mg HSA/ml TBS and incubated for 3 hr
at room temperature with preimmune sera serially diluted
in TBS containing 5 mM EDTA and 1 mg HSA/ml. IgG
and IgM were detected as described above.

Immunofluorescent analysis of spleen sections

Cryosections (5 wsm) from snap-frozen spleens were
caught on SuperFrost® Plus slides (Menzel-Glaser, Braun-
schweig, Germany), dried for 1 hr and stored at —80°.
When needed the cryosections were fixed in cold acetone
(4°) for 4 min, blocked by incubation for 30 min in PBS
containing 1 pug FcR Block (rat anti-mouse FcyIIl/IT
receptor mAb; Pharmingen, San Diego, CA) per millilitre
and 5% (volume/volume; v/v) heat-treated normal fetal
calf serum (FCS), followed by a wash with PBS. Germinal
centres were visualized by staining with fluorescein isothi-
ocyanate-labelled peanut agglutinin (Vector Laboratories,
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Burlingame, CA) at a 1: 100 final dilution.”> Deposited
C3 was detected by incubation with 1 pg biotinylated rab-
bit anti-human C3d antibody (Dako Cytomation, Glost-
rup, Denmark) per millilitre PBS containing 2-5% (v/v)
heat-inactivated FCS followed by a wash in PBS and incu-
bation with streptavidin Alexa Fluor R 546 (Molecular
Probes, Leiden, the Netherlands) at 2 pg/ml.

Determination of circulating HBsAg

Mice were injected i.v. with 8 or 20 pg HBsAg and bled
at 15, 30, 45 and 60 min after the injection. Both non-
immunized mice and mice which had been immunized
3 weeks before were used. The levels of HBsAg in serum
were determined using the Murex HBsAg enzyme-linked
immunsorbent assay kit (Abbott, Abbott Park, IL)
according to the instructions provided with the kit.

Radioactive labelling of HBsAg and positron emission
tomography analysis

Radiolabelling of HBsAg was designed to yield the incor-
poration of 0-5-1 atom of '**I per HBsAg molecule. Two
hundred micrograms of HBsAg was dually labelled with
YT (GE Healthcare Bio-Sciences AB, Uppsala, Sweden)
and '*°I (Hammersmith Hospital, London, UK) for 1 min
at room temperature in a reaction mixture containing the
following: 10 pl of 1 uCi '**I in 10 mm NaOH, 80 pl
3.4 pCi '*I in 42 mm NaOH, 8 pl 420 mm HCI (to neu-
tralize the NaOH), 20 pl 0-5 M phosphate pH 7-5, 133 pl
of HBsAg at 1-5 mg/ml and 20 pl of Chloramine T at
0-5 mg/ml. Twenty microlitres of Na,S,0; at 0-5 mg/ml
and 10 pl 10 mm KI were added upon completion of the
reaction, followed by 50 pl HSA at 20 mg/ml. The labelled
HBsAg was separated from low molecular weight material
by passage through a desalting column (PD10; GE Health-
care, Hillered, Denmark), preconditioned with HSA at
10 mg/ml and washed with 0-9% NaCl. The radioactively
labelled HBsAg was eluted with 0-9% NaCl in 200-pl frac-
tions. Labelling efficiency was about 70%. Each mouse was
injected i.v. with 20 pg of the labelled HBsAg.

Positron emission tomography scanning was carried
out at three time-points after injection: 5 min, 4 hr and
20 hr. The first scan was for 45 min, the second and third
scannings were performed for 30 min. During the scan-
ning procedure, the animals were anaesthetized by i.p.
injection with 300 pl Dormicum (Roche, Basel, Switzer-
land) (6-64 mg/kg) i.p. to reduce the subsequent usage of
isofluorane for maintaining the anaesthesia during the
scanning.

Statistical analysis

All data are presented as means with standard deviation.
Differences between groups were analysed using the
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non-parametric Mann—-Whitney U-test (Stata Software;
Stata Corporation, College Station, TX) or Student’s
t-test. Significance was judged when P < 0-05.

Results

MBL binding to HBsAg

Previous reports showed that both murine and human
MBL bind to HSV-2 virions.”> We extended these obser-
vations to HBsAg. Both MBL-A and MBL-C recognized
HBsAg via the carbohydrate recognition domains as the
binding of MBL-A and MBL-C to HBsAg could be inhib-
ited by mannose to background levels comparable to
those present in the sera from MBL DKO (Fig. 1a,b). The
interaction was dependent on the presence of Ca’*
because the EDTA in the buffer inhibited the binding
(data not shown).

