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Abstract

A key question in current immunity research is how the in-
nate immune system can generate high levels of specificity.
Evidence is accumulating that invertebrates, which exclu-
sively rely on innate defense mechanisms, can differentiate
between pathogens on the species and even strain level. In
this review, we identify and discuss the particular potential
of C-type lectin-like domain (CTLD) proteins to generate
high immune specificity. Whilst several CTLD proteins are
known to act as pattern recognition receptors in the verte-
brate innate immune system, the exact role of CTLD proteins
in invertebrate immunity is much less understood. We show
that CTLD genes are highly abundant in most metazoan ge-
nomes and summarize the current state of knowledge on
CTLD protein function in insect, crustacean and nematode
immune systems. We then demonstrate extreme CTLD gene
diversification in the genomes of Caenorhabditis nematodes
and provide an update of data from CTLD gene function
studies in C. elegans, which indicate that the diversity of

CTLD genes could contribute to immune specificity. In spite
of recent achievements, the exact functions of the diversi-
fied invertebrate CTLD genes are still largely unknown. Our
review therefore specifically discusses promising research
approaches to rectify this knowledge gap.

© 2015 S. Karger AG, Basel

Introduction

Animals depend on the specificity of their immune re-
action to efficiently and economically protect themselves
against pathogens. For a long time, the generation of a
highly specific immune response was considered a hall-
mark of adaptive immunity, based on its immense diver-
sity of T and B cell receptors generated by somatic recom-
bination and hypermutation. There is, however, accumu-
lating evidence that invertebrates, which solely rely on
innate defense mechanisms and lack T and B cells, can
differentiate between pathogens on the species and even
strain level [1-3]. Whether and how such high levels of
specificity can be generated by the innate immune system
is one of the main questions in current immunity re-
search.
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A prerequisite for the generation of a pathogen-specif-
ic immune reaction is a repertoire of diversified recep-
tors, which enables the organism to specifically recognize
and respond to different immune challenges. In verte-
brates the well-characterized pattern recognition recep-
tors (PRRs) of the innate system, such as the Toll-like re-
ceptors (TLRs), retinoic acid-inducible gene-I-like recep-
tors (RLRs), and NOD-like receptors (NLRs), recognize
structures that are conserved among microbial species
and mediate a broader pattern of specificity (i.e. on the
level of a particular pathogen group, such as Gram-nega-
tive or Gram-positive bacteria). The diversity of ligand
binding can be expanded by the formation of receptor
homo- or heterodimers and/or the interaction with other
PRR coreceptors, as is well described for mammalian
TLRs. However, in invertebrates, high levels of specificity
(on the species and strain level) are unlikely mediated by
TLRs, NLRs or RLRs, as these are too few in number in
most, although not all (see below), animal species.

There are few examples of the diversification of alter-
native putative immune receptors in invertebrates. The
hypervariable protein Down syndrome cell adhesion
molecule (Dscam), which is generated by alternative so-
matic splicing, was shown to be implicated in the immune
response of insects and crustaceans [4, 5], and suggested
to act as a pathogen-specific recognition molecule. Fur-
ther experimental evidence to support this hypothesis is,
however, still scarce [6]. A high level of genetic polymor-
phism was observed in the immunoglobulin (Ig)-type
variable (V) region-containing chitin-binding proteins
(VCBPs) of the cephalochordate Branchiostoma floridae
[7], and in the Ig domain of fibrinogen-related proteins
(FREPs) of the snail Biomphalaria glabrata [8]. However,
the molecular mechanisms underlying the diversification
of VCBPs and FREPs and their functional significance for
immune specificity are not well understood. Yet another
example of diversification of putative innate immune sys-
tem proteins is the Sp185/333 system in echinoderms,
such as the purple sea urchin Strongylocentrotus purpura-
tus. The members of this highly diverse, novel gene fam-
ily are not homologous to any other known genes, they
are highly upregulated after immune challenge and ex-
pressed in the phagocyte class of sea urchin coelomocytes.
The function of Sp185/333 proteins is unknown. The
high diversification of Sp185/333 genes and proteins is
achieved through different mechanisms, including main-
tenance of high polymorphism, gene recombination and
modifications at the RNA and protein level [9]. Similar
multigene expansions, usually based on repeated gene
duplications that potentially produce high-sequence di-
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versification, were observed for TLR and NLR gene fam-
ilies in the genomes of the sea urchin S. purpuratus [10]
and the lancelet B. floridae [11], but the functional conse-
quence of this diversified repertoire of potential receptors
remains elusive. Here, we argue that another group of
known, yet neglected, PRRs - the C-type lectins — show
surprisingly high diversity in most metazoan genomes
and have the potential to generate immune specificity.

C-type lectins are a family of both soluble and mem-
brane-bound proteins with a characteristic carbohydrate-
recognition domain (CRD) that mediates ligand binding.
The CRD has a distinct protein fold determined by high-
ly conserved residues that form a characteristic sequence
motif [12]. It was first described in Ca**-dependent (‘C-
type’) carbohydrate binding animal proteins (‘lectins’),
but has subsequently been found in many other proteins
that do not bind sugar and/or calcium. Thus, we here use
the term C-type lectin-like domain (CTLD) in its broad-
est sense, as proposed previously [13], and use sequence
similarity to identify genes containing CTLDs in different
metazoan genomes. CTLD proteins have a wide range of
functions and bind a wide variety of ligands, such as sug-
ars, proteins, lipids and inorganic compounds [13].

