molecules m\py

Review

Activity Dependence of a Novel Lectin Family on
Structure and Carbohydrate-Binding Properties

Irina Chikalovets 12, Alina Filshtein !, Valentina Molchanova !, Tatyana Mizgina -2,

Pavel Lukyanov {7, Olga Nedashkovskaya !, Kuo-Feng Hua 3* and Oleg Chernikov 1*

1 GB. Elyakov Pacific Institute of Bioorganic Chemistry, Far Eastern Branch of the Russian Academy of

Sciences, Vladivostok 690022, Russia; ivchik6@mail.ru (I.C.); alishichka@mail.ru (A.E.);
molchanova_val@mail.ru (V.M.); tanya.tasha@mail.ru (T.M.); paluk@mail.ru (P.L.);
olganedashkovska@piboc.dvo.ru (O.N.)
2 School of Natural Sciences, Far Eastern Federal University, Vladivostok 690950, Russia
Department of Biotechnology and Animal Science, National Ilan University, Ilan 260, Taiwan;
kuofenghua@gmail.com
Department of Pathology, Tri-Service General Hospital, National Defense Medical Center, Taipei 114, Taiwan
*  Correspondence: chernikov@piboc.dvo.ru; Tel.: +7-423-231-14-30

4

Academic Editors: Monica Fengsrud Brinchmann and Derek J. McPhee check for
Received: 28 November 2019; Accepted: 27 December 2019; Published: 30 December 2019 updates

Abstract: A GalNAc/Gal-specific lectins named CGL and MTL were isolated and characterized
from the edible mussels Crenomytilus grayanus and Mytilus trossulus. Amino acid sequence analysis
of these lectins showed that they, together with another lectin MytiLec-1, formed a novel lectin
family, adopting (-trefoil fold. In this mini review we discuss the structure, oligomerization, and
carbohydrate-binding properties of a novel lectin family. We describe also the antibacterial, antifungal,
and antiproliferative activities of these lectins and report about dependence of activities on molecular
properties. Summarizing, CGL, MTL, and MytiLec-1 could be involved in the immunity in mollusks
and may become a basis for the elaboration of new diagnostic tools or treatments for a variety
of cancers.

Keywords: lectin; mussel; Gal-specific; mytilectin family; carbohydrate specificity; Crenomytilus
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1. Introduction

Lectins are known as carbohydrate-binding proteins which can be found in different kinds of
organisms from viruses to mammals. They take part in interaction between cells, cell and matrix, and
organisms. These proteins are able to bind the whole carbohydrate molecule, its part, or even the
glycosidic linkage [1]. In addition to recognizing pathogens, lectins also participate in other types
of biological processes, such as intercellular interaction, protein transport and synthesis, and signal
transduction. [2]. Due to the capability of distinguishing sugar structures, lectins are used not only
as useful biochemical reagents in many research fields, including glycomics, but they are promising
compounds for biomedical application [3]. Recently, interest in lectin drug potential has increased
significantly, especially as a cancer treatment [4], as well as adjuvants or modulators of immune
responses [5] and antiviral agents [6].

The existing data mainly concerns vertebrates lectins, and much less information is obtained about
lectins isolated from invertebrates, especially from non-model organisms. The functional mechanisms
of invertebrate lectins for the recognition of carbohydrate ligands are still poorly studied, not only
because of insufficient work, but also because of the lack of homology with well-studied vertebrate
lectins and the large number and diversity of lectins from different invertebrate organisms. The
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ubiquitous presence of lectins in invertebrates assumes a phylogenetic distribution and indicates
various specificities. Practically all classes and subclasses of invertebrates examined have lectins.
These include crabs, snails, worms, insects, mollusks, and sponges [1]. Lectins are present mainly in
hemolymph and gonads, as well as on the membranes of hemocytes, key cells of innate immunity. [7].
The invertebrate humoral lectins have been proposed to act as opsonins, hemolysin, and sugar specific
antibodies like molecules [8].

Today a large number of galactosyl-binding lectins have been reported to occur in the invertebrates,
which bind to D-galactose, its derivatives, and D-galactose containing complex carbohydrates in a
very selective manner [9-13].

