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Abstract

Collectins and ficolins are important in the clearance of en-
dogenous and exogenous danger materials. A new human
collectin-11 was recently identified in low concentration in
serum in complex with mannose-binding lectin (MBL)/fico-
lin-associated serine proteases. Collectin-11 binds to carbo-
hydrate residues present on various microorganisms. Thus,
we hypothesized that collectin-11 could be a novel initiation
molecule in the lectin pathway of complement. We can show
that collectin-11 associates with all the known MBL-associat-
ed serine proteases (MASP-1, MASP-2 and MASP-3) as well as
the lectin complement pathway regulator MAP-1. Further-
more, we found that complex formation between recombi-
nant collectin-11 and recombinant MASP-2 on Candida albi-
cans leads to deposition of C4b. Native collectin-11 in serum
mediated complement activation and deposition of C4b and
C3b, and formation of the terminal complement complex on
C. albicans. Moreover, spiking collectin-11-depleted serum,
which did not mediate complement activation, with recom-
binant collectin-11 restored the complement activation ca-

pability. These results define collectin-11 as the fifth recogni-
tion molecule in the lectin complement pathway in addition
to MBL, ficolin-1, ficolin-2 and ficolin-3.

Copyright © 2012 S. Karger AG, Basel

Introduction

Pathogen-associated molecular pattern recognition by
pattern recognition molecules is a central hallmark of in-
nate immunity to eliminate invading pathogens via im-
mune defense mechanisms, such as complement activa-
tion and opsonophagocytosis [1]. Collectins are members
of the C-type lectin superfamily that recognize pathogen-
associated molecular patterns exposed on pathogens,
which facilitate opsonophagocytosis [2]. It comprises the
classical C-type lectin superfamily consisting of man-
nose-binding lectin (MBL) and surfactant proteins A and
D, all of which possess two structural characteristics, a
collagen-like domain and a carbohydrate recognition do-
main (CRD), which are assembled into trimers and fur-
ther organized into higher-order oligomeric structures
[2]. Among these, MBL is the only collectin shown to be
involved in lectin complement pathway activation, shar-
ing this feature with the ficolin protein family (ficolin-1,
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ficolin-2 and ficolin-3, respectively) [3]. MBL and the fi-
colins form complexes with the MBL/ficolin-associated
serine proteases named MASP-1, MASP-2 and MASP-3
and two nonenzymatic proteins named sMAP (MAp19)
and MAP-1 (MAp44) [4]. MASP-1, MASP-3 and MAP-1
are all splice variants derived from the MASPI gene,
while MASP-2 and sMAP are splice variants derived
from the MASP2 gene. MASP-2 has a defined role in the
cleavage of C4 and C2 which leads to the formation of the
C3-convertase enzyme complex [5]. Further downstream
activation leads to cleavage and deposition of C3b and
culminates in the formation of the terminal C5b-9 com-
plement complex (TCC). On the other hand, MASP-1
cleaves C2, but not C4, and it has been shown that MASP-
1 enhances complement activation triggered by MBL/fi-
colin-M ASP-2 complexes, but cannot induce C3-conver-
tase formation itself [6]. Recent findings show that about
75% of all C2 that becomes activated through lectin path-
way activation is mediated by MASP-1 [7]. MASP-1 is,
therefore, crucial for efficient activation of the lectin
complement pathway. Regarding MASP-3, it has been re-
ported that MASP-3 triggers the activation of the alterna-
tive complement pathway along with MASP-1, but this
has only been shown in rodents [8]. While the function
of the nonenzymatic protein named sMAP is unknown,
in vitro data show that MAP-1, also known as MAp44, is
a potent regulator of lectin complement pathway activa-
tion [9, 10].