In vertebrates, CTLD proteins are known to fulfill im-
portant tasks in the immune system by acting as PRRs [for
a review, see 14], as well as effector proteins with bacteri-
cidal activity [15]. As we will demonstrate further below,
CTLD genes are highly abundant in many metazoan ge-
nomes. Yet, our knowledge on CTLD protein function in
immunity mainly derives from the few well-studied verte-
brate CTLD proteins, while the function of the majority of
CTLD proteins is unknown. In invertebrates, it has repeat-
edly been suggested that the diversified CTLD proteins
contribute to immunity, yet exact functional genetic infor-
mation is largely absent and the few exceptions mainly fo-
cus on the assessment of single CTLD proteins. Moreover,
the particular role of CTLD proteins in generating immune
specificity is completely unexplored. Therefore, we require
a systematic research program that aims at elucidating the
role of diversified CTLD proteins in immune specificity.

Here, we highlight that CTLD genes constitute ex-
panded gene families in many metazoan taxa and sum-
marize the available evidence for a role of CTLD proteins
in invertebrate immunity, mainly inferred from studies
on crustaceans and insects. We then turn to the nematode
genus Caenorhabditis, in which several complete ge-
nomes are available, to demonstrate extreme CTLD gene
diversification, followed by a summary of data from C.
elegans that strongly indicate a role of the diversified
CTLD proteins in immune specificity. Finally, we empha-
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Table 1. Number of CTLD genes (proteins) in different metazoan genomes

Species Taxon Genome Total Total InterPro!  Total Pfam' Immune function? Ref. Genome
size, Mb coding genes genes assembly
genes (proteins), n (proteins), n

H. sapiens Mammalia 3,209.29 20,805 100 (277) 94 (268) e.g. DC-SIGN, DECTIN-1, reviewed in  GRCh37

DECTIN-2, MINCLE, 14, 61, 62, 73

Langerin (CD207), BDCA-2,

MBL2, COLEC11, MRC-1, MRC-2,

SELP, SELE, SELL, CLEC5A,

CLECSFS8, DCIR, CLEC9A,

DEC-205, and others
M. musculus Mammalia 2,798.79 23,148  132(355) 129 (339)  e.g. SIGNR1, SIGNR3, SIGNR5, reviewed in ~ GRCm38

Dectin-1, Dectin-2, Mincle, 14,61, 62,73

Langerin (Cd207), MBL-A, MBL-C,

Colec11, Mrc-1, Mrc-2, Selp, Sele,

Sell, Clec5a, Clecsf8, Dcir, Dcir2,

DNGR-1 (Clec9a), DEC-205, and

others
D. rerio Teleostei 1,412.46 26,459 176 (381) 169 (360) Zv9
B. floridae Cephalochordata  521.90  30,601° 692 (694) 646 (647)  AmphiCTL1 74 v1.0
S. purpuratus Echinodermata 936.58 28,987 293 (303) 241 (244)  SpEchinoidin 75,76 Spur_3.1
A. gambiae Insecta 265.03 12,810 37(99) 33 (93) CTL4, CTLMA2 34 AgamP3
B. mori Insecta 481.82 14,623 21(32) 17 (25) BmLBP, BmMBP 21, 26,77 ASM15162v1
D. melanogaster  Insecta 139.49 13,937 56 (96) 48 (84) DL1,DL2,DL3 18-20 BDGP 5
C. brenneri Nematoda 190.37 30,667 319 (320) 159 (159) WS227
C. briggsae Nematoda 108.48 21,936 183 (183) 111 (111) WS224
C. elegans Nematoda 100.29 20,541 283 (288) 166 (185) CLEC-39, CLEC-49, CLEC-79 + see table 2 WS235

9 clec genes (see table 2)
C. japonica Nematoda 166.26 29,964 111 (139) 58 (72) WS227
C. remanei Nematoda 145.44 31,444 292 (292) 158 (158) WS185
N. vectensis Cnidaria 356.61 24,773 67 (67) 62 (62) ASM20922v1
A. queenslandica Porifera 166.70 30,060 2(2) 1(1) Aqul
T. adhaerens Placozoa 105.63 11,520 45 (45) 40 (40) ASM15027v1

The total number of CTLD genes are listed for each species.

! The number of genes (proteins) with at least one CTLD were obtained by automatic annotation from the InterPro (v53.0) [16] and Pfam (v28.0) data-
bases [17]. The number of CTLD proteins is higher than the CTLD gene number as it includes different isoforms encoded by the same gene. Proteins with

multiple CTLDs are counted only once.

2 CTLD proteins for which a function in immune defense is supported by experimental evidence. The list is nonexhaustive for human and mouse CTLD
genes, for which gene name synonyms are shown that are commonly used in the literature.

3 Noncurated annotation.

size the current lack of exact understanding of the im-
mune functions of the highly diverse CTLD proteins
across metazoan taxa and define promising avenues for
future research that integrate functional genetic with pro-
tein analysis approaches to rectify this knowledge gap.

CTLD Genes Are Abundant in Metazoan Genomes
and Mediate Immune Responses in a Variety of
Invertebrate Taxa

While CTLD proteins have been shown to fulfill di-
verse and fundamental tasks in the vertebrate immune
system, their function in invertebrate immunity is much