2. Novel Lectin Family Structure

New Gal-specific lectin MytiLec (later renamed to MytiLec-1 [14], the new name was used
in present review) with globotriose-dependent cytotoxicity was recently identified in the mussel
Muytilus galloprovincialis [12], and later it was reported about lectin CGL from the mussel Crenomytilus
grayanus with similar amino acid sequence and antibacterial activity [15]. Analysis of the protein
sequences of these lectins (Figure 1) showed that they form a novel lectin family, sharing common
structure—three tandem repeats with similar sequences to each other consisting of 40 amino acids and
three carbohydrate-binding sites in each sub-domain. According to classification of the protein based
on domain identification using the protein family databases Pfam [16] and InterPro (www.ebi.ac.uk/
interpro/), all MytiLec-like sequences belong to the -trefoil fold superfamily [17]. The 3-D structures
of MytiLec-1 and CGL involve a p-trefoil fold, which is also common for R-type lectins, a widespread
lectin family found in almost all taxa [18,19]. Due to a significant degree of similarity a novel structural
lectin family which contains all the MytiLec-like sequences found in bivalves can be suggested. This
view was fully confirmed by a transcriptome analysis performed in M. galloprovincialis, which indicated
the presence in the same species of two other sequences named MytiLec-2 and MytiLec-3 similar to
MytiLec-1 [20]. A new GalNAc/Gal-specific lectin (MTL) from sea mussel Mytilus trossulus was later
isolated and characterized [21]. The genera Mytilus and Crenomytilus are close to each other according
genome analysis [22]. A BLAST (Basic Local Alignment Search Tool) search revealed high identity and
similarity of MTL with CGL and MytiLec-1 and a complete lack of homology with other known lectins.
According to PHYRE? (Protein Homology/analogY Recognition Engine V 2.0) data, MTL, MytiLec-1,
and CGL share a common (-trefoil fold [11]. CGL, MTL, and MytiLec-1 are similar to each other in
regard to the basic physicochemical properties (Table 1) and carbohydrate specificity (Table 2).

MTL MTTFLIKHKASGKYFHPKGGTSNPPNGTNLVLHSDIHERMYFQFEVVNERWRY IKHVASE 60
CGL MTTFLIKHKASGKFLHPYGGSSNPANNTKLVLHSDIHERMYFQFDVVDERWGY IKHVASG 60
MytiLec-1 -TTFLIKHKASGKFLHPKGGSSNPANDTNLVLHSDIHERMYFQFDVVDERWGY IKHAASG 59

hhkkdkhkdhkhkkdhdkdkoeokdh dhkakdd & hoeddhdbhhbdhhddhbdbbodhokdd dkdkd +k

MTL KIVHPFGGKADPLNGTNMVLHQDRHDRALFAMDFFNDNIRHKGGKY IHPKGGSKNPSNGN 120

CGL KIVHPYGGQANPPNETNMVLHQDRHDRALFAMDFFNDNIMHKGGKY IHPKGGSPNPPNNT 120

MytiLec-1 KIVHPLGGKADPPNETKLVLHQDRHDRALFAMDFFNDNIIHKAGKYVHPKGGSTNPPNET 119
* %k k k% )\'*:*:* * *::********************* **.***:****** * Kk *

MTL LTVMHGDEHGAMEFIFVSPKNKDKRVLVYA 150

CGL ETVIHGDKHAAMEFIFVSPKNKDKRVLVYA 150

MytiLec-1 LTVMHGDKHGAMEFIFVSPKNKDKRVLVYV 149

hkkeohkhkhkok hhkhkhkhkhkhkhkhkhkhkhkhbhdkdkhkik

Figure 1. Alignment of MTL (AKI29293.1), CGL (AEY80387.1) and MytiLec-1 (B3BEWR1) generated by
Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/).
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Table 1. Properties of CGL, MTL, and MytiLec-1.

. - pH Metal Ion Localization in
Lectin MW (Da) Thermal Stability Dependence Dependence Mussel Tissue Reference
CGL 16,953 Stable until 50 °C 8-10 Not dependent Mantle [10,15]
MTL 16,492 Stable until 50 °C 9-10 Not dependent Mantle [11,21]
MytiLec-1 16,812 N.D.! N.D. Not dependent Mantle [12]

1 N.D. means no data.

Table 2. Carbohydrate specificity of CGL, MTL, and MytiLec-1.

Minimum Inhibitory Concentration, mM

Carbohydrate
CGL [10] MTL [21] MytiLec-1 [12]
N-Acetyl-p-galactosamine 14 0.7 1.6
N-Acetyl-p-glucosamine No inhibition at 80 >50 No inhibition at 100
p-Galactose 54 1.7 3.1
p-Glucose No inhibition at 80 >50 >50
p-Fucose No inhibition at 80 >50 >50
p-Talose 54 N.D.! 25
Lactose No inhibition at 80 29.2 50
Melibiose 2.0 N.D. 1.6
Raffinose 1.8 N.D. N.D.
Glycoproteins Minimum Inhibitory Concentration, mg/mL
BSM 0.007 0.0156 No inhibition at 2
Asialo-BSM 0.0017 N.D. 0.2
Fetuin 2 0.0156 No inhibition at 2
Asialofetuin 0.03 0.0156 0.2

1 N.D. means no data.

Lectins possess several specific activities against the cells: blood group dependent hemagglutination,
agglutination of tumor cells, and mitogenic activation of lymphocytes. The binding of lectins to the
carbohydrate components of cell membranes initiates a wide range of molecular processes inside the
cell. The affinity of individual carbohydrate-binding sites is rather weak, and high glycan binding
activity is achieved through interaction with several sites. As we already mentioned, CGL, MTL, and
MytiLec-1 share a tertiary structure containing 3-trefoil fold. Structures like that can form oligomers due
to the internal symmetry. Multivalency and oligomerization are significant for carbohydrate-binding
proteins, such as lectins [23].