Recently, three novel human collectins, collectin-10
(collectin liver 1, CL-L1 or CL-10), collectin-11 (collectin
kidney 1, CL-K1 or CL-11) and collectin-12 (collectin
placenta 1, CL-P1 or CL-12), have been identified and
characterized after EST database search [11-13]. Among
these molecules, only collectin-11 has been detected in
plasma, but with a very low concentration of around 0.3
wg/ml [14, 15]. It has been shown that collectin-11 binds
to a broad spectrum of microorganisms, including bac-
teria, fungi and viruses, in a Ca**-dependent manner
with particular specificity for carbohydrates like L-fu-
cose and D-mannose [11, 16]. Collectin-11 has also been
found to be associated with the MASPs [16, 17]. Further-
more, it has been shown that mutations in the genes
encoding collectin-11 (COLECII) as well as the serine
protease MASP-3 (MASPI gene) cause a human dev-
elopmental syndrome, termed the 3MC (Malpuech-
Michels-Mingarelli-Carnevale) syndrome [18]. These
evidences suggest a pivotal role of collectin-11 and
MASP-3 not only in innate immune defense, but also in
fundamental developmental processes. However, wheth-
er collectin-11 indeed may be a recognition molecule in
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the complement system has hitherto been unknown.
Based on the similarities with MBL and the findings that
collectin-11 may either be associated with MASP-1 or
MASP-3 in plasma, we hypothesized that collectin-11
may function as a recognition molecule in the lectin
complement pathway through interaction with the
MASPs. In the present study, we used Candida albicans
as a model of infection since collectin-11 has been shown
to bind to this fungus [16]. Our results define collectin-11
asanew lectin complement pathway-activating molecule
associated with the MASPs in addition to MBL and the
ficolins.

Materials and Methods

SDS-PAGE and Western Blot

SDS-PAGE was perfomed using 4-12% Bis-Tris gels (Invitro-
gen, Taastrup, Denmark), and separate bands were visualized by
staining with Coomassie brilliant blue or transferred to PVDF
membranes (Millipore, Hundested, Denmark) as previously de-
scribed [19].

Binding of Collectin-11 to C. albicans

C. albicans (clinical isolate H29929; Statens Serum Institute,
Denmark) [20] were washed and resuspended in TBS buffer (10
mM Tris, 150 mM NaCl, 2.5 mM CaCl,, pH 7.4) containing 1%
heat-inactivated FCS, then incubated with collectin-11 (10 pg/ml;
R&D Systems, Minneapolis, Minn., USA) at 37°C for 1 h. C. albi-
cans were washed after each step in cold TBS/heat-inactivated
FCS. Bound proteins were detected with rabbit anti-collectin-11
polyclonal antibody (Ab; PTGLAB, Manchester, UK) and FITC-
conjugated swine anti-rabbit IgG (Dako, Glostrup, Denmark),
and finally analyzed with a BD FACSCalibur (Becton Dickinson,
Bilthoven, The Netherlands). In some experiments, C. albicans
were incubated with collectin-11 in the presence of EDTA (10
mM), D-mannose (0.1 M), N-acetyl-D-glucosamine (GlcNAc;
0.1 M; all from Sigma, St. Louis, Mo., USA) or recombinant MBL
(5 pg/ml). Binding of collectin-11 was determined as described
above. Binding of MBL was assessed with anti-MBL monoclonal
Ab (HYBI131-11; BioPorto, Gentofte, Denmark). Recombinant
MBL was produced as previously described [21]. In some experi-
ments, the binding of collectin-11 was also tested on Aspergillus
fumigatus instead of C. albicans as described above. The A. fu-
migatus strain, which is a clinical isolate, has been described pre-
viously [20].

MASPs Associate with Collectin-11

To determine whether the MASPs associate with collectin-11,
full-length constructs of human recombinant MASP-1, MASP-2,
MASP-3 and MAP-1 were expressed in CHO-DG44 cells and pu-
rified as described previously [19]. C. albicans were treated as
above prior to incubation at 37°C for 1 h with or without collec-
tin-11 (10 pg/ml), MASPs (0.5 pg/ml of each MASP-1, MASP-2,
MASP-3 and MAP-1) or a mixture of the proteins, respectively.
Bound MASP-1, MASP-3 and MAP-1 were detected using an an-
ti-MASP-1/3/MAP-1 monoclonal Ab (8B3; recognizing an epi-
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tope on the common heavy chain on all three molecules [19, 22])
and FITC goat anti-mouse IgG (Dako), while MASP-2 was de-
tected using a rat anti-MASP-2 monoclonal Ab (clone 8B5; Hy-
cult, Uden, The Netherlands) and Alexa fluor 633 goat anti-rat
IgG (H+L; Invitrogen). Alternatively, the association between
MASPs and collectin-11 was also confirmed in ELISA by incuba-
tion of the MASPs (MASP-1, MASP-2 and MASP -3), MAP-1 (0.5
pg/ml of each) or BSA (5 wg/ml) as a control to collectin-11 (5 g/
ml) or MBL (5 pg/ml) immobilized in ELISA microtiter wells.
Each bound MASP was detected with 8B3 or 8B5 antibodies, as
described above.