High Innate Immune Specificity through
Diversified C-Type Lectins

less understood. This lack of data on CTLD function in
invertebrates is surprising given the fact that genes en-
coding CTLD proteins are present in all invertebrate ge-
nomes sequenced to date and in some cases in very large
numbers. In table 1 we list the available genome sequence
data for some selected species as representatives of the
major invertebrate groups and show the number of CTLD
genes and proteins as provided by the InterPro v53.0 [16]
and Pfam v28.0 databases [17]. CTLD genes are highly
abundant in many metazoan genomes, including, for ex-
ample, 132 members in Mus musculus (the 30th most
abundant gene family in M. musculus) or 283 gene fam-
ily members in the nematode C. elegans (the 7th most
numerous gene family in C. elegans). The CTLD encod-
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ing gene repertoire in the analyzed invertebrate species
varies from two in the sponge Amphimedon queenslan-
dica to more than 600 in the cephalochordate B. floridae
[11]. We also looked for the total number of CTLD genes
in the genomes of nine plant species (Arabidopsis thali-
ana, Glycine max, Zea mays, Oryza sativa japonica sub-
spp.» Populus trichocarpa, Medicago truncatula, Triticum
aestivum, Hordeum vulgare and Sorghum bicolor). Inter-
estingly, the plant genomes encode only very few (1-4)
CTLD genes, which further emphasizes that the expan-
sion of CTLD genes in metazoans is remarkable. Experi-
mental evidence of an immune function of most inverte-
brate CTLD-encoding genes is missing, although their
role in immunity is usually assumed. Within the existing
information on invertebrate CTLD proteins, the func-
tional data is biased towards certain insect, crustacean
and nematode taxa. In the following paragraphs, we will
summarize the evidence of CTLD proteins functioning in
the immune defenses of insects and crustaceans, before
focusing on the nematode genus Caenorhabditis.

Insects

Although genes encoding CTLD proteins are numer-
ous in many insect genomes (table 1), research on insect
CTLD proteins has as yet been focused on assessment of
single CTLD proteins from different species. For exam-
ple, only 3 of the more than 50 CTLD-encoding genes in
Drosophila melanogaster were characterized in more de-
tail [18-20]. Several insect CTLD proteins were suggested
to function as PRRs, including those found to mediate
important insect immune defense mechanisms, such as
hemocyte nodule formation, encapsulation, melaniza-
tion and activation of phagocytosis [18, 21, 22]. Most in-
sect CTLD proteins were first isolated from hemolymph
either due to their ability to agglutinate red blood cells
[19, 22], to bind to bacterial cells [21], or were selectively
purified from larval plasma by carbohydrate affinity
chromatography after bacterial challenge [23]. The puri-
tied CTLD proteins were subsequently characterized bio-
chemically in vitro, for example by testing their binding
properties and hemagglutination activities. These pro-
tein-level studies demonstrated CTLD proteins to possess
both broad and more specific binding abilities.

While most studied insect proteins only have one
CTLD, some characterized proteins from lepidopteran
species, such as Bombyx mori [24], Manduca sexta [23],
and the cotton bollworm Helicoverpa armigera [25], have
two CTLDs in tandem. The B. mori multibinding protein
(BmMBP) is an example of an insect CTLD protein with
a broad binding capacity. Each of its two divergent tan-
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dem CTLDs has distinct binding specificities, enabling
the molecule to bind to a large variety of microorganisms
ranging from Gram-positive to Gram-negative bacteria,
as well as yeasts. After binding to its target, BmMBP is
able to trigger cellular immune responses, such as aggre-
gation of hemocytes and nodule formation [26]. The ex-
pression of the four characterized M. sexta CTLD pro-
teins immulectin-1 to -4 is induced upon bacterial expo-
sure in the fat body. Immulectin-1 and -2 function in
activation of the prophenoloxidase [27] and immulec-
tin-3 and -4 act in enhancing encapsulation and melani-
zation [28, 29]. They bind to microbe-associated molecu-
lar patterns (MAMPs) [30] with different affinities and
specificities in vitro. While immulectin-1, -3 and -4 bind
to a broad range of MAMPs, immulectin-2 specifically
binds to lipopolysaccharide [28, 29, 31].

These and other studies provide important informa-
tion on the potential immune functions of insect CTLD
proteins. However, there is hardly any experimental evi-
dence from functional genetic studies on the role of CTLD
proteins in insect immune defenses in vivo. The three ex-
ceptions tested the effect of CTLD gene expression knock-
down or knockout in a lepidopteran, the fruit fly and a
mosquito. RNAi knockdown of the M. sexta CTLD gene
immulectin-2 renders animals more susceptible to infec-
tion with the insect pathogen Photorhabdus luminescens
[32]. The galactose-specific D. melanogaster CTLD pro-
tein DL1, whose expression is induced by injury [19] and
which specifically binds to Escherichia coli and Erwinia
chrysanthemi, but not to the Gram-positive Staphylococ-
cus aureus or the yeast Saccharomyces cerevisiae, aggluti-
nates E. coli and promotes the association of a Drosophila
hemocytes-derived cell line with E. coli [20]. A DL1 dele-
tion mutant did not show any defects in antimicrobial
peptide expression after pricking or infection with E. coli,
indicating that DL1 does not participate in the humoral
immune response in vivo, but might still be involved in
cellular immune responses such as phagocytosis [20]. In
a functional genetic screen of about 100 immune candi-
date genes using RNAIi in the mosquito Anopheles gam-
biae (Diptera) two CTLD proteins, CTL4 and CTLMA2,
were discovered to affect Plasmodium berghei develop-
ment by acting as negative regulators of the vector’s mel-
anization response to P. berghei ookinetes [33]. In a sub-
sequent genetic analysis [34], CTL4 or CTLMA?2 silenc-
ing by RNAI significantly reduced the survival of adult
female mosquitoes infected with E. coli, Enterobacter clo-
acae and Pseudomonadaceae H2.26, but not with S. au-
reus, Micrococcus luteus and Enterococcus faecalis, sug-
gesting a specific role in defense against Gram-negative
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bacteria. CTL4 and CTLMA2 expression is induced by E.
coli and S. aureus infection and they both produce a het-
erodimer that is secreted into the mosquito hemolymph
[34].