MytiLec-1 and CGL were originally reported to be monomers [10,12,15]. Recently, the crystal
structures of MytiLec-1 and CGL were determined [18,19]. An important conclusion from the analysis
of CGL structure is that the lectin can contain up to a total of six ligand-binding sites owing to dimeric
quaternary structure and the triplication of the ligand-binding site in each protomer.

It confirms the results about an oligomerization of CGL due to hydrophobic interaction. Formation
of partially insoluble precipitate at high concentrations or during prolonged storage of CGL was
detected. The minimum CGL concentration at which protein self-association began was defined by
mass spectroscopy. The dimer formation was observed at a concentration of 0.01 mg/mL, and at
0.1 mg/mL an insignificant amount of the tetramer appeared [24].

Protein oligomerization during storage was observed for galectins and galactoside-binding
lectins [25]. It has been shown that oligomerization of CGL due to collagen-like domain is significant
for its biological properties. It should be noted the functional importance of the interaction of lectin
in vivo with collagenase (or gelatinase, which is present in the tissues or intracellular components).
Degradation of the collagen-like domain can reduce the agglutinating activity of lectin and change its
carbohydrate-binding properties [24]. Thus, proteolysis is able to regulate the function of lectin in vivo.

MytiLec-1 is also dimer in its native state, according data obtained by analytical
ultracentrifugation [18]. The two monomers in the asymmetric unit are closely associated by
hydrophobic interactions and hydrogen bonds. This may imply polyvalence, which is crucial
for some biological functions such as hemagglutination or interaction with glycans of a cellular surface.
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Monomeric mutant MytiLec-FO3DF94S had a weak hemagglutinating activity, about 10 times less than
that of the dimer [18]. Mitsuba-1, the monomeric form created by symmetry constraining the structure
of a MytiLec-1 subunit, showed no hemagglutinating activity at any concentration tested [26]. Despite
the loss of hemagglutinating activity CGL and MytiLec-1 showed glycan binding activity. Mitsuba-1
failed to agglutinate Raji cells, but it was observed to bind them [26]. The interaction of CGL-treated
collagenase with enzyme-linked BSM was studied by enzyme-linked immunosorbent assay. The
results show that the binding of this fragment to BSM was almost 10% more than of native CGL, which
confirmed the lectin carbohydrate-binding site was not only unaffected during the cleavage but also
rendered more available to BSM, a glycoprotein containing carbohydrate chains for which the lectin
was highly specific [24].

3. Glycan Specificity

After analyzing the CGL crystal structure [19], it was found that lectin binds to galactose in
different ways: CGL carbohydrate-binding sites are exposed to solvent and include a shallow cleft
that can contain both «- and -anomers of galactose. In the crystal structure, CGL binds galactose
as an o-anomer, with the exception of Site 3, which recognizes 3-anomer, whereas in the complex of
MytiLec-1 with GalNAc was not observed significant occupancy by -anomer at any site according a
difference electron density map. It would be interesting to investigate binding with ligands of MTL
whose crystal structure is still not received.

To understand more about detailed carbohydrate recognition ability we submitted CGL and
MTL samples to the Consortium for the Functional Glycomics (CFG) for glycan array analysis
(http://www.functionalglycomics.org/). The array consists of natural and synthetic mammalian glycans
with amino linkers printed onto glass slides. Microarray format was used to evaluate the binding
properties of CGL and MTL. Results on the binding with all glycans are accessed through the Functional
Glycomics Gateway. The glycans with high affinity are listed in Table 3.

Table 3. The most active ligands from the CGL and MTL microarray experiment.