Complement Activation

Complement C4b, C3b and the TCC deposition were assessed
as previously described [20]. In brief, C. albicans were incubated
with collectin-11 (10 pg/ml) prior to the addition of MBL-defect
serum (10%) as a complement source. After washing, C4b, C3b
and TCC deposition were detected by polyclonal anti-human C4c
Ab (Dako), anti-human C3c Ab (Dako) or monoclonal anti-hu-
man C5b-9 Ab (BioPorto), respectively, and finally analyzed by
flow cytometry using FITC goat anti-mouse IgG (Dako). In some
experiments, recombinant MASP-2 (0.5 pg/ml) and purified hu-
man C4b (10 pg/ml; CompTech, Tyler, Tex., USA) were applied as
complement source instead of serum, and deposition of C4 after
incubation for 15, 30 and 60 min was then determined with the
anti-C4c antibody described above. Complement C4b, C3b and
TCC deposition were also assessed in the presence of mannose
(0.1 M). Alternatively, MBL-defect serum was first incubated with
mannose-agarose (Sigma) in order to deplete collectin-11 from
serum or control agarose (Sigma) prior to the use of serum as
complement source. The content of collectin-11 in the superna-
tants after incubation was evaluated by Western blot. In addition,
we spiked the depleted serum with 10 pg/ml of recombinant col-
lectin-11.

Statistical Analysis

Statistical analysis was performed using Student’s t test and
GraphPad Prism, version 5.0 (GraphPad Software, San Diego,
Calif,, USA).

Results

Oligomerization of Collectin-11

SDS-PAGE and Western blot analysis of recombinant
collectin-11 under reducing and nonreducing conditions
showed over 90% purity and a mixture of monomer and
covalent oligomers ranging from dimers to dimers of tri-
meric subunit (online supplementary fig. 1A-D; see www.
karger.com/doi/10.1159/000345356 for all online suppl.
material). The activity was also identified and character-
ized elsewhere [11]. Western blot analysis under nonre-
ducing conditions revealed that native collectin-11 pres-
ent in the serum forms more complex oligomerization
than recombinant collectin-11 (online suppl. fig. 1D).
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Fig. 1. Binding specificity of collectin-11 on C. albicans. a Binding
of collectin-11 to C. albicans is shown. b Collectin-11-induced ag-
glutination of C. albicans. Agglutination was assessed by change
in forward and side scatter morphology. ¢ Lectin activity of col-
lectin-11 was confirmed by addition of EDTA, mannose or
GIcNAc inhibiting the binding of collectin-11. d Binding of
collectin-11 in the presence of MBL. e Binding of MBL in the pres-
ence of collectin-11. The mean fluorescence intensity was used to
assess collectin-11 or MBL binding. Results are representative of
at least three independent experiments.
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Fig. 2. Association of MASPs with collectin-11. a-d Association & 23
of MASPs with collectin-11 by flow cytometry. C. albicans were <
incubated with or without collectin-11 (10 wg/ml), MASPs (0.5 £ 20
wg/ml of each MASP and MAP-1) or a mixture of both, respec- 3
tively. Bound MASPs were assessed by flow cytometry as de- 5 .5 B
scribed in Materials and Methods. The mean fluorescence inten- ’
sity was used to assess MASP binding. Results are representative
ofatleast threeindependent experiments. e Association of MASPs 1.0 A
with collectin-11 in ELISA. ELISA wells coated with BSA (5 g/ x
ml), collectin-11 (5 pg/ml) or MBL (5 p.g/ml) were incubated with 05 |
MASP-1, MASP-2, MASP-3 or MAP-1 (1 pg/ml of each), respec- ' *
tively. Bound MASPs were detected as described in Materials and '_'.
Methods. Results are expressed as means = SE from triplicate 0
MASP-1 MASP-2  MASP-3  MAP-1

experiments. Results are representative of at least three indepen-
dent experiments. * p < 0.01 vs. control.
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Binding of Collectin-11 to C. albicans and