In summary, while some of the characterized insect
CTLD proteins have the ability to bind to a broad range
of microorganisms or MAMPs, others exhibit more spe-
cific binding properties. Insect CTLD proteins are in-
volved in the activation of cellular immune responses
rather than the humoral immune response, but also act as
opsonization molecules. A direct effector function such
as antimicrobial activity has not been described and their
target signaling pathways are unknown. Overall, the po-
tential immune functions of the high variety of insect
CTLD proteins (table 1) are far from being understood.

Crustaceans

The second most comprehensive data set on inverte-
brate CTLD protein functions comes from research on
crustacean species that are of economic importance, such
as the Chinese white shrimp Fenneropenaeus chinensis or
the Chinese mitten crab Eriocheir sinensis. CTLD protein
research in these species mainly aims at the development
of antiparasitic drugs, as parasitic threats are a particular
concern in crustacean aquaculture. For example, the
white spot syndrome virus infects most of the commer-
cially important shrimp species and can cause major pro-
duction losses [35]. Since CTLD proteins are known to
participate in the immune response of other invertebrates
and since many expressed sequence tags encoding lectins
were identified in cDNA libraries from both healthy and
immune-challenged crustaceans, characterization of im-
mune-relevant CTLD proteins in these economically im-
portant species has been a particular focus of the current
research activities. Comprehensive data sets are thus
available on the molecular cloning, isolation and in vitro
biochemical characterization of purified crustacean
CTLD proteins (either the recombinant or the native pro-
tein), especially from the economically important shrimp
species, as reviewed in depth previously [36]. Like insect
CTLD proteins, crustacean CTLD proteins have repeat-
edly been suggested to act as PRRs in various species.
They can enhance encapsulation, promote phagocytosis
and induce the production of reactive oxygen intermedi-
ates in hemocytes in vitro [36]. In addition, several crus-
tacean CTLD proteins contribute to pathogen clearance
in vivo [37-39].

Interestingly, some crustacean CTLD proteins exhibit
in vitro antibacterial or antiviral activity and are thus as-
sumed to act as antimicrobials. For example, Fc-hsL from
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F. chinensis inhibits the growth of Gram-positive as well
as Gram-negative bacteria and fungi, with the highest ac-
tivity against Gram-positive bacteria [40]. Similarly, the
two E. sinensis CTLD proteins EsLecA and EsLecG pro-
duce antimicrobial activity against both Gram-positive
and Gram-negative bacteria in in vitro growth-inhibitory
activity assays [41]. Most characterized crustacean CTLD
proteins are expressed in the gills, intestine, hemocytes
and hepatopancreas (the counterpart of the fat body in
insects), and are likely to be secreted into the hemolymph
upon immune challenge. Indeed, almost all crustacean
CTLD proteins that have been studied so far show an in-
ducible expression by either bacterial and/or viral patho-
gens. The majority of characterized crustacean CTLD
proteins have one CTLD, the remaining have two [36].
Surprisingly, all studied crustacean CTLD proteins pos-
sess broad binding properties active towards all the bacte-
rial strains tested. One exception might be the Penaeus
monodon PmLec, which binds lipopolysaccharide and
mainly agglutinates Gram-negative bacteria in vitro [42].

Since the genomes of these economically important
crustacean species have not been fully sequenced yet, and
shrimps and crabs have (as yet) not been amenable to ge-
netic manipulation, genomic analyses and functional ge-
netic studies on the crustacean CTLD genes are almost
completely missing. The exceptions are three recent stud-
ies in which expression of crustacean CTLD proteins was
genetically manipulated in vivo. Overexpression of the
CTLD protein PcLec4 from the red swamp crayfish Pro-
cambarus clarkii, which is induced by infection with Vi-
brio anguillarum, facilitated bacterial clearance and in-
creased survival of crayfish infected with V. anguillarum
[39]. Knockdown of the expression of the CTLD protein
MjHeCL from the kuruma shrimp Marsupenaeus japoni-
cus by RNAIi caused increased bacterial proliferation in
the hemolymph and led to a change in expression of sev-
eral antimicrobial peptides in hemocytes both in vivo and
in vitro. It was thus suggested that MjHeCL plays a role
in restricting the growth of the hemolymph microbiota
by regulating antimicrobial peptide expression [43]. Sim-
ilarly, the role of another M. japonicus CTLD protein,
hFcLec4, and of FcLec4 from F. chinensis in promoting
phagocytosis by acting as opsonins in hemocytes was sup-
ported by the finding that clearance of the pathogenic V.
anguillarum from the hemolymph was delayed by RNAi
knockdown of hFcLec4 and FcLec4 [44].

Interestingly, FcLec4 and hFcLec4 interact with the
transmembrane protein p-integrin via their N-terminal
domains and this interaction is required for their opson-
ic activity [44]. B-Integrins are known to participate in
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phagocytosis in other invertebrates, such as flies [45].
Shrimp FcLec4 and hFcLec4 may thus act as PRRs recog-
nizing bacteria via their CTLD and their binding to
B-integrin in the membrane of hemocytes leads to cyto-
skeletal reorganization, which induces phagosome for-
mation to ingest the bacteria [44]. This study is one of
only two studies providing the first insight into interact-
ing and signaling partners of invertebrate CTLD proteins.
In the other study, a conserved binding motif for the tran-
scription factor NF-kB was identified in the flanking pro-
moter sequence of the CTLD gene LvCTL3 from Litope-
naeus vannamei. LvCTL3 contributed to opsonization
and thus marking bacteria and cells for phagocytosis. De-
letion of the NF-«kB binding site led to the abolishment of
LvCTL3 expression, suggesting its regulation by NF-kB.
This finding represents a first step towards the incorpora-
tion of CTLD proteins into the poorly understood im-
mune signaling network in crustaceans [46].