Antibody responses to HBsAg in MBL DKO on
mixed background

To analyse whether the lectin pathway had an effect on
antibody  response,  groups of MBL  DKO
(SVI129EvSv x C57BL/6) and corresponding WT animals
were immunized with 8 g HBsAg per animal using
either the i.v. or the i.p. route. The antibody titres were
followed for 3 weeks after the priming and 3 weeks after
the boost. One week after priming, the IgM anti-HBsAg
antibody titres were significantly elevated (about twofold)
in the MBL DKOs, but not in the WT mice (Fig. 2a). A
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Figure 1. Mannan-binding lectin A (MBL-A) and MBL-C bind spe-
cifically to hepatitis B surface antigen (HBsAg). MBL-A and MBL-C
binding to HBsAg was analysed in a time-resolved immunofluoro-
metry assay, where HBsAg were coated on an enzyme-linked
immunsorbent assay plate and then exposed to sera from WT and
MBL DKO animals, followed by development with specific
anti-mouse MBL-A and MBL-C antibodies. The sera were diluted in
CaCl,y-containing buffer to enable the MBL interaction with ligands
or inhibited by mannose-containing buffer. The y-axis represents
counts per second (cps) measured in the wells.
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further increase was seen after boost, and now also the
WT mice showed a twofold increase in IgM anti-HBsAg.
The difference between the two groups of mice was more
marked when looking at anti-HBsAg IgG response
(Fig. 2b). In the MBL DKOs, there was a gradual increase
in the antigen-specific titres from the time of the boost
and reached maximum at 3 weeks after the boost. In con-
trast, there was a very small increase in the WT mice after
boost. The higher levels of anti-HBsAg antibody titres in
the MBL DKO mice correlated with increased numbers of
germinal centres (GC) in the spleens of MBL DKO com-
pared with in WT mice (Fig. 2d). Complement deposition
in the spleen, visualized with anti-complement C3d anti-
body, revealed a larger number of GC and stronger stain-
ing in the MBL DKO when compared with the GC of the
WT mice (Fig. 2¢).

To determine if MBL deficiency affects the generation
of antibody responses to non-MBL ligands, e.g. non-
glycosylated protein antigens, groups of mice were
challenged with HSA. The HSA induced weak antibody
responses, but there was no difference between the MBL
DKO and WT littermates (data not shown).

When using knock-out mice to test various biological
functions, it is always a concern if the observed pheno-
type is a direct effect of the lack of the gene of interest,
or if it is the result of modifications of loci residing in
close proximity to the gene of interest. To examine this
issue reconstitution experiments with rMBL were per-
formed. The MBL DKO mice were immunized with either
HBsAg alone or rMBL-HBsAg (Fig. 3a,b). Since a dose of
100 pg/ml rMBL efficiently reconstituted MBL activity in
the ischaemia—reperfusion model,?* a similar dose of
rMBL was premixed with HBsAg before immunization.
The reconstitution with rMBL resulted in a decrease in
the HBsAg-specific IgM responses and HBsAg-specific
IgG responses.

Preimmune levels of IgM and IgG anti-HBsAg
antibody

Sera from MBL DKOs (129SvEv x C57BL/6) and WT
mice were compared with determine whether differences
in antibody responses might be reflected in differences in
the levels of pre-existing, natural anti-HBsAg antibody.
Significantly higher antigen-specific preimmune antibody
titres were found in the MBL DKO when compared with
WT mice (Fig. 4a,b). Yet, the titres of total serum IgM
and IgG were comparable (Fig. 4c,d).

Clearance of HBsAg antigen from the circulation

To determine possible differences in soluble antigen
sequestering between MBL DKO (SV129EvSv x C57BL/6)
and WT mice, groups of at least six animals were injected
i.v. with HBsAg and the concentration of circulating

© 2009 Blackwell Publishing Ltd, Immunology, 127, 279-288
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Figure 2. Antibody titres against hepatitis B surface antigen (HBsAg) are elevated in mannose-binding lectin double knockout (MBL DKOj; 129
SvEv x C57BL/6) mice compared with wild-type (WT) control littermates. MBL DKO and WT mice were challenged with 8 ug HBsAg intrave-
nously (a and b) The antigen-specific immunoglobulin M (IgM) and IgG titres were determined by time-resolved immunofluorometry and
followed for 3 weeks after priming and boost. At least five animals in each group were used. The data shown are representative of two individual
experiments. (c) Immunofluorescent detection of C3 deposits within the GC. Spleens were harvested 5 weeks after the boosting. Cryosections
were treated with PNA and anti-C3d antibody. Sections are representative of spleens analysed from at least five mice per group. (d) Quantifica-
tion of the number of germinal centres per splenic section. MBL DKO and WT mice were harvested after the boost at the peak of the IgG
response. Splenic sections were stained with PNA and the number of germinal centres was counted per section. At least five animals per group

and five individual sections per spleen were analysed.