A. fumigatus

To characterize the potential physiological relevance
of collectin-11 in complement activation, C. albicans were
used as a matrix and model of infection. As shown in
fig. 1a, collectin-11 clearly bound to C. albicans, as re-
ported recently [16]. We also found that collectin-11 could
induce agglutination of C. albicans upon binding (fig. 1b).
However, inclusion of EDTA, mannose or GIcNAc inhib-
ited the binding of collectin-11 to C. albicans with differ-
ent efficiency, showing a clear lectin activity of collec-
tin-11 (fig. 1c). Interestingly, when collectin-11 was incu-
bated together with MBL, MBL did not affect the bind-
ing of collectin-11 on C. albicans and vice versa (fig. 1d,
e). Furthermore, we also found that collectin-11 bound
A. fumigatus in a dose-dependent manner, whereas no
inhibition of the binding was detected in the presence of
EDTA, L-fucose or mannose (online suppl. fig. 2A, B).

Formation of Collectin-11/MASP Complexes

To determine whether MASPs were complexed with
collectin-11, we performed flow cytometry. As shown in
figure 2a—d, collectin-11 was associated with all MASPs,
MASP-1 to MASP-3 and MAP-1, with differential extent.
In comparison with MASP-3 or MAP-1, MASP-1 re-
vealed a relatively weak association to collectin-11. This
was also confirmed by ELISA (fig. 2e). Furthermore, we
found that pathogenic C. albicans yeast adsorbed all
MASPs on the surfaces in the absence of collectin-11.

Involvement of Collectin-11 in Complement Activation

We next determined whether the collectin-11/M ASP-
2 complex activates complement. When we reconstituted
collectin-11/MASP-2 complexes on C. albicans by using
recombinant proteins, addition of purified human C4 en-
hanced C4 deposition on C. albicans in a time-dependent
manner (fig. 3). However, no significant signal was elic-
ited when collectin-11 was applied alone. In contrast, in
the absence of collectin-11, some MASP-2 could be ab-
sorbed to the fungus, which also elicited C4 deposition to
a certain degree. However, no time dependency of this
effect was observed (fig. 3). To investigate the physiologi-
cal relevance, we also used MBL-defect whole serum as
complement source and assessed the deposition of C4b,
C3b and TCC on C. albicans upon collectin-11 binding.
This type of serum has previously been shown to contain
only modest complement capacity when used with C. al-
bicans without reconstitution with recombinant MBL
[20]. As shown in figure 4a—c, an increase in the concen-
tration of exogenously added collectin-11 from 0 to 20
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Fig. 3. Collectin-11/MASP-2 complex-induced C4 deposition.
C. albicans were incubated with collectin-11 (10 pg/ml), MASP-2
(0.5 pg/ml) or a mixture of both proteins prior to addition of hu-
man purified C4 (10 pg/ml). C4 deposition after incubation for
15,30 and 60 min was determined by flow cytometry as described
in Materials and Methods. The mean fluorescence intensity
(MFI) was used to assess C4 deposition. Results are representative
of at least three independent experiments.

pg/ml was accompanied with a marked enhancement in
C4b, C3b and TCC deposition on C. albicans, supporting
the observations above using a pure serum-free system.
To determine the contribution of native serum collec-
tin-11 to activation of the lectin complement pathway, we
determined C4b, C3b and TCC deposition on C. albicans
after incubation with MBL-defect serum in the presence
of mannose. As shown in figure 5a-c, inclusion of man-
nose (0.1 M) inhibited serum-mediated C4b, C3b and
TCC deposition. To further verify the potential involve-
ment of serum collectin-11, collectin-11 was depleted
from serum using mannose-agarose beads. As a control,
the serum was also incubated with control agarose beads
in parallel. The serum level of collectin-11 was then eval-
uated by Western blot under reducing conditions show-
ing that adding mannose-agarose mediated depletion,
while control agarose did not (fig. 5d, inset). As shown
in fig. 5d-f, depletion of native collectin-11 from the se-
rum inhibited C4b, C3b and TCC deposition compared
with control serum. No apparent differences were de-
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Fig. 4. Collectin-11-induced complement activation. C. albicans
were incubated with increasing concentrations of collectin-11 pri-
or to induction of complement activation by MBL-defect whole
serum (10%). C4b (a), C3b (b) or TCC (c) deposition was deter-
mined by flow cytometry as described in Materials and Methods.

tected in C4b, C3b or TCC deposition between the sera
treated with or without control agarose beads (data not
shown).