Taken together, the functional role of several crusta-
cean CTLD proteins was inferred at the protein level by
isolating the respective proteins and biochemically ana-
lyzing their physical interaction with microorganisms or
MAMPs in vitro. Almost all crustacean CTLD proteins
are able to bind to a broad range of microorganism and/
or MAMPs. They seem to be involved in the activation
of cellular immune responses, such as encapsulation and
phagocytosis, as well as in the direct elimination of
pathogens by exhibiting bactericidal activity. However,
the actual number of genes encoding CTLD proteins,
their genomic and structural organization, and the un-
derlying impact on the specificity of the interactions
with microorganisms remains unknown due to the lack
of genome sequences and further experimental analysis.
Particularly, studies of the protein function in the con-
text of the whole organism inferred from altered gene
products, such as mutant or overexpression phenotypes,
are rare.

CTLD Genes Are Extremely Diversified in
Caenorhabditis Genomes

The nematode genus Caenorhabditis provides an im-
pressive example of extreme CTLD gene diversification.
This was previously noted for the model nematode C. ele-
gans [47], which possesses 283 CTLD genes (clec genes)
in its genome (online suppl. table S1; for all online suppl.
material, see www.karger.com/doi/10.1159/000441475;
note that this is an updated number and thus different
from the previous report due to further improvements of
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the whole genome sequence). Of the 283 clec genes, 81%
are predicted to have a signal peptide [48] and are thus
likely secreted proteins, highlighting a particular role of
the CTLD proteins in the pseudocoel, in the intestinal lu-
men and/or as components of the secreted cuticle. In con-
trast, 21% of the 283 clec genes possess membrane-span-
ning properties, suggesting that these function as compo-
nents of cellular membranes. clec gene evolution is likely
highly dynamic and subject to repeated duplication
events, as indicated by their genomic localization in clus-
ters (125 out of 283, equivalent to 44%; online suppl. table
§1) and the high phylogenetic similarity of the genes
within a cluster [47]. It is possible that the repeated dupli-
cations are favored by pathogen-mediated selection if clec
gene duplicates allow the worm to recognize and/or elim-
inate a larger variety of pathogen strains [47].

In recent years, complete genome sequences became
available for additional Caenorhabditis species, allowing
cross-species comparison of clec gene diversification.
Next to C. elegans, four additional species have compara-
tively well-annotated genomes, namely C. briggsae, C.
remanei, C. brenneri and C. japonica. These five Cae-
norhabditis genomes contain between 111 (C. japonica)
and 319 (C. brenneri) clec genes (online suppl. table S2).
Overall, the largest group of Caenorhabditis clec genes are
those with a single CTLD, making up half of the CTLD
genes in three of the five analyzed Caenorhabditis species
and approximately one third in the remaining two spe-
cies. With one exception (C. japonica), at least one third
of the Caenorhabditis clec genes also have additional do-
mains. These include the complement Clr/Cls Uegf
Bmpl (CUB) domain, the conserved cysteine and trypto-
phan residues (CW, also called PAN-3) domain, or the
von Willebrand factor type A (VWA) domain. The joint
presence of one or multiple CTLDs with other domains
in one protein could indicate possible functions in im-
mune signaling. Moreover, several clec genes (27% of all
clec genes for C. remanei, 24% for C. elegans, 23% for C.
briggsae, 19% for C. brenneri and 10% for C. japonica)
encode proteins with more than one CTLD within the
same protein. Such internal domain duplications might
increase protein versatility; BmMBP from B. mori is one
example for a tandem repetition of CTLDs that leads to
extended binding abilities [26].

The majority of the Caenorhabditis CTLD proteins are
predicted to be secreted. Besides having a putative cell-
autonomous recognition function, these secreted CTLD
proteins might act as highly specific immune effectors
eliminating pathogens in analogy to the vertebrate lectins
that are part of the complement system [49].
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In summary, clec genes show a remarkable diversity in
Caenorhabditis species, encoding secreted and mem-
brane-bound proteins with one or multiple CTLDs, as
well as multidomain proteins. The binding capabilities of
CTLD proteins are potentially enlarged by repetitions of
CTLDs within one protein. An additional functional di-
versification is conceivable at the protein level through
dimerization or oligomerization of the CTLD proteins, as
previously reported for CTLD proteins from other organ-
isms such as CTLD protein homodimers, heterodimers
and oligomers in humans and snakes [13], or the het-
erodimer CTL4-CTLMA2 in A. gambiae [34]. CTLD pro-
tein-protein interactions might have synergistic effects
on CTLD binding specificity (i.e. two or multiple CTLD
proteins are able to generate a higher degree of specificity
if they interact with each other and with other proteins
than if they act alone) and can potentially further increase
the diversity available at the genetic level. Such synergistic
interactions between CTLD proteins are, however, cur-
rently unexplored for the Caenorhabditis taxon and for
invertebrates in general. Taken together, the Caenorhab-
ditis CTLD proteins are particularly diverse and may thus
be able to mediate immune specificity at both the level of
pathogen recognition and elimination.

CTLD Proteins in C. elegans Show Potential for
Generating High Immune Specificity

The most comprehensive data on clec gene function is
available from the model nematode C. elegans. Some of
the data strongly suggests that clec gene diversity could
indeed contribute to immune specificity.