Fluorescence (%) 1

CGL [27] MTL 2

Glycan # Compound

Gala1-3GalB1-4GlcNAcR1-2Manal-6(Galx1-3Gal1-
4GIcNAcp1-2Manx1-3)Man1-4GlcNAcpB1-4GIcNAc-Sp24

Galp1-4GlcNAcB1-3GalR1-4GlcNAcR1-3GalB1-4GlcNAcR 1-
3Galp1-4GlcNAcP1-3GalB1-4GlcNAcR1-6(GalB1-4GlcNAcR1-
3Galp1-4GlcNAcP1-3Gal1-4GlcNAcR1-3Galf1-4GIcNAc1-
3GalB1-4GlcNAcB1-2)Manal-6(Galp1-4GlcNAcB1-3Gal B 1-
4GIcNAcB1-3GalB1-4GlcNAcR1-3Galp1-4GlcNAcB1-3Gal R 1-
4GIcNAcp1-2Manoa1-3)Man1-4GIcNAcp1-4(Fucx1-6)GIcNAcp-Sp24

Gala1-3Galp1-4GlcNAcB1-2Manax1-6(Gala1-3Gal 3 1-
4GIcNAcB1-2Mana1-3)ManB1-4GleNAcp1-4GlcNAcpB-Sp20

Gala1-4Galp1-3GlcNAcB1-2Manax1-6(Gala1-4Gal31-
3GIcNAcB1-2Mana1-3)ManB1-4GleNAcp1-4GlcNAcB-Sp19

GalB1-4GIcNAcB1-3Galp1-4GlcNAcB1-3Gal31-4GlcNAcR 1-
3GalPB1-4GlcNAcB1-6(Galp1-4GlcNAcB1-3Galp1-4GlcNAcR1-
583 3Galp1-4GlcNAcR1-3GalB1-4GlcNAcp1-2)Manal-6(GalR1- 66.5 72.4
4GIcNAcB1-3GalB1-4GlcNAcB1-3GalB1-4GlcNAcB1-3Gal B 1-
4GIcNAcp1-2Manoc1-3)Manp1-4GIcNAcp1-4(Fucxl-6)GIcNAcp-Sp24

122 Galx1-4Gal31-4Glcp-Sp0 24.5 23.3
72 Fuca1-2GalB1-4(Fucx1-3)GlcNAcp-Sp8 0.15 0.03

559 100 87.7

587 98.7 100

362 96.4 91.5

402 78.2 72.5

! Expressed as a percentage of the ligand with strongest fluorescence. 2 Unpublished data.

The obvious binding affinity for weaker ligands can be influenced by ligand density and protein
concentration [28], but the rank order is relatively stable. In other words, the compounds can be
grouped into two subsets, with «- or 3-anomers of galactose at their non-reducing ends, and the top
five compounds present the examples of each of these subsets. The establishment of the glycan binding
profile showed that CGL and MTL are capable of binding both «- and (3-galactose, but the binding of
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CGL to glycans with terminal «-Gal is stronger. It appears that CGL possessed slight affinity to 3-Gal
in highly branched glycans only. On the contrary MTL binds branched 3-Gal-terminated glycans
stronger and shows weak affinity for unbranched glycans with «-Gal on the end of chains (Table 3).

These data were confirmed using the GlycanMotifMiner tool on the GlycoPattern website
(https://glycopattern.emory.edu) to detect motifs in the glycan array. Analysis of the most common
glycan motifs revealed two main patterns with high affinity: Gal«1-4Galp31-4GlcNAc for CGL and
Gal31-4GlcNAcB1-3Galp1-4GlcNAcp1-3Gal31-4GlcNAcB1-2Man for MTL. Perhaps, such difference
in preferences can affect biological properties of these lectins.

4. Effect on Bacteria and Fungi

Marine organisms live in direct contact with the environment, surrounded by high concentrations
of pathogenic viruses, bacteria, and fungi. Innate immunity is the first line of protection against
disease [29]. Lectins that agglutinate pathogens act as pattern recognition receptors (PRRs), the binding
of which directly to microorganisms may depend on the recognition of molecules of the microbial cell
wall, especially the carbohydrate groups [20]. PRRs include evolutionarily conserved extracellular,
membrane-bound, and cytosolic molecules that play an essential role in the primal part of the immune
system recognizing the pathogen-associated molecular patterns (PAMPs) [30] and are very important
for invertebrate organisms that lack an adaptive immune system.

In our lab the binding activity of lectins with known PAMPs was studied by enzyme-linked
lectin assay (ELLA). CGL preferentially bound to lipopolysaccharide (LPS) but had little binding
activity toward other examined PAMPs as MTL had a higher affinity with the peptidoglycan (PGN)
(unpublished data) (Figure 2). Results of interactions of lectins directly with bacterial cells are
summarized in Table 4.