When we added recombinant collectin-11 to the de-
pleted serum, we were able to restore C4b, C3b or TCC
deposition (fig. 5d-f). When collectin-11 was bound to
A. fumigatus, no collectin-11-dependent complement de-
position was observed (data not shown).

Discussion

Collectins play important roles in innate immunity
due to their capacity to induce humoral and cellular ef-
fector defense functions [2]. Recently, a novel collectin,
collectin-11, also named CL-K1 or CL-11, has been de-
scribed [11, 14, 16]. Collectin-11 has been shown to be as-
sociated with the MASPs [16, 17]. In the present study, we
can also demonstrate that collectin-11 associates with
both MASPs (MASP-1, MASP-2 and MASP-3) as well as
the lectin complement regulator MAP-1. More impor-
tantly, we could demonstrate conclusively for the first

Collectin-11 and Complement

The mean fluorescence intensity (MFI) was used to assess com-
plement activation. Data are expressed as means * SE from trip-
licate experiments. Results are representative of three indepen-
dent experiments.

time that collectin-11 mediates complement activation
via the lectin route.

Consistent with previous immunoblotting data [16],
our flow cytometry data clearly show that collectin-11
recognizes C. albicans most likely via its CRD domain
because the binding could be inhibited by EDTA, man-
nose and GIcNAc, suggesting that this is a classical calci-
um-dependent interaction to carbohydrate residues pres-
ent on C. albicans. However, particularly interesting was
the observation that collectin-11 binding was not inhib-
ited by MBL and vice versa, implying that in terms of the
fine pathogen-associated molecular pattern specificity
these molecules do not compete with each other and in
protection against certain microorganisms may compen-
sate for each other. Taken together these findings clearly
show that molecules like collectin-11 may compensate for
MBL deficiency and explain why MBL may be partly re-
dundant [23]. Due to differences in fine specificity, it is
also conceivable that collectin-11 may bind to microor-
ganisms with which MBL cannot interact and vice versa.
Indeed, it has been reported that MBL does not bind to
some investigated Streptococcus pneumonia strains while
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Fig. 5. Activity of native collectin-11 in relation to complement
activation. C. albicans were incubated with MBL-defect serum
(serumM®L-, 10%) in the absence or presence of mannose (0.1 M)
or with MBL-defect serum treated with either mannose-agarose
beads or control agarose beads. In addition, we used MBL-defect
serum depleted for native collectin-11 (serum™BL~/CL-11-) that was
restored with recombinant collectin-11 (rCL-11; 10 pg/ml). C4b
(a,d), C3b (b, e) or TCC (c, f) deposition was then determined for
both mannose-introduced experiments (a-c) and effect of de-

a clear binding of collectin-11 was observed [17]. A novel
antimicrobial feature we observed regarding collectin-11
was its capacity to agglutinate C. albicans even without
the presence of serum or involvement of complement.
Thus, collectin-11 may have a role in innate immune pro-
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pletion (d-f) by flow cytometry as described in Materials and
Methods. Depletion of native collectin-11 from MBL-defect se-
rum was analyzed by Western blot under reducing conditions (d:
inset). Lane 1 = Recombinant collectin-11; lane 2 = the serum
treated with control agarose beads; lane 3 = the serum treated with
mannose-agarose beads; serumMBl- = MBL-defect serum; se-
rumMBL-/CL-11- = MBL-defect serum depleted for native collec-
tin-11. Results are representative of three independent experi-
ments that yielded similar results.

tection without the involvement of additional effector
systems like complement.

Nevertheless, in contrast, collectin-11 binding to the
other investigated pathogen A. fumigatus occurred in a
different fashion. The binding of collectin-11 to A. fu-
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migatus was calcium independent and could not be in-
hibited by L-fucose or mannose, suggesting that the inter-
action was not via the classical calcium-dependent CRD
structures. Interestingly, this also seems to be the case
with the previously reported interaction between collec-
tin-11 and DNA [16]. Moreover, interaction between col-
lectin-11 and A. fumigatus did not lead to complement
activation.