C. elegans clec Genes Are Differentially Regulated

following Pathogen Infection

A large number of previous transcriptome studies in
C. elegans demonstrate that putative immune recognition
and effector gene families, such as the clec, lysozyme (lys
and ilys) and caenopore (spp.) families, show pathogen-
dependent activation upon infection [47]. Because of
their extreme diversification, the clec genes have the high-
est potential to generate immune specificity. Of all C. ele-
gans clec genes, 84% (237 out of 283) are differentially
expressed following an infection with pathogens; 104 clec
genes are only upregulated, 103 clec genes are both, up-
and downregulated (online suppl. table S1), and 30 clec
genes are only downregulated upon pathogen exposure.
Importantly, some C. elegans clec genes are only differen-
tially expressed in response to a specific pathogen, sug-
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gesting their highly specific regulation. In contrast, other
clec genes are differentially expressed after infection with
several pathogens. For these genes, gene induction does
not appear to be influenced by general pathogen charac-
teristics, such as the route or site of infection (e.g. the epi-
dermis or intestine) or general pathogen surface proper-
ties (e.g. no obvious difference between Gram-negative or
Gram-positive bacteria). Instead of these broader pat-
terns of specificity expected to be common for innate im-
munity, a highly specific pattern of regulation is displayed
(fig. 1a). For instance, clec-67 shows upregulation upon a
relatively broad range of pathogens, including both
Gram-positive and Gram-negative bacteria, whereas clec-
165 is induced only by the Gram-negative P. luminescens.
Other clec genes are specifically downregulated, such as
clec-273 by infection with the Gram-negative Xenorhab-
dus nematophila (fig. 1a). Interestingly, clec genes within
a genomic cluster are not coexpressed, but seem to under-
lie regulation at the individual level. For example, clec-58,
clec-59, clec-60, clec-61 and clec-143 lie within a cluster on
chromosome II and have the same domain architecture.
However, clec-59, clec-60 and clec-61 are differentially ex-
pressed after infection with several pathogens, while clec-
58 has so far not been shown to be differentially regulated
upon pathogen exposure, and expression of clec-143 is
only induced following infection with P. aeruginosa. Dif-
ferent expression of clec genes within a genomic cluster
might further indicate functional diversification.

C. elegans clec Genes Function in Pathogen Resistance

Our knowledge of the actual function of CLEC pro-
teins in C. elegans is still in its infancy and it is as yet un-
known why so many clec genes are down- or upregulated
after exposure to pathogens. Few studies have tried to fur-
ther elucidate the exact involvement of clec genes in C.
elegans immunity by using functional genetic approaches
and as yet only one study could confirm a role for CLEC
proteins in pathogen binding (table 2).

The most common approach, which is taken to further
analyze the function of clec genes, is survival analysis of
either the respective clec mutant or clec RNAi-treated
worms [49, 50]. In some studies, survival analysis was
combined with the generation of transgenic C. elegans
strains carrying a transcriptional clec gene reporter and
the subsequent analysis of spatial as well as infection-in-
duced expression patterns in vivo [51-53]. These studies
demonstrated that most of the investigated clec genes are
expressed in the intestine (fig. 1c), where most bacterial
infections take place (fig. 1b), and that some clec genes are
indeed required for resistance against infection (table 2).
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Table 2. Functional analyses of CTLD genes/proteins in C. elegans

Gene/ Approach Phenotypic Phenotype/result Pathogen Ref.
protein measurement
clec-17 RNAi knockdown infection hyperdeformed anal region (Dar) response, MN 53
severe constipation
clec-39 knockout mutant survival higher susceptibility
clec-49 egg laying lower egg laying
CLEC-39 ELISA-based assay binding assays binding to live/dead pathogen SM 55
CLEC-49 with recombinant proteins
clec-52 promoter fusion fluorescence expression in intestine SA 52
reporter induction
promoter fusion fluorescence expression in intestine
reporter induction
clec-60 RNAi knockdown infection hyperdeformed anal region (Dar) response, MN 53
severe constipation
promoter fusion fluorescence expression in intestine SA 52
reporter induction
clec-60/61  overexpression survival higher susceptibility PA 52
cluster
clec-65 RNAi knockdown survival higher susceptibility EC 51
clec-67 promoter fusion fluorescence expression in intestine SE 56
reporter induction
clec-70 RNAi knockdown survival higher susceptibility SA 52
promoter fusion fluorescence expression in intestine
reporter induction
clec-70/71  overexpression survival higher resistance SA 52
cluster higher susceptibility PA
CLEC-79 glycoconjugate binding binding to Galb1-3GalNAc 54
microarray assay
with recombinant
protein
clec-85 promoter fusion fluorescence dependence on immune components SA 78
reporter intensity tir-1, nsy-1, dbl-1, daf-16 PA
clec-86 RNAi knockdown infection hyperdeformed anal region (Dar) response, MN 53
severe constipation
clec-174 RNAi knockdown survival higher susceptibility VC 50

EC = E. coli strain LF82; SE = S. enterica. For other abbreviations, see the legend to figure 1.