antigen was estimated at 15, 30, 45 and 60 min after chal-
lenge. The results in Fig. 5(a) show a significantly faster
clearance of HBsAg in the MBL DKO than in the WT
mice. When immunized mice were infused with HBsAg a
more rapid clearance was seen in the MBL DKO mice
(Fig. 5b), as might be expected because of the presence of
increased antibody levels (Fig. 2). On the other hand,
there was hardly any increased clearance in the WT mice,
confirming the difference determined by antibody quanti-
fication.

It was of interest to determine if the differences in
HBsAg concentration in circulation between the MBL
DKO and WT mice could be the result of differences in
antigen trafficking or antigen capture. To examine the
pattern of antigen trafficking non-immunized and primed
MBL DKO and WT animals were infused with '**I-
labelled HBsAg and the antigen localization was visualized
by positron emission tomography analysis at different
time-points after antigen infusion (5 min, 4 hr and
20 hr). No gross differences were observed between the
different genotypes. Five minutes after challenge antigen
could be detected in the livers and bladders of the mice.
At the later time-points (4 and 20 hr) antigen presence
could still be found in the liver. The analysis of HBsAg
uptake demonstrated the liver as the major site of antigen
retention (data not shown). Comparable levels of radioac-

© 2009 Blackwell Publishing Ltd, Immunology, 127, 279-288

tively labelled antigen were present in the livers or kid-
neys of MBL DKO and WT mice, which is suggestive of
comparable antigen trafficking in both WT and MBL
DKO (129SvEv x C57BL/6) mice. To establish if differ-
ences in the antigen retention exist in other organs like
spleens, livers or kidneys, total radioactivity of the organs
was compared with the weight of the organ. Although a
small number of labelled HBsAg-infused animals (two per
genotype) were analysed a tendency for increased antigen
presence in the spleens of the MBL DKO mice was
observed (data not shown). However, examination of
larger numbers of animals is required for conclusions to
be made.

Antibody responses to HBsAg in back-crossed MBL
DKO mice

To examine the influence of the genetic background on a
phenotype, MBL DKO mice on the mixed background
were backcrossed for six or 12 generations onto a C57BL/
6 background or for 12 generations onto an SV129EvSv
background. The mice were immunized by i.v. injection
of different doses of HBsAg. When challenged with 20 pg
HBsAg, the WT C57BL/6 and MBL DKO Fs mice
mounted comparable IgM and IgG anti-HBsAg antibody
responses. Since the effect of complement on antibody
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Figure 3. Recombinant mannose-binding lectin (rMBL) reconstitutes
the antibody responses to hepatitis B surface antigen (HBsAg) in
MBL double knockout (DKO; 129 SvEv x C57BL/6) mice. MBL
DKO, MBL DKO supplemented with rMBL at the time of the anti-
gen challenge and wild-type (WT) mice were immunized with 8 ug
HBsAg intravenously (a and b) The antigen-specific IgM and IgG
titres were determined by time-resolved immunofluorometry and
followed for 3 weeks after priming and boost. At least 10 animals in
each group were used.

responses is usually seen when animals are challenged
with low antigen doses, WT and MBL DKO F4 and Fi,
mice were challenged with lower amounts of HBsAg (8, 2
or 0-5 pg per animal). The responses in both groups (F4
or Fj,) were an order of magnitude higher than those
detected in the mixed background mice, indicating an
enhancing effect of background genes in C57BL/6.
Remarkably, after backcrossing, the MBL DKO F;, mice
showed a tendency to produce less antigen-specific IgG
antibody titres than the WT animals (Fig. 6a,b). This dif-
ference was significant at 5-7 weeks after the boost
(Mann—Whitney test P = 0-1).

Preimmune levels of anti-HBsAg antibodies (IgM and
IgG) and total serum IgM and IgG were analysed and no
difference in antibody titres was observed in MBL DKO Fq4
mice when compared with WT mice (the data not shown).

