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Discrimination between self and non-self by lectins (carbohydrate-binding proteins) is a strategy
of innate immunity that is found in both vertebrates and invertebrates. In vertebrates, immune
recognition mediated by ficolins (lectins that consist of a fibrinogen-like and a collagen-like
domain), as well as by mannose-binding lectins, triggers the activation of the complement
system, which results in the activation of novel serine proteases. The presence of a similar lectin-
based complement system in ascidians, our closest invertebrate relatives, indicates that the
complement system probably had a pivotal role in innate immunity before the evolution of an

adaptive immune system in jawed vertebrates.

Immunity to infection is mediated by two systems — the
acquired (or adaptive) immune system and the innate
(or natural) immune system. Acquired immunity arose
early in vertebrate evolution, at some point between the
divergence of the cyclostomes (lamprey) and cartilagi-
nous fishes (sharks). The innate immune system is an
evolutionarily ancient form of immunity and offers the
main resistance to microbial pathogens within the first
minutes, hours or days of an infection'. Innate immu-
nity was thought originally to be a non-specific immune
response that was characterized by phagocytosis.
However, innate immunity has considerable specificity
and is able to discriminate between pathogens and self,
as well as between classes of pathogen. The recognition
of pathogens is mediated by a set of pattern-recognition
receptors that bind conserved pathogen-associated mol-
ecular patterns (PAMPs) that are shared by broad classes
of microorganism. This recognition successfully defends
invertebrates and vertebrates against infection®.
Complement was first described in the 1890s as a
heat-labile protein in serum that ‘complemented” heat-
stable antibodies in the killing of bacteria. Now, the
complement system, which consists of more than 30
plasma and cell-surface proteins, is known to be a highly
sophisticated host-defence system that is engaged both
by innate immunity and as one of the main effector

mechanisms of antibody-mediated immunity. Once the
complement system is activated, a chain of reactions that
involves proteolysis and assembly occurs, which results in
cleavage of the third complement component (C3). The
cascade that leads to the cleavage of C3 is called the acti-
vation pathway. It is followed by the lytic pathway, during
which the membrane-attack complex (MAC) is formed.
There are three types of activation pathway: the classical,
lectin and alternative pathways (FIG. 1). The classical
pathway is activated by antibody—antigen complexes,
whereas the other two pathways — the lectin and alter-
native pathways — function in innate immune defence.
The lectin pathway involves carbohydrate recognition
by pattern-recognition receptors, such as mannose-
binding lectin (MBL) and ficolins, and the subsequent
activation of associated unique enzymes that are known
as MBL-associated serine proteases (MASPs). The alter-
native pathway is initiated by the covalent binding of a
small amount of C3 to hydroxyl or amine groups on the
cell-surface molecules of microorganisms, and it does
not involve specific recognition molecules. This pathway
also functions to amplify the activation of C3 (amplifi-
cation loop). Activation of the complement system
promotes three main biological activities: opsonization
of pathogens; chemotaxis and activation of leukocytes;
and direct killing of pathogens. Recently, accumulating
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C-TYPE LECTIN

A calcium-dependent animal
lectin that is a carbohydrate-
binding protein. The binding
activity of a C-type lectin is
based on the structure of the
carbohydrate-recognition
domain, which is highly
conserved among this family.
Calcium is essential not only for
the carbohydrate binding itself,
but also for the structural
maintenance of this domain.