Using the ELISA platform and flow cytometry, we
could show that collectin-11 associated with MASP-1,
MASP-2, MASP-3 and MAP-1, but to varying extent. As
reported previously, the binding motif of MASPs in MBL
has been identified to involve a sequence stretch: Hyp-
Gly-Lys-Xaa-Gly-Pro, where Lys™ is believed to have an
essential role and is conserved in a variety of species of
MBL and ficolins [24, 25]. It has also been shown that
only the mutation in Lys® in the collagen-like domain of
MBL, but not mutation in either Pro>? or Leu®, affects the
MASP association to a great extent, indicating that Pro®
or Leu®® are apparently not critical [25]. Different from
MBL, collectin-11 possesses a reconstituted amino acid
sequence conserved in a variety of species: His-Gly-Lys-
Ile-Gly-Pro, instead of the MASP binding motif of MBL
and the ficolins. However, the key lysine residue in col-
lectin-11 which corresponds to the critical Lys®® in MBL
(Lys* in ficolin-2 or Lys* in ficolin-3) is a feature provid-
ing a theoretical assumption of the critical motif via
which collectin-11 may associate with the MASPs [16, 17,
26]. However, only studies using site-directed mutagen-
esis and expression of mutated collectin-11 may shed de-
tailed light on this assumption.

Our results show that recombinant MASP-2, the acti-
vator of C4 in the lectin complement pathway, was able to
enhance deposition of C4b on C. albicans in the presence
of recombinant collectin-11. In a more physiologically
relevant setting, we used MBL-defect serum as MASP
and complement source to elucidate whether anchorage
of collectin-11 on C. albicans could enhance complement
deposition. Our results clearly demonstrate that C4b de-
position was enhanced in a collectin-11 dose-dependent
fashion, which also led to enhancement of C3b and TCC
deposition. In addition, when we blocked binding of na-
tive collectin-11 with mannose, no complement deposi-
tion was observed in MBL-defect serum. This was also
noted when collectin-11 was depleted from serum, while
when we added back recombinant collectin-11 the com-
plement deposition activity was restored. These results
provide proof of concept that collectin-11 functions as a
recognition molecule in the lectin complement pathway
in addition to MBL and the ficolins.

Collectin-11 and Complement

Defects in the genes encoding either collectin-11 or
MASP-3 have been shown to cause the 3MC development
syndrome [18]. The 3MC syndrome is a unifying term
encompassing the overlapping Carnevale, Mingarelli,
Malpuech and Michels syndromes. These rare autoso-
mal recessive disorders exhibit a spectrum of develop-
mental features, including characteristic facial dysmor-
phism, cleft lip and/or palate, craniosynostosis, learning
disability, and genital, limb and vesicorenal anomalies.
However, it is difficult to reconcile that the 3MC syn-
drome should be caused by a complement defect per se.
COLECI11 RNA knockdown studies using embryonal ze-
bra fish indicated that collectin-11 deficiency hampered
neural crest cell migration [18]. Thus, it is likely that col-
lectin-11 and MASP-3 also may have important physio-
logical roles outside what we generally regard as the func-
tions of the complement system.

The capability to evade immune recognition and at-
tack is widely used by pathogens [27]. C. albicans possess
several strategies to circumvent the complement system
[28]. Thus, it is interesting to note that MASP-2 binds to
pathogenic C. albicans without support of bridging mol-
ecules, which results in some degree of C4 deposition.
Further studies are necessary to elucidate whether this
side observation is biologically relevant and represents a
true evasion mechanism, and/or whether C. albicans con-
tains MASP-binding molecules.

In summary, we demonstrate that collectin-11 is pres-
ent in association with MASP-1, MASP-2, MASP-3 and
MAP-1, and define collectin-11 as a novel initiator mol-
ecule of the lectin complement pathway activation upon
recognition of microorganisms. Thus, collectin-11 may
be regarded as the fifth recognition molecule of the lectin
pathway besides MBL, ficolin-1, ficolin-2 and ficolin-3.
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