1.2
11 ~

1 -
0.9 -
0.8 -
0.7
0.6 -
0.5 -
0.4 4
0.3 -
0.2 -
0.1 -

0

H

BCGL
OMTL

OD at 450 nm

LPS [i-1.3-glucan Peptidoglycan

Figure 2. The binding activity of lectins with PAMPs determined by ELLA. Microtiter plates were
coated with PAMPs (50 pug/mL, LPS from Escherichia coli, 3-1,3-glucan from Euglena gracilis, PGN
from Staphylococcu aureus), followed by an incubation with a conjugate of HRP-labeled CGL and
MTL at concentrations from 10 to 0.156 mg/mL. The ELLA data are expressed as mean + SD of three
separate experiments.
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Table 4. Antimicrobial and antifungal activity of CGL [15], MTL [11], and MytiLec-1 [14].

Bacteria Binding Activity ! Agglutination 2 Growth Suppressive Activity (%)
CGL MTL CGL MTL  Mytilec-1  CGL MTL MytiLec-1
Candida albicans 0.65 +0.01 0.44 +0.05 ++ +++ N.D.3 -4 - N.D.
Vibrio proteolyticus 142 +0.04 0.37+0.14 +++ ++ N.D. 399+5 - N.D.
Escherichia coli 1.63 £ 0.09 0.48 + 0.06 ++ + ++ 46 +£5 106 £7 58+5
Bacillus subtilis 0.74 £ 0.07 0.26 + 0.07 +++ ++ ++ 85+ 8 62+6 74+8
Staphylococcus aureus 0.39 = 0.06 0.49 £0.01 ++ ++ + 68 £ 6 - 61 + 36

1 Binding intensity determined by ELLA and measured at 450 nm; 2 Strong (+++), good (++), and weak (+) binding
or agglutination, respectively; 3 Not determined; * Absence (-) of the effect.

The investigation data have shown the interaction of all lectins with gram-positive and
gram-negative bacteria, but in comparison with CGL and MytiLec-1 MTL binds worse and agglutinates
E. coli as well with less turbidity. At the same time MTL displayed the activity towards S. aureus,
whereas no obvious growth-suppression effect towards it was observed. In gram-negative bacteria the
LPSs are the main glycoconjugates of cell walls [31], in gram-positive bacteria, the lipoteichoic acid [32]
and PGN [33]. So LPS and the lipoteichoic acid are the main target glycoconjugates for several lectins
and as they are among the most common targets of PRRs can be considered as PAMPs [34]. Both LPS
and lipoteichoic acid contain «-galactose or its derivatives as was reported earlier [35,36]. Galactose
residues could be target carbohydrates, as they are found in the LPS of different gram-negative bacteria
such as E. coli and Vibrio spp. [31,37]. Perhaps MTL demonstrates less bacteriostatic activity since it
preferably interacts with (3-galactose.

Many studies have reported that Gal-specific lectins are involved in many aspects of the immune
response. For example, the expression level of galectin HrGal from the red abalone Haliotis rufescens,
was increased at 3 h after infection with Vibrio anguillarum, indicating the activation of defense against
the pathogen invasion. The decrease of HrGal transcript levels in hemocytes 6-12 h post-challenge
may be due to the HrGal translation process in response to a bacterial infection. However, an increase
in expression from 24 to 32 h indicates a restoration of the immune response [38]. Similar data were
obtained in the clam Tegillarca granosa after Vibrio parahaemolyticus exposition [39], as well as in the
mollusk Ruditapes philippinarum, where an expression peak was observed at 24 h after infection with
Vibrio alginolyticus [40]. The temporary change of CGL and MTL levels were also observed after Pichia
pastoris challenge. In the mantle, an increase in CGL level was observed, which reached a maximum of
two times at 12 h after infection compared with the control group, and then decreased to its initial
level after 24 h [41]. Compared with the control group, the levels of MTL expression in the infected
group increased and reached the maximum at 24 h (about 1.5 times) after injection, and then decreased
to initial values after 48 h [11]. These results suggest that MTL has slightly different cell-binding
properties compared with CGL.

The difference in antifungal activity was also observed. Binding of lectins with fungi associated
with the mussels was studied quantitatively by ELLA. It was shown that CGL and MTL are active
against all fungal species, but the extent of fungal germination inhibition by CGL was impaired slightly
(25-65%) compared to the inhibitory activity of MTL (more than 80%) [11,41]. This is probably due to
the fact that MTL in the experiment on the direct binding of lectins to PAMPs, interacted most poorly
with LPS, and best of all with PGN, which presented in the cell walls of most fungi.

The ability of lectins to inhibit fungal growth varies among fungal species. Changes in the fungal
strain susceptibility to inhibition by lectins may reflect differences in the molecular structure of the
wall of the fungus and/or be related with the small size of many lectins, which let them penetrate
the fungal cell wall [42]. Inhibition of the growth of fungi can occur through the binding of lectin to
hyphae, which leads to poor absorption of nutrients, as well as interference in the process of spore
germination. Most of the isolated species of the genera Aspergillus, Penicillium, and others were
pathogenic and toxigenic fungi [43]. The approach to the study of glycome to determine the structure
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of glycans on the surface of fungi will give us a lot of useful information for the prevention of mussel
disease using lectins.

