BMB
Reports

BMB Rep. 2013; 46(7): 376-381
www.bmbreports.org
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It is unknown how soluble pattem-recognition receptors in
blood, such as mannose-binding lectin (MBL) and ficolins,
modulate mast cell-mediated inflammatory responses. We
investigate how mouse MBL-A or ficolin-A regulate mouse bone
marrow-derived mast cells (mBMMCs)-derived inflammatory
response against bacterial lipopolysaccharide (LPS) stimulation.
LPS-mediated pro-inflammatory cytokine productions on
mBMMCs obtained from Toll-like receptor4 (TLR4)-deficient
mice, TLR2-defficient mice, and their wildtype, were specifi-
cally attenuated by the addition of either mouse MBL-A or
ficolin-A in a dose-dependent manner. However, the inhibitory
effects by mouse MBL-A or ficolin-A were restored by the
addition of mannose or N-acetylglucosamine, respectively.
These results suggest that mouse MBL-A and ficolin-A bind to
LPS via its carbohydrate-recognition domain and fibrinogen-like
domain, respectively, whereby cytokine production by LPS-
mediated TLR4 in mBMMCs appears to be down-regulated,
indicating that mouse MBL and ficolin may have an inhibitory
function toward mouse TLR4-mediated excessive inflammation
on the mast cells. [BMB Reports 2013; 46(7): 376-381]

INTRODUCTION

Innate immunity provides the first line of host defence against
the invasion of pathogenic microbes (1). Crucial host im-
mune-surveillance cells, such as dendritic cells, macrophages,
and mast cells, function as sentinels, by providing early warn-
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ing signals, and by the activation of host defence responses
against invading pathogenic bacteria (2, 3). These innate im-
mune responses can be achieved by the direct recognition of
bacteria through pattern recognition receptors (PRRs), such as
Toll-like receptors (TLRs) and complement receptors, which
are activated in response to the recognition of pathogen-asso-
ciated molecular patterns (PAMPs), such as bacterial lip-
opolysaccharide (LPS), lipoproteins, and fungal 1,3-B-D-glucan
(4-7). Mast cells have been reported to produce different types
of cytokines and chemokines, including pro-inflammatory and
anti-inflammatory mediators, in response to different types of
PAMPs stimuli. Therefore, they are thought to play a role in
linking innate defenses to adaptive immune responses, and in
orchestrating the overall host immune responses (5, 8).

Mannose-binding lectin (MBL) and ficolins are multifunc-
tional soluble PRRs that are crucial in the initiation of lectin
complement pathway upon binding to microbial PAMPs, lead-
ing to bacterial lysis and phagocytosis of opsonized microbes
(9, 10). MBL and ficolins are oligomeric proteins assembled
from subunits consisting of two distinct functional domains: the
collagen-like domain, and the carbohydrate-recognition do-
main (CRD for MBL)/fibrinogen-like domain (FBG for ficolins)
(9, 11). In general, MBL and ficolins are circulating proteins in
the blood that exist as a complex with MBL-associated serine
proteases (MASPs). These complexes, when bound to microbial
cells through their CRD/FBG, promote the elimination of mi-
crobes through the activation of the lectin-complement path-
way and the facilitation of opsonophagocytosis (9, 12).

Both MBL and ficolins have been indentified in humans and
rodents. Human MBL is produced in the liver and exists in on-
ly one form in serum, while mouse MBL occurs in two distinct
forms in mouse serum MBL-A and MBL-C both of which en-
able the activation of the lectin-complement pathway (13). In
humans, three ficolins have been identified: ficolin-1 (M-fico-
lin), -2 (Lficolin) and -3 (H-ficolin). Ficolin-2 and ficolin-3 are
serum proteins, and are mainly produced in the liver, whereas
ficolin-3 is synthesized in both the liver and the lungs (14).
Ficolin-1 is mainly secreted by immune cells, such as mono-
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cytes, neutrophils, and alveolar epithelial cells, and recently
has been shown to be present in serum at low concentrations
(15). In mice, two types of ficolins, ficolin-A and ficolin-B,
have been identified. Ficolin-A is highly expressed in the liver
and spleen, and is present in the serum, while ficolin-B is ex-
pressed in bone marrow and the spleen. Based on the struc-
tural and functional properties and phylogenetic analysis, fico-
lin-A resembles human ficolin-2, while ficolin-B is more ho-
mologous with human ficolin-1 (13).