COLLECTIN

A C-type lectin that has a
collagen-like domain. One
group, the secreted lectins,
consists of mannose-binding
lectin, bovine conglutinin and
collectin 43 in blood, and the
two mucosal-associated
proteins surfactant proteins A
and D. The other group consists
of the newly discovered, non-
secreted-type collectin liver-1
and membrane-type collectin
placenta-1.
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Figure 1 | Activation of the classical, lectin and alternative pathways. a | The classical pathway is initiated by the binding of
the C1 complex to antibodies that are bound to antigens on the surface of bacteria. The C1 complex consists of C1g and two
molecules each of C1r and C1s. The binding of the recognition subcomponent C1q to the Fc portion of immunoglobulins results in
autoactivation of the serine protease C1r. C1r then cleaves and activates C1s, which translates the activation of the C1 complex into
complement activation through the cleavage of C4 and C2 to form a C4bC2a enzyme complex. C4bC2a acts as a C3 convertase
and cleaves C3, which results in products that bind to and cause the destruction of invading bacteria. b | The lectin pathway is
initiated by the binding of either mannose-binding lectin (MBL) or ficolin — associated with MBL-associated serine protease 1
(MASP1), MASP2, MASP3 and small MBL-associated protein (sSMAP) — to an array of carbohydrate groups on the surface of a
bacterial cell. Similar to C1s, MASP2 is responsible for the activation of C4 and C2, which leads to the generation of the same C3
convertase (C4bC2a) as in the classical pathway. MASP1 is able to cleave C3 directly. ¢ | The alternative pathway is initiated by the
low-grade activation of C3 by hydrolysed C3 (C3(H,0)) and activated factor B (Bb). The activated C3b binds factor B (B), which is
then cleaved into Bb by factor D (D) to form the alternative pathway C3 convertase, C3bBb. Once C3b is attached to the cell
surface, the amplification loop consisting of the alternative-pathway components is activated, and the C3-convertase enzymes
cleave many molecules of C3 to C3b, which bind covalently around the site of complement activation.

evidence has shown that the complement system also
acts as an adjuvant by enhancing and directing the adap-
tive immune response, and can function in the disposal
of apoptotic cells**.

In this review, I focus on the elucidation of the lectin
pathway, the discovery of which was one of the most
outstanding in recent complement research. Lectins are
now simply defined as proteins that specifically bind car-
bohydrates. In animals, soluble lectins function as
weapons against pathogens by aggregating and opsoniz-
ing them. These are primitive strategies of innate immu-
nity that are found in both invertebrates and vertebrates.
Evolutionary pressure, however, has afforded lectins the
more powerful ability to activate the complement sys-
tem, thereby effectively eliminating pathogens from the
host. The identification of several components of the
lectin pathway in ascidians, our closest invertebrate rela-
tives, should provide new insights into the complement
system, particularly in terms of its evolution.

Recognition molecules in complement activation
In the classical pathway, C1q, a subcomponent of the
first complement component (C1), recognizes the Fc
region of immunoglobulins that are bound to antigen®.
C1q has an unusual modular structure that consists of
six globular heads, each of which is connected by a
strand to a central fibril-like region that is composed of
collagen-like, triple-helical structures. Mannose-binding
lectin and ficolins, which are the moieties that mediate
recognition in the lectin pathway, have a similar overall
structure to C1q (FIG. 1).

Mannose-binding lectin is a c-rypeLecTIN®® that has a
crucial role in the first line of host defence’. The impor-
tance of this molecule is underlined by several clinical
studies that link MBL-deficiency with increased suscep-
tibility to various infectious diseases'®*>. MBL belongs
to the corLectin family of proteins, which consist of a
collagen-like domain and carbohydrate-recognition
domain (CRD)". Three polypeptides fold together to
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Figure 2 | Domain and oligomeric structure of mannose-
binding lectin and ficolins. Mannose-binding lectin (MBL)
and ficolins are oligomers of structural subunits, each of which
is composed of three identical 32-kDa and 35-kDa
polypeptides, respectively. Each subunit contains: an amino-
terminal, cysteine-rich region; a collagen-like domain that
consists of tandem repeats of Gly-Xaa-Yaa triplet sequences
(where Xaa and Yaa represent any amino acid); a neck region;
and a carboxy-terminal carbohydrate-recognition domain
(CRD) in MBL and fibrinogen-like domain in ficolins. MBL forms
several sizes of oligomers!® and the trimeric form is shown.
The tetrameric form of L-ficolin/P35 that is shown here was
indicated by electron microscopy studies.