Fig. 1. The highly specific pattern of clec gene regulation through
pathogen exposure, intestinal expression of C. elegans clec-66, and
analysis of protein sequence similarity between C. elegans CTLD
proteins and CTLD proteins from 10 other taxa. a Hierarchical
clustering of differential expressions of randomly selected C. ele-
gans clec genes (rows) after exposure to different microbes (col-
umns), grouped in Gram-positive bacteria (blue), Gram-negative
bacteria (pink) and fungi (green). Each column represents clec up-
(red) or downregulation (blue) according to published transcrip-
tome studies. DB27 and 1-3690 are strains of B. thuringiensis and
Lactobacillus rhamnosus, respectively. clec expression after infec-
tion with B. thuringiensis [63] represents merged data from two B.
thuringiensis concentrations and two time points. BM = B. megate-
rium; BT = B. thuringiensis; DC = D. coniospora; EC = E. carotovo-
ra; EF = E. faecalis; HA = Harposporium spp.; LR = L. rhamnosus;
ML = M. luteus; MN = M. nematophilum; PA = P. aeruginosa;
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PL = P. luminescens; SA = S. aureus; SM = S. marcescens; VC = V.
cholerae; XN = X. nematophilus; YP = Y. pestis. b GFP-labeled
spores of the pathogenic B. thuringiensis strain MYBT18247 accu-
mulate in the C. elegans anterior intestine at an early time point
after infection. ¢ Animals carrying a pclec-66::GFP reporter that
is expressed throughout the intestine with highest expression in
the anterior and posterior intestine. The coinjection marker
pttx-3:RFP (red) is expressed in head neurons. d The number of
C. elegans CTLD proteins showing different levels of sequence
similarity to the CTLD protein repertoire of other vertebrates and
invertebrates. Sequence similarity was assessed with BLAST and a
comparison of the 283 C. elegans CTLD proteins to those of 10 se-
lected vertebrate and invertebrate taxa. The matrix shows the num-
ber of proteins falling into different percentage similarity categories.
The observed variation is further highlighted by different shades of
gray (dark gray for large numbers, light gray for small numbers).
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There have been only two studies investigating the func-
tion of CLEC proteins on the protein level. One of these
provided experimental evidence for the sugar-binding
qualities of CLEC-79 [54], though not in the context of an
immune response to infection, while the other demon-
strated that CLEC-39 and CLEC-49 were able to bind live
and dead Serratia marcescens in a Ca**-independent
manner [55]. Both clec-39 and clec-49 seem to be required
for nematode fitness in the course of an encounter with
S. marcescens since knockout mutants produced lower re-
productive and survival rates. The authors reasoned that
due to a lack of bactericidal activity these CLEC proteins
could act as PRRs, inducing downstream immune path-
ways after recognition of the pathogenic bacteria.

There is thus accumulating evidence that clec genes
function in C. elegans resistance to pathogen infection.
However, the exact role of the vast majority of CTLD pro-
teins in C. elegans immunity remains unclear.

Expression of C. elegans clec Genes Is Regulated by

Stress and Immunity Pathways

In C. elegans several highly conserved signaling path-
ways (e.g. p38 MAPK, insulin signaling and TGFp) are
required for the induction of immune effector molecules
and, ultimately, host survival. The expression of numer-
ous clec genes was shown to be under the control of these
C. elegans immunity pathways and other known regula-
tors of immunity, such as the intestine-specific GATA
transcription factor ELT-2 [56] or the E-box transcrip-
tion factor HLH-30 [57].

Taken together, CTLD proteins are highly diversified
in the C. elegans genome with a potential further exten-
sion of binding capabilities through oligomerization and
internal domain duplications. Experimental evidence
demonstrates a clec gene function in C. elegans innate im-
munity, their regulation by known immunity pathways,
and their highly specific response to different pathogens.
Especially the latter emphasizes the particular potential of
C. elegans CTLD proteins to generate immune specificity.

Similarity of C. elegans CTLD Proteins to Those from
Other Taxa

Although CTLD proteins from the various taxa are re-
lated through the presence of the conserved CTL domain,
it is not clear how similar the complete protein sequences
are to each other. To address this point, we used the C.
elegans CTLD protein repertoire as an example and de-
termined their sequence similarity to the CTLD proteins
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from a selected range of 10 invertebrate and vertebrate
taxa, including Homo sapiens, M. musculus, D. melano-
gaster and Nematostella vectensis. This analysis revealed
that similarities above 70% are only found for compari-
sons within the same genus (fig. 1d). In comparisons to
distinct taxonomic groups, similarity scores for the large
majority of proteins are below 50% and none of the com-
parisons revealed a value of more than 60%. Interestingly,
even in the comparisons to the other Caenorhabditis taxa,
approximately half of the proteins produce similarity
scores of less than 50%.

These results highlight that: (i) CTLD proteins are pri-
marily related through the presence of the CTL domain
and a likely function in immunity (at least indicated for
numerous CTLD proteins), but otherwise seem to show
high diversification in the various phylogenetic lineages,
(ii) CTLD proteins thus appear to comprise a highly dy-
namic, fast-evolving gene family, possibly in response to
selective pressure from pathogens, and (iii) information
on the function of a certain CTLD protein from one tax-
on, for example C. elegans, cannot be directly transferred
onto a specific CTLD protein from a different taxon, for
example humans, even though general functional simi-
larities can be deduced through a comparative approach.
These findings reinforce our notion that CTLD proteins
represent a gene family that is of particular interest to our
understanding of the evolution of innate and invertebrate
immune systems, and especially their dynamic nature
within different phylogenetic lineages.

Current Limitations in Our Understanding of
Invertebrate CTLD Proteins

The recently described, surprisingly high degree of
specificity of innate immune systems must be based on as
yet unknown underlying molecular mechanisms. One of
the possibilities may rely on genomically diversified gene
families, such as those of the CTLD genes. These genes
are numerous in many invertebrate species (table 1) and
possess several additional characteristics that support a
role in high immune specificity. In the model nematode
C. elegans, the expression of many clec genes is regulated
through pathogen exposure in a highly specific form
(fig. 1a) [47]. CTLD proteins play an important role in the
innate immune system of various invertebrate taxa by ac-
tivating cellular, and in one case humoral [43], immune
responses. Several insect CTLD proteins were found to
specifically bind to Gram-negative [18, 20, 31, 34] or
Gram-positive bacteria [25]. On the protein level, further
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functional diversity of CTLD proteins might be achieved
through oligomerization and internal domain duplica-
tions.