Although the potential mechanism of the antibacterial and antifungal activity of lectins still needs
to be clarified, the observed interaction of MTL and CGL with both bacteria and fungi was significantly
inhibited by galactose, a specific sugar ligand, which suggested that the interaction of lectins occurred
through the carbohydrate-binding domain. Probably this phenomenon is mediated by the recognition
of the above-mentioned PAMP by the mytilectin family members acting as PRRs. Based on data
collected to date, it seems that mytilectins can function either directly as inhibitors of bacterial growth
or, after agglutination, as modulators of the immune response, causing the action of other molecules
and immune cells in mussels.

5. Inmunomodulatory Activity

Lectins are able to control the immune system through innate immune response leading to
recognition and endocytosis of pathogens, and adaptive immune response such as activation of B
and T cells and apoptosis. Innate immunity is characterized by non-specific defense through the skin,
bone marrow, mucous tissue, or inflammatory components (defensins and cytokines) [44]. Regarding
cytokines in invertebrates, some authors report the presence of cytokine-like molecules in mollusks,
insects, annelids, echinoderms, and tunicates. Along with morphological data, functional experiments
also showed the presence of invertebrate cytokines, which are homologs to those mammals [45].

Marine lectins are structurally diverse, and their unique structures allow them to be potentially
used in biomedical applications. SAL, catfish (Silurus asotus) egg rhamnose-binding lectin, induced
TNF-« expression but not IFN-y, IL-1$3, and IL-10 in Raji cells. The effect was abolished by the
addition of specific melibiose but not by sucrose as a negative control. Therefore, SAL-induced
cytostatic effect on Raji cells might be partially caused by the TNF-« mediated signaling pathway [46].
GalNAc-specific lectin CEL-I from the marine invertebrate Cucumaria echinata is capable of inducing
increased secretion of TNF- and G-CSF by RAW264.7 mouse macrophage cell line in a dose-dependent
manner [47]. Furthermore, the activity of CEL-I was much higher than that of PHA-L, a well-known
cytokine-inducing lectin [48]. There is limited data on the immunomodulatory activity of marine
bivalve lectins compared with those of plant lectins.

The effect of CGL and MTL on spontaneous production of IFN-y and TNF-« by human peripheral
blood cells (HPBC) was studied in our lab (Figure 3). Both lectins activated secretion of TNF-x on a
comparable level. But the activity of MTL was much lower with respect to activation of IFN-y than
that of CGL. Perhaps the time before the initiation of cytokine secretion and the lag time of IFN-y were
longer than that of TNF-«, suggesting that the pathways of these cytokines leading to the eventual
secretion may be somehow different. Besides, probably, the actual binding sites on the cell surface
might have fairly more complex oligosaccharide structure with «-Gal on the end of chains that is
recognized by CGL with much higher affinity to Gal. This speculation may also explain the reason
for the results that the superior binding ability of CGL to cells may partly account for the higher
cytokine-inducing activity of CGL, even though both lectins are Gal-specific lectins. Although the
exact secretion mechanisms of these cytokines are still unclear now, it is considered that CGL and MTL
are interesting lectins capable of inducing secretion of multiple cytokines by cells.

It is known that the contents of lectins are up-regulated by pathogenic stimulation [11,41].
Increased level of lectins leads to up-regulation of cytokine synthesis, thus providing a synergistic
effect. Since the presence of cytokine-like molecules that are homologues to those in mammals has
been proven in mollusks, the joint participation of these important messengers in the native immunity
of shellfish provides powerful protection against foreign invasion [45]. Although it is unclear now
whether or not this is the case for CGL and MTL, we cannot completely rule out the possibility that
there are still unknown functional sites on lectin molecules apart from carbohydrate-recognition sites
involved in the cytokine-inducing activity. Further detailed study for the structure-activity relationship
of CGL and MTL may provide an answer to this question.
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Figure 3. Cytokines-stimulation activity of CGL (unpublished data) and MTL [21] on spontaneous
production of (a) TNF-« and (b) IFN-y by HPBC. Cells were incubated for 24 h with or without lectin. The
levels of cytokines in the culture medium were measured by sandwich enzyme-linked immunosorbent
assay (ELISA). The ELISA data are expressed as mean + SD of three separate experiments. * and

** indicate a significant difference at the level of p < 0.05 and p < 0.001, respectively, compared to
control cells.

8 of 15

CGL also induced the production of TNF-o and IL-6 in the RAW264.7 mouse macrophage cell

line (Figure 4a) and in the human macrophage cell line THP-1 (Figure 4b). CGL also induced cytokine
production in primary cells: macrophages derived from mouse bone marrow, mononuclear cells in
human peripheral blood, and macrophages derived from human blood monocytes [49].
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Figure 4. Production of cytokines induced by CGL in (a) mouse RAW264.7 and (b) human THP-1
macrophages. Cells were incubated for 24 h with or without lectin. The levels of cytokines in the culture
medium were measured by ELISA. The ELISA data are expressed as mean + SD of three separate

experiments. ** indicates a significant difference at the level of p < 0.001 compared to control cells.
Figure was modified from [49].