form the structural subunit and 3—6 of these subunits
join to form human MBL, which has an apparent mole-
cular mass of ~300—-650 kDa (REE 15) (FIG. 2). Through its
CRD, MBL binds carbohydrates with 3- and 4-hydroxyl
groups in the pyranose ring in the presence of calcium®.
So, prominent ligands for MBL are mannose and
N-acetyl-glucosamine (GlcNAc), whereas carbohydrates
that do not fit this steric requirement — for example,
galactose and sialic acid, which usually decorate the
mammalian glycoproteins — have undetectable affinity
for MBLY. This steric specificity of MBL, along with dif-
ferences in the spatial organization of its ligands, enables
the specific recognition of carbohydrates on pathogenic
microorganisms, including bacteria, fungi, parasitic
protozoans and viruses, and avoids the recognition of
non-infectious self's. MBL has been characterized in
mammals, chickens' and carp® (FIG. 3).

Ficolins, like MBL, are a group of proteins that
contain a collagen-like stem structure. Unlike MBL,
however, they have a fibrinogen-like domain, which is
similar to fibrinogen [3- and y-chains (FIG.2). They were
identified originally as transforming growth factor-f1
(TGF-B1)-binding proteins on pig uterus membranes®.
Since then, ficolins have been identified in mammals,
including human®, rodents®, pig?>* and hedgehog?,
and, recently, in ascidians® (see below and FIG. 3). Serum
ficolins are lectins that have a common binding speci-
ficity for GIcNAc***%%, In human serum, two types
of ficolin, known as L-ficolin/P35 (ficolin L)****and
H-ficolin (Hakata antigen)*-, have been identified, and
both of them have lectin activity. Another ficolin,
known as M-ficolin®?* or P35-related protein®* — the
messenger RNA of which is found in leukocytes and
lung — is not considered to be a serum protein.
Recently, it has been reported that L-ficolin/P35 and
H-ficolin activate the lectin—~complement pathway in
association with MASPs?*"%. The functions of the
fibrinogen-like domain of the ficolins are not fully
understood; however, recent work has shown that the
fibrinogen-like domain of several lectins has a similar
function to the CRD of C-type lectins, which indicates
that ficolins might also function as pattern-recognition
receptors to discriminate pathogens from self**".

Serine proteases of the lectin pathway

MASPs, a new member of the serine-protease superfam-
ily, are proteolytic enzymes that are responsible for acti-
vation of the lectin pathway***'. The MBL-MASPs com-
plex was first described as a complement-dependent
bactericidal factor in mouse*>**. MBL and ficolins have
been found to be associated with MASP1 and MASP2,
and a non-protease, small MBL-associated protein
(SMAP or MAp19; a truncated form of MASP2)*+43,
Recently, a third MASP (MASP3), which is generated by
alternative splicing of MASP1, was reported to be asso-
ciated with MBL'. The overall structure of MASPs
resembles that of the two proteolytic components of the
first factor in the classical complement pathway, Clr
and C1s*™* (FIG.4).

As illustrated in FIGURE. 1, activation of the classical
pathway is triggered by binding of the recognition sub-
component C1q to an antibody, which, in turn, is trans-
lated into activation of the serine proteases Clr and Cls.
Likewise, binding of the lectin-pathway recognition
molecules (that is, MBL or ficolins) to microbial carbo-
hydrates activates the lectin-pathway-specific serine
proteases, MASPs**”. The detailed molecular events,
however, remain to be clarified. MASP2 is the enzyme
component that — like C1s in the classical pathway —
cleaves the complement components C4 and C2 to
form the C3 convertase C4bC2a, which is common to
both the lectin- and classical-pathway activation
routes*"*. This result has been confirmed by the func-
tional analysis of reccombinant MASP2 (REFS 49-52). By
contrast, MASP1 is able to cleave C3 directly'>*>*,
which results in activation of the alternative pathway>.
The functions of MASP3 and sMAP are presently
unknown. MASP1, MASP2, MASP3 and sMAP are
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Figure 3 | The complement system from an evolutionary perspective. Acquired immunity was established at an early stage in
the evolution of the jawed vertebrates, as illustrated by a cartilaginous fish (shark) in this figure. Evolutionary studies have revealed
that shark and higher vertebrates have a well-developed complement system that contains all three activation pathways, although
not all components of each pathway have been identified. C3 — the central component of the complement system — and a
C2/factor-B-like sequence have been identified in a marine invertebrate, the sea urchin. In ascidians, several pivotal molecules,
such as GBL (which is homologous to MBL), ficolins, MASPs, C3 and the C3 receptor have been identified. The evolutionary
development of each type of MASP is also shown. GBL, glucose-binding lectin; MASP, MBL-associated serine protease;