MBL and ficolins have been reported to recognize a wide
range of clinically important microbes, including bacteria, fun-
gi, and viruses, and then induce specific innate immune re-
sponses (9, 10, 16, 17). It has been shown that MBL and fico-
lins bind to the LPS of bacteria, and then induce the activation
of the TLR4 signalling pathway, leading to the mediation of in-
flammatory responses during infection (13, 18). Several reports
have shown that molecules like MBL and the analogous lung
surfactant proteins-A (SP-A) or SP-D regulate inflammatory cel-
lular responses on various immune cells by different mecha-
nisms upon stimulation with PAMPs (19-22). Since the molec-
ular regulatory mechanisms between mast cells, host MBL,
and ficolins during bacterial infection are largely unknown, in
this study, we investigate the effect of mouse MBL-A and fico-
lin-A on LPS-induced inflammatory cytokine production using
mouse bone marrow stem cell-derived mast cells (MBMMCs).

RESULTS

Bacterial LPS induced IL-6 production on mouse mast cells via
TLR4-dependent manner

To examine the biological functions of mouse TLR2 and TLR4
during mast cell-mediated cytokine production in response to
PAMP stimuli, we estimated the amounts of mouse IL-6 (mIL-6)
production on mBMMCs prepared from Toll-like receptor 2
(TLR2)-deficient mice (TIr2"), TLR4-deficient mice (TIr47), and
their wild type (TIr2*"*" and TIr4*'*). When these mast cells
were stimulated with N-palmitoyl-S-dipalmitoylglyceryl-Cys-
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Scr-(Lys)s (Pam3CSK4) and LPS, which are known to be typical
ligand molecules of TLR2 and TLR4, respectively, Pam3CK4-
treated mast cells produced miL-6 vigorously, but the TIr2"
mast cells did not, while LPS did not show any significant dif-
ference (Fig. 1A). However, as expected, when we stimulated
TIr4*'*derived mast cells or TIr4"-derived mast cells with LPS,
Tir4*"*-derived mast cells produced miL-6, but the Tlr4” mast
cells did not (Fig. 1B). These results clearly suggest that mouse
mast cells produce IL-6 in response to Pam3CSK4 and LPS dis-
tinctly in a TLR2-dependent and TLR4-dependent manner,
respectively.

Mouse MBL-A and ficolin-A attenuate LPS-induced inflam-
matory cytokine production on mBMMCs

To determine whether MBL and ficolins can modulate LPS-
mediated inflammatory cytokine production in mast cells,
mBMMCs were stimulated with LPS in the presence of mouse
MBL-A or mouse ficolin-A. When the amounts of miIL-6 and
mTNF-o. were determined by ELISA, both proteins suppressed
LPS-mediated mIL-6 and mTNF-o. production on mBMMCs in
a dose-dependent manner (Fig. 2A and 2B). Nevertheless,
Pam3CSK4-mediated mlIL-6 production was not affected by ad-
dition of mouse MBL-A or ficolin-A (data not shown). These re-
sults indicate that mouse MBL-A and ficolin-A specifically in-
hibit LPS-mediated inflammatory cytokine production in
mouse mast cells.

Mouse MBL-A and ficolin-A bind to LPS, not to extracellular
domain of TLR4 in mast cells