To date, however, the exact role of invertebrate CTLD
proteins in generating immune specificity is completely
unexplored. In most cases, only single CTLD proteins
from a particular invertebrate species have been studied,
but not a larger set of the gene family. On the protein
level, some invertebrate CTLD proteins were found to
bind to either a broad range of microorganisms (both
Gram-positive and Gram-negative bacteria) or alterna-
tively only to a particular pathogen group (Gram-nega-
tive or Gram-positive bacteria), already indicating a cer-
tain level of immune specificity. At the moment, none of
the studied CTLD proteins specifically bind to a single
pathogen species. The reasons for this might be that most,
if not all, binding analyses on CTLD proteins are per-
formed in vitro and might not reflect what is happening
during pathogen infection in vivo. Moreover, they usu-
ally do not consider the pathogen variants, which coexist
and coevolve with the host in nature and against which
high immune specificity may thus have evolved across
time. In the future, a larger variety of CTLD proteins
should be studied for a particular species. For these stud-
ies, it is important that CTLD gene function is analyzed
both in vitro and in vivo. The latter is particularly impor-
tant (yet also challenging) because it can reveal to what
extent interactions with other proteins, dimerization and
oligomerization might influence the binding properties
of CTLD proteins. In addition, the identification of high-
ly specific host-pathogen interactions requires a study
system in which the host is infected in a natural way with
a natural pathogen and obviously with different strains
of the same pathogen species, a setup that is so far not
available for studies in C. elegans, crustacean and insect
models.

Moreover, at the moment, the general functions of the
majority of invertebrate CTLD proteins have also not
been characterized. While the studies on single CTLD
proteins in invertebrates provide important evidence on
their role in innate immunity, an understanding of their
exact properties and overall functions is far from com-
plete. For example, we lack detailed information regard-
ing how the expression of CTLD proteins is regulated and
controlled, or their exact binding properties and targets.
In C. elegans, CTLD proteins have repeatedly been sug-
gested to be involved in immune defense by acting as an-
timicrobial effectors, and signaling pathways regulating
CTLD gene expression have been identified, whereas in
insects and crustaceans CTLD proteins are mainly as-
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sumed to act as PRRs activating cellular immune respons-
es. This discrepancy might be due to the fact that in C.
elegans comprehensive genomic and transcriptomic data
sets are available, which revealed that the majority of C.
elegans CTLD proteins are induced upon pathogen infec-
tion and also contain a signal peptide and are thus likely
to be secreted. In addition, several C. elegans CTLD gene
knockout or knockdown animals have been phenotypi-
cally characterized, supporting the view that CTLD pro-
teins are important for host resistance to infection. Nev-
ertheless, for this nematode, we currently lack data on
CTLD protein interactions with other proteins, the pos-
sible downstream molecular signaling pathways, and also
data from biochemical assays to infer CTLD binding
properties on the protein level.

In contrast, such analyses at the protein level are avail-
able for different crustaceans and insects. In particular, in
vitro studies using recombinant or native proteins re-
vealed the binding characteristics of several CTLD pro-
teins and provided information on the involvement of
CTLD proteins in activating cellular immune defenses.
However, in these taxa information from functional ge-
netic studies to confirm a role of CTLD proteins in im-
mune defense in vivo are extremely scarce. Such func-
tional genetic analyses may represent a particular chal-
lenge for such large gene families because of functional
redundancy among paralogs. Thus, a single gene knock-
out or knockdown may not necessarily result in a visible
phenotype even if the gene is of functional importance.
Two approaches have been successfully used to target
functionally redundant genes and may prove useful in
the future: the simultaneous introduction of mutations
in several or all members of a gene family using the clus-
tered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated protein 9 (Cas9) system
[58, 59] and the simultaneous knockdown of several
genes using RNAi-based approaches [60].

To conclude, it remains unclear for most invertebrate
CTLD proteins if they either act as PRRs, directly recog-
nizing pathogens by binding to MAMPs, as signaling me-
diators or as antimicrobial effectors. To identify mecha-
nisms of CTLD protein action biochemical analyses on
the purified native or recombinant proteins to identify
binding capabilities and interacting proteins need to be
combined with assays on bactericidal effects and also in
vivo functional genetic analyses in the respective host
taxa. The study by Wang et al. [44] represents a first ex-
ample of such an integrated approach.

Even though our review focused on invertebrates, we
would like to note that similar CTLD protein diversifica-
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tion within and across species is also found in vertebrates.
The potential role of CTLD proteins in contributing to
immune specificity may thus also be of relevance in ver-
tebrate taxa. Consistent with this idea, Drickamer and
Taylor [61] proposed in a recent review that mammalian
CTLD proteins, which bind to endogenous or self-gly-
cans, are generally conserved, while those which bind to
MAMPs are generally divergent and vary in number
among species. Examples of such species-specific differ-
ences are: (i) two SIGN molecules expressed in humans
(DC-SIGN and DC-SIGNR) compared to eight SIGN
molecules expressed in mice, (ii) two loci coding for func-
tional mannose-binding lectin in mice compared to only
one in humans [61], (iii) one BDCA-2 gene in humans
with no reported homologue in mice and (iv) one DCIR-
coding locus in humans compared to four (Dcirl-4) in
mice [62]. The CTLD proteins in mice and humans do

not only differ in number but also in their binding speci-
ficities, suggesting that they could indeed contribute to
specific responses to pathogens and that their diversifica-
tion may be a consequence of an arms race with specific
coevolving pathogens enabling the host to meet the par-
ticular challenges imposed by rapidly evolving patho-
gens.
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