As was mentioned above, CGL is specific for N-acetyl-D-galactosamine and galactose.

To

understand whether TNF-« production mediated by CGL was due to protein—carbohydrate interaction,
lectin was incubated with sugars before adding to macrophages. No effect was observed on TNF-«
production, suggesting that cytokine production induced by CGL was independent of its carbohydrate

binding properties [49].
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Further it was shown that CGL not only induces cytokine expression, but improves the bactericidal
activity of macrophages [49]. The bactericidal activity of macrophages is characterized by increased
phagocytosis and bacterial death. Colony-forming units (CFU) analysis was used to demonstrate that
pre-treatment with CGL improved phagocytosis of E. coli by macrophages compared to control after
1 h incubation, although statistical significance was not observed (Table 5). These results showed
that pre-treatment with CGL of macrophages slightly enhanced phagocytosis of bacteria. However,
these results may also indicate a decrease in killing of bacteria. Thus, CFU after a 24-h infection was
measured and we found that the number of CFUs in the CGL-pretreated and control cells was 448
and 724, respectively (Table 5). This indicated that approximately 1536 and 956 bacteria (subtracting
24 h CFU from 1 h CFU) were killed in pretreated CGL and control cells, respectively, within 24 h
(Table 5). According to obtained data we concluded that CGL slightly enhanced bactericidal activity
of macrophages.

Table 5. Influence of CGL on RAW264.7 macrophage bactericidal activity (values were calculated using
data from [49]).

CFU (x10°
CGL (ug/mL) (x10°) Killed Bacteria (x10°)
1 h after Infection 24 h after Infection
0 1680 + 370 724 + 196 956
10 1984 + 792 448 + 166 1536

CGL induced the production of reactive oxygen species (ROS), which suggests that increased
ROS may be partially responsible for increased bactericidal activity, since ROS generated by activated
macrophages is an important bactericidal component against intracellular bacteria [50]. Although
mitochondrial ROS generated by activated macrophages can also contribute to the bactericidal activity
of macrophages [51], the effect of CGL on mitochondrial ROS production is for further study.

CGL exhibits immunomodulation properties because it not only induces cytokine production,
but also induces endotoxin tolerance. Endotoxin tolerance describes a phenomenon when primary
treatment of cells with LPS leads to a decrease in sensitivity to a second LPS challenge. Endotoxin
tolerance is accompanied by a global decrease in the expression of inflammatory genes [52]. Induction
of endotoxin tolerance increases bacterial clearance and improves survival in mice with sepsis [53]. It
was found that preliminary incubation of macrophages with CGL led to the phenomenon of endotoxin
tolerance. In addition, it also obviously decreased the response to LPS stimulus by reducing secretion
of IL-6, generation of NO, expression of iNOS and COX-2. However, this did not affect the secretion of
TNF-« [49]. CGL-induced endotoxin tolerance might be due to decreased expression of IRAK2, an
important signaling molecule that is important in pathway of NF-«B activation mediated by TLR [53].
Pre-treatment of macrophages with CGL also reduced JNK1/2 phosphorylation, but not ERK1/2 and
p38 induced by LPS (Figure 5). Furthermore, pre-treatment with CGL reduced the activation level of
NF-«B induced by LPS [49].

Thus, these results suggest that CGL has the potential to be used as an immune modulation agent.
One of the interesting findings is that pre-treatment with CGL also leads to the degradation of IRAK?2,
a downstream TLR4 signaling molecule [49]. In spite of this, pre-treatment with CGL did not inhibit
all inflammatory responses mediated by LPS, since it did not reduce expression of TNF-« [49]. It will
be interesting to understand the mechanism of TNF-« expression induced by LPS without IRAK?2.
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Figure 5. Mechanism of endotoxin tolerance induced by CGL. RAW264.7 macrophages treated with
or without CGL (10 ug/mL) for 24 h were subsequently incubated for 0-30 min with or without LPS
(1 pg/mL). Figure was modified from [49].