To examine the possibility of whether mouse MBL-A and fico-
lin-A bind to LPS via the CRD domain of MBL-A and the FBG
domain of ficolin-A, LPS was pre-incubated with mouse MBL-A
or ficolin-A prior to the stimulation of mast cells. As a control
group, we prepared samples of directly incubated LPS with pre-
pared mast cells before adding proteins. In accordance with
previous results, pre-incubation of LPS with MBL-A or ficolin-A
significantly reduced mlL-6 production on mBMMCs (Fig. 3A),
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Fig. 1. Cytokine production was induced through TLR4 and TLR2 on mouse mast cells. The mBMMCs from TIr2" mice (A), TIrd” mice (B),
and their wild type (TIr2*'* or TIr4*"*) were stimulated for 6 hr with Pam3CSK4 (2.5 pg/ml) or LPS (200 ng/ml, smooth type from E. coli
serotype O4). As a negative control, buffer alone was used instead of PAMP stimuli. Mouse IL-6 levels in the supernatant were determined
by ELISA. Data are represented as means + S.D. from triplicate experiments. Results are representative of three independent experiments
that yield similar results. Asterisk indicates the statistical significance versus controls: *P < 0.01.
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Fig. 2. Mouse MBL-A and ficolin-A suppress LPS-mediated IL-6 and TNF-o. production on mBMMCs. mBMMCs were stimulated with LPS
(200 ng/ml, smooth type from E. coli serotype O4), which was pre-incubated with mouse MBL-A or ficolin-A. As a negative control, buf-
fer alone was used instead of LPS. mIL-6 (A) and mTNF-o. (B) levels in the supernatant were determined by ELISA. Data are represented
as means + S.D. from triplicate experiments. Results are representative of at least three independent experiments that yield similar results.
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Fig. 3. Mouse MBL-A and ficolin-A attenuate LPS-mediated IL-6
production through direct binding to LPS, but not through TLR4
on mBMMCs. (A) LPS (200 ng/ml, smooth type from E. coli sero-
type O4) was pre-incubated with mouse MBL-A (1,000 ng/ml) or
ficolin-A (1,000 ng/ml) prior to stimulation of MBMMCs. (B)
Simultaneously, mBMMCs were pre-incubated with mouse MBL-A
or ficolin-A before stimulation with LPS. mlIL-6 levels in the super-
natants were determined by ELISA. Data are represented as means
+ S.D. from triplicate experiments. Results are representative of
three independent experiments that yield similar results. Asterisk
indicates the statistical significance versus controls: *P < 0.01.

whereas the pre-treatment of mast cells with the host lectin pro-
teins did not clearly affect mIL-6 production (Fig. 3B), indicat-
ing that mouse MBL-A and ficolin-A attenuate LPS-mediated cy-
tokine production through direct interaction with LPS, but not
with TLR4 extracellular domain on mouse mast cells.

Mannose and GIcNACc restored inhibitory effect of mouse
MBL-A and ficolin-A toward LPS-mediated inflammatory
cytokine production in mast cells

To further validate the obtained results, LPS was pre-incubated
with mouse MBL-A or ficolin-A in the presence of mannose or
GIcNACc prior to the stimulation of mast cells. By the addition
of mannose or GlcNAc to the reaction mixture, LPS-mediated
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Fig. 4. Effect of mannose or GlIcNAc onto mouse MBL-A and fi-
colin-A-mediated inhibition of IL-6 production on mBMMCs. LPS
(200 ng/ml, smooth type from E. coli serotype O4) was pre-in-
cubated with mouse MBL-A (1,000 pg/ml) and ficolin-A (1,000
ng/ml) in the presence of mannose (0.1 M) or GIcNAc (0.1 M)
prior to stimulation of mMBMMCs. mlIL-6 levels were measured in
culture supernatants. Data are represented as means + S.D. from
triplicate experiments. Asterisk indicates the statistical significance
versus controls: *P < 0.01.

mlL-6 production was significantly reduced on mBMMCs (Fig.
4). However, mannose or GlcNAc alone did not show any in-
fluence on mast cell activation or on LPS-mediated cytokine
production on mast cells (data not shown). These results strong-
ly suggest that the binding of mouse MBL-A and ficolin-A to
LPS occurs via the CRD domain of MBL-A and the FBG domain
of mouse ficolin-A, respectively, and further supported our pre-
vious results that mouse MBL-A and ficolin-A inhibit LPS-medi-
ated cytokine production on mast cells through binding to LPS.