MBL, mannose-binding lectin.

encoded by two genes; SMAP is a truncated form of
MASP?2 (REFS 44,45), and MASP3 is produced from the
MASP]I gene by alternative splicing'®. The MASPI gene
has an H-chain-encoding region that is common to
MASP1 and MASP3, which is followed by tandem
repeats of protease-domain-encoding regions that are
specific to MASP3 and MASP1 (FIG. 5).

Molecular evolution of the MASP family
Homologues of the MASP family have been cloned
from various vertebrate and invertebrate species. On
the basis of the genomic organization of the serine-
protease domains® and their deduced protein structure,
the MASP family can be divided into two phylogenetic
lineages — TCN-type and AGY-type lineages®. The
TCN-type lineage, which includes MASP1, has a TCN
codon (where N denotes A, G, C or T) that encodes
the active-site serine, the presence of a histidine-loop
disulphide bridge and split exons. By contrast, the
AGY-type lineage, which includes MASP2, MASP3,
Clr and Cls, is characterized by an AGY codon (where
Y denotes C or T') that encodes the active-site serine,
the absence of a histidine loop and a single exon®. The
TCN-type MASPs have been observed in ascidians,
Xenopus and mammals, whereas AGY-type MASPs
have been observed in lamprey, shark, carp, Xenopus
and mammals (FIG. 3).
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Figure 4 | Domain structure of the MASP family. Mannose-
binding lectin (MBL)-associated serine protease 1 (MASP1),
MASP2, MASP3, complement component 1r (C1r) and

C1s consist of six domains: two C1r/C1s/Uegf/bone
morphogenetic protein 1 (CUB) domains, an epidermal
growth factor (EGF)-like domain, two complement control
protein (CCP) domains or short consensus repeats (SCRs),
and a serine-protease domain. Histidine (H), aspartic acid (D)
and serine (S) residues are essential for the formation of the
active centre in the serine-protease domain. Only MASP1 has
two additional cysteine residues in the light chain, which form
a histidine-loop disulphide bridge (S-S), as is found in trypsin
and chymotrypsin. On binding of MBL and ficolins to
carbohydrate on the surface of a pathogen, the pro-enzyme
form of a MASP is cleaved between the second CCP and the
protease domain, which results in an active form that consists
of two polypeptides — heavy and light chains (also known as
A and B chains®*!).
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Figure 5 | Gene organization of the MASP family. The ascidian MASPa and MASPb genes
each consist of heavy (H)-chain-encoding and TCN-type light (L)-chain-encoding regions. By

contrast, vertebrate MASP genes,

for example in lamprey, have the H-chain-encoding region and

an AGY-type L-chain-encoding region. The human MASP1/3 gene has a unique structure, in that
it also has the downstream TCN-type L-chain-encoding region. Human MASP1 (TCN-type) and
MASP3 (AGY-type) have a common H-chain and distinct L-chains, which are produced from the
MASP1/3 gene by alternative splicing. A comparison of gene structure between the ascidian
genes and vertebrate genes indicates that the exon that encodes AGY-type L-chain might have
inserted into the prototype gene by retroposition before the emergence of primitive vertebrates.
The MASP-family genes, including MASP2, which is shown in this figure, and C7r and C7s, have
similar organization, and are believed to be derived from a common ancestral MASP1/3-like gene
by gene-duplication events. MASP, mannose-binding-lectin-associated serine protease.