6. Effect on Tumor Cells

CGL has a very high affinity for the mucin-type glycoproteins as was shown by inhibition of
hemagglutination with various glycoproteins [10,54]. These glycoproteins are characterized by a high
content of O-glycoside chains densely located on the protein core. Many cellular receptors are known to
be mucin-type glycoproteins. In view of the finding that CGL has affinity to (Galx1-4Galf31-4GlcNAc)
motif which is very similar to «-galactosides Gb3 structure (Galx1-4Gal(31-4Glc), expressed on the
membrane of some tumor cells including Burkitt’s lymphoma Raji cells [55], we demonstrated
that CGL can recognize Gb3 on the surface of Raji cells leading to dose-dependent cytotoxic effect
(Figure 6a) [27]. K562 cells used as negative control were not affected by the addition of CGL. The
TF antigen (Galf1-3GalNAc), expressed on the erythroleukemia K562 cell membrane [56] was not

significant for the effect of CGL.
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Figure 6. (a) Cytotoxic effect of CGL on Raji and K562 cells. (b) Inhibition of cytotoxic effect of CGL on
Raji cells by addition of various saccharides: Control—only cells with culture medium; CGL—lectin
(10 pg/mL) with cells, no inhibitor; Gle—D-glucose; Mel — melibiose; Raf—raffinose; Gal—D-galactose;
Lac—Ilactose. The data are expressed as mean + SD of three separate experiments. * indicates a

significant difference at the level of p < 0.05. Figure was modified from [27].

The carbohydrate-dependent mechanism of CGL effect was confirmed by inhibition assay with
different glycans. Glucose and (3-galactoside lactose as non-specific sugars had no blocking effect
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(Figure 6b). On the other hand, galactose, x-galactosides raffinose, and melibiose inhibited CGL
effect (Figure 6b). These data indicate that x-galactoside structures on cells were critical for the CGL
cytotoxic effect.

CGL induced about 30% cell death of MCF7 human breast cancer cells [19]. In contrast, MTL
inhibited the viability of MCF7 cells more than 50%. MCEF?7 cells display not only the Gb3 but also the
TF- [57] and Tn-antigens (GalNAc) [58] on the surface of tumor cells confirming the results that CGL
and MTL bind to glycans very differently.

MytiLec-1 showed a dose-dependent cytotoxic effect on human Burkitt’s lymphoma Raji [12] and
Ramos [59] cells (which have high surface expression of Gb3) but had no such effect on K562 cells.
A constructed monomeric mutant has lost all cytotoxic activity against Raji cells. The three sugar
binding sites of a single monomer appear to be insufficient for the protein to kill the appropriate target
cell lines, and the quaternary structure of the protein also plays a role in its cytotoxicity [59].

Further study of CGL and MytiLec-1 showed that the anti-proliferative effect was due to
perforation and inversion of cell membrane. The loss of plasma membrane integrity and exposition of
phosphatidylserine at the cell surface are main characteristics of apoptosis, which was confirmed by
flow cytometry analysis [27].

In addition to the membrane damage, CGL activated caspases cascade which is the most common
and important characteristic of apoptosis. Cascade can be triggered by several groups of effectors
(caspases-3, -7, -6) and initiators (caspases-8, -9) [60,61]. The initiatory caspases can be activated by
different ways. For example, initiation of caspase-9 is associated with intrinsic mitochondrial-dependent
pathway [62]. CGL induced apoptosis through caspase pathway as caspase-3, -9, and PARP (poly
(ADP-ribose) polymerase) activation was observed (Figure 7). The caspase-9 activation presumably
indicates the intrinsic mitochondrial pathway of CGL-induced apoptosis of Raji cells. MytiLec-1 was
shown to activate MEK/ERK kinase and stress-dependent kinases JNK and p38. Afterwards, inhibitory
protein p21 and TNF-o were expressed, leading to caspase-9/3 activation and apoptosis induction [59].

CGL (ng/mL)

0 25 5 10
CASPASE-9  [Wemmmn m
activated caspase-9

Caspase-3 |- -

activated caspase-3 [

PARP ("L

” "

Actin |i P ——- :ﬁ'

Figure 7. Cell signaling in Raji cells treated with CGL shown by western blotting. Figure was modified
from [27].

Gb3 is a cell surface marker found in several different cancer cell lines, suggesting that MytiLec-1
and CGL may be a useful basis for developing new diagnostic agents or treatments for various types
of cancer.

7. Conclusions

Taken together, members of the mytilectin family could function as an important PRR involved
in the antibacterial and antifungal immunity in mollusks through recognizing carbohydrates on the
surface of the pathogen. CGL, MTL, and MytiLec-1 may prove a useful basis for the development of
new diagnostic agents or treatments for a variety of cancer types. Further study of immune modulation
activity is needed.
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