DISCUSSION

In this study, we have demonstrated that LPS-mediated miL-6
and mTNF-a production on mBMMCs is attenuated by the addi-
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tion of mouse MBL-A or ficolin-A. Several reports have shown a
regulatory role of host lectins, such as MBL, SP-A, and SP-D, in
response to invading pathogens (19-22). MBL has been reported
to inhibit bacterial peptidoglycan (PGN)-mediated inflammatory
cytokine secretion on phorbol myristate acetate-stimulated
U937 cells, and also to promote chemokine production, sug-
gesting the importance of MBL binding to the GIcNAc residues
of PGN (19). In contrast, SP-A inhibits PGN-mediated TNF-o. se-
cretion in U937 cells and alveolar macrophages by direct inter-
action with the extracellular domain of TLR2, rather than bind-
ing to PGN (21). Gardai et al. have proposed dual functions of
lung collectins in macrophage-mediated pro-inflammatory im-
mune responses, because the interaction between the collage-
nous tail of SP-A or SP-D and calreticulin/CD91 enhances
pro-inflammatory responses by stimulation with LPS, while the
interaction between their globular heads and signal inhibitory
regulatory protein o (SIRPa) blocks pro-inflammatory mediator
production (23). Similarly, our previous study showed that the
binding of MBL to LPS through its CRD domain enhances
LPS-mediated cytokine and chemokine production on human
endothelial cells, suggesting possible functional roles of host
collectin family proteins, in that collectins might function as in-
termediate bridging molecules between LPS and the potential
cell receptors to facilitate LPS transferring to intracellular
TLR4/MD?2 via the distinct role of their collagenous stalks and
pattern-recognition domain (20). Moreover, SP-A, SP-D, and
MBL were also reported to bind the membrane-anchored re-
ceptor CD14, which facilitates the interaction between LPS and
TLR4 (24, 25). Taken together, these studies again highlight the
heterogeneity of host innate immune responses towards the var-
ious PAMP stimuli during infection and inflammation.We sup-
pose that the roles of these collectin family proteins in in-
flammatory responses against bacterial infection will be dis-
tinguished in mast cells.

We have investigated the effects of mouse MBL-A and fico-
lin-A on mast cell activation in response to LPS under different
conditions. Both mouse MBL-A and ficolin-A showed in-
hibitory effects on the LPS-mediated inflammatory response on
mast cells. The pre-incubation of LPS with mouse MBL-A or fi-
colin-A ameliorated the LPS-mediated immune response, but
pre-treatment of the cells with these lectins did not. Further-
more, the LPS-mediated immune responses generated by treat-
ments of MBL-A or ficolin-A were restored by the addition of
by mannose or GlcNAc, showing the binding specificities of
mouse MBL-A and mouse ficolin-A to ligand molecules. We
speculate that mouse MBL and ficolins bound to LPS intervene
in the recognition of LPS by TLR4 on the surface of mast cells.
Our results reveal that the interaction of MBL or ficolins with
TLR4 receptor on mast cells is less likely in this case.
TLR4-mediated human mast cell responses have been reported
to be dependent on the serum components, relying on the
presence of soluble CD14 (26). In our case, without soluble
CD14, vigorous mBMMC-mediated cytokine expression was
still produced by LPS, even at a relatively low concentration
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(200 ng/ml, Escherchia coli serotype O4) (27). The different re-
sponsiveness of mast cells to LPS could be explained by the
different sources and purity of the LPS serotype used and the
heterogeneity of mast cells in different animal species.

In 1996, two reports described that mast cell-deficient mice
show increased mortality after E. coli infection (2, 3), suggest-
ing a crucial role of mast cells in bacterial infection, and a mi-
nor contribution of complement activation by MBL. However,
clinical studies also revealed that MBL-deficient individuals are
more likely to develop systemic inflammatory response syn-
drome (SIRS) and to progress to septic shock (28), suggesting
MBL may also be involved in the modulation of inflammatory
responses. How MBL exerts a modulatory function in this dis-
ease remains unclear, suggesting that human MBL may have
multiple mechanisms in vivo.

In this study, we have shown that murine MBL-A and fico-
lin-A have an anti-inflammatory function by interfering with
the interaction between LPS and TLR4 on mast cells. These
findings provide insight into the pathogenesis of the diseases,
and also into how collagenous domain-containing host de-
fense proteins respond to bacterial infection at a mast cell-dis-
tributed host-environment interface.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from Hyochang Science
(Daegu, Korea). TLR4-deficient mice (TIr4”, C3H/He) back-
ground) and its wild type (strain C3H/HeN) were purchased
from Jackson Laboratory (Bar Harbor, Maine). TLR2-deficient
mice (TIr2") and the corresponding wild type mice were kind-
ly provided by Professor Shizuo Akira (Osaka University,
Osaka, Japan). All mice were maintained in specific patho-
gen-free conditions at the Samsung Biomedical Research
Center Facility. All animal experiments in this study were done
in accordance with the institutional guidelines of the Samsung
Medical Center.