To further investigate the difference between the
immune response in the mixed background animals
(SV129EvSv x C57BL/6), MBL DKO animals backcrossed
for 12 generations onto SVI129EvSv background were
challenged with soluble antigen. No difference in antigen-
specific IgM or IgG antibody production was detected in
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Figure 4. Preimmune hepatitis B surface antigen (HBsAg)-specific
immunoglobulin M (IgM) levels are elevated in the mannose-bind-
ing lectin double knockout (MBL DKO) mice. The preimmune
HBsAg-specific IgM (a) and IgG (b) titres were determined by a
time-resolved immunofluorometry (TRIFMA) assay where microtitre
wells were coated with HBsAg and exposed to different dilutions of
non-immune sera. At least 10 animals per group were tested. Groups
were compared using the Mann—Whitney test for significance. Signif-
icant differences were observed for anti-HBsAg IgM titres
(P =0-007) and anti-HBsAg IgG titres (P = 0-03). Preimmune IgM
(c) and IgG (d) levels. The preimmune serum levels of IgM and IgG
were determined by a TRIFMA assay where microtitre wells were
coated with anti-mouse immunoglobulin and exposed to different
dilutions of non-immune sera. Groups were compared using the
Mann—Whitney test for significance. In both cases, no significant
differences were found between the groups (P > 0-05).

MBL DKO F;, and SVI29EvSv mice. However, when
compared with C57BL/6 background, SV129EvSv mice
developed strikingly lower specific antibody responses
(data not shown).

Clearance of HBsAg in the back-crossed mice

Groups of five animals were infused with HBsAg. In con-
trast to the observations on the mice of mixed back-
ground, there was no difference in the clearance of
HBsAg in the serum of either primed or non-primed
MBL DKO F4 or C57BL6 (data not shown). Within 1 hr
after challenge, the levels of HBsAg dropped to non-
detectable in circulation.

© 2009 Blackwell Publishing Ltd, Immunology, 127, 279-288
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Figure 5. Hepatitis B surface antigen (HBsAg) is cleared from circu-
lation more efficiently in mannose-binding lectin double knockout
(MBL DKO) mice than in the wild-type (WT) animals. Non-primed
(a) and primed (b) MBL DKO and WT animals were challenged
with HBsAg intravenously and serum samples were collected at dif-
ferent time-points after the challenge. The levels of HBsAg in circula-
tion were determined by enzyme-linked immunosorbent assay.
Individual animals are shown as individual symbols. The different
groups were compared by Mann—Whitney test analysis for signifi-
cance and P-values are noted in the figure.

Discussion

Studies in mice bearing targeted deficiencies in Clq, C4,
C3 or CD21/CD35 receptors (receptors for complement
fragments) demonstrated the involvement of complement
in multiple stages of the regulation of B-cell develop-
ment.”*® The complement receptors on the surface of the
B cells are of crucial importance in modulating the signal
received through the B-cell antigen receptor.”” The block-
ade of the CR1 or CR2 by mAbs or by gene targeting leads
to reduced antibody responses to T-cell-dependent
antigens.’>>* C3dg and C3d function as adjuvants to
enhance humoral immune responses to antigens, including
pneumococcal capsular polysaccharide, hen egg lysozome,
streptavidin, HIVgp120, and influenza or measles virus
haemagglutinin.”*** However, complement components
may also exhibit immunosuppressive activities.”> C3
depletion by cobra venom factor can inhibit the primary,
yet enhance the secondary, humoral immune response to
both unmodified and protein-conjugated pneumococcal
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polysaccharide.”® Furthermore, C3d may enhance or
inhibit antigen-specific antibody responses through both
CD21-dependent and independent mechanisms depending
on the concentration and nature of the antigen-C3d com-
plexes. The mechanisms involve both modulation of B-cell
responsiveness through CR2 and capture of C4- or C3-ops-
onized antigen by the follicular dendritic cell (FDC) net-
work. In addition, recent data demonstrated that in mice
CR1/CR2 are responsible for the trapping of T-indepen-
dent antigens (TI-2 antigens), e.g. group B streptococcus
polysaccharide type III (III-PS). C3- and CR1/CR2-defi-
cient animals had impaired IgM and IgG responses to
III-PS because of impaired antigen trapping and processing
by marginal zone B cells.”® These observations prompted
us to investigate the possible involvement of MBL in the
humoral responses towards glycoproteins.

In this report, we made a quite unexpected observation.
We found that MBL DKO mice on mixed background
produced elevated antigen-specific IgM and IgG immune
responses to soluble glycoprotein antigen. The observed
phenotype could be reverted by reconstitution with
rMBL. Consistently, the clearance of the HBsAg antigen
from the circulation was more efficient in the MBL DKO
(SV129EvSv x C57BL/6) mice when compared with WT
littermates. Immunohistochemical examination of splenic
sections demonstrated increased numbers of germinal
centres and elevated complement deposition in the MBL
DKO, which might offer some explanation for the
increased antibody response. Interestingly, the preimmune
antigen-specific immunoglobulins were elevated in these
mice. A plausible hypothesis is that pre-existing antigen
specific antibodies may facilitate antigen capture and pro-
mote immune response.