From an evolutionary point of view, it has been sug-
gested that the AGY-type MASPs diverged from the
TCN-type MASPs before the emergence of primitive
vertebrates. It is possible that an ancient TCN-type gene
was converted to the MASP1/3 gene by the insertion of a
processed, intron-less serine-protease domain®® (AGY-
type) (FIG.5). The MASP-family genes, including those
that encode MASP2, Clr and Cls, are believed to origi-
nate from a common ancestral MASP1/3-like gene. The
recent identification of a C1r/Cls-like sequence in the
bony fish carp, in conjunction with phylogenetic analy-
sis, implies that the divergence of the gene that encodes
C1r/Cls might precede that of MASP2. The absence of
the phylogenetically older TCN-type MASPs in primi-
tive vertebrates, such as lamprey, cartilaginous fishes
and bony fishes, can only be explained by the loss of
TCN-type encoding exons in each lineage™.

Accumulating data confirm that MASP3 is present in
all of the vertebrates that have been analysed so far. This
indicates that MASP3 might have a fundamental physio-
logical role, although no definitive substrate for MASP3
has been identified among the complement components.
The presence of the three types of MASP indicates that
the lectin pathway is present and similarly composed in
higher vertebrates, including amphibians and humans.

Putative original complement system

The origin of the complement system can be traced
back at least as far as echinoderms, because C3, the
key component of the complement system, and a
C2/factor-B-like sequence have been identified in sea
urchin®*!. Sea squirts — ascidians that were previously
known as tunicates (phylum, Chordata; subphylum,
Urochordata) — occupy a pivotal intermediary posi-
tion between invertebrates and vertebrates. Therefore,
studies of the host-defence mechanisms of ascidians
could provide us with important information about the
evolution of a primitive innate immune system in verte-
brates. Halocynthia roretziis a large solitary ascidian that
is native to the coastal waters of Japan. So far, two lectins
that correspond to mammalian MBL®? and ficolins®,
two MASPs®, C3 (REE 64), a C2/factor-B-like sequence®!
and C3 receptor® have been identified in ascidians (FIG.3).

Although several lectins have been reported in ascid-
ians — including collectin-type lectin in Stylea plicata®,
C-type lectin in the colonial ascidian Clavelina picta®’
and MBL-like lectin in sea cucumber (the holothurian
Cucumaria japonica)®® — and are thought to represent
MBL homologues in invertebrates, their complete
structure has not been elucidated. Recently, we have
purified an MBL-like 36-kDa lectin from ascidian
plasma®. The purified protein binds specifically to
glucose, but not to mannose or GlcNAc, and so was
designated glucose-binding lectin (GBL). Sequence
analysis of GBL complementary DNA revealed that the
carboxy-terminal half of the ascidian lectin contains a
CRD that is homologous to that of C-type lectin, but it
lacks a collagen-like domain, which is present in mam-
malian MBLs. Although the structure and binding
specificity of GBL is different from that of mammalian
MBL, GBL associates with two ascidian MASPs, and
GBL-MASPs complexes activate ascidian C3 in the
same manner as the human MBL-MASP1 complex
activates human C3. So, it seems probable that GBL
might have evolved as an early prototype of MBL and
has acquired the broad binding specificity for carbohy-
drates and the collagen structure that is characteristic of
MBL during evolution. In addition, we have isolated
ascidian ficolins that have short collagen-like sequences
and fibrinogen-like domains®. Although it is unknown,
at present, whether these ficolins associate with MASPs
and activate complement, these observations indicate
that ficolins, as well as GBL, act as the recognition mole-
cules of the primitive ascidian complement system in a
similar manner to the mammalian lectin pathway.