Cell culture

Mouse bone marrow stem cell-derived mast cells (mMBMMCs)
were prepared and cultured as previously described (29, 30).
Briefly, mouse bone marrow stem cells were isolated from the
femur and tibia of 6 ~8-week-old mice, and cultured to a final
density of 1 x 10° cells/ml in Iscove’s modified Dulbecco’s
medium (IMDM) (Gibco) supplemented with L-glutamine (2
mM, Sigma), heat inactivated fetal calf serum (10%, Gibco),
penicillin (100 1U/ml, Sigma), streptomycin (100 pg/ml,
Sigma), murine stem cell factor (SCF) (30 ng/ml, Peprotech),
and IL-3 (30 ng/ml, Peprotech) at 37°C, in 5% (v/v) CO; air
with 95% humidity. The cultural medium was changed every
5-7 days. Non-adherent cells were collected and transferred to
fresh medium, which were maintained for approximately 8
weeks. The homogeneity of mast cells was determined by
staining with toluidine blue and FACS analysis. Cells cultured
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for 7-9 weeks were used in the experiments.

Cytokine assay

Mouse MBL-A and ficolin-A were purified from mouse serum
(Aleken Biologicals, Nash, TX) using Staphylococcus aureus
PGN-coupled Sepharose 4B, as previously described (31).
Smooth-type LPS from E. coli serotype O4 were kindly pro-
vided by the Borstel Research Center (Germany). Mast cells
were harvested by centrifugation at 1,000 rpm for 5 min and
suspended with basal medium in the absence of SCF and IL-3
for overnight starvation. For the induction of cytokines, mast
cells were suspended with fresh basal medium and seeded in-
to the wells of 96-well culture plates (SPL, Korea) (0.25 x 10°
cells/150 wl of basal medium) and stimulated in triplicate with
LPS (200 ng/ml) for 6 hr at 37°C, in 5% (v/v) CO air with 95%
humidity. After stimulation, the supernatant from each well
was collected by centrifugation at 1,000 rpm for 7 min and
used for a subsequent cytokine assay. To measure the levels of
mlIL-6 and mTNF-o. in each supernatant, mIL-6 and mTNF-o
ELISA were performed according to the manufacturer’s in-
structions (DuoSet ELISA, R&D).

In some experiments, mast cells from Tird™ , TIr2”, and their
wild type were used to determine the effect of TLR4 and TLR2
on mast cell-mediated IL-6 production in response to LPS and
N-palmitoyl-S-dipalmitoylglyceryl Cys-Scr-(Lys)s (Pam3CSK4)
(EMC Microcollections GmbH), respectively. After the stim-
ulation of these cells with LPS (200 ng/ml) or Pam3CSK4 (2.5
ug/ml), IL-6 levels in the supernatant were analyzed as de-
scribed above.

To determine the effect of mouse MBL-A or ficolin-A on
LPS-induced cytokine production in mast cells, LPS (200
ng/ml) was pre-incubated with or without each protein (10,
100, 1,000 ug/ml) for 80 min at room temperature prior to
stimulation. To understand the involvement of TLR4 as well as
LPS in the case described above, each protein (1,000 ng/ml)
was pre-incubated with mast cells for 3 hr before stimulation
with LPS (200 ng/ml), which was simultaneously compared
with the previous setup, with pre-incubation of LPS (200
ng/ml) with each protein (1,000 ng/ml) for 80 min before
stimulation. IL-6 levels in the supernatant were analyzed as de-
scribed above.

In some experiments, to determine the effect of mannose or
GIcNAc on the LPS-mediated immune responses described
above, both proteins were pre-treated with LPS in the presence
or absence of mannose (0.1M) or GIcNAc (0.1M) to inhibit
their binding to LPS before the stimulation of mast cells. As a
control, mast cells were only incubated with mannose or
GIcNAc in the presence or absence of LPS. IL-6 levels in the
supernatant were analyzed as described above.

Statistical analysis

Data are represented as the mean +S.D. of at least three in-
dependent experiments. Statistical analysis was performed us-
ing Student’s t test. P < 0.01 was considered statistically sig-
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nificant between two sample means.
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