The idea that the classical pathway of complement
activation may compensate for the absence of MBL under
certain conditions is consistent with findings by Roos et al.,
who demonstrated that mannan can induce complement
activation by both the lectin and the classical pathway.*”®
The activation of the classical pathway by mannan was trig-
gered by anti-carbohydrate antibodies and followed by C1
activation. While it is currently not clear if this is the mech-
anisms through which MBL DKO mice on mixed back-
ground generate elevated antibody responses to HBsAg, it
is consistent with the presence of elevated levels of preim-
mune anti-HBsAg titres in MBL DKO mice.

The major source of natural antibody in mice is
thought to be the peritoneal Bl cells. Natural, or pre-
existing, IgM and, more rarely, IgG are thought to be
expressed independently of infection. They represent
germ-line-encoded antibodies with low affinities. Interest-
ingly, it has recently been seen that the numbers of Bl
cells in MBL DKO mice on mixed background are
increased,’ it is therefore likely that the natural antibody
repertoire or the levels of natural antibodies are different
in the MBL DKO mice on mixed background.
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Figure 6. The hepatitis B surface antigen (HBsAg)-specific immuno-
globulin M (IgM) and IgG titres in mannose-binding lectin double
knockout (MBL DKO) F¢ and C57BL/6 mice. MBL DKO Fq and
C57BL/6 mice were challenged with 2 ug HBsAg intravenously. The
antigen-specific IgM (a) and IgG (b) titres were determine by time-
resolved immunofluorometry and followed for 3 weeks after priming
and after boost. At least five animals in each group were used. The
data shown are representative of two individual experiments. Groups
were compared using the Mann—Whitney test for significance. The
stars annotate the time-points at which significant differences in the
titres were seen (P > 0-05).

The immunogobulins IgM or IgGl, 1gG2a, IgG2b or
IgG3 when complexed with an antigen can enhance anti-
body responses to soluble antigens.*”*' The IgGl or
IgG2a or IgG2b enhancement is dependent on the pres-
ence of activating FcyR, expressed on the antigen-present-
ing cell, and stimulates better antigen presentation to
CD4" T cells. The IgM-mediated and IgG3-mediated
enhancement of antibody responses depends on comple-
ment activation.***’ Hence, C3-deficient animals or cobra
venom-treated mice or Crl/2-deficient mice fail to pro-
duce elevated antibody response when antigen is adminis-
tered either alone or along with antigen-specific IgM. One
possibility is that in MBL DKO mice with a mixed back-
ground the capture of antigen by IgM or I1gG3 suffices to
start complement activation and to facilitate the primary
antibody formation. Once activation of specific B cells
has taken place, these will secrete antigen-specific IgM,
further enhancing the positive feedback loop.

Differences in antibody responses are often accompa-
nied by differences in antigen trapping. We therefore
determined the antigen clearance from circulation and
also addressed the antigen distribution. The kinetics of
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clearance of HBsAg from the blood was faster in MBL
DKO on mixed background than in WT controls. Consis-
tent with previously published data the majority of
HBsAg was retained in the liver, followed by the spleen.
As expected, primed animals demonstrated exacerbated
HBsAg capture in the spleens when compared with non-
primed. While similar antigen retention in the liver was
observed in the primed MBL DKO and WT control litter-
mates, there was a tendency for a twofold increase of
HBsAg in the spleens of the MBL DKO mice. Although
the number of animals analysed was small, the data corre-
lates with the observed increased antibody levels. In mice,
challenged i.v., the HBsAg probably forms immune com-
plexes with circulating antibody, which would facilitate
their targeting to the liver or spleen.

When MBL-deficient animals were backcrossed onto
C57BL/6 for six or 12 generations and challenged with sim-
ilar or decreasing levels of HBsAg antigen, the antibody
responses were reversed, indicating that on this background
MBL may have an enhancing effect on the response against
this glycosylated antigen. The antibody response developed
in MBL DKO mice backcrossed on an SV129EvSv back-
ground was significantly lower than that in mice on a
C57BL/6 background, possibly explaining the intermediate
level of specific antibodies in mice on mixed background.
The antibody titres in the SV129EvSv backcrossed mice
were similar in both MBL DKO and WT groups.

Overall these observations suggest that MBL deficiency
is a weak modifier of adaptive immunity in the context of
certain genetic environment. The identities of the gene
products that, in combination with MBL deficiency, lead
to increased production of antibodies are unknown. The
present study further emphasizes the importance of using
backcrossed animals when studying the influence of vari-
ous genes on the immune response.
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