C3 has been identified as the main opsonic factor in
ascidian plasma®, and a C3 receptor has also been iden-
tified on ascidian haemocytes as the homologue of
mammalian complement receptor type 3 or type 4 (CR3
or CR4)%. Antibodies that are specific for GBL®?, C3
(REE 64) and C3 receptor® completely inhibited the
phagocytosis of yeast in ascidians, which indicates that
complement-mediated phagocytosis is a central part of
the physiological function of their primitive complement
system. In addition, yeast that were treated with purified
GBL-MASPs complex and C3 were phagocytosed to a
greater extent than untreated yeast by haemocytes®.
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Figure 6 | Putative model of an ancient lectin-based complement system and its evolution.
The lectin—protease (lectin-MASP) complex, C3 and C3 receptor are probably the minimal
ancestral components of the primordial complement system, which functioned in an opsonic
manner and appeared in the ascidian lineage. The complement system of lamprey (the most
primitive vertebrate) lacks the classical and lytic pathways, and so, lamprey seem to have a similar
complement system to ascidians. Therefore, the complement system developed dramatically at an
early stage of vertebrate evolution into a sophisticated, multifunctional system. Gene-duplication
events seem to have been important in this process and several sets of homologous complement
components are noted, such as MBL and C1qg, MASPs and C1r/C1s, C2 and factor B, and C4
and C3. Ab, antibody; MASP, MBL-associated serine protease; MBL, mannose-binding lectin.

These observations indicate that a lectin—protease
(lectin—-MASP) complex, C3 and its receptor might have
developed as the minimal ancestral components of a
primordial complement system in the ascidian lineage, as
shown in FIGURE 6. Therefore, the ascidian complement
system, which has similar mechanisms of activation and
function to the mammalian system, has remained
unchanged since its appearance at least 600 million years
ago, well before the emergence of adaptive immunity.

The classical and lytic pathways of the complement
system seem to have emerged at the cartilaginous-fishes
stage, coincident with the emergence of adaptive immu-
nity®'. The complement system of lamprey — the most
primitive vertebrate — also lacks the classical and lytic
pathways, which indicates that lamprey probably have a
similar complement system to ascidians. Although the
molecular composition of the lectin pathway in carti-
laginous and bony fishes has not been fully clarified, the
Clrand Cls components of C1 are clearly derived from
the MASP lineage, and C1q is closely related to MBL or
ficolins by the substitution of antibody-recognition
domains for the CRDs or fibrinogen-like domain. From
an evolutionary point of view, the primitive lectin path-
way in innate immunity seems to have developed into
the more sophisticated, multifunctional complement
system of the classical pathway through gene duplica-
tion, to serve as an effector system of acquired immunity
(FIG.6). A strong link between the innate immune systems
of invertebrates and acquired immunity in vertebrates is,
therefore, established.

As no opsonization was observed in the absence of
GBL® in ascidians, and the alternative pathway was
found to be responsible for the activation of serum C3 by
yeast cell wall (zymosan), without the involvement of any
recognition molecules®, the alternative pathway might
not have emerged in the ascidian lineage. However, the
possibility of a simple role for C2/factor-B-like protein as
an amplifier of C3 deposition can not be excluded com-
pletely. The sophisticated mechanisms of the alternative
pathway to recognize a broad spectrum of pathogens
developed more recently.

Perspectives

The identification and functional characterization of the
lectin-based activation mechanisms of the complement
system have provided new insights into the role of com-
plement in innate immunity, which enables molecular
patterns that specifically characterize microorganisms to
be detected. Two human ficolins, L-ficolin/P35 and
H-ficolin, as well as MBL, associate with MASPs and
activate the lectin—complement pathway. However, the
role of ficolins in innate immune defence remains to be
clarified, by carrying out pathogen-binding analyses
and constructing gene-targeted animal models.
Although a new member of the MASP family, MASP3,
and the molecular composition of the MBL-MASPs
complex have been identified", the activation mecha-
nisms of the lectin pathway — in particular those that
are specific to each MASP — remain to be elucidated.
MBL and L-ficolin/P35, as well as C1q, act as opsonins
and enhance phagocytosis**”’, but, so far, no opsonic
receptor that recognizes the collagenous region of these
molecules has been identified"’.

An ancient lectin-based complement system in ascid-
ians reveals that the primitive complement system is one
of the most highly organized innate immune systems in
invertebrates. The origin of the complement system is
much more ancient than that of adaptive immunity,
which is only found in jawed vertebrates. In this respect,
it will be of particular interest to solve the molecular
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architecture of complement in the jawless fish, lamprey.
In addition, as the alternative pathway was thought pre-
viously to be an ancient mechanism that is characterized
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